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Abstract

The project is focused on improving the productieificiency of a local flexible
packaging manufacturer. Trim removal is the procéstisposing excess material from standard
size rolls of plastic to make the final sized prodiAt present, the trim removal process has
inefficiencies which decrease production, increaber cost and pose a hazard to the safety of
the workers. It is estimated that the total losabisut $4000 per month. The capital cost of the
project is expected to pay for itself in less thano months.

The proposed system relies on the movement ofain & blower to move the scrap in a
continuous fashion from the manufacturing areahto disposal location somewhere inside the
building. System operation requires a range of uatpressure and drag force at various points
within the system to accommodate various typescofis The engineering design includes
characterization of the mechanisms of scrap remaledign of a piping system, and blower
selection. A venturi manifold is conceptualized amélyzed with CFD. A small scale prototype
is constructed and tested to verify the CFD sinmutat The system will be constructed and

tested to be fully functional for daily use at thanufacturing facility.
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1. Introduction

1.1 Introduction to Project

Tradepak, Inc. is a manufacturer of flexible paypkg. Tradepak produces plastic
vacuum packaging mainly for the food, medical, aeléctronics industries. Certain
manufacturing processes generate scrap in-linenaust be discarded efficiently. The system
that allows this to happen is the trim removal eyst The Senior Design project goal is to
increase the efficiency of this process.

The Senior Design report begins by providing aforimative outlook as to how the
various trim removal systems operate. Observaifan-line trim removal at Tradepak rendered
a solution to the current inefficiencies. Currgnthe mechanisms in place are laborious, and
costly with time and money because of the lack ohded system for all production lines to

dispense of trim.

Figure 1 — Materials starts as a large spool and €s as a plastic bag.

1.2 Problem Statement
In the plastics manufacturing industry, trim rerb¥Wrom oversized raw material is
common and a part of daily manufacturing. Successperation requires an effective and

reliable trim removal system to remove the scrapegated in-line and transfer it to the proper
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disposal area. This idea was expanded upon andedethat Tradepak, Inc. wants to renovate
the current trim removal systems to an all inclaswacuum trim remover. Currently, they
operate a variety of spools and vacuum generatisig s for pulling scrap trim. These systems
are not easy to keep stable and are not reliabieaglproduction. Therefore, a new system was

sought.

1.2.1 Cost Analysis Outline

Machine Number 1:

If company cost/hour is $120/hour—  ste approximately $15/5min.
0 (Cost of the machine stopping.)

If production/hour is 40lbs/hour —— Cosajgproximately $120/20min.
0 (Cost of lost production for stopping machine.)

If company cost/hour is $120/hour—  ste approximately $10/10min.

0 (Cost of the scrap disposal.)

Machine Number 2:

If cost/hour is $120/hour — Cost is mpgmately $20/20min.
0 (Cost of labor for stopping machine.)

If production/hour is 100lbs/hour —— Cosajgproximately $300/20min.
0 (Cost of lost production for stopping machine.)

If company cost/hour is $120/hour—  ste approximately $10/10min.

0 (Cost of the disposal of scrap.)

Machine Number 3:

If company cost/hour is $120/hour—»  ste approximately $10/10min.

0 (Cost of the disposal of scrap.)

1.2.2 Cost Analysis Summary
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All three machines joined to a united system sh@alde Tradepak, Inc. approximately
$485/hour. A total of approximately 15 hours canshved per month. Consequently, a total of

$7275/month is saved and approximately $87300/year.

Table 1 — Cost Analysis

Cost/Benefit Analysis
Worksheet
Internal Labor Cost/Hour Dollars 10.
Expected life span Years 10
Monthly Sales Units 130,000
Margin/Unit Sold Dollars 1.35
Costs Unit Entry Extended
Implementation
Planning Hours 35 4,200
Contract Labor Dollars 1,000 1,000
Internal Implementation Labor Hours 40 4,800
Capital Costs Dollars 1,700 1,700
Implementation Cost 11,700
Amortized Implementation Cost 98
Ongoing
Maintenance Contract Dollars/Month - -
Operational Costs Dollars/Month 276 1,275
Ongoing Monthly Cost 1,275
Monthly Cost $ 1,373
Benefits Unit Entry  Extended
Productivity Savings Dollars/Month 5,325 5,325
Expense Reduction Dollars/Month -
Increased Sales Units -
Decreased Cost of Goods Sold Dollars/Unit -
Monthly Benefit $ 5,325
Calculate Total Monthly Benefit
Monthly Benefit $ 5,325
Monthly Cost $ 1,373
Total Monthly Benefit $ 3,953
Payback (Months) 2
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1.3 Literature Review

Basic review of the trim removal mechanism yidld®@o main methods: the spool
and the vacuum. First, the spool is actuated byotor to initiate the collection of in-line slit
scrap. Secondly, the generation of vacuum createsn-contact force to pull the tensile scrap.

Both concepts have their pros and cons.

1.3.1 The Spool Trim winder

The spool trim removal system functions with a moelt of winding trim into scrap rolls
of plastic varying in dimensions such as 16 inclesdiameter and 22 inches in width.
Dimension approximately close to these lead tocieffit volumes of scrap production,
consequently creating a cost reduction for scrapa$ial. The spool trim removal system runs
with independent drives for oscillation variancedaan A.C. motor to provide the required
energy.

The spool system is portable and space efficidwtaptable with production in-line, the
spool/spools sit at an angle facing the machinpraduction almost parallel on the side of the
machine producing. An operator must detach theogpjate sized trim, section of the material
and attach the tip of the material to a cylindricate of 3 inches in diameter and 22 inches in
width that is set on a rotating air shaft of a @ertvelocity determined by the material’s tension
and production settings. This causes discomfognathe trim being extracted tears.

The oscillating component on this system is fordqg the trim safely from the
production line to a separate system for trim reahov he transfer is done by an oscillating arm
which may come in the form of a rod, with a verintbylindrical type geometry and a ring at its

end to trap the trim. When the rod extends offdbeillating system to pull in the trim to direct
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it, the shafts rotational velocity and rods ostitla velocity coincide to match the incoming
trims speed and tension.

Once matched, the shafts rotating at a certaircitgland the trim guide oscillating back
and forth across a simply supported horizontalncldr at a certain velocity, collects plastic trim
that is gathered into small roll stock. Thesé stbck dimensions are approximately 16 inches
in diameter and 22 inches in width. Thus, incnregghe volume of scrap produced in a more
compact and concise manner.

Also, when talking about increase of volume witwiader spool mechanism, the ratio of
the volume of the material scrapped to the spaceiped by that scrap is very low. Cost
efficiency is important and directly proportional the volume of scrap produced per order, and
the cost of disposing scrap. Less volume mearssdest for scrap disposal and in an industry
where scrap is inevitable, this is a necessarycieffcy. These reasons are what lead

manufacturers towards the use of spool trim sysiéthe cost is feasible.

Figure 2 — Spool Trim Removal Mechanism
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1.3.2 The Vacuum Trim Removal

The Vacuum trim removal system uses air as itscgofor suctioning scrap trim through
a relatively small in diameter pipe. The way tleewum trim removal system works is with a
motor shaft rotating a large fan in order to pragl@merced convection using ambient air. The
pulled air is directed through metal or plasticggp Usually, the pipes are 8 inches in diameter
and 12 inches in length and are attached at ag®eeangle to a 10 inch in diameter and 10 foot
long cylinder. Inside this large hallow cylindera smaller pipe 2 inches in diameter and 2 feet
long. This smaller pipe is placed in the middlelo# larger pipe and sealed around the surface
area of the smaller pipe. When air is blown thtotigese cylinders at low pressures and high
velocities, a vacuum forms through the smallernddr within the big cylinder. The suction is
sufficient to pull a scrap trim of plastic througimd direct it down the length of the pipe.
Somewhere approximately half-way, the scrap tris i@ finished being pulled by the vacuum
and is then blown by the initial air produced dadve pipeline into a bin or container.

Along with the ease of using a vacuum trim remayeitem the vacuum removal process
is loud mainly because of the rotating fan genegadiir at high velocities. However, it provides
a quick trim removal method but with this speed esma substantial amount of volume that
needs discarding off. Due to the vacuum systerdymiog large quantities of volume, it is not
what is most efficient. However, these systemgealaively cheaper than most competing trim
removal systems and are fairly simple to operaléis is the main reason this system is still

preferred.
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Figure 3 — Current Vacuum Removal System
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2. Engineering Design

The vacuum trim removal moves trim material frore thanufacturing area to a waste
disposal area outside of the building. The trimamat is a thin continuous plastic strip. The
system uses high velocity air from a centrifugawer to suck the trim and push it through the
waste disposal pipe to its final location outsifi¢he factory.

The first part of the engineering design sectioekseto estimate the desired range of
parameters for successful operation. Next, anrautf the major system components is created.
The system consists of a waste disposal pipe, xiemtanifold and centrifugal blower. The
dimensions of the waste disposal pipe determine hekpressure and provide operating
parameters for the venturi. A venturi manifold @anceptualized and analyzed with CFD. The
effects of conceptual features and optimizationdohensions within a basic venturi are
considered for performance with respect to miningzthe cost of the venturi. Finally, the
blower is provided by the company’s stock of 2 il surplus blowers. The goal is to design a
venturi to function with the available blowers awndeventually replicate the design for multiple

machines in the factory.

2.1 Modeling

The first part of the engineering design is to stigate the desired conditions for the
removal of the scrap material. Simplifications, ghi@al limits and expected operation
capabilities are described throughout the modediegs. Analytical solutions to fluid mechanics
problems are presented to aid the description. ddwclusion of this section presents an
estimated range of acceptable operation paramatetssuggestions to initiate the conceptual

design and simulation process.
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The scrap material is a pa-thin piece of plastic. The dimensions range froBrils to
7 mils thickness and between 0.5 inch and 1.5 wiclth. Subsequent analysis and design
utilize an average dimension of 1 inch wide by 4srthick or 0.004 inch thic

The modeling is broken into two main sections fwesent the main portic of the scrap
removal process. The first one is the pressurermifitial which begins to suck the plastic s
into the vacuum orifice. The second mechanismasstin friction drag of the continuous pie

of plastic scrap material while it is withine disposal pipe.

2.1.1 Vacuum Force at Ventut

This section focuses primarily on a balance ofdsracting on the trim at the entrance
the venture manifold. The absolute upper limit loé force is at the trim fracture point. If t
strip fractures,ten it will lose tension in the plastic strip anayrfall out of disposal pipe ar
cause the system to malfunction. The lower limitle# vacuum force should be high enol
support the weight of the plastic strip and to rtaim enough tension in the ip to resist
excessive swaying due to air currents form HVAGassing factory workers. If the strip los
tension then it may get tangled or cause problemshe work table. A diagram of the for

balance on the plastic strip at the entrance o¥émeuri is shown in Figure 4.

N
[

Figure 4 — Force Balance on the Plastic Strip

Passing Air Currents Weight of Strip
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The length of the plastic strip is assumed to bdonger than 10 feet during the worst
case during machine start up. This accounts fordisance between the work table and the
vacuum orifice of less than 3 feet along with aegens maximum of 7 feet of excess scrap
which may accumulate during machine start up asrefirthe weight is calculated using a simple
volume and density formula.

Stray air current effects may be generated by aipggactory worker or HVAC system.
The value is estimated using an air current atribat 5 mph to account for the maximum and
average disturbances respectively. The velocitgetenl as a distribution along the length of the
exposed strip which is taken as a maximum of 3 féét assumed that the force normal to the
strip due to the air current will be equal to tix@hforce along the strip because the plastigstri
is unlikely to absorb significant energy since oohe end is rigidly constrained.

The fracture strength presents an absolute upperdoon the force at the vacuum orifice.
The trim material is Teflon PTFE and has a tersilength of 3000 psi to fracture strength value
of 12 Ibf. The attainable vacuum pressure of taetwri is 10 to 20 times lower than the fracture
point of the trim. So, fracture should not be auées

An initial approximation of the velocity requiretb produce the desired pressure
differential is executed using Bernoulli’s equatiédm air velocity of 200 mph and 200 mph are
shown. It is presumed that the desired practicalelbcity should not exceed 200 mph to avoid
serious structural considerations of PVC, excessoiee and gas compressibility effects.

The estimation of the required pressure differémizs to be modified with assumptions
to create a mathematical model. The thicknesseo§thp is as thin as notebook paper and would
analytically require a very large pressure to @ehé desired force if the strip was modeled as a

vertical object. The problem is simplified to catesi a factory working placing about 1 inch of
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the strip perpendicular to the vacuum orifice wkiga machine starts. This is a valid assumption
as the vacuum orifice will be about 2 inches widddiionally, the edge effects of the sudden
expansion of the vacuum orifice is neglected aacagsumed that the factory worker is able to

push the folded strip about 1 inch inside of theuwan orifice during machine start-up.

a.)

Figure 5 — Modelling of trim at inlet. (a) actual stuation (b) simplified model.

b.)

The absolute minimum required force is the weidtthe strip and the stray air current at
5 mph yielding a tension of 0.08 Ibf. The prefertedsion is the weight of the strip and along
with the air current considered at 15 mph to yeelbrce of 0.3 Ibf. The upper limit of the force
does not become a consideration at this point@iistem due to the maximum attainable force
due the pressure differential of 0.68 Ibf. Furthere) this analysis confirms that a conventional
blower is capable of generating a pressure difteakto raise the strip via vacuum force.

The analysis suggests the vacuum orifice shouldlle to generate enough force to
sustain the weight of strip up to 0.037 Ibf andoact for stray air current of up to an additional
0.31 Ibf. Thus the minimum required vacuum forcewt be around 0.07 psi. The attainable
pressure differentials suggest that this shouldle to be accomplished at flows less than Mach

0.2 which are attainable by a centrifugal blower.
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Equation 1 - Bernoulli's Equation

Equation 2 — Momentum Equation

Table 2 - Summary of Forces Ranges at the Vacuum @ice
Source of Force Force ( Ibf)
Weight of Strip 0.037
Stray Air Currents

V =5 mph 0.031

V=15 mph 0.28
Attainable Pressure Differential

V =100 mph 0.17

V =200 mph 0.68
Fracture Strength 12

2.1.2 Drag Force in Waste Disposal Duct

This section considers the desired range of dregefon the scrap material as it flows
through the exhaust duct to the dumpster outsiddebuilding. Approximate calculations for
this is impractical because it is expected thattthm will violently fluctuate, fold and unfold
due to the highly turbulent air flow through thep@i However, an attempt at modeling this
situation can only assume that the strip remaingtotal and with some tension in it. In this
case, the main component is the shear stress dditheong a flat plate. This model would
assume a constant shear stress and account fbotimelary layer as a negligibly small portion
within the long disposal pipe.

Even with these simplifying assumptions, it is kaly that a mathematical model will
give any significant insight into this. Consequgnd qualitative scenario is created to evaluate
the potential influence of the drag force. The mmum drag force to move the strip is very low.

The strip is paper thin and up to 2 inches widehédf drag force is low then the strip will fold
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perpendicular to the flow and a very small air eélp will accelerate the strip forward. The
other scenario is when the drag force is large gndar the shear stress on the parallel strip to
fracture the trim. This case is not expected tecfsystem operation if this occurs more than one
foot within the disposal pipe. It is expected ttted vacuum force at the entrance of the venturi
will be retain enough force to continue to movettira without interruption.

In conclusion, any range of drag force within thaste disposal pipe will suffice for
practical applications. The main consideratiornet there needs to be a very small minimum air

velocity.

2.2 Waste Disposal Pipe

2.2.1 Pressure Drop

This section estimates the backpressure of thegyigtem in order to compartmentalize the
CFD simulation of the vacuum orifice and deterntime required blower head. The calculations
are easily executed via the Moody Diagram. Howex@rpn-graphical method is utilized via the
Colebrook Equation to curve fit the Moody Diagranddhe Miller Estimate to produce a first
iteration within 1% of the actual value. Surfacagbness for pvc is taken as 0.005 mm for PVC
tubing. The final pressure drop throughout the wastposal pipe is multiplied by an aging
factor of 1.25 to account for accumulation of darstl humidity on the interior surface of the

pipes over time.

Equation 3 —Pressure drop for internal pipe flow

"#$ 1 +

&!'O*' ) Equation 4- Reynolds Number
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2.2.1.1 Calculations

The calculations described in the previous sedienexecuted. The spreadsheet is found
in the Appendix under Spreadsheet Calculationshm hydraulic resistance section. Hand
calculations of the pressure drop are found inApeendix under the Hand Calculations section.

The plot below shows the pressure drop vs voluméitsw rate for 4 diameter pipes
under consideration. Pipes of diameter from 1 id2dn were chosen in increments that reflect
available PVC pipe sizes. The list was reduced dosider the best available sizes. The
datashows the trends that a larger diameter pigk raduce the pressure drop at higher
volumetric flow rates. The second plot of total gmare loss vs velocity for the same pipe
diameters is also shown below. This plot is madelikiding the volumetric flow rate by each
curve’s pipe diameter. The next plot helps elimensdme pipe diameters. It has been decided
that the minimum average air velocity should baraund 60 ft/s to reduce the changes of the
disposal pipe becoming clogged by the trim. Soetanates range of pressure drop is between
0.1 psi and 0.2 psi with the largest pressure dvopurring within the smallest pipe. The
minimum velocity value is attainable using the &iae centrifugal blower with a static stall

pressure of 0.183 psi.
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Figure 6 — Pressure Drop vs Volumetric Flow Rate fovarious diameter pipes.

2.2.2 Material Selection

Two types of materials are considered for the wdsteosal pipe. They are evaluated on
structural strength, surface roughness, ease oénddyg, environmental corrosion, and
application specific issues. One is poly vinyl onide ( PVC ) and the other is galvanized steel.
PVC is a commonly available, low cost, corrosiosis@ance and provides ease of assembly.
Galvanized steel is also commonly selected for sapplications and is relatively more
expensive than PVC. PVC shows superiority over ajaked steel in all of the evaluated
characteristics and is chosen for the design.

The structural strength of the network is not expe&do be a large consideration as the

pipes are only expected to be exposed an intepsliye pressure of about 1 to 2 psi. However,
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both materials are available with various wall kimesses for the system. The surface roughness
of galvanized steel is much larger with a valué&0rim while PVC has a value of 0.005 mm.

PVC requires painting a small layer of cement anjtdint and sliding it into place and allowing

it to cure over night. On the other hand, galvathigeeel requires expensive compression fitting
connectors and is assembly instantly. The relatost of PVC is about $4 for a 4” diameter 10’
long section. On the other hand, the cost of gabhemhsteel is about $20 for the thinnest
available 4” diameter 5’ long section.

The corrosion environment is an open factory toltdoal weather, heat and humidity.
The environmental corrosion effect is not expedtethe very large in either of the considered
materials. However, if the galvanized steel surfecdamaged then it may begin to rust and
cause problems for the system.

One important application specific consideratiorductwork systems is the build-up of
static electricity and potential combustion of vedige dust particles. Galvanized steel is
mandated for ductwork systems that focus on thestea of dust or small particles. The main
consideration for galvanized steel is that verye faust particles become combustible and the
duct may build up static electricity if it is noragnded. Consequently, galvanized steel is
electrically conductivity and can be grounded tmidvthe build up of static electricity and
combustion of the dust particles. However, our giess not expected to transfer any significant

amounts of dust and the plastic trim material isaoobustible.

2.3 Blower Selection
The blower is the component that imparts the vgjaa power the venture. The blower
must be able to supply a volumetric flow rate teate the venturi effect within the venturi.

Additionally, it must supply the static pressureotgercome the hydraulic resistance of the long
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waste disposal duct. Furthermore, the blower shbeldelected such that its average system
operating conditions are within the maximum effirg range. Another concern is whether the
blower will need to be an adjustable speed toforeal speed.

The design goal is to select a blower that willabixed speed to reduce the cost of the
blower. However, if the operating parameters amgeeted to change too much then a variable
speed blower needs be selected to control theyfaitéring the motor frequency. In conclusion,
the system is designed around a 1” wide 4 mil tesls plastic strip. Other size trim strips will

be tested and if it is not sufficient then a lariglewer or variable speed blower will be sought.

2.3.1 Blower Specifications
The three main categories of blowers are axialtrdegal and mixed flow. The

traditional centrifugal pump operates on the ppleithat the rotating blades impart a velocity
onto the fluid which is then translated into a ptes increase as the fluid slows. Centrifugal
blowers are most commonly classified as eithersanesblowers or volume blowers. Centrifugal
blowers are further categorized by their type @del forward-curved, backward-curved, radial
or airfoil shape. The type of blower blade detemsithe characteristics of the blower. Pressure
blowers push air out at high static pressure. Bredslowers are generally utilized to pressurize
enclosures, or for delivery through long pipe systeOn the other hand, volume blowers are
designed to push air out a large volumetric flovesavith lower static pressures than pressure

blowers. They are typically used for ventilationfarced convection cooling.

2.3.2 Blower Decision
The selected blower is an old model from an imactompany. The required blower
curve was not available on the internet and coniiaicirmation was not available for the

company. The maximum flow rate, static pressure lammdepower were written on the blower.
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Consequently, a experimental measurement of thedsloharacteristics were performed using a
pitot tube and a static pressure gauge. The readighe pitot tube were converted from
dynamic pressure into velocity and then into voltmdlow rate. Consequently, the readings
had a very large standard deviation for the higbipulent flow. A curve is presented in the plot
below for static pressure versus volumetric flovera
A 3 order polynomial trend line was fitted to the bewdata. A blower generally

requires a % order polynomial trendline but d°3rder was found to have a smoother fit. The
experimental data only used 5 data points. Theimgadere scaled to fit the maximum flow rate
and static pressure of the blower. This equatioriife blower trend line was used in subsequent

calculations for the iterative CFD to relate blowend to flow rate.

Table 3 - Blower Specifications

Brand

Model

Volumetric Flow Rate | 1177 cfm
Static Pressure 0.183 psi
Power 2.5 hp
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Figure 7 — Plot of Static Pressure vs Volumetric Biw rate for Experimentally Measured Blower Curve.

2.3.3 Integrating Disposal Pipe with Blower

The blower is already available at the manufaotufacility. The system needs to be
designed around this blower mentioned above. Tieedithe waste disposal pipe can be chosen.
This section describes the operating point of tosver. The operating point is best chosen by
overlaying the blower curve with various availapipe diameters. The point of intersection is
the operating point for each pipe diameter. A @ibthe overlay curves is shown below along

with a summary of the operating point for each pieneter along with average velocity.
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Figure 8 — Plot of Pressure versus Volumetric FloiRate with Various Pipe Diameters and an Overlay othe Blower
Curve.

Table 4 - System Operating Point
Static Pressure | Volumetric Flow
Diameter Drop Rate Velocity
(in) (psi) (cfm) (ft/s)
3 0.21 150 51
4 0.17 300 57
6 0.16 800 68
8 0.05 950 45

The location of the system operating point furthenits the available options for the
optimal pipe size for the system. The 3 inch pi@eneter is too small and drastically reduces the

volumetric flow rate and velocity and requires ligest static pressure head. On the other hand,
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the 8 inch diameter pipe has a very small presdusp and very large volumetric flow rate.
However, the average velocity drops to a value twigdar below the desired minimum velocity.
Consequently, the 3 inch and 8 inch pipes are dedudrom further analysis. The 4 inch and 6
inch pipe have almost identical static pressur@dialditionally, the velocity is acceptably close

to or above the minimum required velocity.

2.4 Venturi Design

The venturi is the major design component of th&tesy. The venturi is located at the
entrance of the system. It converts the pushingeforf the blower into a sucking force to move
the scrap into the system. It continues as a pgdleirce to push the scrap through the system.
The process functions on the venturi effect. Thases that a high velocity create a low pressure.
The venturi design relies on the desired operatimditions from the previous steps. A basic
conceptual design is shown and the analysis begthsdetermining the critical dimensions of
initial design. Additional conceptual design feaiare evaluated with respect to manufacturing

processes, total cost and performance.

2.4.1 The Venturi Operating Principle

The venturi functions on the principle that a higthocity creates a low pressure.
Bernoulli’'s equation is a derivation of the consgion of energy equation. It states that the sum
of the dynamic pressure and static pressure isistaot energy term throughout a closed system.
The venturi uses this principle to relate the vigyoio the pressure. So, high velocity creates low
pressure. The low pressure is lower than atmosphed acts as a suction force to generate a net

movement of air into the venturi.
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A"#$5E CDE F G)" %" Equation 7 - Conservation of Energy

- - Equation 8 - Bernoulli's Equation
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Figure 9 — Schematic of Venturi.

2.4.2 Design Objective
The goal of the design is to extend the ventutin&DO ft equivalent length of disposal

pipe. The pressure losses due to the disposabpgealculated using the Darcy-Weisbach

equation for internal pipe flow. The pressure Igss®an than there is a static pressure at the exit

of the venturi which the local dynamic pressure@ase has to overcome. In conclusion, the

total suction force is the dynamic pressure in@edthe venturi minus the static pressure due to

the disposal pipe.

Equation 9 - Darcy-Weisbach Equation
L -
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EE CDE = Equation 10 — Net Pressure

2.4.1 Conceptual Designs

The basic design for a venturi is shown in therggbelow. High velocity air is pushed
into the inlet velocity port and exhausted throtigd direction to the right into the waste disposal
pipe. The high velocity creates a low pressureoregvithin the scrap entrance pipe within the
venturi. This pulls more air into the venturi frahe scrap entrance to create a vacuum effect to
pull the scrap into the system.

Various improvements to this basic design are thendlations for the conceptual
designs. Each conceptual design opens the possilmilividual for optimization. The basic
design will be analyzed and optimized first befaensidering additional features of the

conceptual design.

Scrap Enfrance
at Atmospheric
Pressure

Low Pressure Region Exit to Waste
E] Disposal Location

Inlet Velocity

Figure 10 — Conceptual design of current Vacuum Ofice for Scrap Removal

2.4.1.1 Conceptual Design #1- Standard PVC

The first conceptual design is limited to the aafalé geometries of PVC in order to
create the inlet velocity fitting. This is limitei the Wye-joint and the T-Joint. This is the
simplest to manufacture and the overall cheapesgdeapproach due to standard low-cost PVC

fittings.
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2.4.1.2 Conceptual Design #2 — Vortex

A vortex design may be incorporated into the verttuincrease the velocity of the flow
and consequently decrease the pressure. Howeveryfacturing of a vortex will require
specialized manufacturing processes. The goal efptioject is to create a low cost venturi.
Consequently, the vortex conceptual design is diechdue to the higher expenses associated

with manufacturing a venturi with a vortex.

2.4.1.3 Conceptual Design #3 — Nozzle

A nozzle design is a commercially available solutio conventional venturi’s to reduce
the required velocity. The nozzle increases thalleelocity of the fluid for a given constant
volumetric flow rate. The benefits of this desigarrant additional considerations as machining

of a nozzle is not extensively difficult using $bPVC material.

2.4.1.4 Conceptual Design #4 — Fabricated Metal

The second conceptual design is a machined ancedskeel orifice. This expands to the
engineering analysis of the fluid dynamics and op®are possibilities for optimization and
packaging by having a completely variable geomb&yond standard PVC. The downside is
that the structure must be fabricated out of meetaés involving cutting and welding. The cost
of the raw material supplies is also expected toei@se over the cost of PVC pipe. It is uncertain
whether the higher strength of metal is a worthevkbnsideration until the structural analysis of

the PVC Venturi is completed.

2.4.1.5 Conceptual Design #5 — Slots and Fins
This third conceptual design includes machinedsstdtinverted fins to modify the fluid

flow within the orifice. The added labor of machgi increases the cost over the second
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conceptual design. This design will also be analyte determine if the benefits of the fluid
dynamics outweighs the cost of the additional fadiron step. However, it may be best to avoid
machine slots in the inner tube. If the scrap nmteras to get snagged or lodged in the slot then
the machine may malfunction. The turbulent flow naye generation vortices or have general
multidirectional local flows which cannot be cordittly predicted for the range of operating

conditions.

2.4.2 Conceptual Design Summary
The most promising conceptual design is Standar€.PWvhe low cost and ease of

manufacture of this design will prove the most ukéf the dimensions can be optimized to
produce the desired results. The vortex designbeltoo difficult to build. The nozzle design

also shows promise if the benefits of the desigmweigh the manufacturing cost. The fabricated
metal design is not expected to be utilized dught excessive cost of the material if the
structural strength is not required. Incorporasias and fins may have worthwhile benefits for
the fluid mechanics of the system but becomes intjgad and unreliable due to the possibility

of catching the trim and stalling the system.

2.5 Fluid Dynamic Analysis of a Venturi

2.5.1 Navier-Stokes Equation for Venturi

A suction force is described as a normal stresdtuid mechanics. In general viscous
flow, the normal stress is small in comparison lte shear stress. However, normal stress
becomes very large in the presence of large vglagadients. Normal stresses in the direction
parallel to the vacuum orifice materializes itsg#f a suction force on particles that are in line

with the velocity gradient.
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For example, assume a reference frame with thetiposilirection to the right. An
increasing velocity gradient to the right in thespiwe direction has a lower value of velocity to
the left or in the negative direction. Consequerttig viscous action of the normal stress acts as
a tugging force or a suction on the particles ®I#ft of the reference frame. The suction force

tries to accelerate the particles to move in tiection to the right with a force.

The parameters of interest within the system cabdst described using a derivation of the
momentum equation derived from Newton'¥ faw. The momentum equation expands to the
large full Navier-Stokes in conservative form tdlyiudescribe the motion of the fluid through a
fixed control volume while the fluid elements movdis situation is greatly simplified by using

various assumptions.

The Navier-Stokes equation considers that the faxderiences forces from surface forces
such as shear stress and pressure along with lbodgsfsuch as gravity and weight. The first
half of the equation is surface forces and the s@d¢@lf is body forces. The body forces can be
neglected for air under these conditions. The dpeygoint of most blowers is generally near
atmospheric pressure so density changes due tsupeesre also not considered in the
calculations. Furthermore, the changes in denditthe air are negligible due to very small
changes in pressure in subsonic flow. Finally,u@lecity gradients in the y and z directions are
excluded due to circular geometry and axial flovihaf pipes.

Finally, the momentum equation simplifies. This &gpn still yields a very difficult
analytical solution due to the"2order partial derivative of the x velocity withsgect to

position.
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The senior design project requires the use of Coatipnal Fluid Dynamics ( CFD ) to
investigate governing principles in order to impgdiie design. Advanced computational
resources, CFD programming and optimization teascand group member experiences are a
major constraint for CFD simulations. Consequer8iglidworks Flow Simulation 2010 is
chosen for all CFD simulations due to ease of fasiliarity and availability. The accuracy
level of Solidworks CFD package was deemed suffidier the analysis to discover trends in the
fluid flow nature.

Pressure at the exit of the vacuum orifice subrabgeshould correspond for the remainder
of the exhaust system. The exhaust duct systenitiglly estimated to be in the range of 50-100
ft. Thus, the system requires a blower capablelafger pressure head to overcome the duct

loses.

2.5.1.2 System of Equations to Define Venturi Syste
The system of interest consists of multiple congms. The venturi, the waste disposal

pipe and the blower interact to define a systemgofations that must satisfiy each other. The
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blower can produce a volumetric flow rate thateiated to the static pressure. Similarly, the
waste disposal pipe generates a static pressupeltbibis proportional to the volumetric flow
rate. The interaction between these two comporegdeen defined in previous sections as the
blower operating point. However, the venturi systamtains enlargements, contractions, bends
and a large flow disturbance results from the mazzurthermore, the static pressure losses
through the nozzle significantly affect the staressure and total volumetric flow rate of the
blower. A review of the equations required for gsa of each component is presented below.
The final system of equations is then summarizetithe requirements and process for iterative

CFD to solve this system is described.

This presents a very large problem that requited @ solve each iteration of the
problem along with an optimization approach to dethe best nozzle for the system. A
flowchart of the iterative CFD process chosen ffiis tlesign is shown below in Figure 11. The
process involves guessing a volumetric flow ratinatinlet of the system. This flow rate
corresponds to a static pressure drop of the régpetaste disposal pipe diameter. The static
pressure is then defined as the outlet static press the venturi. The simulation is calculated
and the resulting static pressure required atybem inlet is compared to the valid static
pressure at the volumetric flow rate of the blovildre simulation is run again with a different
volumetric flow rate such that the flow rate copesds to the actual inlet static pressure. This
process takes an average of 6 iterations for thies@ations to get a volumetric flow rate that is
less than 2% of the cfm away from the actual volnim@éow rate of the blower at the static

pressure.

The variable inputs of the system are the geonudttiye nozzle: inner diameter,

convergence and divergence angles and overall@éazfith. The output variable of primary
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interest is the suction pressure at the ventuiis phressure is directly correlated to the veloaity

the inlet of the venturi. The x-component of vetpas selected as the primary output variable

for comparison of various system designs.

Table 5 - System of Equations to Solve the VentuB8ystem

A)%‘_ \%P'H'T# EF)$ N

EF  CDE Suction Pressure at Venturi Inlet
CDE _ Relation of Suction Pressure to Nozzle
2 Velocity
a

Increasing the Local Velocity at the Nozzle

Lt -

Pressure Loss Generated by the System

Cerrd -€algerrdl+errafh thei Variables affecting pressure loss attributed
the nozzle

F a ja C Blower Curve for Valid Operating Points of
the System

%$! %k " *

_Oerrd!l+ERRaTh the
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Figure 11 — Flowchart of Iterative CFD Procedure

2.5.1 CFD Simulations

The CFD simulation is a steady state 3D fluid flamalysis of the venturi. The working fluid
is incompressible viscous ambient air as an idaalig fully turbulent flow. The parameters of
concern are the velocity and pressure distributigthin the venturi. The venturi is modeled
separate from the waste disposal pipe to reducesithelation time. The static pressure drop
along the waste disposal pipe is calculated usimgls hydraulic loss calculations as shown in
previous sections. The venturi will be connectegally to the waste disposal duct. However,
for the simulation, the backpressure due to thg lvaste disposal pipe is replicated by a static

pressure boundary condition at the exit of the wemhodel.
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The vacuum orifice inlet is taking air from the asphere. This boundary condition is set to
environmental pressur&nvironmental pressure is interpreted as statisgure for outgoing
flows and total pressure for incoming flows. Thimglation is expected to choose the total
pressure setting if the venturi functions correaslyhas suction. Furthermore, it is necessary to
include the environment outside of the boundaryddwmn rather than have the boundary
condition directly as a flat face. Thus the modekxtended to include a box or cone with its
outer face at atmospheric pressure to observe irapproaches the vacuum orifice. The size of
the extended model atmospheric boundary is chasée targe enough to generate converging
results while small enough to reduce computatieffart. Thus, a few simulations are executed

to observe the results of varying atmospheric bamndize.

The venturi inlet boundary condition is set to &uweetric flow rate inlet boundary condition.
The flows throughout the system are fully turbulértie simulation procedure assumes that the
flow is fully developed as it enters the venturhi§ assumption is valid for the data that the
simulations are used for. However, various waysh@aracterize the turbulent profile at the inlet
were considered to be expressed by either turbweantities of turbulent models. However,
these models were not employed for the simulatlpnghe assumption that the hydrodynamic
entry length is sufficiently far from the air soarcThe hydrodynamic entry length for turbulent
flow is about ten times the hydraulic diameter qr 10 80 inches for practical design.
Furthermore, detailed investigation of the fluidgraeters is not required and the simulations are

only employed to reveal trends in venturi design.

The outlet boundary condition connecting to thetevasposal pipe is set to static pressure.
The interior walls of the venturi are set to anaildwall to reduce computational effort. The

interior will be made our of smooth PVC and thautessare not expected to considerably change
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due to wall roughness of PVC over a short lengtapgfroximately two feet. An automatic mesh

is selected and a convergence study

A length of 5 ft was added to reduce the edge &ffet the boundary condition near the
venture nozzle from the end of the pipe. Additibnan extended box was place at the entrance
of the venturi to investigate the effects of aowil on the entry. A square box was created with

sides of 60 inches and a depth of 60 inches om2éstthe major diameter of the pipe.

Figure 12 — Screenshot of Modified Prototype Moddbr Simulation

The results of interest for this simulation was Xa€omponent of velocity to indicate
whether the venturi is sucking air into it or blowgiair out of it. This is displayed using flow

trajectories with 200 flow lines from the extenddthospheric box.

A summary of the simulation results in shown inthigle below and images of the flow
trajectories provide more insight into the fluidt numbers. A higher suction force corresponds
to a more negative value of velocity. On the othend, a positive value of velocity indicates that
air is being pushed out of the entrance of thewentather than sucking in. The results follow

the expected trend of the venturi. With the reakipaessure, the suction force decreases.
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Additionally, the addition of the nozzle increasies suction force of the venturi in both cases. In
conclusion, the addition of a nozzle can increlsestiction force by three times for the extended

system pipe over the current venturi set up wishart pipe and without the nozzle.

2.5.2 CFD Modeling Studies

The basic venturi assembly was drawn in SolidworKse nominal diameter of the
assembly is 4 inches to replicate the current systé TradePak. The length of the straight
exhaust pipe is 10 feet long in the current syst€here are numerous considerations when
modeling the venturi for CFD analysis. A prelimipazoncern is the mesh size required for
converging data output. The first consideratiothiss length of the exhaust pipe. The second is

the size of the atmospheric pressure box at theuxienlet.

2.5.1.1 Initial Mesh Size Convergence Study

An initial mesh convergence study is executed withreplica of the current system.
Mesh indexes from 1 to 7 are run with identical laary conditions. The main value of concern
in the study is the x-component of velocity at veaturi inlet. This value is plotted against the
mesh size index. A mesh quality of 1 took aboutidute to run. A mesh quality of 7 took over
an hour. The results show convergence at a mesitygadex of 4 which took about 20 minutes
per simulation. All proceeding simulations are axed at the minimum required mesh quality of
4. A mesh convergence study is run again on tte éiesign including the nozzle to verify the

results.
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Figure 13 — Initial Mesh Convergence Study: Plot X2omponent vs Mesh Quality Index

2.5.1.2 Length of Disposal Pipe in CFD

The length of the waste disposal pipe is over fLt@@uivalent length including bends. It
is not necessary to model the entire pipe in CHe TFD calculations should output the same
results as simple hydraulic loss calculations fifturd mechanics. However, a minimum length
of pipe must be modeled in CFD to observe the behaf the flow as it becomes to become
fully developed after entry. This section veriftb® hand calculations and boundary conditions
to create the final venturi model.

It is necessary to extend the exhaust pipe somewdtaf the venturi to reduce the edge
effects of the boundary condition being too clogethte venturi. The initial estimate for this

length is the hydrodynamic entry length. This sisggehat a fully turbulent flow becomes fully
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developed after a length of approximately 10 tittessdiameter of the pipe. This yields a length
of about 3.5 ft. The initial simulations of the lmolary conditions and pressure drop are made
using 10 feet of pipe. This value is reduced ieraections to the minimum required value to
save computational time.

The system curve for the real length of the systeam plotted over the manufacturer’'s
blower curve to determine the operating point @f ¥ienturi. This yielded the blower volumetric
flow rate and static pressure shown below. The aipey point is at 700 cfm and 0.07 psi. The
simulation boundary conditions for the first sinida are shown below.

A second plot of Pressure vs Length is generatedht exaggerated wall roughness at
20 times that of PVC. Three variables presentethatdifferent types of available exhaust
boundary conditions.

The hydraulic calculations were verified in Solmhks by analyzing the system with the
complete 10 ft length. The first study plots thegsure vs length using 50 data points. The outlet
boundary condition is set to an environmental pressboundary condition at 14.69 psi
atmospheric pressure. Three situations are companeideal wall, a wall with the roughness of
pvc, a wall with an exaggerated roughness of 2@githat of PVC. The results show the linear
decline in pressure.

A second study is made using the same 14.69 psisgtheric pressure value with various
boundary conditions. The simulation is run at alwalghness of 20 times that of PVC to
exaggerate the results. The boundary conditiongl@aged form static pressure, total pressure
and environmental pressure. The environmental presand static pressure chart overlap
perfectly to verify that the simulation chose tceube static pressure for the environmental

pressure boundary condition to show an outflow.
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A final study is made for the length of the exhauipe to reduce it from the 10 feet in the
previous studies. This study uses values only alfoeeninimum hydrodynamic entry length of
3.5 ft. It verifies that the pressure curves arentttal to the 10 feet pipe when the value is

reduced to 4 feet. Subsequent simulations use laausk pipe modeled at 6 feet to account for

disturbances created from the nozzle.
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Figure 14 — Plot of Pressure vs Length for VariouVall Conditions at Environmental Pressure for 10 ftPipe
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Figure 15 — Plot of Pressure vs Length at a Constalvall Roughness of 20 x PVC for Different BoundaryConditions.
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2.5.1.3 Environmental Pressure Box Size

An environmental pressure box was created to r&elithe environment of the room. A
environmental boundary condition that is flush witle entrance of the venturi is an incorrect
modeling assumption. The way that the air entexsvémturi affects the air in the room and may
change the simulation results. A study is createeviluate various size atmospheric chambers
to observe the performance of the venturi in refatp the size of the inlet boundary condition.

Various sizes of an extended model are createds$eree how the air approaches the
venturi. Additionally, the results are analyzed ¢onvergence to observe how the results change
due to the boundary effect of the atmospheric be&. 4t is expected that the most accurate
model of the situation is an infinitely large boxaamospheric pressure to replicate the factory
room. However, this is an impractical require fomputation time.

A larger diameter atmosphere box leads to the nmggleind simulation or large vortices
or eddies. A convergence study of the pressuregalom centerline of the venturi is plotted for

various sizes. The boxes are created in referentteetmajor diameter of the venturi of 4 inches.
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The diameter of the boxes is analyzed in the rafidd®, 2D, 4D, 8D, 16D and 32D. The length
of the box follows the same trend for analysis.

The results are shown below in Figure 16. The maeals that the length of the box is
not as the diameter. Additionally, it shows thaardeters less than 8D has the same results.
Diameters larger than 8D show results with moretwersuction. This may be due to the
choking of available air with smaller size atmosjphboxes.

Flow trajectories are plotted from the inlet tother study the approach of the air into the
venturi. This reaveals that the larger diameterelsoxre modeling large voticies with a velocity
very close to 0. These trajectories are disturbimgflow as it approach the inlet affecting the
model. The main concern for this is the calculatiame required for the modeling these vortices
IS not necessary to the study. The study is a tgtigk evaluation of the optimal venturi design
rather than a quantitative verification of the wentperformance. Consequently, the time

required for a large venturi inlet box is not waite.

311
31
31
31
31

Figure 16 — Plot of Pressure vs Position. The sipé the extended venturi inlet to replicate the atmspheric is changed for

the studies.
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Figure 17 — Flow Trajectories of Inlet Box with \@rs dimensions. Left.) D=32D, L=32D. Top
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Figure 18 — Flow Trajectories of Inlet Box with £¢fD=2D, L=8D . Right.) D=D, L=4D
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2.5.2 — Iterative CFD for Correlation to Blower Opeating Point
An iterative solution to the series of equatiapliesented in prevous sections. The
requirement to solve each iteration using CFDss dlescribed above. This section verifies the

requirement for iterative CFD and establishes &lbssperformance of the basic venturi design.

2.5.1 Preliminary Study without Iterative CFD

The first study places the final optimized shapthe nozzle into the venturi to evaluate
the effects on the system. This study assumeshéatir is flowing at a constant 700 cfm from
the blower with infinite static pressure. The fisghulation is a replica of the current system
without a waste disposal pipe. The second two sitiaris are the system using a 4in and 6in
waste disposal pipe, respectively. The static piress recorded along with the venturi suction
velocity.

It is shown here that the current venturi haget velocity of 52 ft/s with a required
static pressure of 0.003 psi. However, the optithizezzle simulation produces a venturi inlet
velocity of 209 ft/s. This is 4 times what the @nt system can accomplish without an extension
of the waste disposal pipe. However, the requitaticspressure is 2.175 psi while the maximum

attainable static pressure of the blower is 0.183Thus, this model is invalid

Table 6 - Simulation Results of Including Nozzle iVenturi System at Constant Flow

Rate

Disposal| Static Pressure Inlet Static Pressure Venturi Pressure  Venturi Inlet
Config. Pipe Loss (psi) Required ( psi) (psi) Velocity (ft/s)
Without | e 0 0.003 14.661 52
Nozzle
Optimized | 4 0.8 2.972 14.562 97
Nozzle
Optimized| ¢, 0.133 2.175 14.110 -209
Nozzle

*All Simulations Run at a flow rate of 700 CFM at B/D Ratio of 0.7
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2.5.2 Iterative CFD Simulation of System without Nazle

The results of the previous simulations usingstant volumetric flow rate are
incorrect. The simulations were executed againgugerative CFD. The simulations are run for
the current venturi without a disposal pipe alonthwa venturi using a 4 in and 6 in diameter
disposal pipe.

The simulations of the current venturi withoutispdsal pipe along with extending it
with 100 ft of pipe are shown below. It is showattthe maximum flow rate of 1025 c¢fm occurs
without any disposal pipe and generate a suctiafbdt/s at the venturi inlet. However, when
the pipe is extended using 6 inch diameter pipeptbwer flow rate decreases to 575 cfm with a
0.148 psi static inlet pressure. This generatesnéuvi velocity of -94 ft/s. The negative indicates
that the air is blowing out of the venturi rathiean being sucked in. This means that the system
is not working correctly and there is no suctiorcé

Cut-plots of the system showing both the x-compba@d velocity of the current venturi
system along with the system extended with a Gamdter pipe are shown below. The most
important plot is the x-component of velocity phatich shows that air from the blower
changing direction due to the parallel resistahae Tircuit and blowing out of the venturi inlet.
The venturi functions correctly with the x-componehvelocity going into the venturi for the

current system.

Table 7 - Simulation Results of Extending Disposd@ipe on Current System

Volumetric Static

Flow Rate Pressure | Venturi Pressure Venturi Inlet Velocity

Configuration (cfm) (psi) (psi) (ft/s)
Current System 1025 0.0028 14.626 75
6 in Diameter Pipe 975 0.1481 14.7 -94*
4 in Diameter Pipe 337 0.1700 14.7 -34*

*Note: Negative Velocity indicates that air is flog out of the venturi
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Figure 20 — Cut-Plot of Pressure of Model of CurrehVenturi System

Figure 21 — Cut-Plot of X-Component of Velocity oMode of Current Venturi System
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Figure 22 — Cut-Plot of Pressure after Extending Cuent Venturi System with 6 in Pipe

Figure 23 — Cut-Plot of X-Component of Velocity aféer Extending Current Venturi System with 6 in Pipe
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2.5.3 Iterative CFD for Nozzle

The results of the previous study show that extenthe venturi system with the disposal
pipe negates the net effect of the venturi. Thisise focuses on the design methodology to
incorporate a nozzle to achieve the desired opgrai@rameters. The optimization of the non-
linear system of equations is simplified for onlingput parameters for the geometry of the
nozzle. The optimization approach utilized in tthésign is primarily guided by trial and error.

The 4 input variables are the convergence anglergence angle, inner diameter and
overall length of the nozzle. The primary outputiahle of interest is the venturi inlet velocity.
The design process seeks to maximize the inletitgldAn additional variable for the system is
the position of the nozzle in relation to the venitlet tube.

The nozzle design has constraints and practitaiaioces in both manufacturing and
assembly. The nozzle is manufactured on a lathme &colid rod of PVC. The process requires
boring through the rod using tools available in shedent machine shop. The maximum overall
length of the nozzle cannot exceed 6 inches. Titges$a drill bit and boring tools can only
achieve a depth of 3 to 4 inches and the procegsres boring the nozzle from both sides. An
assembly tolerance require that the constant demsettion of the nozzle be 2 inches wide to
allow for alignment errors while assembly and dseasbling the system and attaching the
nozzle.

The design contains 5 steps. The first simulagtodies the effect of equal convergence
and divergence angles without regard to the ovarakle length. This simulation is run to
observe trends in the relative importance of cogeece and divergence angle. The second step

studies only nozzle with practical manufacturapmtth unequal convergence and divergence
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angles. The third step studies the effect of vatineginner diameter of the nozzle. The final step

evaluate various nozzle to venturi inlet positions.

2.5.3.1 Nozzle Angle Design

A nozzle with an inner diameter of 2.4 inches oatio of 0.6 is studied first. The nozzle
has a 2 inch constant diameter section in the celiee nozzle simulations are run with varying
convergence and divergence angles. This showshbalivergence angle is the more responsible
than the convergence angle. Additionally, it sheolweg the smallest nozzle angles of 15 degree
for both the convergence and divergence angle pexlthe best performance. An additional
constraint derived from manufacturing is an totzrall nozzle length of 6 inches. The
manufacturing process is described in detail incthrestruction section. This limits the
configurations to 3 nozzles for consideration. Ehae underlined in the table below. The
nozzles are the equal 30 degree convergence aadydince angle, the 15 degree convergence

and 45 degree divergence and the 45 degree comeerged 15 degree divergence.

Figure 24 — Variations of Convergence and DivergercAngles Studied in the Nozzle Angle Study. LeftBqual Angles.
Right.) Unequal nozzle angles



Table 8 - Nozzle Angles for 2.4 in Diameter Nozz|

Venturi Inlet Velocity ( ft/s )
Convergence Angle
15 30 45 60 75
o 15 54 52 49
o | 30 50
DD 45 54 48
22 60 44
a
75 50 42

Table 9 - Overall Nozzle Length for 2.4 in DiameteNozzle

Venturi Inlet Velocity ( ft/s)

Convergence Angle

15 30 45 60 75
o 15 8.0 5.8 5.2
S o | 30 4.8
S2| 45 5.8 3.6
S <
a 60 2.9

75 5.2 2.4
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Figure 25 — Cut-Plot of Pressure after Equal Nozzl&ngle Study

Figure 26 — Cut-Plot of X-Component of Velocity afer Equal Nozzle Angle Study
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Figure 27 — Cut-Plot of Pressure after Unequal Noze Angle Study

Figure 28 — Cut-Plot of X-Component of Velocity afer Unequal Nozzle Angle Study
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Figure 29 — Plot of Velocity vs Nozzle Angles fohe Final 3 Nozzles Angles Considered. The Plot Shewqual Angle
Nozzles along with Equal Converging and Diverging &ngth Nozzles.

Table 10 - Final Nozzle Angles

Angle Length Total Length
Nozzle .
Name Uniform Equal Equal
Converg Diverg Converg Diverg| Length Angle Length
Conv-15,
Div-45 15 45 3.1 0.8 2 5 5.9
Conv-15,
Div-60 15 60 3.1 0.5 2.3 5.6 5.9
Conv-30,
Div-30 30 30 1.5 1.5 2.9 5.3 5.9

The final analysis with the best nozzle convergang diverging lengths is studied. The
analysis is run for various inner diameters oftbezle. A small diameter increases the velocity
at the nozzle but also creates a hydraulic resistahhe resistance translates into a higher static

pressure of the blower and a lower volumetric fi@ate on the blower curve. These competing
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factors are studied to determine the optimal intiemeter of the nozzle. The length of the
converging and diverging sections of the nozzlengea if the angle is kept constant and the
inner diameter is modified. The first analysis s rwhile keeping the angles constant. The
second analysis is run to keep the converging aretging length constant while changing the
angles to fit. Each nozzle has an overall lengthbafut 6 inches.

The results show that the optimal inner diametethe nozzle is 2.8 inches. A smaller
diameter decreases the volumetric flow rate offtlosver too much although it has the higher
increase in local velocity. On the other hand, ldrger inner diameter in the nozzle has the
higher volumetric flow rate due to the smallestsgrge loss through the nozzle. However, the
ratio of the nozzle to the system does not incrédaséocal velocity enough to generate desirable

suction. Suggest that the convergence and diveegengths are more important than the angles

for various diameters.
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Figure 30 — Plot of Velocity vs Inner Diamter of tie Nozzle Using the Best Nozzle Angle and Nozzle Igth in the Iterative
Study
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Figure 31 — Cut-Plot of Pressure after Nozzle Dianter Study

Figure 32 — Cut-Plot of X-Component of Velocity aftr Nozzle Diameter Study
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2.5.1.5 —Position of Nozzle

The position of the nozzle is studied in relatiorthe venturi inlet tube. The venture inlet
tube significantly affects the effective area af titozzle and the expansion and contraction. The
tube should be placed at the point of maximum vslog the nozzle to generate the lowest
pressure. However, the location of the tube affdetanaximum velocity.

Image of the description of the position valuesstrown below in the figures for
configurations from -2 in to 2 in in 1 in incrementhe values for each simulation is plotted in
the graph below and shows that the maximum oauifge -1 in configuration. The maximum
value are the best configuration is 60 ft/s while value for the worst configuration is 18 ft/s.

The position of the nozzle plays a very importat in the design.

Figure 33 — Images of Design with Varying Venturi hlet Diameter. Top.) +2 in configuration. Middle.)0 in Center
Configuration. Bottom. ) -2in Configuration.
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Figure 34 — Cut-Plot of Pressure for Ventrui Desigrifter Nozzle Position Study

Figure 35 — Cut-Plot of X-Component of Velocity oienturi Design after Nozzle Position Study
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Figure 36 — Plot of Velocity vs Position for Varios Nozzle Positions

2.5.1.6 Final Mesh Convergence Study

A final mesh convergence study is run on the fire@zle design. This convergence study
shows that the results begin to convergence at nmelgx of 5. The initial mesh convergence
study showed convergence at an index of 4 andfahe simulations were run on a mesh of
4.This may be because the initial mesh convergstody was run on a system without the
nozzle. It is expected that all of the trends weknain the same and that the current nozzle will

be the final design. However, the actual inlet g#éjomay increase of decrease slightly.
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Figure 37 — Plot of Velocity vs Mesh Size Index fahe Final Design.

2.6 Final Design
The final design was chosen after the positiodysté better design probably exist if all

of the studies were run for all possible combinagi@f convergence angle, divergence angle,
nozzle inner diameter, and position of the nozZleganging one variable changes the data for the
others. However, this requires a more advancedmigdiion schemes and a lot of more
computational time and resources. A overall systemparison is shown in the plots below. A
column graph of the inlet velocity of the systerteakach step is also shown. It describes how
the current system has the highest velocity oftB0 Simply extending the disposal pipe without
adding a nozzle has a negative velocity of aboufit/30Then it shows the venturi velocity after
each design step. It started at a inlet velocitalmdut 50 ft/s after the first design step and was

optimized up to 60 ft/s after 4 design steps. lalmost certain that a higher velocity can be
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achieved if the simulation steps were more extahtgiwoptimized. However, it is uncertain
whether the system will attain a inlet velocityttiheequal to or greater than the current system

without the disposal pipe.
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Figure 38 — Plot of Velocity vs Position for the Smmary of the Venturi System Studies
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Figure 39 — Plot of Pressure vs Position for Summgrof Venturi System Studies
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Figure 40 — Columns Graph of Venturi Velocity afterEach Venturi System Design Step
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Table 11 - Total Number of CFD Simulations Run
Design Simulation Modeling Simulatoin

Without Nozzle | 4 Mesh Convergence Study | 15
Nozzle Angles | 10 Venturi Inlet Atmospheric Intakg 12
Nozzle Diameter| 8 Waste Disposal Pipe 9
Nozzle Positions 6 Initial Venturi Position 3
Initial Nozzle Position 4

Nozzle Length 12

Total 28 Total 43

2.7 Conclusion and Recommendations

The CFD simulation successfully modeled the curventuri trim removal system at the
manufacturing facility. Testing data of the blowamd current venturi suction force yielded
similar trends with the addition of backpressurd amozzle. A total of 43 modeling studies and
28 nozzle design simulations were run. Each sinmratequired an average of 6 iterations at
about 20 minutes of run time per iteration. Thewations results were recorded, new boundary
conditions were modified for the iteration untieteolution reached a valid operating point. The
system and final nozzle were designed to achiewdea velocity approximately 80% of the
value of the current system. In conclusion, theesysis not expected to have as much suction as

the current system, but the suction force shouficgent for system operating.

The CFD analysis procedure yielded significant amt® of important data for the design.
Many assumptions and inferences from fluid meclsanan predict the general behavior of the
nozzle. However, equations are not readily avalabl solve for optimal dimensions of the
nozzle. The CFD process was essential to this dgsigject. CFD revealed important design
characteristics such as the angles, diameters @sitigns desired for successful operation. The

system requires a smaller convergence angle annance to account for the venturi inner tube
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reducing the cross sectional area. It was also tabévaluate the balance between viscous drag
force and velocity increase due to the nozzle sgadhdditionally, it was able to calculate the
pressure drop through the nozzle and correlate thé blower operating point. Finally, it was
able to generate data for the optimal position led tenturi inner tube to attain the best
performance.

The main recommendation for the entire proce$s &itomate the iterations. It would be
ideal if Solidworks Simulations had a setting tpuha blower curve and do its own iterations
until the inlet matches ht volumetric flow. This wid greatly increase the amount of simulations
scenario data. The lacking aspect of this simutai® the optimization methodology. The
simulation scenarios could have been chosen talevbetter design with the same amount of
simulation scenarios if more intuitive optimizatiorethod was used.

The simulation started with the angles, then thendter and finally the position. | would
recommend to start with the diameter, the posiénd then the angles at the end if | had to start
the project again. Additionally, | would have rulh @f the simulations with a slightly higher
mesh size of 5 or 6 for all of the studies if teenputational resources and time permitted.

In conclusion, the accuracy of the CFD desigrultesare not expected to correlate
exactly with the physical system. The large statidmviation of the blower curve and the curve
fit were not precise. Additionally, the wall rougtss of the nozzle was much rougher than PVC
pipe after machining. However, the relative trenflshe nozzle should give one that achieves
approximately 80% of the suction velocity of thereat system without the addition of the

waste disposal pipe.
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Figure 41 — 3D Image of the Venturi Model Showinghe Relative Position of the Venturi Inner Tube to he Nozzle.
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Figure 42 — Engineering Drawing of the Final Nozzl§ o Manufacture
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3. Construction and Testing

3.1 Construction

The main goal of our team was to build a systeat thas low cost a efficient for
Tradepak. In doing research our team found thabtst low cost material to use and assemble
was PVC. Constructing the modified mechanism WYC was very cost effective and simple
to build. The first step taken to construct thechamism was finding the most adequate location
in order to not interrupt the daily operations. c@rhis was located, measurements were taken in
terms of length of pipe and diameter. A model whasvn on paper with curve fittings and all in
order to take the paper to the store and go shggpmhe materials needed.

Once the material was bought our team neededbiicéde a nozzle made of PVC as
well. The nozzle was fabricated on the lathe enFhU machine shop. The dimensions given to
the nozzle were based on the CFD simulations. @rme@ozzle was made and all the materials
were in place we began to assemble. We choseetthesarms of metal racks as the foundation
for the pipe network. Once the pipe network wasngded on with metal clamps we used a Y-
shaped PVC piece to simulate the veturi effecttece@n CFD. On one end of the Y we
attached the in-coming air from the blower. On #m of the Y we attached a 2 inch in
diameter pipe running to the start of the nozzle am the opposite end it was sealed around the
2 inch pipe running through the ambient and stoigbde machine in operation.

Machining of the nozzle:
The solid PVC rod was turned on the latheméwfit inside the pipe.
A hole was drilled through.

Nozzle was turned to make the desired anglie lathe.

Machining of the entrance:
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The solid PVC was turned down to size in order #&ikenit fit inside the pipe.
A hole was drilled through to snuggly fit inner vere pipe.
Securing the nozzle:
Holes drilled through pipe.
The hole was aligned with drilled and tapped haigbe PVC nozzle.
Attaching of the test equipment:
Drill and tap hole for pressure gage.
Drill and seal holes for pitot tube feed through.

Here are some pictures taken during the manufactymocess of the nozzle



Page|75

Figure 43 — Boring the Nozzle and Creating the Angk on the Lathe. Largest Drill Bit of 1”
Diameter and 3” Long to Reinforce the Maximum Lengh Constraint of the 6 in for the
Nozzle

Figure 44 — Securing the Nozzle Within the VenturUsing a Self Tapping Screw and Hand
Drill. Image on the Right shows the Nozzle attachetb the Blower.

Figure 45 — Piping Network Installation from the Blower and the Venturi Inlet To the
Waste Disposal Pipe Exit at the End of the Right eture
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Figure 46 — Installation of the Blower, Venturi, And Extended Venturi Inlet to the
Production Machine

Figure 47 — Final Venturi System in Operation with2 Trim Inlets
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3.2 Testing

A small scale model of the Venturi was tested. tidhitesting of the velocity of the
current vacuum scrap removal system was done itaastthe velocity and volumetric flow rate
under operating conditions. The operation condgidimat were tested were the same as the

settings for the current system function.

3.2.1 Testing Overview

The test apparatus used a general utility grade B¥IC valve to regulate the flow.
Closing the ball valve partially increases theistatessure within the system. The static pressure
gage measures the static pressure. A Pitot tuinsested into the test pipe upstream of the ball

valve to measure the centerline velocity.

3.2.1.1 Test Procedure

The static pressure readings were constant arydomel reading was taken. On the other
hand, the readings from the pitot tube fluctuatddlywwithin about 20-30%. It is expected that
the exact angle of the pitot tube with the onconamgtream was the main cause of the problem.
The highly turbulent flow slightly moved the Pitinibe angle with reference to the centerline of
the pipe. Additionally, point velocity of a turbuleflow naturally fluctuates as the turbulent flow
experiences local acceleration and deceleratioms€qently, a multiple readings were taken
until the operator was satisfied that the averageling reflected the most common reading. The
standard deviation of the readings are also cakdiland carried forward to calculations for
volumetric flow rate. The final accuracy of the wwietric flow rate follows the expected trends
for various static pressure conditions. Howevee, rdladings are only accurate to above 40% of

the value of the readings.
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The venturi was tested with a pressure gage apioaitube as it was attached to the
corresponding pump and blower. The data obtainewh four initial tests will pave the way to
design the needed nozzle to optimize and improgeetficiency of our trim removal disposing
system as inefficiencies in the current system balleliminated. The initial tests proved to be
successful, despite the loudness of the pump aodeb] as measurements were taken with

various pressures and flow rates.

3.2.1.2 Test Equipment

Figure 48 — Test Apparatus Schematic
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Figure 15 — Digital Manometer

Figure 49 — Static Pressure Gage



3.2.3 Test Results

Our various tests performed proved that our verdesign with the proper nozzle
attached to it will improve the suction performarticat we strive to obtain in order to meet our
design goal which is to increase the productioitieficy of our packaging manufacturer. The
Venturi effect, which is a jet, proved to be cottéthe velocity of the fluid increases as the cross
sectional area decreases, with the static pressurespondingly decreasing. According to the
laws governing fluid dynamics, a fluid’s velocity ust increase as it passes through a
constriction to satisfy the conservation of maskilevits pressure must decrease to satisfy the
conservation of mass, while its pressure must dsere¢o satisfy the conservation of energy.
Thus any gain in kinetic energy a fluid may accdwe to its increased velocity through a
constriction is negated by a drop in pressure. Ehike principle that shapes our B.S. Thesis as
we strive to fulfill it. Our initial test succeeded demonstrating the feasibility of our design

therefore needing only minor improvements as wégde$duild and optimize the nozzle that will

meet the design goals that we committed oursehass the beginning.
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Table 12 - Blower Curve

Dynamic Pressure Velocity in 3 in. Pipe Volumetric Flow Ratg Pressure

(in H20) (ft/s) (cfm) (psig)
Full open| 29.4 +/- 4.8 358 +/- 144 1060 +/- 499 0.00
Yoopen | 20.6 +/-2.4 300 +/- 102 880 +/- 300 0.07
2 open | 14.4+/-1.8 251 +/- 90 740 +/- 260 0.15
Yoopen | 2.6 +/-1.2 106 +/- 71 310 +/- 210 0.17
Closed 0 0 0 0.18
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Table 13 - Venturi Inlet Pressure and Velocity

Without Nozzle With Nozzle
Pressure ( psi)) Velocity ( ft/s ) | Pressure ( psi)) Velocity ( ft/s )
Full open| 0.39 +/- 0.11 | 41 +/- 22 0.60 +/-0.12 | 51 +/- 23
¥ open | 0.20+/-0.1 29 +/- 21 0.33 +/-0.10 | 38 +/- 21
2 open | 0.04 +/-0.06 | 13 +/- 16 0.27 +/-0.05 | 32 +/- 15
Y, open | - - 0.01 +/-0.03 |8 +/-12
Closed | - - - -

3.3 Overall Cost/Benefit Analysis

Prior to having an actual prototype that was filigctional the estimates that were given
were over the estimates that we re-calculated. dmedysis done after the prototype was
completed came to be more conservative. Taking iatzount the actual hours of
implementation and actual dollars of implementattbe cost/benefit analysis was updated.
Below you will find that the most notable changesvthat the total monthly benefit for the
system implantation came out to be just a littlerohalf of what was initially calculated.
Therefore, in just over three months this systenmuldichave paid for itself due to the

modifications made.



Table 14 - Cost/Benefit Analysis
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Worksheet

Internal Labor Cost/Hour Dollars $ 120.0(

Expected life span Years 10

Monthly Sales Units 135,000
Margin/Unit Sold Dollars $ 1.35

Costs Unit Entry Extended
Implementation

Planning Hours 35 4,200
Contract Labor Dollars 2,500 2,500
Internal Implementation Labor Hours 20 2,400
Capital Costs Dollars 1,350 1,350
Implementation Cost 10,450
Amortized Implementation Cost 87
Ongoing

Maintenance Contract Dollars/Month - -
Operational Costs Dollars/Month 275 1,275
Ongoing Monthly Cost 1,275

Monthly Cost $ 1,362

Benefits Unit Entry Extended
Productivity Savings Dollars/Month 3,500 3,500
Expense Reduction Dollars/Month -
Increased Sales Units -
Decreased Cost of Goods Sold Dollars/Unit -
Monthly Benefit $ 3,500
Calculate Total Monthly Benefit

Monthly Benefit $ 3,500
Monthly Cost $ 1,362
Total Monthly Benefit $ 2,138
Payback (Months) 3
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4. Project Management

The completion of this project in its entirety Widke an approximated eight months.
The entire project will be divided amongst threaigelevel mechanical engineering students.
Each of these student engineers are expecteddarobsand deliver their corresponding duty in
this project. These duties are broken down integhmain categories which are as follows:
Project design and simulation, data acquisition amalysis, and prototype construction and final
system completion.

The project objective is to improve efficiency withe in-line production trim removal
process and increase the overall production ofplih@t. By modifying and improving the
current scrap disposal mechanism for Tradepak,thms.will be accomplished. Tradepak can
expect the deliverables in the form of an analydighe current trim removal process and
suggestions for improvement. Alongside to thisdegak will receive a fully functional and
tested modification to their current trim removgdtem with training on its operation.

The main project constraint is that the equipneend piping system should not hinder
work or create obstacles in the current factoryouldy As this with a critical constraint the
project objective will be meticulously thought thgh and completed. The work breakdown
structure, time estimates, and log of actual tippens are shown below in the corresponding

sections.

4.1 Work Breakdown Structure
The project is broken up into 7 phases. There m3esoverlap and dependencies among the
phases. However, this provides a clear overviewhefgoals and current status of the project.

Each phase of the project is given a brief degonptnitial estimates of the timeline are shown
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in the Gantt chart in Figure 17. Estimates of #lative amount of time to complete each phase
are shown in Figure 16.
1. Project Definition — Establish collaboration withatlePak, examine project, understand
current status of factory and create clear goals.
2. Background Research — Research available techeslogiong with gain hands-on
experience with the current manufacturing capabdit
3. Project Planning — Create work breakdown structdigribution responsibilities, create
project estimates and timelines
4. Design and Simulations — Research engineering ipteg involved in the design,
construction and successful operation. Model andulate various systems in
Solidworks.
5. Construction — Locate and order supplies. Buildespsand install at the factory location.
6. Testing — Use the system under various load camditto calibrate the speed settings.
Allow time for modifications and/or errors in tfieal system design.
7. Formal Preparation — Final documentation of therentport and preparation for the

final senior design presentation.

4.2 Breakdown of Project Time

4.2.1 — Estimated of time required

Table 4 — Project Estimate for Required Time

Estimated Time Required

Task (‘hours)
Project Definition 50
Background Research 50

Project Planning 35
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Design and Simulation 200

Construction 120

Testing 80

Formal Preparation 80

Total 615

2

m 0. 2
m O+ )- O,
m 0. +
m -+
m - 0
ml- +

Figure 16 — Pie Chart of the Estimate of the Breakown of Project Time

Major Task Nov Dec Jan Feb Mar April

Project Definition

Background Researc

Project Planning

Design and Simulatio

Construction

Testing

Formal Preparation

Figure 17 - Gantt chart Estimation

4.2.2 Record of Actual Time Required

Table 4 — Project Estimate for Required Time

Percentage of
Actual Time Total Project
Task Required Time
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Project Definition 70 0.10

Background Researcl 62 0.09

Project Planning 75 0.11

Design and

Simulation 307.5 0.44

Construction 50 0.07

Testing 25 0.04

Formal Preparation 112 0.16

Total 701.5

- 1# 2
m :0. 2
O+ )- 0,
:0. +

m -+ |/
m -0

Figure 16 — Pie Chart of the Recorded Breakdown d?Project Time

Major Task

Project Definition

Background
Research

Project Planning

Design and
Simulation

Construction

Testing

Formal Preparation

Figure 17 - Gantt Chart of Actual Time Each Phaas @ompleted.
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Figure 50 — Bar Graph of the Distribution of Hours Recorded Working on the Project for Each Months

4.3 Resource Management

The project relies heavily on various resourcesh bmancial and human. The human
resources include assigning multiple roles to et@m member from project management,
engineering design, mathematical analysis, construand testing. This section describes how
the responsibilities are divided among the memlrecsder to best achieve the project goal. It is
expected that there may be minor changes to thpomegilities throughout the project as we
realize that some members may be better suitedtf@r roles. This is also used as a way to
record and analyze where the project time and ressuare actually being spent in order to

revise project time and resource estimates anddoafficiencies.

4.3.1 Roles and Responsibilities
Paul — project leader, collaborate with sponsor mamy, execute analysis of current
operation and potential improvements, conceptuside
Omar — compile report, project management, logstiesting

Walter — Solidworks 3D Model, analytical calculaisy CFD
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4.3.2 Human Cost

The estimated amount of time required for the mtoje going to be about 600 human
hours. This equals to 200 hours per team membarav8& month period of approximately 25
hours per month or 6 hours per week. The actualuatmaf documented time spent working on

the project is shown below.

Team Members Paul‘ Omar| Walter | Total

Month Time ( Hours)

Sept | Project Definition 4 0 3 7
Project Planning 5 3 3 11
Monthly Total 9 3 6 18

Oct Project Definition 6 2 6 14
Background Research 7 0 4 11
Project Planning 2 1 6 9
Design and Simulation 4 1 10.5| 15.5
Monthly Total 19 4 26.5| 49.5

Grand Total 28 7 32.5| 675

Table 5 — Log of hours working on the project

4.3.3. Financial Cost

Financial budgets were lightly discussed by thenspang company. It is estimated that the
cost of the pipe network, bends, fittings and valskould not exceed $500. The cost of the fan is
going to be the most expensive component not t@exkc1000 if purchased. However, the

Sponsor company owns various pumps in storage whaghbe utilized.

Table 15 - Cost Analysis - Prototype and Testing

Unit Sub
Part Name Price Quantity | total Tax Shipping | Vendor Total
3" PVC 45* Wye
Sch40 $4.05 1 $4.05| $0.24 $0.00| Home Depot $4.29
3"to 1.5" PVC
Reducer Sch40 $2.70 1 $2.70| $0.16 $0.00| Home Depot $2.86
1.5" PVC Ball
Valve $9.94 1 $9.94| $0.60 $0.00| Home Depot $10.54
3"x 2' PVC Pipe $4.95 1 $4.95| $0.30 $0.00| Home Depot $5.25
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Sch40
1.5"x2'PVC
Pipe Sch40 $2.55 $2.55| $0.15 $0.00| Home Depot $2.70
1" x 2' PVC Pipe
Sch40 $1.67 $1.67| $0.10 $0.00| Home Depot $1.77
4.5" x 2' Solid
Gray PVC Rod $99.70 $99.70| $0.00 $8.64| McMaster-Carr $108.34
PVC Cement and
Cleaner
PVC Fitting to
connect to blower
Total | | $135.75
Table 16 - Cost Analysis - Manufacture and Labor
Process Description Hours
Assembly of PVC Test Apparatus Assemble using PVC Cement 1
Turn the solid PVC Rod on the lathe down tolfit
inside of the pipe. Drill through hole. Turn
Machining of Nozzle nozzle to make the desired angle on the lathe 2
Turn solid PVC down to size to fit inside of the
pipe. Drill through hole to snugly fit inner
Machining of Entrance venturi pipe. 1
Drill holes through pipe and align the hole with
Secure Nozzle drilled and tapped holes in the PVC nozzle 2
Drill and Tap hole for pressure gage. Drill and
Attach test equipment seal holes for pitot tube feedthrough. 2
Total 8
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5. Conclusion

The senior design project shows that a team oethtembers were able to complete a
modified system that was requested by a local compdradepak, Inc. is a local manufacturing
company that is in the flexible packaging industWhile in production their machinery needs to
be capable of disposing trimmings that are cut ftbenproduct they fabricate in-line. A team of
three mechanical senior engineering students wele ta modify, test, and complete a trim
disposal mechanism for this company. Our job veasartalyze and modify a machine that is
currently being used but is inefficient when usélur team was able to take data and analyze a
machine currently in use and modify it significgnih order to create a safer working
atmosphere and a more efficient output.

When modifying this mechanism our team understdad tost, time, and presentation
were major constraints to the job. Given a certaimount of money to work with were able to
analyze, simulate, and test the new mechanism utithoing over the budget. We constructed
this within a certain time frame and presented tr@sy mechanism in a way that coordinated
with the facility’s layout. Tradepak’s demands @&ery strict and precise. When installing the
trim removal mechanism Tradepak saw potential ttouse on the other two machines they use
and were very interested in fabricating this congmarior the other two machines.

Overall, our expectations and Tradepak’s expectatiere both met. This mechanism is
currently being used and very effective such tiet kabor and production downtime were
significantly reduced. Consequently, the over#ltency of the plant where the trim removal
mechanism is being used was increased. Hencgpbuas senior mechanical engineers was

achieved.
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7. Appendix

7.1 Hand Calculations
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7.2 Pressure Loss in Waste Disposal Pipe Calculati®
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Table 17 - Pressure Loss and Boundary ConditioRijpe Diameter = 3 in.

Volume Darcy Total Corrected
Flow Reynolds | Friction Pressure | Pressure | Dynamic
Rate | Velocity | Number Factor Drop Drop Pressure
(cfm) (ft's) (nu) (nu) (psi) (psi) (psi)
100 34 5.05E+04 | 2.11E-02 0.08 0.09 0.01
200 68 1.01E+05| 1.83E-02 0.26 0.33 0.04
300 102 1.52E+05| 1.70E-02 0.55 0.69 0.08
400 136 2.02E+05| 1.61E-02 0.93 1.16 0.15
500 170 2.53E+05 | 1.55E-02 1.40 1.75 0.23
600 204 3.03E+05 | 1.51E-02 1.95 2.44 0.33
700 238 3.54E+05 | 1.47E-02 2.60 3.25 0.45
800 272 4.04E+05| 1.44E-02 3.33 4.16 0.59
900 306 4.55E+05| 1.42E-02 4.14 5.17 0.74
1000 340 5.05E+05 | 1.40E-02 5.04 6.30 0.92
1100 374 5.56E+05| 1.38E-02 6.02 7.52 1.11
Table 18 - Pressure Loss and Boundary ConditioRiipe Diameter = 4 in.
Volume Darcy Total Corrected
Flow Reynolds | Friction Pressure | Pressure | Dynamic
Rate Velocity Number Factor Drop Drop Pressure
(cfm) (ft's) (nu) (nu) (psi) (psi) (psi)
100 19 3.79E+04 | 2.24E-02 0.02 0.02 0.00
200 38 7.58E+04 | 1.93E-02 0.07 0.08 0.01
250 48 9.47E+04 | 1.85E-02 0.10 0.12 0.02
300 57 1.14E+05 | 1.78E-02 0.14 0.17 0.03
400 76 1.52E+05 | 1.69E-02 0.23 0.29 0.05
500 96 1.89E+05 | 1.62E-02 0.35 0.43 0.07
600 115 2.27E+05 | 1.57E-02 0.48 0.60 0.10
700 134 2.65E+05 | 1.53E-02 0.64 0.80 0.14
800 153 3.03E+05 | 1.49E-02 0.82 1.02 0.19
900 172 3.41E+05 | 1.47E-02 1.01 1.27 0.24
1000 191 3.79E+05 | 1.44E-02 1.23 1.54 0.29
1100 210 4.17E+05 | 1.42E-02 1.47 1.83 0.35
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Table 19 - Pressure Loss and Boundary ConditioRijpe Diameter = 6 in.

Volume Darcy Total Corrected
Flow Reynolds Friction Pressure | Pressure | Dynamic
Rate Velocity Number Factor Drop Drop Pressure
(cfm) (ft/s) (nu) (nu) (psi) (psi) (psi)
100 8 2.53E+04 | 2.46E-02 0.00 0.00 0.00
200 17 5.05E+04 | 2.10E-02 0.01 0.01 0.00
300 25 7.58E+04 | 1.92E-02 0.02 0.03 0.01
400 34 1.01E+05 | 1.81E-02 0.04 0.05 0.01
500 42 1.26E+05 | 1.74E-02 0.06 0.07 0.01
600 51 1.52E+05 | 1.68E-02 0.08 0.10 0.02
700 59 1.77E+05 | 1.63E-02 0.11 0.13 0.03
800 68 2.02E+05 | 1.59E-02 0.14 0.17 0.04
900 76 2.27E+05 | 1.55E-02 0.17 0.21 0.05
1000 85 2.53E+05 | 1.53E-02 0.20 0.25 0.06
1100 93 2.78E+05 | 1.50E-02 0.24 0.30 0.07
Table 20 - Pressure Loss and Boundary ConditioRijpe Diameter = 8 in.
Volume Darcy Total Corrected
Flow Reynolds | Friction Pressure | Pressure | Dynamic
Rate Velocity Number Factor Drop Drop Pressure
(cfm) (ft/s) (nu) (nu) (psi) (psi) (psi)
100 5 1.89E+04 | 2.63E-02 0.00 0.00 0.00
200 10 3.79E+04 | 2.23E-02 0.00 0.00 0.00
300 14 5.68E+04 | 2.04E-02 0.01 0.01 0.00
400 19 7.58E+04 | 1.92E-02 0.01 0.01 0.00
500 24 9.47E+04 | 1.83E-02 0.02 0.02 0.00
600 29 1.14E+05 | 1.77E-02 0.02 0.03 0.01
700 33 1.33E+05 | 1.71E-02 0.03 0.04 0.01
800 38 1.52E+05 | 1.67E-02 0.04 0.05 0.01
900 43 1.70E+05 | 1.63E-02 0.05 0.06 0.01
1000 48 1.89E+05 | 1.60E-02 0.06 0.07 0.02
1100 53 2.08E+05 | 1.57E-02 0.07 0.08 0.02

7.3CFD lIterations

Table 21 — CFD lteration for Simulation Scenario #1

Atmospheric Backpressure Without Nozzle - 1.5"tinle
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# Qin p Psi Qblower Venturi Pressure Venturi Velocity
1 1100 0 0.15| 5.31E+02| - -
2 740 0 0.02| 1.07E+03| - -
3 900 0 0.05| 1.07E+03 14.63 -65
4 1000 0 0.01| 1.05E+03 14.62 -69
5 1050 0 -0.0053| 9.98E+02 14.61 -81
6 1025 0 -0.0028| 1.01E+03 14.615 -75

Table 22 - CFD lteration for Simulation Scenario 2

Atmospheric Backpressure Without Nozzle - 2" imetnozzle - change from 1.5 to 2 in inner tube

#| Qi p Pst Qblower Venturi Pressure Venturi Velocity
1 1100 0 0.3237| -2.49E+03 14.516 -119
2 700 0 0.1125| 8.37E+02 14.632 -71
3 800 0 0.145| 5.79E+02 14.607 -82
4 750 0 0.132| 6.93E+02 14.618 -78
5 725 0 0.1215| 7.75E+02 14.626 -76

Table 23 - CFD lteration for Simulation Scenario #3

Real Backpressure with 6" Disposal pipe without Nezvith 1.5" Inlet 6 in disposal pipe without néezz
full length real pressure

Venturi Venturi
# | Qn p Pst Qblower Pressure Velocity
1 800 0.17 0.2369 -6.50E+02| - -
2 300 0.03 0.0352 1.08E+03| - 30
3 500 0.07 0.1184 7.97E+02| - 43
4 600 0.1 0.1542 4.89E+02| - 50
5 550 0.086 0.1362 6.58E+02| - 32
6 575 0.093 0.1481 5.50E+02| - 34

Table 24- CFD lIteration for Simulation Scenario #4

Real Backpressure for 4" disposal pipe Without Negdth 1.5" Inlet

# | Qn p Psi Qblowe Venturi Pressure Venturi Velocity
1 300 0.17 0.134 6.77E+02 84
2 500 0.29 0.2593 -1.06E+03
3 350 0.23 0.1833 1.57E+02 98
4 325 0.2 0.1634 3.92E+02 92
5 337 0.21 0.174 2.71E+02 94
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Table 25 - CFD lteration for Simulation Scenario #5

Atmospheric Backpressure with Optimized Nozzle
# Qin p Psi Qblowe Venturi Pressure Venturi Velocity
1]400 0 0.448| -6.27E+03 14.473 -127
2| 200 0 0.103| 8.95E+02 14.645 -57
3] 300 0 0.2449| -7.92E+02 14.57 -88
4| 250 0.1598| 4.31E+02 14.615 -45
51275 0.1248| 7.50E+02 14.597 -83
6| 262 0.1786| 2.16E+02 14.607 -79
7 | 255 0.1675| 3.47E+02 14.612 -76
Table 26 - CFD lteration for Simulation Scenario #6
Nozzle Inner Venturi | Venturi
Diameter 24in | # Qi p Psi Qblower Pressure Velocity
Convergence Angle 15 1 800 0.169| 2665.263| -3.11E+11 922
Divergence Angle | 15 2 200 0.014| 0.6188| -1.37E+04| 14.537 -103
Constant Diameter
Length 2in 3 100 0.004| 0.1409| 6.17E+02| 14.663 -46
Inlet Position from
Center Center 4 150 0.008 0.3276| -2.59E+03 14.62 -74
5 125 0.006| 0.5143| -8.84E+03| 14.641 -62
6 112.5 0.005| 0.1795| 2.04E+02| 14.652 -56
7| 118.75 0.006| 0.2023| -1.00E+02 14.64 -58
8 114 0.006| 0.1824| 1.68E+02| 14.652 -54
Table 27 - CFD lIteration for Simulation Scenario #7
Nozzle Inner Venturi Venturi
Diameter 241in | #| Q; p Psi Qblower Pressure Velocity
Convergence Angle 30 1 800 0.169| 4936.263| 1.07E+12 941
Divergence Angle | 30 2 200| 0.014| 0.7481| 2.10E+04 14.55 -97
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Constant Diameter

Length 2in 3 100 | 0.004 0.1667| 3.56E+02 14.6635 -47

Inlet Position from -

Center Center| 4 150 0.008 0.3956| 4.51E+03 14.62 -74
5 125 | 0.006 0.267| 1.21E+03 14.643 -60
6| 112.5| 0.005 0.2142| 2.77E+02 14.654 -54
71 106.25| 0.005 0.1891| 8.16E+01 14.651 -51
8 105 | 0.005 0.185| 1.35E+02 14.661 -50

Table 28 - CFD lteration for Simulation Scenario #8

Nozzle Inner Venturi Venturi

Diameter 24in | #| Qp p Psi Qblower Pressure Velocity

Convergence Anglg 45 1 800| 0.169| 7428.263| 2.41E+12 1014

Divergence Angle | 45 2 200| 0.014| 0.7938| 2.39E+04 14.55 -102

Constant Diameter

Length 2in 3 100| 0.004 0.1793| 2.07E+02 14.663 -47

Inlet Position from -

Center Center| 4 150 | 0.008 0.424| 5.43E+03 14.618 -73
5 125| 0.006 0.2898| 1.69E+03 14.644 -60
6| 112.5| 0.005 0.2308| 5.45E+02 14.654 -53
7 | 106.25| 0.005 0.2056| 1.48E+02 14.655 -51
8 103 | 0.005 0.191| 5.64E+01 14.661 -48

Table 29 - CFD lteration for Simulation Scenario #9

Nozzle Inner Venturi Venturi

Diameter 24in | #| Qpn p Psi Qblower Pressure Velocity

Convergence Angle| 60 1| 800| 0.169| 8542.263| 3.19E+12 1000

Divergence Angle | 60 2 200| 0.014 0.9125| 3.24E+04 14.551 -100

Constant Diameter -

Length 2in 3 100| 0.004 0.2164| 3.12E+02 14.663 -49

Inlet Position from

Center Center| 4 50 0 0.0497| 1.07E+03 14.687 -25
5 75| 0.002 0.1204| 7.83E+02 14.677 -36
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6| 87.5| 0.003 0.1662| 3.61E+02 14.6713 -42
7 | 93.75| 0.004 0.1892| 8.03E+01 14.67 -44
8 92 | 0.004 0.1808| 1.88E+02 14.669 -44
Table 30 - CFD lteration for Simulation Scenario #0D

Nozzle Inner Venturi Venturi

Diameter 24in | #| Qn p Pst Qblower Pressure Velocity

Convergence Angle| 75 1] 800| 0.169| 9676.263| 4.09E+12 1050

Divergence Angle | 75 2| 200]| 0.014 1.0204| 4.11E+04 -94

Constant Diameter -

Length 2in 3 100 | 0.004 0.2345| 6.08E+02 14.664 -47

Inlet Position from

Center Center| 4 50 0 0.0541| 1.07E+03 14.687 -24
5 75| 0.002 0.1357| 6.62E+02 -34
6| 87.5| 0.003 0.1384| 6.39E+02 14.68 -32
7 | 93.75| 0.004 0.2062| 1.57E+02 14.669 -43
8 90 | 0.004 0.1994| 5.91E+01 14.671 -42

Table 31 - CFD lteration for Simulation Scenario #1

Nozzle Inner Venturi | Venturi

Diameter 241in Qin p Psi Qblowe Pressure Velocity

Convergence

Angle 15 1 115 0.006| 0.1934| 2.40E+01| 14.658 -51

Divergence Angle | 45 2 110 0.006| 0.1768| 2.37E+02| 14.661 -49

Constant Diameter

Length 2in 3 112 0.006| 0.1836| 1.53E+02 14.66 -50

Inlet Position from

Center Center 4 114 0.006| 0.1901| 6.84E+01 14.66 -51

5 113 0.006| 0.1862| 1.20E+02| 14.657 -52

Table 32 - CFD lteration for Simulation Scenario #2
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Nozzle Inner Venturi | Venturi
Diameter 24in | # Qin p Psi Qblowe Pressure Velocity
Convergence
Angle 15 1 115 0.006| 0.1934| 2.40E+01| 14.659 -50
Divergence Angle | 75 2 110 0.006| 0.1763| 2.44E+02| 14.662 -48
Constant Diameter
Length 2in 3 112 0.006| 0.1831| 1.59E+02 14.66 -49
Inlet Position from
Center Center 4 114 0.006| 0.1894| 7.77E+01| 14.659 -50
5 111 0.006| 0.1872| 1.07E+02| 14.6603 -49
Table 33 - CFD lteration for Simulation Scenario #3
Nozzle Inner Venturi | Venturi
Diameter 24in | # Qin p Psi Qblower Pressure Velocity
Convergence
Angle 45 1 a0 0.004| 0.1686| 3.34E+02
Divergence Angle | 15 2 100 0.004| 0.2041| -1.26E+02
Constant Diameter
Length 2in 3 95 0.004| 0.187| 1.09E+02
Inlet Position from
Center Center 4 96 0.004| 0.1878| 9.87E+01 14.66 -50
Table 34 - CFD Iteration for Simulation Scenario #%
Venturi Venturi
Nozzle Inner Diametefr 2.4in | # | Qpn p Psi Qblowe Pressure Velocity
Convergence Angle | 75 1(100| 0.004| 0.1691| 3.28E+02
Divergence Angle 15 2|105| 0.004| 0.2036| 1.19E+02
Constant Diameter
Length 2in 3| 103| 0.004| 0.1788| 2.13E+02
Inlet Position from
Center Center| 4 | 104 | 0.004| 0.1831| 1.59E+02 14.6556 -54
Table 35 - CFD lteration for Simulation Scenario #5
Nozzle Inner Venturi | Venturi
Diameter 24in | # Qi p Pst Qblower Pressure Velocity




Page|104

Convergence
Angle 15 1 113 0.006| 0.1878| 9.87E+01| 14.6593 -51
Divergence
Angle 60 2 111 0.006| 0.1809| 1.87E+02 14.66 -51
Constant
Diameter
Length 2in 3 112 0.006| 0.1839| 1.49E+02| 14.6606 -51
Inlet
Position
from Center | Center

Table 36 - CFD lteration for Simulation Scenario #6

Venturi Venturi

Nozzle Inner Diametef 2.4 in | # | Qi p Pst Qblower Pressure Velocity
Convergence Angle | 15 1]113)| 0.006] 0.187] 1.09E+02 14.659 -50
Divergence Angle 60 2]111] 0.005]| 0.1802| 1.96E+02 14.661 -50
Constant Diameter
Length 2.3in | 3| 112| 0.005| 0.1835| 1.54E+02 14.6609 -50
Inlet Position from
Center Center

Table 37 - CFD lteration for Simulation Scenario #¥
Nozzle Inner Venturi | Venturi
Diameter 24in | # Qin p Psi Qblower Pressurel Velocity
Convergence
Angle 30 113 0.006| 0.2123| -2.48E+02| 14.656 -53
Divergence Angle | 30 110 0.006| 0.2005| -7.47E+01] 14.658 -52
Constant Diameter
Length 2in 108 0.006| 0.1943| 1.17E+01| 14.661 -50
Inlet Position from
Center Center 109 0.006| 0.1969| -2.41E+01| 14.659 -51

Table 38 - CFD lteration for Simulation Scenario #8
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Nozzle Inner Venturi | Venturi

Diameter 24in | # Qin p Psi Qblowe Pressure Velocity

Convergence

Angle 30 1 113 0.006| 0.2084| -1.90E+02| 14.663 -49

Divergence Angle | 30 2 110 0.006| 0.1977| -3.52E+01| 14.665 -45

Constant Diameter

Length 2.91n 3 108 0.006| 0.1943| 1.17E+01| 14.666 -45

Inlet Position from

Center Center 4 109 0.006| 0.1932| 2.67E+01| 14.665 -46

Table 39 - CFD lteration for Simulation Scenario #9

Nozzle Inner Venturi Venturi

Diameter 28in | # Qi p Pst Qblower Pressure Velocity

Convergence

Angle 15 1| 114| 0.006| 0.0419| 1.08E+03 14.688 -23

Divergence Angle | 45 2| 300| 0.029| 0.3077| 2.10E+03 14.618 -74

Constant Diameter

Length 2in 3| 200| 0.014| 0.1334| 6.82E+02 14.664 -45

Inlet Position from -

Center Center 4| 250| 0.021| 0.2106| 2.23E+02 14.644 -58
51 225| 0.017| 0.1686| 3.34E+02 14.654 -52
6| 237| 0.019| 0.189]| 8.29E+01 14.649 -57
71 212| 0.015| 0.1488| 5.43E+02 14.659 -50
8| 231| 0.018| 0.1781| 2.22E+02 14.652 -54

Final
Value 228 14.653 -53
Table 40 - CFD lteration for Simulation Scenario #P

Nozzle Inner Venturi | Venturi

Diameter 3.2in | # Qin p Psi Qblower Pressure Velocity

Convergence Angle 15 1 114 0.006| 0.0137| 1.05E+03| 14.695 -8.5

Divergence Angle | 45 2 300 0.029| 0.1132| 8.32E+02| 14.677 -37

Constant Diameter

Length 2in 3 400 0.048| 0.1143| 8.25E+02| 14.658 -52

Inlet Position from

Center Center 4 500 0.072| 0.3201| -2.40E+03| 14.6331 -65
5 450 0.06| 0.2581| -1.04E+03| 14.647 -58
6 425 0.054| 0.2306| -5.42E+02| 14.653 -56
7 412 0.051| 0.2154| -2.96E+02| 14.656 -53
8 406 0.05| 0.2096| -2.08E+02| 14.658 -51.4
9 403 0.049 14.658 -52
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Table 41 - CFD lteration for Simulation Scenario #2

Nozzle Inner Venturi | Venturi

Diameter 3.6in Qi Pst Qblower Pressurel Velocity

Convergence Angle 15 1 114 0.006| 0.0069| 1.04E+03| - 4.49

Divergence Angle | 45 2 300 0.029| 0.0647| 1.05E+03 14.69 -2

Constant Diameter

Length 2in 3 400 0.048| 0.1143| 8.25E+02 14.69 -8

Inlet Position from

Center Center 4 500 0.072| 0.179| 2.11E+02 14.69 -13
5 450 0.06| 0.1451| 5.78E+02| 14.694 -10
6 475 0.066| 0.1628| 3.99E+02| 14.693 -11
7 487 0.069| 0.1691| 3.28E+02| 14.693 -12
8 462 0.063| 0.174| 2.71E+02| 14.694 -11
9 455 0.061 14.694 -11

Table 42 - CFD lteration for Simulation Scenario #2

Nozzle Inner Venturi | Venturi

Diameter 2.81n Qi Pst Qblower Pressurel Velocity

Convergence Angle 11 1 250 0.021| 0.2024| -1.02E+02| 14.639 -61.5

Divergence Angle | 37 2 225 0.017| 0.1636| 3.90E+02| 14.652 -54

Constant Diameter

Length 2in 3 237 0.019| 0.1836| 1.53E+02| 14.641 -59

Inlet Position from

Center Center 4 230 0.018| 0.1706| 3.11E+02 14.65 -56
5 233 0.018| 0.1943| 1.17E+01| 14.648 -57
6 240 0.019| 0.1884| 9.08E+01 14.64 -60
7 227 0.017| 0.1667| 3.56E+02| 14.652 -55

Table 43 - CFD lIteration for Simulation Scenario #3

Nozzle Inner Venturi | Venturi

Diameter 3.2in Qin Psi Qblower Pressurel Velocity

Convergence Angle 8 1 450 0.06| 0.2567| -1.01E+03 14.64 -58.7

Divergence Angle | 27 2 425 0.054| 0.2286| -5.08E+02| 14.652| -56.63

Constant Diameter

Length 2in 3 413 0.051| 0.2149| -2.88E+02| 14.655 -53

Inlet Position from

Center Center 4 406 0.05| 0.2083| -1.88E+02| 14.6575 -53
5 400 0.048| 0.2017| -9.18E+01| 14.6675 -53
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6 390 0.046| 0.1898| 7.24E+01| 14.665 -50
7 380 0.044| 0.182| 1.73E+02| 14.662 -47
8 370 0.042| 0.1758| 2.50E+02| 14.667 -45
Table 44 - CFD lIteration for Simulation Scenario #2
Nozzle Inner Venturi | Venturi
Diameter 36in | # Qin p Psi Qblower Pressure Velocity
Convergence Angle 4 1 600 0.1] 0.2572| -1.02E+03| 14.689 -22.6
Divergence Angle | 15 2 575 0.093| 0.2359| -6.32E+02] 14.689 -21
Constant Diameter
Length 2in 3 550 0.086| 0.2157| -3.01E+02
Inlet Position from
Center Center 4 525 0.079| 0.2129| -2.58E+02| 14.688 -24
5 500 0.072| 0.1782| 2.20E+02| 14.689| -16.23
6 513 0.076| 0.1871| 1.08E+02
7 480 0.067| 0.164| 3.86E+02| 14.693| -14.551
8 475 0.066| 0.1599| 4.30E+02| 14.693 -13
Table 45 - CFD lteration for Simulation Scenario #3
Nozzle Inner| 2.8 Venturi Venturi
Diameter in | # Qin p Psi Qblower Pressure Velocity
Convergencs
Angle 11 1 227| 0.017| 0.0649| 1.05E+03
Divergence
Angle 37 2 240| 0.017| 0.0717| 1.03E+03
Constant
Diameter 2
Length in 3 300| 0.029| 0.1164| 8.11E+02
Inlet
Position -2
from Center | in 4 400| 0.048| 0.2091| -2.00E+02
5 350| 0.038| 0.1586| 4.44E+02
6 375| 0.043| 0.1835| 1.54E+02
7 365| 0.041| 0.1723| 2.91E+02
8 360 0.04| 0.1684| 3.36E+02
9 355 0.04| 0.1643| 3.82E+02 14.663 -47
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Table 46 - CFD lIteration for Simulation Scenario #8

Venturi
Nozzle Inner | 2.8 Venturi
Diameter in Qin Psi Qblower Pressure | Velocity
Convergence
Angle 11 1 227 0.017 0.0998| 9.13E+02
Divergence
Angle 37 2 240 0.017 0.1101| 8.52E+02
Constant
Diameter 2
Length in 3 250 0.017 0.1179| 8.01E+02
Inlet Position | -1
from Center | in 4 300 0.029 0.1778| 2.25E+02
5 275 0.025 0.1489| 5.42E+02
6 287 0.027 0.162| 4.07E+02
7 295 0.028 0.1715| 3.01E+02 14.642 -60
Table 47 - CFD lteration for Simulation Scenario #7
Venturi
Nozzle Inner Venturi
Diameter 2.8in Qin p Psi Qblowe Pressure| Velocity
Convergence
Angle 11 1 227 0.017 0.1665| 3.58E+02
Divergence
Angle 37 2 240 0.017 0.1891| 8.16E+01
Constant
Diameter
Length 2in 3 230 0.018 0.1715| 3.01E+02
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Oin(
Inlet Position | default
from Center |) 4 235 0.019 0.1811| 1.84E+02
5 233 0.018| 0.1749| 2.60E+02| 14.649 -55
Table 48 - CFD lteration for Simulation Scenario #38
Venturi
Nozzle Inner | 2.8 Venturi
Diameter in | # Qi p Psi Qblower Pressure | Velocity
Convergence
Angle 11 227 0.017 0.1602| 4.27E+02
Divergence
Angle 37 240 0.017 0.1797| 2.02E+02
Constant
Diameter 2
Length in 235 0.017 0.1721| 2.94E+02
Inlet Position | 1
from Center in 237 0.018 0.177| 2.35E+02
236 0.018 0.1752| 2.57E+02 14.652 -54
Table 49 — CFD lIteration for Simulation Scenario #9
Venturi
Nozzle Inner| 2.8 Venturi
Diameter in | # Qn p P Qolower Pressure| Velocity
Convergence
Angle 11 227 0.017| 0.1261| 7.40E+02
Divergence
Angle 37 240 0.017| 0.1401| 6.24E+02
Constant
Diameter 2
Length in 250 0.02| 0.1515| 5.16E+02
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Inlet Position| 2
from Center | in 4 260 0.022| 0.1667| 3.56E+02
5 275 0.025| 0.1883| 9.22E+01
6 265 0.023| 0.1743| 2.68E+02| 14.691 -18
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Table 50 - Raw Data: Venturi Suction Force with Nozle
Reading #1 Reading #2 Reading #3 Reading #1] Reading #2 Reading #3
(in H20) (in H20) (in H20) (psi) (psi) (psi)
Full open 15.2 18.5 16.3 0.55 0.67 0.59
Y2 open 8.9 10.8 8.0 0.32 0.39 0.29
Y2 open 8.0 6.6 7.5 0.29 0.24 0.27
Y4 open 0.3 0.8 0.0 0.01 0.03 0
Closed - - - - - -
Table 51 - Average Venturi Suction Force with Noz=#
Pressure AveragePressure STDEYV Velocity | Velocity STDEV
(psi) (psi) (ft/s) (ft/s)
Full open 0.60 0.12 51 23
¥, open 0.33 0.10 38 21
Y5 open 0.27 0.05 34 15
Y4 open 0.01 0.03 8 12
Closed - - - -
Table 52 - Raw Data: Venturi Suction Force withoutNozzle
Reading #1 Reading #2 Reading #3 Reading #1 Reading #2 Reading #3
(in H20) (in H20) (in H20) (psi) (psi) (psi)
Full open 9.1 11.1 12.2 0.33 0.4 0.44
¥4 open 4.2 6.9 5.3 0.15 0.25 0.19
Y open 0.6 1.9 0.6 0.02 0.07 0.02
Y4 open - - - - - -
Closed - - - - - -
Table 53 - Average Suction Force without Nozzle
Pressure AveragePressure STDEYV Velocity | Velocity STDEV
(psi) (psi) (ft/s) (ft/s)
Full open 0.39 0.11 41 22
Y. open 0.20 0.10 29 21
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1% open 0.04 0.06 13 16
Y4 open - - - -
Closed - - - -
Table 54 - Blower Volumetric Flow Rate
Reading #1 Reading #2 Reading #3 Reading #4 Reading #5 Average| STDEV
(inH20) | (inH20) | (inH20) | (in H20) | (in H20) | (in H20) | (in H20)
Full open 32 36 29 26 24 29.4 4.8
¥, open 18 24 22 19 20 20.6 2.4
Y% open 13 16 12 15 16 1.8
Y, open 15 3.3 4.2 2.3 1.6 2.58 1.2
Closed 0 0 0 0 0 0.0
Table 55 - Blower Curve Test Data ( continued )
Static Pressure Velocity | STDEV | Volumetric Flow Ratg STDEV
(psi) (ft/s) (ft/s) (cfm) (cfm)
Full open 0.00 358.84 | 144.61 1057 426
¥, open 0.07 300.37 | 102.70 885 302
12 open 0.15 251.14 | 89.20 740 263
Y, open 0.17 106.30 | 71.16 313 210
Closed 0.18 0.00 0.00 0
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7.3 Engineering Data

Figure 51 — Moody Diagram Showing Sample Calculatio Point

Table 56 — Internal Roughness of common Pipe matais — PipeFlow.co.uk
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7.4 Engineering Drawings



Page|ll5

Figure 52 — 2D Drawing of Venturi Prototype Asseyninl Exploded View

Figure 53 — 2D Drawing of Endcap ( Part #5 ) intBiype Assembly
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Figure 54 — 2D Drawing of Venturi Prototype Assembjt
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Figure 55 — 2D Drawing of Venturi Nozzle ( Part #3)n Prototype Assembly
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7.5 Receipts

Figure 56 — Home Depot Receipt

Figure 57 — McMaster Carr Receipt



