Background Information

Problem

The human respiratory system consists of muscles and organs that are responsible for gas
exchange between the human body and its environment. Within the lungs, diffusion is responsible
for the delivery of oxygen to the blood and the removal of carbon dioxide as waste. This cycle
enables the body to metabolize energy via cellular respiration and is therefore necessary for human
life. The respiratory system is also responsible for the elimination of toxic waste, temperature
regulation, and the stabilization of blood acid-alkaline balance [1].

The respiratory system can be compromised by a variety of factors including bacterial
infection, the inhalation of pollutants, genetics, and more. Despite the availability of cost-effective
treatments and prevention methods, respiratory disorders are among the most common health
problems worldwide. In 2010, the United States alone accounted for 6.8 million pediatric visits for
respiratory disorders (Fig. 1) [2].
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Figure 1: Respiratory disorders are extremely common [3].

In much of the developing world the problem is worse and commonly results in fatalities.
This may be attributed to lower air quality, higher rates of toxins, and scarcity of medical resources
particularly during times of natural disasters. For this reason, creating respiratory therapies that
can be used in the most remote of locations is of great importance.

Treatment

Respiratory diseases make up four of the planet’s top ten illnesses affecting humans
worldwide, cumulatively claiming nearly 17% of global deaths between Tuberculosis, respiratory
cancers, Chronic Obstructive Pulmonary Disease (COPD), and Lower Respiratory Infections
(LR1) [4]. Most of these diseases disproportionately affect populations in low-income countries—
over 90% of COPD deaths, for example, take place in the poorest parts of the world, according to
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the World Health Organization [5]. In some cases, these diseases are treated with medications
administered via oral steroids or subcutaneous injections; unfortunately, with either of these
approaches, medication is typically carried to all parts of the body, inducing harmful side effects
including insomnia, weight gain, osteoporosis, high blood pressure, and high blood sugar [6].

Medicines inhaled directly into the respiratory tract, however, offer a more targeted
approach, ensuring that high concentrations of aerosol antibiotics are delivered directly to the
infected sites. There are two primary methods for administering this form of medication; inhalers,
and nebulizers. Inhalers— typically manifesting as small, plastic handheld devices— are usually
considered the more convenient and portable option, delivering a single puff of medicine into a
patient’s airways with each use. Unfortunately, while cost-effective, they are often used
improperly, with one study showing that only 5 percent of patients sampled used their Meter-
Dosed Inhalers correctly [7]. This problem is especially exacerbated among infected children,
elderly people, and disabled individuals, who may need assistance is utilizing a handheld inhaler.
These drawbacks in functionality and design can result in wasted medication, limiting the
effectiveness of inhalers in treating the diverse scope of respiratory illnesses worldwide [8].

Nebulizers, on the other hand, can serve as a more intuitive and comprehensive tool for
combatting a wide variety of harmful respiratory illnesses. Nebulizers are optimized for larger
doses of “breathing treatment,” with most sessions lasting an average of ten minutes or more,
depending on the type of illness being treated [9]. Because many patients have a combination of
conditions affecting different areas of their respiratory system (such as COPD and chronic
sinusitis) they may also choose to use a nebulizer for their ability to modify the desired particle
size, allowing them to deliver larger droplets to their lungs’ upper airways, and smaller particles
into the lower airways, adjusted at their convenience. Although nebulizers and inhalers are
typically viewed as substitutes, they can also complement one another as treatment choices, with
many studies showing that supplementary nebulization sessions can lead to better treatment results
than using an inhaler alone [10].
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Pressure Vessel Overview

Design Introduction

This device is completely powered by a manual pump and regulated with solely mechanical
devices. The defining characteristic of the design is a cylindrical pressure vessel. To build pressure
in the tank, the patient or individual distributing the treatment must repeatedly apply force to the
top of the foot pump. Air will then flow through a hose connected to the tank and begin building
pressure. A flap is located at the entrance to the tank to allow air to flow in, but not to exit. Attached
to the pressure vessel is a pressure relief valve and a regulator. The pressure relief valve ensures
that the pressure inside the tank does not exceed its limitations. The regulator allows air to flow
out of the vessel once it reaches a given pressure. After the air leaves the regulator, it will flow
into a second enclosure that acts as a diffuser. The combination of the diffuser and pressure vessel
works to eliminate the treatment being delivered to the patient in waves caused by the inconsistent
frequency of pumping. A nozzle is connected to the diffuser to restrict the outgoing air flow. The
desired hose, medicine cup, and breather will attach directly to the nozzle, but will not be included
in the overall design seen in Figure 19.
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Figure 19: Pressure vessel conceptual design.
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Assumptions

The nozzle portion of the tank was designed assuming steady state, isentropic,
compressible flow. The air is considered an ideal gas with constant specific heats and a constant
specific heat ratio. While this design is expected to operate at different pressures and temperatures
the pressure vessel was optimized for operation at normal pressure and temperature, 20° C and
101.325 kPa. All gas and material properties are taken for this temperature and pressure, they are
assumed constant for the purposes of calculations. The following list summarizes the assumptions
used during calculations.

e Steady State

e Isentropic

e Compressible Flow

e Air can be Modeled as an Ideal Gas

e Normal Temperature and Pressure

e Constant specific heat ratio

e Constant - constant pressure specific heat

All calculations for the pressure vessel design were calculated using U.S. customary units and were
converted to metric for the purposes of this report. The values in this section are subject to
additional error based on unit conversion.

Design Requirements

The pressure vessel was designed to operate with the Phillips Respironics Side Stream
nebulizer. The side stream is paired with the Innospire Essence compressor system; the pressure
vessel is designed to mimic the volumetric flowrate and outlet pressure of the Innospire Essence.
According to the brochure provided by Phillips the volumetric flowrate is 7 liters per minute and
the outlet pressure is 6.8947 kPa [44]. For these conditions the treatment time is listed between
five and seven minutes, the pressure vessel was designed for a ten-minute treatment.

Table (V1) lists the design vales as well as the assumed constants used in the design of
the pressure vessel.

Pressure Vessel Design Values

Property Symbol Value Units Rationale
Volumetric Flowrate v 7 Ipm Phillips Respironics Brochure
Outlet Pressure Py 6.8947 kPa Phillips Respironics Brochure
Treatment Time lireatment 10 Minutes Overestimating Phillips Brochure
Ambient Temperature T 293.15 K Normal Temperature
Ambient Pressure Pa 101.325 kPa Normal Pressure

Table (VIII). Design values for the pressure vessel design. All values were converted from U.S. customary units to metric for
the purposes of the report.



PDR Group 12D3-1

Pressure Vessel Components

A. Air Receiver

The air receiver is designed to hold the mass of air required for a full treatment under
pressure. The air receiver is designed as a cylinder to better withstand the stresses caused by
pressurization. An initial concept design of the air receiver, or accumulator, can be seen in Figure

20.
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Figure 20: Accumulator design concept.

I. Air Mass Requirement

The pressure vessel was designed so that it could store enough air for a single treatment.
The design also allows for less air to be pumped to start treatments, but this will require pumping
during the treatment. To determine the total mass of air required for the treatment (22) was used
where the volumetric flowrate is 7 liters per minute (0.007 m*/min), and the density of air at 293.15

OC is 1.204 kg/m®.

n = V= (1 204 kg> 0.007 " = (0.0084 kg (22)
M= Pair " V=2 m2 ' min) min

Approximately 0.0084 kg/min are required to flow out of this device into the Side Stream
nebulizer. To calculate the mass of air required for the entire treatment equation (23) was used.
The treatment time was estimated to be 10 minutes which is three minutes longer than the specified
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treatment time, this is to account for user error during the treatment and to allow a generous amount
of time for the device to reach steady state operation where the design parameters were calculated.

. kg .
Myequired = M * tereatment = <0.0084 @) - (10 min) = 0.084 kg (23)

The mass required to flow out of the device is equal to the amount of mass that must be
stored in the tank for a single treatment. This is because the treatment must be able to take place
with a single charge. The ideal gas law, (24), was used to create a relation between pressure and
volume that satisfies the mass of air that must be stored within the tank. Where the ratio R/M is
the specific gas constant and is 287.058 J/kg - K.

PT Y = Mrequired | R-T
M

J (24)

= (0.084 kg) - (287.058 ——
(0.084 kg) (8 058 1=

) (293.15K) = 1594.44 m

Figure 21 below uses the result to plot the tank pressure against the volume of the tank.
30
25
20
15

10

Container Volume (L.iters)

0 100 200 300 400 500 600 700 800 900
Container Pressure (psi)

Figure 21: The pressure-volume relation. The relation is done with container pressure in
psi and volume in inches cubed. The graph volume is plotted in liters for clarity.

The figure was used to decide the volume and pressure requirements of the tank. A volume
of 10 liters was chosen which must be pressurized to 689.476 kPa (100 psi). The above graph only
holds true for air modeled as an ideal gas at a temperature of 20 °C.

B. Tank Material and Properties

The initial design for the tank will use an AISI 4000 series steel with a thin lead-free brass
alloy used as an inside lining for the tank. The structure of the tank will be provided by the steel
alloy, the brass alloy serves as antimicrobial agent to prevent bacteria buildup as the tank is used.
Lead free is required as the air will be in direct contact with the lungs.
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The tank was approximated as a thin walled pressure vessel and the modified Goodman
equation, (25), was used to analyze the dynamic loading on the system. The loading profile on the
pressure vessel ranges from no stress at 101.3529 kPa (no gauge pressure) and maximum loading
at 689.476 kPa.

o, 0, 1
Se Sult n

With the loading profile the alternating and mean stress are equal and are equal to half the
stress on the system created by pressure, (26) solves the modified Goodman equation for the
alternating stress, the alternating and mean stress are the same number.

1 1
o=\ T (26)

"\(stso)

The longitudinal and hoop stress were calculated with the thin walled pressure vessel
approximation using (27)-(28).

PT'T‘
= 27
01 ot (27)
Pr-r
Op = Tt (28)

The hoop and longitudinal stresses were solved for the thickness required to prevent failure
under 10° cycles. The larger of the two required thicknesses was used. The lower limit of AISI
4000 steels was used as it is easy to weld. The endurance limit is 137895.15 kPa and the ultimate
strength is 4502276.51 kPa [45]. For a radius of four inches the required thickness is 0.001047 m.

The weight of the tank was calculated by multiplying the volume of the material by the
density of the material. Equation (29) was used to calculate the material volume of the tank. This
equation assumes a length of 0.3048 m (12 in) which is needed to set the volume of the tank equal
to the designed volume of ten liters.

V material = (m(r + t)z - 7'”'2) L+ (m(r + t)Z)Zt (29)
The volume of the material was calculated using the largest density for the AISI 4000 series

steel which is 07750.37 kg/m® [45]. The weight of the tank was calculated by multiplying the
material volume by the material density (30).

Wrank = Vmaterial * Pmaterial (30)

The mass of the tank was estimated to be a maximum of 20.826 N (4.68 Ib) at the largest
possible density for AISI 4000 series steel.
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To estimate the cost of the steel used in the tank McMaster car AISI 4130 steel is used.
The steel costs $42.33 per kg ($19.20 per Ib). Multiplying this by the mass of the tank the estimated
material cost of the tank is $89.86 [47].

C. Diffuser

The diffuser is designed to stagnate the flow or air out of the regulator. An initial design
concept of the diffuser can be seen in Figure 22. To estimate the size and material cost of diffuser,
it is designed to be a shell around the volume of the regulator. The diffuser length is 0.028575 m
(1.125 in). The radius is the same as the tank, but the thickness is decreased as the tank only has
to hold 103.421 kPa (15 psi). The same thickness formula used for the receiver was used for the
diffuser, the calculated thickness is 0.0015 m (0.006 in). The mass of the diffuser is 0.965 N (0.217
Ibs). The diffuser material is the same material as the tank, so they can be welded together. The
estimated material cost of the diffuser is $4.17 using the same material as the receiver.
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Figure 22: Diffuser design concept.

D. Nozzle

The outlet area is determined volumetric flowrate and the air velocity. The volumetric
flowrate equation was manipulated to calculate the outlet velocity of the air based on the area (31).
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This equation was plugged into the Mach number equation to solve for the required outlet
area in terms of Mach number (32). The only criteria placed on the Mach number at this point is
that it must be less than one to be considered subsonic flow.

v
A= (32)
Mao CAir

Both the speed of sound and the volumetric flowrate are set quantities regardless of the
design, so they were plugged into the equation yielding (33). The speed of sound through air at 20
°C is 343.21 m/s and the volumetric flowrate is 7 liters per minute (0.0001167 m?/s).

1
A = - (3. 28-10"7 in? (33)
° = Ma, (3.39928 - 1077 in?)

Table A-13 in [46] can be used to determine the critical area ratio Ao/A”. The outlet critical
area ratio Ao/A” is determined by the outlet Mach number and the inlet critical area ratio Ai/A" is
determined by the inlet Mach number. The inlet Mach number is designed to be low to achieve
properties close to the stagnation properties. Equation (34) was derived using equations in [46]
where Ar is called the area ratio and is equal to Ai/Ao, and the left-hand term is a function of the
internal Mach number.

=z A (34)

I. Pressure Considerations

The following equation must hold true for nozzle to be under subsonic flow and avoid
choked flow through the nozzle where P/P, is the critical pressure ratio. For the following
equations Pj is the inlet pressure, P, is the inlet stagnation pressure and Py is the outlet pressure.
The stagnation pressure is approximated to be equal to the inlet pressure as the velocity is designed
to be low.

P, P
BB
P, > P*

The critical pressure ratio is determined by the stagnation pressure and the specific heat
ratio of air. Equation (35) was used to determine a relationship between the back-pressure and the
inlet pressure.
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K
p* 2 \K-1
P, (K + 1)
1.4
Pb 2 1.4-1
P; (1.4 + 1)
Py
—2>0.5283 (35)
P;

Py is pressure at the outlet and is 10 psi. The ratio between Py and Pj determines the Mach number
at the outlet. Figure 23 shows how the determination of the inlet pressure and Mach number define
each of the other elements in the nozzle calculations above.
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Figure 23: The process by which the inlet pressure and Mach number determine nozzle properties.

E. Regulator

The regulator will be designed to operate as a valve set to a specific pressure when open
the regulator will create a set pressure in the diffuser that allows the subsonic nozzle to work.
When closed no fluid flow will take place. In the final stages of this design the regulator will be
designed however to estimate the cost and size of the regulator an off the shelf regulator is
specified. A regulator from McMaster-Carr was specified with an outlet pressure range between 0
and 30 psi. The regulator costs $35.07 [48]. The volume occupied by the regulator is 6.22 - 107
mq. The regulator is estimated to weigh 2 N based on Cad files provided by McMaster-Carr. The
regulator used must be a dual stage regulator to maintain the same output pressure as the air
receiver is depleted [49].

F. Pressure Relief VValve

The air tank falls under ASME Boiler code and is required to have a pressure relief valve.
An off the shelf valve that has a burst pressure of 125 psi was specified to meet this requirement.
The valve costs $9.19 and weighs approximately 0.36935 N [50].
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G. Check Valve

The check valve is attached to the inlet of the air receiver. A flap valve will be used, a valve
from McMaster-Carr is used to estimate the cost of the device. The check valve will cost $11.48
and the weight is considered negligible [51].

H. Foot Pump

The foot pump needs to provide enough mechanical advantage to allow a user to continue
adding air to the tank at 100 psi. For the final design the pump will be designed but a pump was
cited from McMaster-Carr to estimate costs. The pump costs $32.40 and weighs approximately
0.25 pounds or 1.11 N [52]. The size estimate of the pump also uses the pump from McMaster-
Carr and is approximated as a 5.08 cm radius tube that is 60.69 feet tall. The size of the foot pump
is estimated to be 4917.84 cm?.

Energy Requirements

The only energy input this system requires is the that needed to pressurize the vessel. The
amount of energy a user has to input is assumed to be equal to that required to compress air to the
required pressure of 689.476 kPa. Equation (36) was used in order to calculate the required input
energy.

P
E=n-R-T-1n(F‘f) (36)

The total amount of input energy required is 1.3 kJ. The average person can put between
50 W and 140 W. Equation (37) can be used in order to calculate the required charge time based
on the input energy.

E 37
TCharge = Watts ( )

At the lowest input energy of 50 W the tank will take 26 minutes to fill, at the highest input
of 140 W the tank will take 9.32 minutes to fill. For the purposes of the decision matrix the
estimated input energy was taken from the lowest value of 50 W for which the estimated charge
time is 26 minutes.

Design Summary

The following two tables summarize the decision matrix parameters for both the power and
the compressor system. For the purposes of the decision matrix the foot pump is considered the
power source and the rest of the design is considered the compressor system. The required power
for the compressor system is assumed to be 1 W which is the power required to turn the T-Ball
valve into the open position. The compressor system is composed of eight components and the
power system is composed of ten components.

10
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Power System

Obijective Value Units
Cost 32.40 Dollars
Required Power 50 Joules/s
Weight 0.113 Kg
Size 4917.83 cmd
Charge Time 26.0 Minutes
Complexity 10 Components

Table (IX). Summary of decision matrix parameters for the power system.

Compressor System

Obijective Value Units
Cost 149.77 Dollars
Required Power 1 Joules
Weight 2.26 Kg
Size 10800 cm®
Complexity 8 Components

Table (X). Summary of decision matrix parameters for the compressor system. Weight was calculated by dividing
the weight by 9.81 m/s?.

Standards, Codes, and Main Sources Used

The nebulizer was designed following relevant sections of both international and domestic
codes and standards. The air tank was designed following the ASTM Boiler Code to ensure the
safety of the patient or personnel operating around it. Material selection for the air tank was done
referring to both section Il and VIII of the boiler code as well as ISO 10524-1. Materials for all
other components where medical or food grade and compliant to ISO 10524-1. Specific section of
codes or standards are cited when relevant for the design of a particular part. The Machinery’s
Handbook was vastly used to determined tolerances or standard specifications for threads. The
parker O-ring handbook was utilized for determining seals in the piston of the pump. Shigley’s
Mechanical Design textbook was extensively used for theoretical fatigue and stress analysis of
components. General material properties used for material selection where pulled, primarily, from
Matweb as this source has a vast library of materials and tempers. However, values listed there
were compared to properties listed in manufacturer’s websites to ensure accuracy.

Product Key Features and Functionality

The deciding factor that highlighted this concept’s over the other two, when performance
matrices were done, was the simplicity of the design. Pressurized air allows the use of fewer parts
— especially moving ones - which in turn means less possibility of failure. Reliability once again
was deemed highly important due to the environment the product is aimed at operating in. For this
reason, the device has relatively few components when compared to the other two concept designs.

The design can be split into two major parts. The charging system and the delivery system.
The charging system consists of a foot pump. It should be able to pump upwards of 700 kPa.
Though multiple components of the nebulizer were chosen to be purchased instead of
manufactured, the pump was designed to meet the desired specifications while ensuring reliability.
A foot pump was chosen as this allows the user to use his or her own full weight to compress a
single piston and charge the tank to 700 kPa. The pump was designed for mechanical advantage.
A lever arm is used to facilitate the operation of the pump when reaching the higher-end pressures

11
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the tank will be charged to. These will act back on the piston; the use of a lever will allow a smaller
individual to be able to pump the device if need be. The pump will then be connected to the air
tank with a flexible hose, allowing to locate the foot pump in comfortable position without having
to drag the entire device. Furthermore, upon reaching higher pressures, if the foot pump were to
move due to a loss of balance of the user the whole nebulizer will not be at risk of being turned
over and damaged because of the pump’s physical displacement. At the other end of the hose, a
one-way check valve will control flow direction, allowing air from the pump to go into the tank
only.

Past the one-way check valve, a cross fitting is utilized to allow all valves and connection
to be made in one location. Moreover, the use of a cross prevents the need for multiple hole to be
drilled into the pressure vessel, reducing the number of areas where stress concentrations would
occur, and thus the risk of failure. The cross will be connected to the air tank via a solid line and a
tee fitting. A gauge to read the tank pressure will be attached to the third corner of the tee fitting.
An aluminum inlet/outlet piece with male threads will be manufactured on a lathe to avoid using
a male-male fitting between the tank and the cross.

Back on the cross fitting, a third side of the fitting will have a pressure relief valve installed
to ensure the system will not be over pressurized past the intended design pressure. On the forth
corner of the cross a butterfly valve, pressure relied valve and diffuser are attached in series. The
butterfly valve acts as an on/off switch. It is manually operated and fully mechanical, negating the
need for electronics of any kind. This was done both for cost and, once again, to reduce the chance
of failure. Furthermore, the repair of any of these simple mechanical devices would be much easier
to perform given limited resources compared to electrically controlled components.

A pressure regulator reduces the tank pressure down to the same operating pressure of the
Philips nebulizer design; since this design’s air delivery specifications is to match that of the
Philips device. Following a regulator, a diffuser reduces the velocity of the air flow to prevent
harm or discomfort to the patient and match the desired flow rate. From here, the air flows through
a tube, into the medicine cap, and finally into the mouth piece.

Both the medicine cap and mouthpiece of the Philips nebulizer (or similar design) are to
be used. Connecting all the valves are male to male fittings. ¥4 NPT fittings were used throughout.
Apart from the diffuser, all valves or fittings cited above shall be purchased at an adequate supplier.
McMaster is quoted (unless specified otherwise) in the rest of the report for parts and pricing.
Finally, the air tank stores the air to be used later to atomize the medicine. Volume was set to
provide one full medicine delivery session on a full charge. The tank shall be manufactured,
material selection and manufacturing details will be discussed later. Figure 40 shows a schematic
of the pressure tank subsystem.

12
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Figure 40: Nebulizer schematic. Top view of the system. PG = pressure gage, Tee = T\tee fitting, 90 = 90° fitting, BV
= buttefly valve, PR = pressure regulator, DIFF = diffuser, Cross = cross fitting, PRV = pressure releif valve. The
PRV is located out of page, the pump hose attaches on the underside of the cross fitting.

OTS Parts
Cross Fitting

In order to reduce the number of fittings necessary and the overall size of the design, a
brass cross pipe fitting was selected to connect the foot pump and the pressure relief valve to the
system along with joining the tank to the butterfly valve. The fitting selected can be purchased
from McMaster-Carr for $17.56. It is rated for a maximum pressure of 1.4 MPa, well above the
maximum pressure this device will house. The fitting is manufactured completely out of brass, it
is compliant with the ANSI Standard 61 for drinking water and the Restriction of Hazardous
Substances directive (RoHS) [1]. Table XVII lists all OTS parts, part number, quantities, and
pricing.

Miniature Check Valve

A backflow prevention valve is necessary to ensure that the air being supplied from the
foot pump into the pressure vessel does not leave the tank upon entry. This component will be
located between the hose coming from the foot pump and the brass cross fitting. The valve selected
can be purchased from McMaster-Carr for $19.73. A maximum pressure limitation of 1.4 MPa
over-compensates for the pressure vessel’s maximum intended pressure of 700 kPa. The valve is
manufactured out of brass and stainless steel. It is RoHS compliant and is to be used for water or
air [2].

Pressure Relief Valve

Since the 1SO 10524-1 standard 6.10 requires that pressure vessels be regulated by a
pressure relief valve (PRV), the design includes a PRV set to 724 kPa attached to the brass cross
pipe fitting. This relief valve allows for the pressure tank to reach the pressure of 700 kPa necessary
to produce one complete ten-minute treatment. Once the pressure reaches the set pressure of 724
kPa, the valve opens and begins to release pressure well before the tank’s maximum possible
pressure of 2.8 MPa is would be attained. The selected valve is manufactured out of brass and

13
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includes a silicone seal. McMaster-Carr sells this specific valve for $5.26. The PRV complies with
ASME code VIII for air and inert gases [3].

Brass Ball Valve

An on/off valve is included in the system for the operator to be able to cut off the flow out
of the tank while trying to build pressure. When the necessary pressure is reached, the operator
can open the valve and allow for air to flow to the patient. The selected valve can be purchased
from McMaster-Carr for $8.27. It is manufactured out of brass and PTFE [4]. In the design, the
valve is located in between the brass fitting and the pressure regulator.

Regulator

A regulator is necessary to regulate the outlet pressure of the air flowing from the tank. The
regulator selected can be purchased from McMaster-Carr for $154.98. The body of this regulator
is manufactured out of brass and has a maximum inlet pressure of 1.7 kPa [5]. This particular
regulator does not include a pressure gauge. According to ISO 10524-1 standard 6.2.1, all pressure
regulators must include gauges [6]. A compatible pressure gauge can be purchased from
McMaster-Carr for $10.25 [7]. The selected gauge has a pressure range from 0-103 kPa which
complies with the 1ISO 10524-1 standard 6.2.2.6 which states that all pressure gauges must read up
to 133% of the intended pressure (70 kPa) [8]. A second pressure gauge is located before the on/off
valve so that the operator can see the tank pressure. This gauge has the exact same specifications
as the first but can withstand a pressure of up to 1.1 MPa [6].

Fittings

A tee fitting is connected to the pressure tank inlet and attaches the high pressure gauge
and a 5.5” pipe. The selected tee fitting is manufactured out of brass and can be purchased from
McMaster-Carr for $8.36 [9]. An elbow fitting is utilized to wrap the train of valves required along
the side of the pressure tank. The selected elbow is manufactured out of brass and can be purchased
from McMaster-Carr for $7.13 [10]. Both the tee and the elbow fitting can withstand a maximum
pressure of 1.4 MPa and are compliant with the ANSI standard 61 for drinking water. Two male
hex nipples function as thread male-to-male thread adapters for connections from the elbow fitting
to the brass cross and from the brass cross to the brass ball valve. The selected hex nipples are
manufactured out of brass and can be purchased from McMaster-Carr for $2.30 each [11].

Piping
The pipes used in the devices are seamless 230-series bronze. They are compliant with
ANSI Standard 61 for drinking water and RoHS. The cost of each pipe is $2.77, $3.53, and $4.52

for the 76.2 mm, 102 mm, and 140 mm long pipe respectively [12]-[14]. Stress for the pipe
undergoing 700 kPa was calculated to ensure the wall thickness is sufficient.

14
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CALCS

Valve and Fitting Costs
Manufacturer Part

Description Number Quantity  Cost ($)
Cross Fitting 44299K351 1 17.56
Check Valve 8567T21 1 19.73

PRV 48435K72 1 5.26
On/off Valve 47865K21 1 8.27
Regulator 4677K61 1 154.98

90° Elbow 4429K161 1 7.13

Tee Fitting 4429K251 1 8.36

Hex Nipple 5485K22 2 2.30
76.2 mm Pipe 4568K135 1 2.77
102 mm Pipe 4568K 137 1 3.53
140 mm Pipe 4568K351 1 3.38

Gauge 0-15 psi 4089K61 1 10.25
Gauge 0-160 psi 4089K61 1 10.25
TOTAL 253.77

Table (XVII). Costs for valves and fittings
Key Features and Analysis
Air Tank

The pressure vessel that will store compressed air will be designed following the ASTM
Boiler code. Material selection, wall thickness, weld sizes, inlet design and prefabricated parts
shall be determined utilizing their respective subsections and parts in the code. Following the
loadings that need to be considered listed in section UG-22, the following points shall be touched:
stresses due to internal pressure, the use of legs following the non-mandatory Appendix 6, cyclic
loading, and differential thermal expansion. The vessel being designed will not have any external
loading; the weight of the vessels and its contents during operation shall not be considered given
its dimensions, weight, and application; cyclic, dynamic, static, or mechanical loadings due to
equipment mounted on the vessel will also be disregarded as not external device shall be mounted
on the tank. Due to the sanitary nature of the device materials that are food safe and in accordance
to FDA class Il code shall be utilized.

1. Tank Material Selection

These two sections are combined as the method for manufacturing the tank plays a role in
the material selection process. The tank will not be highly pressurized, yet the boiler code states
that for “compressed air service the minimum thickness of shells and heads shall be 2.5 mm” [37].
Therefore, high-strength steels will not be used as this would result in an over-designed and overly
expensive air tank. A more cost-effective steel with lower strength may be desired to reduce both
cost and manufacturing time. Sheet metal of the required thickness (determined bellow) shall be
purchased from a retailer, cut to size, rolled, and welded. The ends of the tank are hemispheres as
they provide the optimum stress distribution. These will be purchased pre-made from a
manufacturer and welded to the cylindrical body. A threaded inlet/outlet piece will be welded to
one of the hemispheres. The design of this piece is discussed later.
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The preliminary design concept called for a A1SI 4000 series steel shell with a brass coating
on the inside to take advantage of copper’s antimicrobial properties. The original design has a wall
thickness of 1.0 mm that resulted in a factor of safety of 4. The wall would however not be up to
code. Increasing the thickness to 2.5 mm would drastically increase the cost and difficulty of
manufacturing as stated above. Additionally, the use of a coating is not desired and is to be avoided
if possible as it would entail approximatively a week-time to have it applied by a specialized shop.
The 4000 series steel with no coating would be exposed to the environment. 4000 series steels are
not corrosion resistance. Humidity in the air and condensation caused by pressure changes in the
tank would inevitably lead to corrosion. Moreover, due to the lack of accessibility to the inside of
the tank for cleaning and the need for the device to run without maintenance anyhow, corrosion
build-up on any surface in contact with the air to be inhaled is unacceptable. The tank holds the
air that would later be breathed in by the patient, therefore the device would not pass FDA class 11
codes. Furthermore, 4000-series steel is hard to weld, requiring preheating of the metal prior to
welding.

A second option would be 304 stainless steel, which is found in the table of allowable
materials in the ASTM Boiler code manual. The corrosion resistance properties of this alloy are
ideal for an uncoated tank; A304 is food safe, widely used in industry such as food processing
plants and medical equipment. Additionally, A304 is can be welded. However, with a minimum
wall thickness of 2.5 mm - two and a half time larger than the minimum thickness calculated with
(57) - the weight of the tank would have a mass of 4.9 kg.

The third option would be to select a metal alloy that is weaker and lighter than steel so
that the minimum thickness calculated with equation (57) is equal to or slightly above 2.5 mm as
to not have excess material. Aluminum alloys with good weldability were investigated as they fit
this requirement and 5052 alloy was selected as it fits the design requirements and is widely sold
in sheets or plates. Furthermore, 5052 aluminum has good corrosion resistance and would not see
a decrease of its material properties in the temperature range the air tank is expected to operate in.
The material is available commonly in three treatments: O-temper (annealed), H112 (strain
hardened), or H32 (strain hardened and stabilized) [38]. The annealed treatment yields the softest
material thus improved machinability however, it has the lowest yield strength and tensile strength.
Comparing H112 to H32 5052 aluminum, their thermal properties are identical as are their material
properties except for fatigue strength and yield strength were the H32 5052 alloy is about twice as
strong [39].

2. Wall Thickness and Fatigue Analysis

The minimum thickness for a pressure containing vessel as given by the ASTM Boiler code
for a cylindrical shell shall be greater than the largest of the two thicknesses calculated with (57)
or (58), where t is the thickness, P is the inside pressure, R is the inside radius, S is the maximum
allowable stress, and E is the joint efficiency [40]. Equation (57) is for “circumferential stress”
while (58) is for “longitudinal stress”. The maximum allowable stress for 5052 aluminum was
pulled from Table 1B found in Section Il of the ASTM Boiler Code [41]. The operating
temperature of the aluminum was taken to be 100°C as this yielded the lowest allowable stress
while remaining in a relatively accurate temperature range for this device. The joint efficiency was
pulled from Table UW-12 found in section VIII of the ASTM Boiler Code [42]. This value is
unitless. It depends on the weld used and examination performed post-weld. A single butt joint
weld was selected with no radiographic examination after the fact. These variables yield the
smallest joint efficiency value, if double butt joint welds or any examination was done, the value
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would increase thus decreasing the minimum thickness. Calculations bellow are for 5052 H32
aluminum.

PR
‘= SF—oep 7
(0.700 MPa)(0.102 m)
L= (61.1 MPa)(0.60) — 0.6(0.700 MPa) _ 1 6E(=3Im
___PR (58)
2SE + 0.4P
(0.700 MPa)(0.102 m)
— 9.66F(—4)m

t =
2(61.1 MPa)(0.60) + 0.4(0.700 MPa)

For a spherical shell the minimum thickness equation as given by the ASME boiler code is (59).
The variables t, P, R, S, and E remains the same for this equation as for the previous two.

PR
_ 59
L= 2SE—0.2p (59)

o (0.700 MPa)(0.102 m)
~ 2(61.1 MPa)(0.60) — 0.2(0.700 MPa)

= 9.72E(—4)m

The annealed aluminum has a maximum allowable stress of 43.6 MPa, or 70% that of the strain
hardened alloy. This resulted in a minimum wall thickness of 2.77 mm. For both cases, due to US
suppliers providing sheet thicknesses in inches, the nearest size would need to be 2.54 mm (0.1”)
for the H32 and 3.175 mm (0.125”) for the O-temper. For these two thicknesses the weight of the
tank would be 1.6 kg and 2.1 kg respectively. However, the code states that for material with
undersized tolerances, it must be taken into account the possibility for the material to be thinner
than expected. The manufacturer tolerance where the material would likely be purchased next
semester is £0.127 mm (0.005”). Taking this into account, the 2.54 mm sheet would no longer be
up to code. The thickness of the sheet would therefore need to be stepped up one size increment to
3.175 mm regardless of the treatment chosen. Lastly, the text specifies that the thickness is after
forming [37]. The final minimum tank thickness was calculated to ensure it was up to code. The
area of the cross-section of sheet metal needed is A and is determined by the thickness of the sheet
(t), At is the manufacturer tolerance, and the length (I) needed to have an inside tank radius of
101.6 mm (60). A, is the cross-sectional area of the tank and is equal to A, as no material is lost in
the shaping process. The area of the tank is that of ring (61). Equations (60) and (61) are then
solved to determine the resulting outside radius after forming the tube. Subtracting the inside radius
to the outside radius yields the tank wall thickness (t;).

Ag = l(t — At) = (2nr)(t — At) (60)

A, =m(R? —12) (61)
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+ (101.6 mm)? = 104.6 mm

A 2m(101.6 mm)(3.175 mm — 0.127 mm)
R = +r2= -

tr= R—r=104.6 mm —101.6 mm = 3.0 mm

The minimum tank wall thickness will therefore be within code if the selected sheet metal
thickness is 3.175 mm. 5052 aluminum with a H32 strain hardened alloy is selected as the material
of choice as price difference is negligible and the stronger material will yield a higher factor of
safety, has 10% improved fatigue resistance over the annealed one, and weight is not altered.

Because the device will be able to deliver one full treatment for every full charge, one cycle
equals one treatment. It takes at least 40 minutes to fully charge and 10 minutes to discharge. This
system does therefore have a very slow cycle. Fatigue might not even be a concern in most of the
components of this nebulizer design. High cycle is said to start when a device endures 10° stress
cycles (or one thousand uses) in its life time; infinite fatigue life is said to start at 10° cycles. Let
one suppose the device is to be used once an hour every day. This would entail that it would fail
after a month and eleven days or 114 years of use for 10° and 10° cycles respectively. The pressure
vessel was approximated as a thin walled pressure vessel. The modified Goodman criterion is
given in (25), where Sy is the fatigue strength, S, is the ultimate tensile strength, o, is the
amplitude stress, a,,, is the midrange stress, and n is the design factor of safety [43]. The stress for
the air tank is modeled as sinusoidal fluctuating stress, where the minimum stress due to a 70 kPa
pressure exist when discharged, and the maximum stress due to 700 kPa occurs when fully
charged. When discharged a 70 kPa pressure remains in the tank as the regulator will be set to this
pressure. Unless the PRV is manually opened, said pressure will remain.

O  Om 1
S; Su n (25)

Aluminum alloys do not have an endurance limit, instead they have a fatigue strength, S. For 5052
with an H32 temper the fatigue strength for 108 cycles of reversed stress is 117 MPa [44]. The
maximum and minimum stresses are calculated utilizing the equations for hoop and longitudinal
stresses in a thin walled pressure vessel, (28) and (27) respectively, where P is the pressure. Results
are tabulated in Table XVIII.

P
oy = — (28)
t
Pr
- 27
0 ot 27

The amplitude stress and the midrange stress are given by (62) and (63). Results are also tabulated
in Table XVIII.
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g, = |Gmax ; Gminl (62)
+ .
o, = Omax . Omin (63)

Stress Values of Tank

Pressure On 0 Oq Om

700 kPa 23.7 MPa 11.9 MPa

70 kPa 23.7 MPa 1.19 MPa - -
N/A - - 11.3 MPa 12.4 MPa

Table (XVIII). Values of stress for the tank.

The factor of safety in (25) was thus calculated with the value from Table XVIII. The ultimate
tensile strength of 5052 H32 aluminum was taken from the ASTM Boiler Code Section Il D Table
1B, which also matched the value in Shigley’s Table A24.

11.3 MPa 4 12.4 MPa
117 MPa 235 MPa

1
=—;n=26.7
n

3. Inlet Piece

The inlet piece was designed in accordance to the ASME Boiler Code Section VIII UG-
16b that states that for a pressure retaining component the minimum wall thickness must be 1.5
mm. To standardize the design and reduce the need of fittings, the part will have a ¥ NPT male
thread. The minimum wall thickness along the side of the inlet shall thus be dictated by the thread
specifications. The minimum thickness will then be the distance from the outside surface to the
root of the thread. Stress calculations to ensure this thickness is within the design factor of safety
follow. When all valves are closed the pressure inside the tank would act on all surfaces. All
resultant forces would cancel on all surfaces but the one directly opposed to the inlet as shown in
Fig. 41. The maximum tensile stress on the inlet would occur when the tank is fully charged. The
maximum resultant force is calculated with (64). Since the fittings used are ¥ NPT on all corners,
forces acting on the valves (and thus the cross) are taken to be equal. Ay is the area of the /4”

inlets/outlets of the valves.
F = PAs = P(2mr) (64)
F = 2m(700 kPa)(3.175 mm)? = 443 N
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ONE WAY CHECK VALVE

T T
R A B A
T |-

AIR TANK

Figure 41: 2D cross-section of cross fitting. Equal pressure acting on inside walls illustrated by arrows. Valves
illustrated by green line.

The factor of safety is given by (65). Given a design factor of safety of 4, the minimum
cross-sectional area was calculated. This cross-sectional area exists where the NPT threads are cut.
At the root of the threads a stress concentration factor K exists which is a factor of the radius of
the root. The root radius was calculated to be 0.12 mm based on the geometry of a ¥4 NPT threads
shown in the Table 2 of the Machinery’s Handbook [45]. The stress concentration factor was then
determined to be 3 based on research done by the US army on stress concentrations in screw
threads [46]. The yield strength of the material was pulled from the Mc Master. 2024 T351
aluminum is utilized here as 5052 is not available in bar stock form. 2024 aluminum has good
machinability and like 5052 has good weldability.

_ 9 _ Oy
"TKo F (65)
A

The minimum cross-sectional area of the NPT thread at the root of the thread is given by
(66). Where the inside radius is that of the inlet passage, and the outer radius is approximated to
be that of the minor diameter (as specified for 18tpi NPT threads in the Machinery’s Handbook).
The outer diameter was rounded down while the inner diameter rounded up to obtain the most
conservative result.

Atension = n(rozuter - ri%mer) (66)

Atension = m((5.61 mm)? — (3.19 mm)?) = 66.9 mm?

20



PDR Group 12D3-1

~ 255 MPa _
n= ] 443 N =96

(66.9E — 6) mm?

Next, the stress due to shear of the thread will be calculated. The force utilized will be the
same as for the above calculations. It will be assumed that all the force acts on one thread. The
shearing area of a thread is approximated as the thickness of the thread at the base times the
circumference of the circle at that location. The thickness of the thread will be approximated as
the pitch of the thread minus the “width of flat”. Values are once again collected from the
Machinery’s Handbook. The factor of safety will be calculated with (65), where K is taken to be
1 and the area is calculated with (67).

Ashear = 2nrt (67)
Ashear = 21(5.16 mm)(1.41 mm — 0145 mm) = 41.0 mm?

_ 255MPa
n=—m3n 236

41.0E(—6) m?

From the results above, the part will not fail in tension when loaded under the
predetermined parameters. The threads will not shear under the force generated by the 700 kPa
tank pressure. The fatigue life of the part will now be determined. The loading cycle is the same
as for the air tank. FEA analysis was performed on the part. A 44.3N was applied on one end to
simulate the force generated by the compressed air.

wor Mises [Mem™2]
1.395e+06

1.278e+06

_ 1.162e+06
_ 1.046e+08
_ 9.300e+05
_ 5.135%e+05
. 6.57Te+05
_ 5.816e+05
_ 4.85de+05

_ 3.4595e+05

2.331e+05
1.170e+05
5,4%e+02

— Yield strength: 4.000e+07
Figure 22: FEA analysis of inlet piece, fixed on the left, 44.3N force on the other end
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Location::

K ¥, Zlocation:|0.312,0.221,01in

1.055e+06 N/m#2

Figure 43: FEA analysis of inlet piece. Stress at the root is shown

4. Manufacturing

Since there are no moving parts in this part of the device all manufacturing tolerances are
standard machining tolerances tabulated in the drawings. For the inlet piece ample material has
been incorporated in the design to accommodate these machining tolerances and ensure enough
material is available for welding. The ends of the air tank will be purchased, as previously
mentioned. The cylinder and legs will be made from sheetmetal. The sheetmetal will be cut
utilizing a shear ensuring tolerances are met. The edges will be cut to later weld the ends with a
butt weld. The sheetmetal plate purchased from the manufacturer will be ordered so that all the
pieces for one air tank may be cut from it. Figure 44 shows the sheet layout. The legs will be bent
utilizing a brake. The cylinder will be meticulously rolled into the desired dimensions.
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660 mm

L 2

-

304 mm

L J

Figure 44a: Sheet metal plate layout with parts to be cut. Yellow = cylinder piece, green = tank stand, blue = pipe
support. White is unused aluminum, if multiple units are made, two stands and support pieces can be cut in the white
space shown.

The piece will then be welded along the seam with a V shaped butt joint weld. The inlet
piece will be welded in place followed by the hemispheres, also with a V shaped butt joint. The
volume of 5052 welding wire required to weld the cylinder and hemispheres is the area of the V
(see Fig. 44) multiplied by the length and circumference of the cylinder. Equation (68) shows the
volume calculation.

Vweld = Abutt Llongitude + ZAbutthircumference (68)

Viela = <% (3.66 mm)(3.18 mm)) (172 mm) + 2 <% (3.66 mm)(3.18 mm)) (2m (102 mm))

= 3
Vweld,cylinder = 8460 mm

Figure 44b: Butt joint weld cross-section
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The inlet piece will be entirely machined on a lathe - turned to desired specifications and
NPT threads cut. Machining is the best option as it will result in a stronger piece compared to a
casted one. Additionally, because of to the small amount of parts made and the relative simplicity
of it, the part can be manufactured by students in the workshop. Threads will be cut instead of
rolled as the cutting threads is more cost effective for low volume production.

The bottom of the part will have a thickness t,
double that of the shell thickness for added
reinforcement and adequate surface area for /\
welding. The 6.25 mm passage will be tapered on I}
the tank side to ensure smooth air flow and reduce

losses. A taper for a ¥4 flat head machine screw was
used so that the air passage may be manufactured

utilizing the tooling required for a '4” flat head \/
through hole. The part will be welded according to /
UW-16 with fillet welds on both the inside and N1,

outside surfaces. The sum of thicknesses of the fillet Figure 45: Weld thicknesses for inlet/outlet piece.
welds must be greater than or equal to 125% the

thickness of the shell (69) as seen in Fig. 45. The volume of 5052 weld wire required to secure
the inlet piece to the air tank was calculated with (70). The areas of the two fillets shown in Fig.
44 were estimated to be equal. Therefore, the thickness t; and t; are equal to each other. As per the
Boiler code the sum of the two is equal to 125% the tank wall thickness. The area of the triangle
was then multiplied by the length of the weld which equals the circumference of the circle at each
location. The radius of the lower weld as seen in Fig. 45 is 9.5 mm, the radius of the top weld is
6.9 mm (see part drawing for clarification). The cross-section of the fillet weld is illustrated in Fig.
46.

tl + tz = 125tmm (69)

Vweld = Afillet,Lcircumference inner + Afillethircumference outer (70)

Viela = <% (2mm) (4mm)> (2m(12.7 mm)) + <% (2mm) (4mm)> (21 (6.86 mm))
Vweid,inter = 492 mm?

— — 3
Vweld,total - Vweld,cylinder + Vweld,inlet = 8950 mm (71)
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Figure 46: Fillet weld cross-section

5. Cost

Required materials for the tank parts are listed in Table XIX. Price was calculated per
volume. For the turned piece and extra 50 mm of round bar stock was included in the price
calculation. The purpose of the extra material is to ensure there exists enough material to attach
the work piece to the lathe chuck. For the sheet metal purchased, an extra 4 mm of length is added
to the needed length and width of each part to account for material lost due to cutting and
manufacturer tolerances. Both the round bar stock and the sheet metal was priced from Online
Metals. The hemispheres were quoted from a vendor (Wagner Metal Works). The cost for each
excluding shipping is shown in the table. For the sheet metal, it must be noted that the price quoted
is to manufacture one unit. However, for a plate twice as wide to manufacture two units the cost
of sheet metal per unit drops to $40.56. The total material cost to manufacture one tank is $180.80.
The amount of weld wire required was calculated with an assumed deposition efficiency of 50%
(for a conservative approximation) to be 13.4 cm? or 36.3 g of aluminum wire. This cost related to
this amount of wire was not included in the tables as it is negligible relative to the rest of the
components. Fig. PTSD and the equations bellow it show how that result was achieved. Total cost
for the tank system including prices tabulated in Table XVII is therefore $434.57.

Tank Material Cost

Description Material Dimensions Cost (%)
1/8” sheet metal 5052 H32 Al 305 mm x 660 mm 53.04
%" round bar stock 2024 O Al 94.0 mm 2.26
8” ID hemisphere 3003 Al n/a 62.75
TOTAL 180.80

Table (XIX). Cost for tank materials.

25



PDR Group 12D3-1

Diffuser
1. Operation and Functionality

The purpose of this diffuser is to ensure the volumetric flow rate required for proper
delivery of the medicine is achieved. The medicine cup used, in this instance, is from the Philip’s
Respironics line and has specification requirements of a volumetric flowrate of 7 liters per minute
(0.007 m3/min). Considering the density of air at 26.67°C is 1.204 kg/m3 one can find that the
required mass flow rate for proper function of this medicine cup is approximately 0.0084 kg/min.
The accumulator that the cup hose is connected to on the Respironics jet nebulizer base has a
specified 10 psi (68.9 kPa) as well. Considering these specification values allows one to define the
velocity at which the air should be exiting the nozzle into the tube using the relations defined by
equation (72) below.

m = pAv (72)

Where m is the mass flow rate, p is the density of air, v is the velocity of the outgoing
air, and A is the area that it’s flowing out of. The density and mass flow rate are already known,
the area that the air is flowing through is the nozzle that the medicine cup hose is fit around
which has an inner diameter of 5.64 mm, so the equation can be solved with only one unknown.

.00564 m
(0. 0084—)(—7) = (1. 204—)( )2 (m)v

Solving for v gives a velocity of roughly 2.82 m/s which means that if the regulator, which
is set to release air at 68 kPa, puts out air at this speed then it can be connected to the hose directly.
To figure this out, one must calculate the velocity that the air is coming out of the regulator. The
velocity coming out at 68 Kpa is given by (73) below

2y AP
v=_C, i
y-1p

(73)

Where Cy is the velocity constant for air which is roughly 0.661, y is roughly 1.4 for air,
AP is the pressure change from upstream of the regulator to downstream, and p is the density of
air at 68.9 kPa. Plugging in these known values results in a velocity of 6.192 m/s.

2(1.4) (689 — 68.9)kPa

= 0.661
v = 0.66 14-1

12045 kg

With the velocity known but being twice as large as needed, it must be reduced to the
proper speed before reaching the nozzle that the medicine cup hose is attached to. Hence, a diffuser
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must be designed to reduce the speed. To do this, a modified version of (72) is used considering
the conservation of mass (74).

p141v1 = pAyv, (74)

Where the subscript 1 denotes the inlet of the
diffuser and the subscript 2 denotes the outlet.
Equation (74) is used to define the wide end of the
diffuser as the density should remain consistent as the

| I

Diist:

air passes through the diffuser, the velocities entering
and exiting the diffuser are known, and the inlet area
is defined by the pipe feeding air into the diffuser as
shown in Fig. 47 to the right. This means the inlet
area A has an interior radius of 4.45 mm. Inputting
numbers for (74) results in an outlet radius of roughly
9.41 mm.

Figure 47 - Inlet of Diffuser
m m
(.00445 m?m)(6.192 <) = (mr?)(2.82 <)

With the inlet and outlet of the diffuser set, the material must be picked to determine how
thick the walls must be to achieve the desired factor of safety.

2. Material and Manufacturing

This diffuser handles pressures up to 69 kPa and considering it to be a pressure vessel
would limit the material selection to only metals due to the ASME Boiler and Pressure Vessel
Code section VIII UG-4. This part is incredibly simple and does not hold pressure as the outlet is
always open, not to mention 69 kPa (10 psi) is a very small maximum pressure that enters the
diffuser in the first place. So, it was determined that the part could be made of a polymer, similar
to how the Phillip’s Respironics Jet Nebulizer uses a plastic accumulator with a nozzle on the end
for the hose.

The question then comes into play, which polymers are medical grade that still have the
strength for this role? For a polymer to be “medical grade” it must pass two test standards, 1SO
9001 and ISO 13485 which both relate to the purity and “tendency to flake off” of the polymer
chosen. Obviously, a polymer that deposits plastic flakes into the air flow would be a poor choice.
There are further tests required for different medical applications but the two stated above are vital
to the nebulizer project specifically. A worldwide company called Lustran makes a medical grade
ABS plastic that meets the requirements for this project and satisfies the necessary standards, ABS
3-CL. [58] This plastic resin can be injection molded or 3D printed and is relatively cheap at
$0.30/g. [59]
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The fact that this resin is easily injection molded and the small outlet nozzle on the diffuser
requires a machining process with relatively high precision results in two options for
manufacturing. A prototype could be 3D printed but with low tolerances and leak prone layering
problems this would not be a solution that the product could be brought to market with. Injection
molding is the best option to achieve the necessary tight tolerances in mass production but with
molds that cost nearly $3,000 each, cost would be a dilemma in the prototyping phase. This plastic
excels because it is both injection mold and 3D print compatible giving the design process options
in multiple phases of production.

3. Thickness and Fatigue Analysis

From the datasheet provided by the plastic retailer, the tensile yield strength of the resin is
roughly 13,100 kPa [58]. Assuming the uniform thickness would be easier and/or cheaper in the
injection molding process gives multiple options for diffuser analysis. First, the required cross-
sectional area of the wall in which the force is acting should be calculated with a desired factor of
safety of 4. Following this, the required thickness of the threaded area of the diffuser should be
calculated considering the stress concentrations in that region. This calculation should also be
solving for a factor of safety of 4 to determine the thickness. Whichever calculation results in a
higher thickness determines the overall thickness of the diffuser. Considering this, a fatigue
analysis checking the part for 108 cycles must be run to ensure that the fatigue factor of safety is

Figure 48: Flow into Diffuser

also acceptable.

First, the flow and pressure must be considered using Fig. 48 above. The majority of the
force hits the back wall of the diffuser which also has the smallest surface area in the diffuser
interior. At 68.9 kPa this force hits a circular back wall of diameter 20.8 mm. Using (75) below
gives the force that this wall is experiencing.

(75)

x| Q
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Where F is the force that the diffuser experiences. Applying the dimensions and pressure
of the diffuser given above results in a force of 84.23 N acting on the back wall of the diffuser. It
is known from (65) that the factor of safety is determined by the yield stress of the material divided
by the max stress that the cross section of that material will experience. If one is designing for a
factor of safety of 4, then the following equation results in a a,,,, 0f 3,275 kPa.

13,100 kPa
Omax = T

Designing the cross-sectional area for this 0,4, IS @ matter of applying it to (75) with the
A being determined by the thickness (t) being multiplied by the back-wall diameter (20.8 mm).
Solving for thickness in this case results in a back-wall thickness of at least 1.3 mm to achieve the
desired factor of safety.

Next, the thickness necessary for the threading must be considered. For female threads in
tension, the cross-sectional area calculation is given in (61) with the input radius {r} being defined
by the OD of the pipe going into the diffuser. According to the machinery handbook, these threads
have a stress concentration of 3 which is applied to (65) to find the necessary cross-sectional area
for (61). This results in a required thickness of 1.65 mm for the diffuser to achieve a factor of
safety of 4 on the threading. Because this thickness is larger than what is needed for the back wall
cross-sectional area it will be used for the uniform thickness of the diffuser.

With this thickness in mind, a fatigue analysis for the max stress the diffuser will
experience can be done. Considering that the nozzle is open to atmospheric pressure the minimum
pressure that the diffuser experiences is 0 kPa. This means that the minimum stress the diffuser
undergoes (o) i1s 0 kPa. Applying (62) and (63) shows that the amplitude and mid-range stresses
will be equivalent. Inputting the max stress calculated in (25) above results in the equation below.

1638 kPa 1638 kPa 1

6550 kPa | 13100kPa _n

Using 6,550 kPa for S and 13,100 kPa for S, at 108 results in a factor of safety of 3.56.
This is more than enough to prove that the product can last a million cycles and should do so 3
times over.

4. Geometry and Closures

While the geometry of the diffuser is relatively simple, it fits together with other parts, one
of which is an interference fit, making closure equations necessary. The thread for the 4” NPT
pipe that’s feeding the diffuser will be cut using a tapping tool and therefore can have variation in
size. The thickness of this portion also has a factor of safety of 3 meaning that the variation can be
extreme, and this would still probably not result in function failure. On the other hand, the nozzle
that the hose connects to from the medicine cup must be precise. Assuming that variations in nozzle
size will have a negligible effect on the flow properties then the interference fit between the nozzle
and hose will be the analyzed dimension.
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For this dimensional analysis (76) is used to determine most material conditions and least material
conditions.

x=x'(1+PR) (76)

Where Px = the precision of the machining method used to create the part, x’ is the nominal
dimension of the part (measured with calipers or designed), x is the part dimension in either it’s
most-material condition or least material condition. Assuming the tube is Tygon PVC tubing with
a tube extrusion precision of 1/10 and the diffuser injection molding has a precision of 1/10, Table
XX is produced.

Closure Values for Diffuser Interface

Feature Nominal Dimension Machining Method Precision
mm
Tubing ID 5.64 mm Tube Extrusion A1—
mm
- - - - mm
Diffuser Nozzle OD 6.9 mm Injection Molding . 1%

Table XX: Closure Values for Diffuser Interference Fit

Considering that we want an interference fit here, (77) represents the necessary interference
in a worst-case scenario of the interference being minimal.

-Gapmin = Tubing IDmmc - Diffuser Nozzle ODimc (77)

The combining (76) and (77) yields a Gap minimum of -0.006 mm which means there will
still be interference in the worst-case scenario.

5. Cost

The cost of the diffuser is relative to the manufacturing procedure used to make it. The raw
material cost is $0.30/gram and the diffuser would be roughly 10 grams resulting in 3 dollars per
diffuser. Unfortunately, molds for injection molding can be $3000-$4000. If the prototype is 3D
printed, as discussed earlier, the cost for 1 prototype diffuser is roughly $3 with similar tolerances.

Tank Stand
1. Functionality Analysis

The tank is stabilized using two pieces of bent sheet metal. The sheet metal has the same
material as the tank which is 5052 H32 Aluminum so that it can be welded to the tank body. Due
to assembly purposes, the stand of the tank must be welded to the body as the last step in the
assembly process. The tank must be able to rotate to be assembled to the rest of the system, and
the stands would interfere with this process. The weight of the tank has been calculated to be 2.1
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kg. The stand analysis is modeled in two different failure methods. The first method models the
stand as a column to assure that the weight of the tank will not cause the stand to buckle. The
second method addresses the failure that could happen due to the maximum moment at the bend
of the sheet metal. The relevant material properties from the sheet metal are the Younge’s
Modulus, E, which is 713797 kg/cm?, and the yield strength, gy, Which is 1988 kg/cm?. The first
failure mode is represented in (78). A free body diagram was created to represent this failure
analysis and presented in Fig. 49. The assumption was made that the entire weight of the tank
would be on each leg of the stand to ensure a factor of safety was present.

Figure 49: Free body diagram of failure method for air tank stand.

The critical load is represented as P,,. in (78) which is the maximum force that would cause
the stand to fail from buckling. The Moment of Inertia is represented as I, and the height of the
stand is represented as L. Since the weight of the tank is much below the critical load, the stand
will not fail from buckling.

w2g m2(713797 29 L (0.15875 em) (7.62 em)?)

2
p = _ cm
r L2 7.62 cm (78)

= 5411490 kg

The second failure method was through a maximum moment at the bend of sheet metal. In
this model, the assumption was made that the entire weight of the tank was pressing against the
side to create the moment. A representation of this is shown in Fig. 50 as a free body diagram.
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Figure 50: Free body diagram of stand failure analysis at sheet metal bend.

The equation that represents this failure analysis is shown in (79) below. This failure mode
assess that the sheet metal will not break from a maximum moment. The a,,,, in this equation
represents the maximum stress that will act on the sheet metal joint. Since 0.434 kg/cm? is much
lower than the material yield strength, the stand will not break at this point either.

My,  ((7.62 cm)(2.1kg))(0.079375 cm)

Omax
! (15 (015875 cm) (7.62 cm)?) (79)
= 0.434 kg/cm?

Pipe Stand

1. Functionality Analysis

There is one more support mechanism in this system that provides support for the piping
pieces in the assembly. The weight of the pipes, regulator, diffuser, pressure gauge, brass ball
valve, and check valves are supported by pieces that connect to the tank. To ensure that the weight
of these pieces did not cause the system to tilt over, an analysis was performed. A free body
diagram is represented in Fig. 51 and Fig. 52 to show how the system could tilt to its side if this
portion was heavier than the tank.

32



PDR Group 12D3-1

Figure 51: Isometric view of weights that can cause the stand to fail. ~ Figure 52: Side view of weights that the stand will
support.

Each portion of the assembly that could cause the system to tilt was added up to ensure the
systems stability. Each weight that effects this analysis is shown below in Table XXI in kilograms.

Part Name Weight (kg)
Pressure Relief Valve 0.045
Brass Ball Valve 0.228
Hex Nipple 0.020
Check Valve 0.018
T-Valve 0.058
Regulator 0.680
Cross Valve 0.070
Right-Angle Pipe 0.041
Pressure Gauge 0.059
Pipe Supports 0.027
Hollow Rods 0.009
3” Pipe 0.045
Diffuser 0.010
4” Pipe 0.064

Table XXI: Weight of Piping System

All the weights were added up to a total of 1.4 kilograms which is less than the weight of
the tank that is 2.1 kilograms. This ensures that the stand will function properly and support the
pipes while the system is operated.

Pump Sub-assembly
Foot Pump Lever

A. Mechanical Advantage

It was decided that a lever action foot pump would be utilized to compress and supply air
to the air tank. Knowing that the tank would be filled to 689.5 KPa, the pump had to allow the
user to output the necessary force required to compress air to 689.5 KPA. The lever action foot
pump was chosen with the intention of utilizing the lever to generate a mechanical advantage.
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The lever would consist of a 6061-T6 Aluminum beam, a 6061-T6 Aluminum foot plate, and a
dry running pillow block bearing. The pillow block bearing would be press fit onto a 1023
Carbon Steel Rod, allowing the lever to rotate and cycle the pump. The user would stand on the
lever to apply a pumping force allowing them to use their body weight to charge the tank instead
of physical exertion. The mechanical advantage would increase the force applied by the user.
The force from the lever would then be applied to a piston, creating air flow to the tank. In
generating the pump design, it was assumed an ideal gas under adiabatic compression was being
dealt with. The geometry of the lever action foot pump can be seen in Fig. 53.

Fig. 53. Free body diagram of lever action foot pump. Orange represents piston at start of compression stroke. Blue represents
piston at end of compression stroke.

Geometrical relationships were derived to allow different pump sizing parameters to be
determined. First, a relationship between the lengths of the two lever sections was determined
based on the force applied at each end of the lever (80). L1 represents the length of the lever
section between the foot pedal and fulcrum. Lz represents the length of the lever section between
the piston and fulcrum. The minimum force applied by a person standing on the lever, F1, was set
at 667.23 N. F represents the force required for the lever to overcome. Knowing that the pump
must compress a maximum of 689.5 KPA, F, was found in (81) where A, represents the area of
the piston face. F1 and F> are assumed to always act in a parallel orientation. The ratio of lever
lengths due to applied force was then derived in (82).

FlLl = FZLZ (80)

F, = 689.5 - A, (81)
Ly

- =1033.34- 4, (82)

2

Next, a relationship between the lengths of the two lever sections was determined based
on the maximum vertical travel of the lever. Since the lever was set to increase the force applied
by the user, it was known the L section would see the maximum vertical travel. The fulcrum
height, H¢, was set to 0.2032, the diameter of the air tank. This was done to keep sizing of the
pump similar to the sizing of the tank. The maximum vertical travel was known to be twice the
fulcrum height. The relationship between lever lengths and maximum vertical travel of the lever
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can be seen in (83), where S.L. represents the stroke length of the piston. Equation 83 was then
further derived into (84).

o = S.L. 02032 (63)
sinf = 2L, = L
L, 0.4064 "
L, S.L. (84)

B. Volumetric Displacement and Fill Time

The volumetric displacement, V,,, of the piston pump was determined by (85). Equations 82
and 84 were equated to determine the maximum volumetric displacement of the lever action foot
pump (86).

A,-S.L.=VY, (85)
0.4064
1033.34- 4y = —— (86)

Ultimately it was determined the pump could have a maximum V,, of 3.9329x10~* m?
based on the applied forces and allowed vertical travel of the lever. As previously mentioned, a
mass of 0.084 kg must be stored in the air tank to complete one treatment from the nebulizer.
The mass displaced by a single pump, mpump, Stroke was found in (87), where the density of air,
Pair» at standard temperature and pressure is 1.204 kg/m?®. The number of pumps required to fill
the tank was then calculated. Assuming 1.5s per pump, the time required to fill the air tank for
one treatment, T, was found to be 4.35 minutes with a total of 178 pumps (88).

Myyump = Pair * vp (87)

_ Mpump = 1.5s
0.084kg 60s/min

(88)

C. Load Analysis

The first step taken to design the lever was to determine the required lengths, L1 and Lo, for
the individual lever sections. L, was determined to be 101.6 mm based on the required clearance
for the piston connecting rod, this will be further elaborated in the connecting rod section of the
report. Based on the relations found in (82) and (84), L1 was found to be 406.4 mm. It was
concluded a solid 25.4x50.8x541.03 mm rectangular, 6061-T6 Aluminum stock would be used to
make the pump lever [60]. A 6.35x101.6x152.4mm 6061-T6 Aluminum plate would be fastened
to the top of bar stock to provide a stable platform to stand on [61]. The shear and bending
moment diagrams for the pump lever can be seen in Fig. 54.
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667.2 N

-2668.9 N

M
101.6 mm 508 mm

L. L1

-271163.3 Nm

Fig. 54. Shear and Bending Moment Diagram, Static Loading, 100 psi in piston pump

Static loads were then used to find the maximum static stress acting on the lever using (89). The
maximum static load was found to be 49.6 MPa. Considering the yield stress of 6061-T6
aluminum is 276 MPa, this gives a static factory of safety of 5.6 [62].

o =2 (89)

Knowing that the lever cycles from zero stress to 49.6. MPa, the modified Goodman equation
was then used to find the fatigue strength of the lever (25). The fatigue stress of the lever was
found to be 60.5 MPa. The fatigue strength of 6061-T6 Aluminum at 5.00e8 cycles is 96.5 MPa,
giving the lever a factor of safety for dynamic loading of 1.6 [62]. Due to the high number of
cycles the lever can withstand, it was concluded to have infinite life.

Deflection of the lever was then found to ensure V,, would never be inhibited due to a

sizable amount of beam bending. Deflection of the lever was calculated using (90). The
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maximum deflection was found to be 3.10 mm. Due to the small value of maximum deflection, it
was concluded V,, would never be inhibited by beam deflection.

PL3

= (90)

y

D. Lever Manufacturing, Assembly, and Cost

Manufacturing the lever starts with cutting down the 6061-T6 Al rectangular bar stock. The
stock is purchased in a 609.6 mm length and will be cut down to 541.03 mm using a marvel band
saw. Standard manufacturing tolerancing is used for this operation since minute changes in the
length of the lever is not critical to successful part function. After that, the 6061-T6 Aluminum
foot plate will have two M7 clearance holes drilled through it. The foot plate is purchased from
the manufacturer with the proper dimensions. Next the Al rectangular bar stock will have 6
clearance holes drilled through it. Two M7 clearance fits are to secure the connecting rod pillow
block bearing. Two M7 clearance fits are to secure the foot panel to the lever. Lastly, Two M8
clearance fits are to secure the pillow block required for lever pivoting. Both pillow blocks were
chosen based on their low friction properties and the high load allowance specified by the
manufacturer [63]. Next, the 1023 Carbon Steel rod will be cut down from 304.8 to 152.4 mm.
Standard machining tolerances apply here since the width of the pump frame can accommodate
slight variances in the rod length. The 1023 Carbon Steel rod is then press fit into the pillow
block for lever pivot. The rod pillow block assembly is then fastened to the lever using M8 bolts.
Next the connecting rod pillow block and foot plate are fastened to the lever using M7 bolts. The
lever assembly is now complete and ready to be implemented into the frame.

E. Closure

A slight press fit was determined to be the best method of inserting the 1023 Carbon Steel
rod into the pillow block required for lever pivoting [64]. The Carbon Steel rod was purchased at
the desired radius with a tolerance specified by the manufacturer [65]. The pillow block required
for lever pivoting was purchased at the desired inner radius with a tolerance specified by the
manufacturer [63]. A closure equation was developed in Fig. 55 to ensure the rod supplied would
always form a slight interference fit with the pillow block. Looking at the interference results,
one can observe there will always be some degree of interference between the shaft and the
pillow block. The closure equation was solved using English units since that was the form
provided by the manufacturer. Closure equations relating the angle of rod insertion to piston
orientation were not developed due to the pillow bearings ability to account for misalignment
[63].
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o

B

Fig. 55. Closure diagram for steel rod in pillow block

Closure Values for steel rod in pillow block

Feature Nominal Dimension [in] Tolerance Interference, |
. +0.
Rod Radius, Rr 0.25 _(())(())(())](_)(()) Max: 0.0005
Pillow Block Inner +0.000 Min: 0.0000
Radius, Re 0.2495 -0.0005

Table XXII: Closure values for steel rod in pillow block. Dimensions in English units due to manufacturer specifications.

Dynamic Loading Approximation

To simplify pump calculations the complex dynamic loading profile of the pump was converted
to an equivalent loading profile that corresponds to the maximum loading conditions. As pressure is
increased in the air receiver the amount of pressure the pump experiences during the stroke increase. At
the beginning of the charge cycle the pressure change is close to zero but increases to 689 KPa for the
final few strokes.

To understand how the pressure in the tank changes with each pump a modified form of the ideal
gas law was used. Equation (91) assumes an isentropic compression from the pump to the air receiver.
The constants in this equation are a temperature of 293.15 Kelvin, a ideal gas constant of 8.314
L-KPa/m'mol, and the molar mass of air is 28.97 g/mol. The volume of the tank is also fixed at 9.95 liters.

R
Y =m - — - 91
P-VY=m W T (91)
The mass added to the tank depends on the number of cycles. One complete stroke of the pump is
considered a real pump cycle. The pump is designed to move 0.4732 grams per stroke of the pump. By

multiplying the grams per stroke by the number of real pumps cycles the amount of mass in the air tank
can be calculated (Equation (92)).
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= RP(C-0.4732 grams
m= ' Real Pump Cycle (92)

By inserting equation (91) into (92) figure 56 was created. To fully charge the air receiver 173
real pump cycles are needed
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Figure 56: Real loading profile acting on the pump. The pressure in the tank is considered equal to the maximum
pressure the pump will experience. The area underneath the curve shaded in light blue is analogous to the total
cyclical loading damage sustained by the pump during the charge cycle.
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Pressure profile within the tank is analogous to the pressure experienced by the pump. The area
underneath the real pump cycle curve is essentially the total damage done to the pump in order to charge
the air tank for one use which is known as a charge cycle. To match this damage profile a rectangle
always at the maximum loading pressure was used this was considered an equivalent damage profile. The
number of cycles required by the equivalent damage profile to have the same area as the real damage
profile is are considered the equivalent pump cycles. Figure 57 shows the equivalent damage profile and
the real damage profile.
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Figure 57: Equivalent loading profile at maximum pressure. The area in red is the equivalent loading profile
where the cumulative damage underneath the equivalent load is equal to the static load.

The figure above shows has shown that 86.5 equivalent pump cycles are needed to match the
required 137 real pump cycles; This results in a real to equivalent pump ratio (PR) of 2. This allows
dynamic loading to be calculated for simple alternate loading at the maximum pressure in the piston. The
modified Goodman equation (93) was used to calculate the failure stress for materials based on their
yield, ultimate, and fatigue strengths. The number of cycles the fatigue stress is evaluated at is equal to
the equivalent pump cycles.

2 1
Sraiture = (;) H (93)
Sr " Suie

The number of actual cycles experienced by the pump can be determined using equation 59. This
equation is based on the ratio between real pump cycles and equivalent pump cycles determined above
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RPC = RP - EPC (94)

At 137 real pump cycles or 86.5 equivalent pump cycles the air receiver is fully charged for one
treatment, at this point the pump has undergone one charge cycle at which point the nebulizer is ready to
be used.

The approximation made above allows the failure strength to be plugged directly into statically
determined equations for maximum loading conditions to analyze the system for dynamic loading at
changing values. This allows critical dimensions to be determined.

A. Dynamic Application

The dynamic loading alternates between zero and the maximum loading stress. The average and
mean stress are equal and are at half of the maximum stress experienced by the system. The modified
Goodman equation can then be used to solve for the average stress on the system which is equal to the
stress at which the part will fail for a certain number of cycles. The number of cycles the part will last is
the number of cycles the endurance limit was calculated for. This value can then be plugged directly into
maximum loading condition equations to get dimensions based on cyclical loading.

For the pump analysis the number of cycles that the pump will last be based on the modified
Goodman equation is the equivalent pump cycles the pump is under. To calculate the number of real
pump cycles Equation (94) was used with the calculated pump ratio of 2. For aluminum parts the fatigue
strength was evaluated at 10° cycles which gives 2-10° real pump cycles. For steel components the
stresses will be under the endurance limit of steel which will allow virtually infinite life.

B. Pump Lifetime Analysis

The lifetime of the pump will be based on the number of charges cycles the pump can produce to
calculate the total number of uses per pump. Based on the aluminum components the pump will last for
2-10° real pump cycles. Each charge cycle requires 137 real pump cycles. By dividing the maximum
number of real pump cycles by the number of real pump cycles per charge the total number of charges
was calculated (95).

Total Cycles Untill Failure

Charges = (95)

Cycles Per Charge Cycle

The pump is capable of producing 14599 charge cycles before any component other than the O-
Ring needs to be replaced. To estimate the timeframe on which the pump will last the pump was
categorized into three categories of use: high, moderate, and low use. High use is three cycles an hour for
twelve hours a day, moderate use is two cycles an hour for twelve hours a day, and low use is one cycle
an hour for eight hours a day. Assuming the recovery time for the disaster is three months the total
number of days is expected to be 90 days. Table XXIV shows the expected number of deployments
before failure for usage.

Estimated Operating Time for the Foot Pump

Operation Intensity Cycles per hour Hours per day Total Deployments
High 3 12 4.5
Moderate 2 10 8.1
Low 1 8 20.3
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Table XXIV: The estimated operating time for the foot pump based on intensity of operation. Each deployment corresponds to
one application of the foot pump to a disaster relief zone for 90 days. If the pump is deployed to one disaster relief zone per year
it is equivalent to years.

Isothermal Compression Assumption

The pumping process that moves air from the pump to the tank assumes isentropic
compression of the ideal gas as well as an isothermal process. To check if the process is
isothermal a modified form of the ideal gas law was used; Equation 96. For the following
equation the subscript one refers to the pump and the subscript two refers to the air receiver.

PV PRV, (96)
T, T,

The temperature and pressure of the air at the pump is assumed at standard temperature
and pressure, which has a pressure of 101.35 KPa and temperature of 293.15 K. The volume at
point one is the volume of the pump which is the ideal amount of air compressed, 3.93-10* m?3.
The known condition of the tank is a pressure of 689.48 KPa. To create a temperature difference
of one-degree celcius the tank volume must be smaller than 5.768 - 10> m®. This corresponds to
a volume of 0.057 Liters which is much smaller than the tank therefore the temperature of air can
be assumed as constant during compression.

Piston Head

The piston head is what slides within the piston cylinder to pump air into the receiver.
The primary concern regarding the piston head is the tolerancing to ensure no contact is made
between the piston head and the cylinder wall. The piston head will be made out of 6061
Aluminum bar stock; it will be cut to length using a bandsaw and all major features will be
machined by a lathe.

A. Dimensional Considerations

The area of the piston head was calculated based on the geometry of the pedal and
required stroke length. The area of the piston head was chosen to be 38.7 cm?. The piston head
needs to fit within a cylinder, the diameter of the piston head was calculated to be 7.01 cm with a
tolerance given by Machineries Handbook for an RC 5 clearance fit to be -0.0635 mm to -0.0940
mm [66].

B. O-Ring

To properly seal the pump, an O-ring was sourced to prevent air from escaping between
the piston head and piston cylinder. Based on the calculated piston diameter, it was determined
an AS-568-146 O-ring would be required for our application [33]. The O-ring chosen for the
piston head was a Medical Grade Silicone AS-568-146 O-ring offered by Apple Rubber. This
specific O-ring was chosen due to its ability to meet ISO 10993 requirements [67].
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C. Piston Head Geometry

The groove in the piston head is designed to fit the O-Ring selected to create the seal
between the piston head and piston cylinder. Fig. 58 below shows the dimensions of the trough
and was used to derive a set of closure equations to fully define the piston head. The trough is
designed to be a square trough where hz is negligible. The depth of the groove was chosen to
ensure approximately 75% of the O-Ring cross sectional area is contained within the groove. The
dimensions of the groove were given for a 146 O-Ring from the Parker O-Ring for hydraulic
pistons catalog. The inner diameter of the piston head must be between 6.678 cm to 6.683 cm.
The total height of the groove must be between 0.3581 cm to 0.3835 cm [33].
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Figure 58: Dimensional Diagram for the side profile of the piston head. The dashed line on the left represents the
centerline of the piston head. This profile is revolved around the centerline to create the piston head.

Equation (97) shows calculates the nominal height of the piston head based on the
maximum groove height and the required height on each side of the groove in order to prevent
O-Ring blowout. The equation solves for the minimum required height of the piston in order to
safely hold the O-Ring. A large tolerance can be applied to the height of the piston head as long
as it is larger than this critical dimension. The height on each side of the O-Ring h; was
arbitrarily chosen to be half of a centimeter with a large tolerance of a tenth of a millimeter.

HPH,MIN=2'h1(1+?)+H6'(1+P) (97)

Using the equation above the minimum required height of the piston head is 1.58 cm.
This will be allowed a cutting tolerance of 2.5 mm.

A pillow block is attached to the center of the piston head for the connecting rod to attach
to. This provides the force which acts on the bottom of the piston head. The compressive forces
were estimated as a distributed load due to the maximum pressure on the interior side of the

head. Equation (98) was derived to ensure the piston head remained rigid during operation.
2

D
o"=n-i2-P-Kt (98)
PH
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Kt was approximated using Shigleys Mechanical Engineering Design tables for a grooved
bar in tension [68]. This equation was used to ensure the piston cylinder will not fail and deform
during operation. The stress was checked for the middle tier of the piston head where the stress
concentration is the highest.

The stress concentration on the piston head from the groove was found to be
approximately 2.5. Using the following numbers in equation (98) the stress of the loaded
aluminum is 1.2 KPa. This is substantially lower than the failure stress approximated by the
ASME-eliptic equation for dynamic loading of 2,277 KPa. Since the dimensions of the piston
head were determined by geometry this ensures the piston head will not fail.

Two threaded holes will be tapped into the base of the part to allow a pillow block to be
attached. The through hole in the pillow block is 7.1 mm in diameter which allows for a M7
screw to be used. Steel screws will be used to attach the pillow block warranting UNC threading
as the aluminum piston head is the weaker component. The tap diameter of a M7 UNC threading
is 6 mm. The taps will go deep enough to ensure five thread lengths are engaged the tap will be 8
mm with a conical bottom so finishing does not need to be done, this depth will allow eight
threads to engage. The pattern is linear with the screws 44.45 mm meters apart diametral. This
allows for 2 M5x12 mm screw to be used. The threads will have a negligible stress concentration
compared to the groove and are not assumed to affect the stress within the head by enough to
create failure.

D. Manufacturing and Costs

Standard 6061 Aluminum bar stock was considered for an aluminum piston head which
is approved for medical use with non-oxidizing gases. The aluminum variant of the piston head
will be shaped from a 3-inch diameter bar stock which corresponds to a 76.2 mm diameter.
Based on the tolerances provided by McMaster-Carr the minimum diameter this bar is
manufactured to is 76.11 mm which is above the maximum machining diameter of 70 mm so the
bar stock can be turned to length. The bar stock costs $17.29 per 3-foot unit which corresponds
to $0.20 per millimeter in height of the piston head [69]. Based on the total height of the piston
head the head will cost $3.16. The volume of the piston head can be calculated using equation
(99).

w T
V= EDIEH “hy + ZdIZJH ’ ngoove (99)

This volume was calculated to be 51.13 cubic centimeters which was multiplied by the
density of 6061 Aluminum which is 2.7 grams per cubic centimeter to yield a mass of 138.05
grams.

To manufacture the piston, head the cylinder must first be cut to length this operation will
take approximately 5 minutes by hand. The part then needs to be turned to the proper outer
diameter, this operation will take approximately 10 minutes on an engine lathe. The central
groove then needs to be turned into the part, this operation is expected to take 15 minutes due to
the amount of material that must be removed. The piston head then needs to be transferred to an
endmill where two threaded holes will be taped into the cylinder. A cylindrical shape is difficult
to work with on and endmill so this operation is expected to take 30 minutes. The total
manufacturing time estimation for a human machinist is conservatively estimated as one hour per
piston head. The summary of the piston head manufacturing and material costs can be seen in
table XXV.
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Piston Manufacturing Material and Labor Costs

Part Name Part NO. Labor Cost Material Cost Total Cost
O-Ring N/A $0.73 $0.73
Piston Head $90.00 $3.16 $93.16
M7 x 12 Hex Bolt N/A $0.76 $0.76

Table XXV: Summary of material and labor costs for the piston head assembly. The labor cost is assumed for a worker who costs
$90 per hour.

Pump Cylinder

The piston cylinder is used to contain the air which will be forced into the tank by the
piston head. The cylinder consists of a cylindrical piston wall which is modeled as a thin
pressure vessel with a flat disk on top with two nozzles, one is an inlet and the other is an outlet.
This will be hard mounted to the pump frame and the piston head will move within. This was
made out of AISI 4130 steel to prevent material strength loss due to welding [70].

A. Dimensional Calculation

The piston cylinder is modeled as a cylinder with a flat disk top and an open bottom
which piston head moves within. The internal diameter of the piston cylinder is determined by
the diameter of the piston head and the tolerance for an RC5 fit [71].

Fig 59 below shows how the outer diameter of the piston head and inner diameter of the
cylinder influence the gap between the cylinder.

/
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Figure 59. Closure diagram for the piston cylinder running fit.

Equations (100) and (101) define the maximum and minimum gap distance. The
minimum gap distance is determined for a running fit. For a cylinder head nominal diameter of
7.0104 cm, an RC-5 clearance has a maximum of 0.0635 mm and a minimum distance of 0.0940
mm [71].

DAA—P)+2 gmax =d;(1 +P) (101)

Based on the closure equations done above the minimum inner diameter of the piston
cylinder has a nominal size of 7.01 cm with a tolerance of 0 mm to + 0.046 mm. The Parker O-

45



PDR Group 12D3-1

Ring catalog specifies the internal diameter average roughness must be between 0.5 and 0.25 mm
[33].

The thickness of the piston cylinder is decided by the stresses that the cylinder is
expected to see. The pump was approximated as a thin walled pressure vessel with the maximum
hoop stress and longitudinal stress determined by equations (102) and (103)

P-d
= ! 102
OH Pz 'dt (102)
o= ti (103)

A force is applied to the top of the cylinder that is also determined by the pressure. The
force was calculated by multiplying the pressure within the cylinder by the interior area of the
cylinder top; which is just the area of a circle with a diameter equal to the inner diameter of the
cylinder (104).

Froaa =P+ % ) dzz (104)

This force is applied over the area of the cylinder to calculate the stress on the piston

cylinder due to pressure acting on the top part of the cylinder (105). This load is assumed to be
an axial load along the length of the cylinder.

P-d;
4-d*t+4-t2

The distortion energy failure criterion was used to determine the static failure conditions

for the pump. Where o1 is the hoop stress and o2 is the longitudinal stress and the loading stress
added together. These were used with the distortion energy criterion to determine the Von-
Meises stress for the cylinder at any given thickness (106).

(105)

OLoad =

)
N =

2 2
P'di 1 di Pdl di P'diz
( 2t <7+m>> +< It (1+d%+t)> +(726)

2

(106)

The minimum required thickness can be calculated by solving equation (106) for the
thickness where the Von-Meises stress is equal to the yield stress. Dynamic loading conditions
were analyzed using the ASME-Elliptic curve for aluminum failure at 5-108 cycles. Dynamic
loading was the only loading analyzed as it would require a much greater thickness than static
loading. The required thickness of the cylinder is 0.8 cm with a factor of safety of four. For a
4130 Steel alloy the required thickness of the wall is 0.48 cm, this is for the infinite life condition
of steel.
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Figure 60. Closure diagram for the cylinder thickness

Equation (107) was derived from fig. 60 to calculate the minimum required outer

diameter of the cylinder to ensure the thickness criteria is met.
d; + Adi+tyim = domin (107)

For the steel cylinder the outer diameter must be a minimum of 7.4946 cm to ensure the
part will not fail. A steel hollow bar stock was selected to ensure this requirement the Otter
diameter of the bar stock is 7.62 cm with a tolerance of 0.023 cm. The inner diameter of this tube
stock is 6.67 cm which is much smaller than the inner diameter of the piston cylinder allowing it
to be machined to the proper size [72].

B. Cylinder Top

The cylinder top was modelled as a flat disk under a distributed load. The static load was
evaluated at the maximum pump pressure. Equation (108) was used to calculate the minimum
required thickness in order to prevent bursting in the lid. The radius of the top was assumed to be
the inner diameter of the cylinder. This equation assumes small deflections in the top of the
cylinder.

_ [3-Pr2-3+w) (108)
otin = 8- O yeild

The yield stress is the von-misses stress acting on the surface of the plate. Under the
dynamic loading assumed for the cylinder the required thickness was calculated using ASME-
Elliptic. The for the aluminum alloy the required thickness of the cylinder top is 0.62 cm. For the
steel alloy the required thickness is 0.42 cm.

The inlet and outlet to the cylinder will be achieved by having % inch NPT threads
screwed into the top of the cylinder. To be fully engaged a % inch NPT thread needs 15.875 mm
of material to thread into [73]. A bar stock of diameter equal to the outer diameter of the piston
will be cut to a height of 16 mm with a tolerance of 0.1 mm.

C. Cylinder Height
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The stroke length of the piston head is 10.16 centimeters. The cylinder needs to be tall
enough to allow the piston head to complete one stroke. An additional length was added to the
height of the cylinder to account for the height of the piston head. This ensures the seal is not
broken at the bottom of the stroke. At the top of the stroke a gap between the top of the piston
cylinder and the piston head is calculated based on an RC 9 fit which has a required clearance
between 0.02286 cm and 0.05207 cm. the figure below shows the piston assembly at the bottom
of the stroke.

11

Clearance Gap

Piston Cylinder
Internal Height Stroke Length

Piston Head Height

Figure 61: Dimensional Diagram for the internal height of the piston cylinder

Fig. 61 was used to derive a set of closure equations for the internal height of the cylinder
equation (109) solves for the maximum internal height and equation (110) solves for the
minimum internal height of the piston cylinder. The uncertainty in stroke length was assumed to
be the same uncertainty of the connecting rod Assumed 1 mm.

Rinax = 9aPyy,, + SL + ASL + PH + APH (109)
huin = 9ap,,,, + SL — ASL + PH — APH (110)

Using the above equations, the internal cylinder height must be between 11.61 cm and
12.14 cm. The maximum outer height of the cylinder has no functional restraints and does not
need to be calculated.

D. Mounting Plate

The mounting plate was made from the same material used for the top of the piston
cylinder. The mounting plate is a square with a circle cut out of the center for the piston cylinder
to fit through. Four through holes are cut at the corners of the mounting plate these will have
standard drilling tolerances. The mounting plate will be welded to the open base of the piston
cylinder. The hole cut in the middle of the piston cylinder will be water jetted to a diameter of
the maximum outer cylinder wall diameter of with a tolerance of an RC9 fit which is 0.1 cm
[71]. The maximum outer diameter of the piston cylinder is 7.643 cm the hole will be cut to
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7.743 cm. An aquajet precision of 0.05 cm will be more than adequate clearance remains for this
operation. The circle cut out can then be welded to the cylinder as the top and the remaining
portion can be welded to the bottom as the mounting plate.

E. Manufacturing and Costs

Four raw components will be used to manufacture the pump cylinder: two NPT barbed
tube fittings (Part number 5058K41), one 1/16-inch-thick six by five plate (Part number
8910K591), and a hollow bar stock (Part number 7767T68) from McMaster-Carr.

The NPT barbed tube fittings will be bought directly from McMaster-Carr and will cost
$9.84 and will take approximately 20 minutes to thread into the cylinder. Teflon tape will be
used to prevent leakage [74].

The hollow bar stock will be used for cylinder walls. The bar stock will need to be cut to
a length of 11.875 cm with a tolerance of 0.265 cm [75]. The inner diameter of the hollow bar
stock is 6.67 cm. The interior of the bar stock will need to be cored to a diameter of 7.1 cm. The
external diameter of the bar stock is 7.62 cm. This satisfies the failure criteria of the cylinder and
does not need to be processed. The bar stock costs $48.25 per foot which corresponds to a price
of $1.58 per centimeter. This means the wall of the cylinder will cost $18.80 in raw material.
This process is expected to take a machinist an hour to complete.

The five-inch by six-inch plate will have a 7.743 cm diameter hole cut in the middle of it
with an Aqua jet. The thickness of the plate is 6.35 mm which is thick enough to satisfy the
loading conditions of the top of the cylinder with the tolerance provided of -0.254 mm [76]. The
external geometry will be tapped with through holes in the four corners to allow for mounting to
the frame. The external geometry will then be welded to the base of the cylinder. The plate costs
$13.96. The estimated time for all of these operations combined is one hour for machining and
welding.

The top of the piston was manufactured by cutting a steel bar tock with outer diameter
7.62 cm to a height of 16 mm. Two NPT threads will be tapped into the material 25.4 mm apart
along the same axis. The thickness of the cap. A 7.62 cm diameter steel bar stock was cited from
McMaster Car [77]. The bar will cost $4.58. A cutting operation will be done to cut the stock to
16 mm cutting will take five minutes. A tap hole of 11.11 mm is used for the NPT Threads. The
Threads will then be tapped into the piston head and the head will be welded to the rest of the
piston assembly. The taping process is expected to take twenty minutes and the welding process
will take ten minutes. The manufacturing time for the piston head is thirty-five minutes and will
cost $4.59 in raw material

The total cost of the piston cylinder is $48.24, and will take three hours to machine and
assemble. Table XXVI summarizes the material and labor costs of the piston cylinder.

Table. XXVI. Summary of the material and labor costs of the piston cylinder.
Pump Inlet and Outlet Hardware

The top of the piston cylinder has two quarter inch NPT tapped holes in it. In one of these
holes an Aluminum low pressure barbed fitting will be screwed in with Teflon tape to ensure the
seal. An Aluminum low-pressure barbed tube fitting with a quarter inch NPT male thread that
connects to a quarter inch inner diameter tube was chosen [78]. The part was sourced from
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McMaster-Carr and will cost $4.84. And will take five seconds to screw into the piston
assembly.

To attach the outlet hose to the air receiver a female barbed NPT tube fitting was used.
The fitting cited from McMaster Carr is for a quarter inch inner tube diameter and a quarter inch
female NPT threading [79]. This will be assembled to the inlet fitting with teflon tape to improve
the seal. The part costs $9.31 and is estimated to take five seconds to screw into the piston
assembly.

Silicone braided tubing was selected to connect the piston outlet to the air receiver inlet.
The tubing selected is a medical grade quarter inch inner diameter tube that is FDA approved for
use with ingested components. Shore A:65 silicon braided tubing from Granger is rated to a
maximum pressure of 1434 Kpa [80]. The tubing costs $26 per meter and one meter will be
provided with the pump for a cost of $26.

The tube will be attached to the barbed tube fitting with a press fit and secured by a hose
clamp. The hose clamp chosen is for diameters of tubing less than one quarter of an inch [81].
These cost $6.26 for a pack of ten and two will be used for the pump assembly, one at the male
barbed fitting and one at the female barbed fitting. The cost of using two of these worm drive
clams is $1.32.

The same type of male to male check vale used in the air tank assembly will be used to
allow air into the cylinder. The check valve has quarter inch NPT male threads on both sides. It
will thread directly into the cylinder. This will leave a male end exposed for the filter cap to
thread onto.

A. Pump Filter Cap

To prevent the inhalation of bacteria and particulates, an air filter was placed into
the nebulizer. The cylindrical shaped filter is made of a white colored polyurethane foam. At a
porosity of 40 pours per centimeter, the foam is effective in preventing the passing of harmful
agents while simultaneously adding virtually no resistance to airflow [82].

The filter will, however, accumulate particles over time. To maintain efficient airflow
and prevent health hazards, the filter must be replaced when it begins to noticeably discolor
which should happen at about 100 treatments cycles [83].

A flat sheet of polyurethane foam will be bought and punched into disks of the correct
size. A 304.8 mm by 304.8 mm sheet of foam costs $6.70, this sheet can be punched into
approximately 900 disks of 10 mm [84]. The total number of disks will be reduced by ten percent
to account for spacing between punches resulting in 810 disks.

The filter cap will be machined into a 5/8 inch Hex stock made of FDA approved Nylon
[85]. The hex cap is 18 mm tall and has a 10 mm slot where the filter fits. The filter cap was
made of plastic to ensure it fails before the aluminum check valve. The bar stock costs $0.04 in
raw material for the filter cap. The filter cap will take approximately 25 minutes to cut and
machine.

Table XXV summarizes the raw material and labor costs of the inlet and outlet
hardware.

Table XXVI. Summary of parts and labor for the hardware inlet and outlet fittings.
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Pump Frame

The frame provides the structure to the mechanical function of the pump system. The
frame was designed to give the pump stability during operation and keep the piston cylinder
aligned during the pumping process. The frame was designed from 6061 Aluminum hollow bar
stock and was designed as a two-dimensional truss system. For the final assembly a % inch
square hollow bar was selected from McMaster Carr with a part number 6546K51 [86].

To determine the required dimensions of bar stock two calculations were preformed the
first was related to the required thickness of the bolts that attach the pump cylinder and the
second pertained to the material strength of the frame itself.

At maximum loading conditions the piston exerts a 2668.93 N. with four bolts used to
attach the force acting on each bolt is 677 N. Grade 5 strength steel bolts were used for this
calculation. The endurance limit of the bolts was assumed to be half of the yield strength of the
bolts, this is a conservative estimate as half of the ultimate tensile strength is typical for steel
alloys. Equation (111) was derived to calculate the required bolt diameter to prevent failure.

g= 2P (111)
w0

The required diameter of the bolt is 2.844 mm. A %-20 UNC bolt has a minor diameter of
4.8 mm. With this bolt diameter a half inch bar stock will allow approximately one bolt diameter
on each side. The mounting screws used to attach the piston head to the frame is %-20 Zinc
Plated Grade Steel Hex Bolt with a part number of 91247A544 [87]. These correspond to a %-20
Zinc Plated Grade Steel Hex nut with a part number 95462A029 [88]. The bolt will be assembled
with a ¥ inch polycarbonate plastic washer [89].

The maximum load this system is ever expected to experience is produced by the pivot
connection. The maximum possible load can be 3336 N, the load will be distributed evenly to the
two frame walls which creates s force of 1668 N. Analyzing bar for failure modeled by the
dynamic loading approximation the area of the bar was required to be 45.29 mm. The hollow bar
stock with a half inch outer dimension and 3/8-inch inner dimension has an area of 70.52 mm?
which is more than enough to ensure the frame will last for the 108 equivalent pump cycles based
on the Goodman equation.

The frame was evaluated as a two-dimensional truss system under half of the maximum
load that the entire truss system is expected to undergo. Fig. 62 below shows the loading profile
on the system as a free body diagram and was used to calculate the reaction forces on the system.
The reaction point at the bottom left was assumed to be zero as the device will rotate towards the
third reaction point.
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Figure 62: Free body diagram of the 2-D truss system under maximum load conditions.

By summing the forces in the y direction and taking the moment about reaction point 2
equations (112) and (113) were derived.

Z M, =0 =—185.7595 N - m + 0.4064 m - Ry (112)

ZFY=O=667N+667N—1668N+R2+R3 (113)

The equations above were used to solve for the reaction force at point three and point
two. The reaction at point three is 457 N and the reaction at point two is 123 N. With this loading
profile the truss system was analyzed to determine the maximum load on each element which
was then converted to stress and the failure criteria was checked for each element. Figure (63)
shows the element labels used for the truss.

10
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Figure 63: Node Label for the 2-D truss system.
Table XXVI1I shows the calculated loading and stresses acting on each element within the

system.
Nodal Truss Analysis of 2-D Frame

Element Load Element Stress
1 1207 N 17.1 MPa
2 1111 N 15.7 MPa
3 123 N 1.7 MPa
4 1111 N 15.7 MPa
5 1545 N 21.9 MPa
6 667 N 9.4 MPa
7 143 N 2.0 MPa
8 667 N 9.4 MPa
9 667 N 9.4 MPa
10 ON 0 MPa

Table XXVII The element analysis for the 2-D truss system.

The load stress in each element is much less than the dynamically calculated load stress.
Therefore, the bar stock used for the frame assembly is adequate to ensure the rigidity of the
structure.

Through slots were machined into the aluminum bar stock for mounting of both the
piston and the U-Clamps which will secure the pivot rod. Through slots were used instead of
through holes to allow calibrations to be made for uncertainties in the assembly process. The
diameter of the slot is equal to a close fit for a through hole for a quarter inch bolt which is 6.53
mm. The total height of the slot is two times the diameter of the hole to allow for the parts to
slide in order to be aligned for proper use. The total height of the slot is 13.06 mm. The same slot
was cut into element seven to allow the pivot rod to be adjusted to account for discrepancies in
angle. The rotational bearing used corrects for errors up to five degrees as well. For all of these
slots’ washers are used to reduce the effects of stresses at the interface of hex nuts a quarter inch
washer was cited from McMaster Carr [90].

To clamp the pivot rod to the assembly two U-Bolts were purchased from McMaster
Carr. The U-Bolds selected come with a mounting plate and have a part number of 3201T48
[91]. These U-Bolts have 1/4 — 20 UNC threading and mount to element seven to ensure pump
operation.

Bar Stock Initial Cuts List

Length Number of Parts Post Operations Needed
57.15 mm 4 N/A
127 mm 2 Through Slots for Piston
127 mm 12 N/A
116.56 mm 2 Angles for Cross Beam
441.08 mm 2 Angles for Cross Beam
171.45 mm 4 N/A
406.4 mm 2 N/A
177.8 mm 2 N/A
203.2 mm 2 Through Slots for U-Bolt
246.88 mm 2 Angles For Cross Beam

Table XXVIII: Primary cuts needed for the truss system.
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A. Manufacturing

The first step in the frame assembly is cutting the bar stock to size. This will be done with
a bandsaw to obtain the specified number of each length of aluminum bar stock. After the raw
lengths are cut two of the 127 mm long bars will be slotted on an endmill for the connection slot
for the piston, and the 203.2 mm long pieces will be slotted for the U-Bolt connection. The
angles on the cross-beam sections then need to be cut. After the cuts and slots are made the parts
are ready to be assembled.

The estimated time to cut an individual piece of bar stock to length is three minutes per
cut. The total time spent making raw cuts is expected to be 34 minutes. The slots are expected to
take 10 minutes per bar. With four bars being slotted the slotting operation is expected to take 40
minutes. The angle cuts are expected to take 10 minutes per bar as well with six bars being
angled this operation will take one hour. At this point the bars are ready to be brazed together.
The actual parts used for each assembly are discussed in the assembly drawing. The estimated
time to braze one joint is five minutes including time it takes to locate the parts. There are 36
joining operations that need to be performed which will take three hours. The total estimated
time it will take to assemble the frame is five hours and fifteen minutes.

The total length of the bar stock used is 5876.24 mm. It may be purchased from
Mcmaster Carr [86] at a price of $2.16 per foot the total raw material cost of the bar stock is
$41.64. The cost of the U-Bolt used to clamp the pivot to the frame costs $1.09 for two of them
the total cost is $2.18.

Connecting Rod

A. Geometric Constraints

When the pump lever is oriented horizontally at mid-stroke, the connecting rod is
vertically aligned with the piston cylinder centerline. As the pump lever rotates, however, the
connecting rod base will experience a horizontal displacement, introducing the potential for
interference with the inner diameter of the piston cylinder. Therefore, it is necessary to develop a
relationship between the required stroke length (SL), the short end of the pump lever (L2), and
the horizontal x-displacement (x). At the highest point in the lever’s stroke, the following right
triangle is formed by the aforementioned dimensions:

L,
gL
2

L2—X

Fig. 63: Geometry relating x-displacement, stroke length, and partial lever length.
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Once the triangle is constructed, the Pythagorean theorem is used to equate these dimensions and
iteratively solve for x:

1 2
L3 = (L, —x)*+ (ESL) (114)

When rearranged and multiplied out, the L3 terms cancel, and the form of the relation becomes a

quadratic equation:

1
x* = 2Lyx +7SI2 =0 (115)

Notably, the stroke length is determined by the volume and diameter of the piston cylinder, so
the primary parameter to be manipulated is the partial lever length L. Using a length of 10.16
cm for both L and SL, the roots of the quadratic equation are found, and the smaller term is
taken as our x horizontal displacement. In this case, x is determined to be 13.77 mm.

In order to evaluate for the possibility of interference between the connecting rod and the
piston cylinder, the sum of our derived x value plus half the side length of the connecting rod
cross section should be less than cylinder’s inner radius. Because the side length is also
dependent on our 11.11 mm bearing width, a square connecting rod with a 25.4 mm by 25.4 mm
profile (The standard size of 1 inch by 1 inch in English units) is an appropriate selection,
leaving 7.15 mm of rod material on each side of the bearing while also allowing for 8.58 mm of
horizontal clearance, given a 70.1 mm inner diameter for the cylinder.

lcr + 2O
CR BB SL

X

Fig. 64: Geometry relating x-displacement, stroke length, rod length, and bearing base height.

Having established that the relationship between L», stroke length SL, and the horizontal
x displacement will not result in interference, a second triangle can be constructed in order to
determine the required connecting rod length to meet these requirements:

Notably, the length of the rod is effectively extended at both ends by the offsetting height of the
bearing base hsg (approximately 5.95 mm each). The same Pythagorean identity is then used to
solve for the only unknown parameter, the connecting rod length Icr, which yields a dimension
of 90.63 mm.
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B. Static Loading

In designing the rod extending from the shorter end of our pump lever to the base of the
piston, it is required that a diameter appropriate for the magnitude of stress acting on the rod is
selected, so a relationship between yield stress and area can be developed:

o, F

N = 7 (116)
Where o, is yield stress, N is a factor of safety, F is the force expected to act downwards on the
rod, and A is the cross-sectional area of the rod. A factor of safety between 2-3 is commonly
used for piston design in the automobile industry, and the connecting rod is a relatively non-
critical component, so a factor of safety of 2 can be selected [P3]. In the interest of consistency in
material selection, we use Aluminum 6061-T6, which has a yield strength of 276 MPa [P4]. We
can rearrange this relationship and plug in this yield strength to solve for cross-sectional area A
as:

4 _FN _ (26689 N)(2)

= =1. -107°> m? = 19. 2
7 (276 MPa) 933:10"m 9.33mm

Which, in the case of a square-shaped aluminum bar stock, implies a minimum cross-sectional
side length of 4.40 mm, considerably lower than the 25.4 mm width of our selected bar size.

It is also important to ensure that relationship between the rod diameter and its length is
such that buckling will not occur. Columns fail by buckling when their critical load is reached,
and this load can be approximated by using the Euler column formula:

nm?El

cr = 12 (117)

Where F is the allowable load in Newtons, E is the modulus of elasticity, L is the length of the
column, | is the moment of inertia in m*, and n is a integer factor accounting for the end
conditions of the column [P5]. In this case, because both ends of the connecting rod rotate freely,
the conservative condition of n =1 is selected.

120

2n

Za] T
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Y

n=1 n=4 n=2 n=025

Fig. 65: End conditions determining n factor for an Euler column [P5].
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The area moment of inertia of a solid square bar is determined with respect to the
geometry of the rod’s cross section [P6]. As a result, it is found as a function of side length a:
4

I—a 118

Plugging in the 25.4 mm side length of our bar stock, the area moment of inertia is found
to be 3.469 - 108 m*, which can then be used to check for the critical load of buckling:

nm?El (1)m?(68.9 GPa)(3.469 - 1078 m*)

= 2871966 N = 2871.97 kN
cr 12 (0.09063 m)?2

Compared to the expected load of 2668.9 N, the critical load of buckling is several orders of
magnitude above this threshold, indicating that geometric constraints related to the bearings—
rather than failure conditions— are more important in driving the connecting rod dimensions.

C. Dynamic Loading

In addition to evaluating the critical load under static conditions, the cyclically loaded
nature of this component warrants the calculation of dynamically equivalent stresses using the
modified Goodman equation (26) for 10° cycles. Aluminum 6061-T6 has a fatigue strength of
96.5 MPa and an ultimate tensile strength of 310 MPa, so this equation yields an alternating
stress of 36.8 MPa [P4]. Plugging this back into our previous equation for minimum cross-
sectional area, we find:

4 _FN _ (26689 N)(2)

= 1.450-10"* m? = 145 2
5, (36.8MPa) m mm

Which implies a minimum side length of 12.04 mm, still significantly below our 25.4 mm side
length for the rod.

E. Connecting Rod Bearings

Because we desire the force transmitted from the piston head to the connecting rod to act
directly through the centerline of each component, the bearings at each end must fit within the
internal profile of our connecting rod’s top and bottom cross-section. Furthermore, the bearing
will be used to mount the connecting rod to the face of the piston head, so the longest dimension
of the bearing should be no larger than the diameter of the piston head. Therefore, the selection
of a suitably small bearing size will serve as the primary driving force in designing the
corresponding cross-section of our connecting rod.

In addition to selecting a set of sleeve bearings with the smallest possible length
dimension, it is also necessary to ensure that the chosen bearing can withstand a radial load
equivalent to the force exerted by the piston head. With a piston head area of 38.71 cm?, the
maximum possible tangential force applied to the radial portion of the bearing will be
approximately 2668.93 N.
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With these two constraints in mind, a dry-running mounted sleeve bearing with part
number 2820T3 is an appropriate selection [P1]. According to the manufacturer’s specifications
listed on McMaster-Carr, the dynamic radial load capacity at 120 rpm is rated for 690 Ibs.,
equivalent to 3069.27 N. Additionally, the longest dimension of the sleeve bearing is 57.15 mm,
which sets a reasonable minimum diameter for the piston head diameter. Finally, the width of the
bearing through which our rod will be fastened is 11.11 mm, which implies the connecting rod
must be substantially larger than this size in terms of cross-sectional side length.

Fig. 66: Isometric view of dry-running sleeve bearing for connecting rod ends [P1].

D. Connecting Rod Bearing Fasteners

The sleeve bearings require fasteners in order to be mounted on both the pump lever and
the piston head. The manufacturer specifies holes with a diameter of 9/32 inch, equivalent to
7.14 mm in metric units, so an M7 screw can be used. Furthermore, the height of the bearing’s
base is 5.95 mm, so the length of the threaded portion of the screw must be greater than that
length, in addition to at least 5 times the screw’s thread pitch to ensure proper engagement. The
nut material being threaded into is aluminum on both the top and bottom bearings, and coarse
threads are generally stronger when the nut material is weak relative to the bolt, so with the
selection of a steel bolt coarse threads are the most appropriate. A set of Medium-Strength Class
8.8 Steel Hex Head Screws will fulfill all of the aforementioned specifications, and are available
with a 16 mm threaded length, which will adequately exceed the recommended threshold for
thread engagement [P2].

E. Connecting Rod Fasteners

In fastening the connecting rod to each sleeve bearing at both ends, a bolt must be chosen
that can safely withstand the radial force exerted in the condition of double shear.
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Fig. 67: Diagram depicting bolt loaded in double shear [P7].

The force will act across the cross-sectional area of the bolt in the form of a shear stress [P8].
This shear stress can be calculated with the following relation:

F 2F
Tove = 54 7d?

The bearing hole diameter is 6.35 mm, which implies the largest metric bolt diameter that can be
selected is M6. Furthermore, the unthreaded shank length of the bolt must span nearly the entire
depth of the connecting rod, indicating this dimension should closely match the rod’s side length
of 25.4 mm. With respect to these constraints, a stainless steel shoulder screw with a 6 mm
shoulder diameter and 25 mm shoulder length (McMaster-Carr part number 90833A116) is an

appropriate selection [P9].
\ ; -

—%

Fig. 68: Isometric view of stainless steel shoulder screw [P9].

(119)

Performing the shear stress calculation with the inclusion of the selected shoulder screw’s
diameter, the expected shear stress is found:
_ 2(26689N)

= 27 4720 MP
fave = 700,006 m)? a

According to the manufacturer’s specifications listed on McMaster-Carr, the minimum shear
strength of this fastener is 35,000 psi, equivalent to 241.32 MPa, so this fastener will easily
withstand the amount of shear stress expected [P9].

The threaded portion of the bolt is secured using a nut of the same diameter. Unlike the
unthreaded shoulder portion of the bolt, the threaded diameter is only 5 mm. The total length of
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the threaded portion is 8.8 mm, and as a rule of thumb, the number of threads engaged should be
at least 5. Therefore, at a 0.8 mm thread pitch, the height of the nut should be at least 4 mm.

Because of this threading requirement, a M5 X 0.8 mm “high” hex nut is chosen with a
50% taller gripping area for increased thread engagement, as well as ease of installation. The
height of this nut is 5 mm [P10].

)N

Fig. 69: Isometric view of steel high hex nut with M5 x 0.8 mm size [P10].

F. Manufacturing

The connecting rod is manufactured from a standard 1 inch by 1 inch square bar stock, which
must be cut to the 90.63 mm size in length. Although cutting processes have relatively poor
tolerances, the dimensions of the piston cylinder are designed to be large enough to ensure the
rod will not interfere with its inner diameter if it is slightly too large, and charge time for the
pump will only be affected by a small amount if the rod is too short, so loose tolerances are
allowable. The expected time for an experienced machinist to mark and cut this part in a
bandsaw is approximately 5 minutes.

In order to mount the connecting rod to the sleeve bearings at each end of its length, two
thru holes must be drilled to allow the insertion of an M6 (6 mm) shoulder screw. This shoulder
portion of the screw will also serve as a pivot point, which means the clearance desired for this
hole is that of a free fit. Referencing the tap and drill chart, the corresponding hole size is 6.60
mm, with the closest American drill being size G. The process of correctly positioning and
drilling these thru holes is expected to take up to 12 minutes.

Once the bar stock is cut to size and thru holes are drilled at each end, the final step in
manufacturing the connecting rod is using a mill to create the two internal slots in which the
bearings will sit. The bearings are both self-aligning up to 5 degrees, so typical tolerances
associated with milling processes are also allowable in positioning the slots relative to one
another. Chamfered edges are also desirable in order to reduce the number of sharp edges and to
minimize the possibility of interference with the bearings upon rotation. The expected time spent
on positioning and milling the slots is expected to be approximately 20 minutes, with an
additional 15 minutes spent chamfering and deburring the rod edge.
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Assembly Procedure
Pump

For the formation of this nebulizer, the air tank and pump will be considered two separate
assemblies that come together for operation in the end. The first section of data quantifies the
required time to handle and assemble the pump assembly. The pump assembly is further
partitioned into three sub-assemblies of its own: the frame assembly, the lever assembly, and the
piston assembly. The frame is welded during the manufacturing process and is therefore treated as
a single part for the purpose of this section. The same is true for the welded piston components.

Once the frame assembly is welded, the lever assembly is mounted to it using two U-bolts,
and the piston assembly is attached using standard bolts and screws. The connecting rod, which
acts as an intermediary component between the piston and lever for the purpose of force
transmission, is mounted to each surface with sleeve bearings. The sleeve bearings allow the free
rotation of the connecting rod to account for the relative horizontal displacement that occurs as the
lever rotates.

Fig. 70: Isometric view of pump frame and piston assembly.
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Air Tank

For the air tank, the inlet piece will be welded on the hemisphere and checked for leaks.
The inside weld must be cleaned. Next the hemispheres are welded to the cylinder as specified in
the manufacturing section. Assembly of the piping and valves will take place separately and is
outlined in the assembly and handling time table in the Handling Time and Assembly Time section
of this report.

Due to the nature of NPT threads the exact dimension and position of the components is
uncertain. For this reason the sub-assembly is assembled and installed on to the air tank prior to
the legs being welded, as to ensure the piping is horizontal as shown in all assembly drawings. The
valves and pipes are assembled as shown in drawing TANK-AOQ2. All threads must be securely
fastened and checked for leaks. The tank stand and pipe stands are then welded in place depending
on the final position of the valves and pipes.

Fig. 70: Isometric view of tank and piping assembly.

Table (XXI11X). Values used to calculate the total assembly/handling time of the tank subassembly. ! Part cannot be manipulated
easily, not easy to align and screw into position. 2 Assuming 0.85 mm/s (2 in/min) weld time. 2 Part can be easily located, holding
down requires for subsequent processes, not easy to align or position. “Part not easily located, not easy to align
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Manufacturing

Assuming $90 an hour for labor costs and manufacturing times based off of Michael
Braddock’s time estimations for manufacturing. Material costs are based off of the smallest
necessary amount one can buy of the needed stock to make their part, then divided by the needed
mass. The diffuser manufacturing cost was assumed to be 3D printed in Marston Library with a
cost of $0.15/gram. Other manufacturing processes

AIR TANK MATERIALS AND LABOR

Part Names Part # Manufacturing Cost ($) Material Cost (3$) Total ($)
TANK BODY TANK-P-001 112.50 39.78 152.28
TANK DOME 1 TANK-P-002 0.00 62.75 62.75
Tglzsﬁh[;(ﬁg/ll; 2 TANK-P-003 22.50 62.75 85.25
TANK INLET TANK-P-004 79.50 2.26 81.76
TANK STAND TANK-P-005 37.5 6.63 44.13
PIPE STAND TANK-P-006 45.00 6.63 51.63
HOLLOW ROD TANK-P-007 25.00 0.58 25.58

DIFFUSER TANK-P-008 1.50 3.00 4.50

Total 504.88
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Pump
FOOT PUMP MATERIALS AND LABOR
Part Part Number Manufacturing Cost Material Cost Total
CONNECTING ROD PUMP-P004 78.00 5.28 83.28
CONNECTING ROD PUMP-OTSO1 n/a 24.86 24.86
SLEEVE BEARNG

SHOULDER SCREWS PUMP-OTS12 n/a 11.50 11.50
M5 HEX NUTS PUMP-OTS 13 n/a 7.51 7.51
M7 HEX HEAD BOLT PUMP-OTS11 n/a 6.45 6.45
B0B1-TO 21 Rectangular pumip-p-0o1 60.00 35.68 95.68
6061-T6 Al Sheet PUMP-P-003 30.00 6.74 36.74
1023 Carbon Steel Rod PUMP-P-002 10.50 3.70 14.20
Pillow B'P"if/';tfor Lever  puMP-0TS02 n/a 23.19 23.19
M7 Bolt PUMP-0TS11 n/a 1.42 1.42
Washer PUMP-OTS08 n/a 0.59 0.59

NPT '?:?trtkl’ﬁg Tube PUMP-OTS03 n/a 9.84 $9.84
1/16” 67x5” Steel Plate PUMP-P-012 90.00 13.96 103.96
PISTON HEAD PUMP-P-005 52.50 4.58 57.08
PISTON CYLINDER PUMP-P-14 90.00 18.80 108.80
Silicone Braided Tubing PUMP-OTS06 n/a 26.00 26.00
Hose Clamp PUMP-OTS-05 n/a 1.32 1.32
FILTER PUMP-P-015 n/a 6.70 6.70
FILTER CAP PUMP-P-016 37.50 0.04 37.54
TOTAL 656.3
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Total Cost of the Nebulizer

Sub-assembly Assembly and OTS Part Cost ~ Manufactured Total
Handling Costs Total Part Cost Total
Air Tank 13.89 253.77 504.88 772.54
Pump 10.94 368.91 287.4 298.34
Total 1070.88
References

[23] R. Berg. “The Helmholtz Resonator,” in Sound, Encyclopedia Britannica Online Inc.
[Online] Available: https://www.britannica.com/science/sound-physics/The-Helmholtz-
Resonator

[24] Y. Cengal, M. Boles, “Thermodynamics: An Engineering Approach,” 8th ed. Mc Graw
Hill Higher Education. (2014)

[25] S. Niemi, “Public Communication: Motor RPM.” Oct. 2018.

[26] S. Barlow, “Mechanical Frequency Detection Thresholds in the Human Face,’
Experimental Neurology, vol. 96, pp. 253-261, 1987.

[27] https://lwww.nanomotion.com/piezo-ceramic-motor-technology/piezoelectric-effect/

[28] https://www.escholar.manchester.ac.uk/api/datastream?publicationPid=uk-ac-man-

scw:128208&datastreamld=FULL-TEXT.PDF

[29] Flament, Marie-Pierre & Leterme, P & Gayot, A. (2001). Study of the Technological
Parameters of Ultrasonic Nebulization. Drug development and industrial pharmacy. 27. 643-

9.10.1081/DDC-100107320.

[30] https://www.usa.philips.com/healthcare/product/HC1099966/innospire-essence-compressor-
nebulizer-system/specification

[31] Help.autodesk.com. (2018). Compressible Flow. [online] Available at:
http://help.autodesk.com/cloudhelp/2014/ITA/SImCFD/files/GUID-620F44CE-9506-4C48-
9E9C-6C689345B008.htm [Accessed 1 Nov. 2018].

[32] Princeton.edu. (2018). Continuity Equation. [online] Available at:
https://www.princeton.edu/~asmits/Bicycle_web/continuity.html

[33] http://www.parker.com/literature/Praedifa/Catalogs/Catalog PTFE-Seals PTD3354-EN.pdf

[34] http://www.parker.com/literature/Engineered%20Polymer%20Systems/5340 2008.pdf

[35] Hailemariam Nigus. Kinematics and Load Formulation of Engine Crank Mechanism.
Mechanics, Materials Science

[36] https://www.mcmaster.com/6331k13

[37] Collins, D. (2018). FAQ: What's the difference between torque constant, back EMF
constant, and motor constant?. [online] Motioncontroltips.com. Available at:
https://www.motioncontroltips.com/fag-difference-between-torque-back-emf-motor-
constant/

’

65



PDR Group 12D3-1

[38] AZoM.com. (2018). Polyamide 6/6 - Nylon 6/6 - PA 6/6. [online] Available at:
https://www.azom.com/article.aspx?ArticlelD=477

[39] https://www.mcmaster.com/nylon

[40] Tender, D. (2018). Connecting Batteries & Chargers In Series & Parallel. [online]
Batterytender.com. Available at: http://www.batterytender.com/connecting-chargers#series-
connections [Accessed 1 Nov. 2018].

[41] Handle, D. (2018). DC6V 12V 24V Miniature Wind Hydraulic Generator Dynamotor Motor
For DIY Car / Model / Hand Cranked Generator with handle-in Alternative Energy
Generators from Home Improvement on Aliexpress.com | Alibaba Group. [online]
aliexpress.com. Available at: https://www.aliexpress.com/item/DC6V-12V-24V-Miniature-
Wind-Hydraulic-Generator- Dynamotor-Motor-For-DIY-Car-Model-Hand-Cranked-
Generator/32856220004.html?spm =2114.
search0104.3.1.119261e5asaVdr&ws_ab_test=searchweb0_0,searchweb201602
_5 10065_10068 10130 _318 10547 319 10546 317 10548 10545 10696 450
10084_10083_10618 452 535 534 533 10307_532_204 10059 10884 10887_

100031 320 10103 448 449,searchweb201603_60,ppcSwitch_0&algo_expid =1198a150-
9db9-4451-99ed-ce0af68c22e5-3&algo_pvid=1198a150-9db9-4451-99¢d -
ceOaf68c22e5&transAbTest=ae803 5 [Accessed 1 Nov. 2018].

[42] Dimensionengineering.com. (2018). A beginner's guide to switching regulators. [online]
Available at: https://www.dimensionengineering.com/info/switching-regulators [Accessed 1
Nov. 2018].

[43] https://www.pololu.com/product/2577

[44] Phillips Respironics. (2012), “InnoSpire Essence compressor nebulizer system.” [Online].
Available:https://philipsproductcontent.blob.core.windows.net/assets/20170523/
8e1079ba0d0c4bddadb4a77c01012a76.pdf

[45] Matweb, “Overview of AISI 4000 Series Steel.” Matweb [Online]. Available:
http://www.matweb.com/search/DataSheet.aspx?MatGUID=210fcd12132049d0a3e0
cabe7d091leef&ckck=1

[46] Cengal, Y. Cimbala, J, “Isentropic Flow Through Nozzels.” in Fluid Mechanics, 2" ed.
LPS, 2004, ch.12, sec 4, pp 625-629

[47] Mcmaster Carr, “Easy to Weld 4130 Alloy Steel.” [Online]. Available:
https://www.mcmaster.com/4459t142

[48] Mcmaster Carr, “Plastic Panel-Mount Pressure-Regulating Valve.” [Online]. Available:
https://www.mcmaster.com/43275k36

[49] Tescom Product Catalog — 2015 Edition, Tescom, Minneapolis Ml, 2015

[50] Mcmaster Carr, “ASME-Code Fast-Acting Pressure-Relief Valve.” [Online]. Available:
https://www.mcmaster.com/9889k15

[51] Mcmaster Carr, “Plastic Backflow-Prevention Valve.” [Online]. Available:
https://www.mcmaster.com/5492k11

[52] Mcmaster Carr, “Hand Pump for Air-Inflatable Plug.” [Online]. Available:

66



PDR Group 12D3-1

https://www.mcmaster.com/61505a22

[53] Applerubber.com. (2018). “Seal Design Guide.” [Online] Available at:
http://www.applerubber.com/src/pdf/seal-design-guide.pdf [Accessed 24 Oct. 2018].

[54] Dupont, “Delrin Design Guide,” Delrin Design Guide, vol. 3, 2007.

[55] http://www.matweb.com/Search/MaterialGroupSearch.aspx?GrouplD=26.
[Accessed: 01-Nov-2018].

[56] Budynas, Richard and Nisbett, Keith, “Shigley’s Mechanical Engineering Design,” 9"
edition. 2011. p 698.

[1] McMaster-Carr. “Low-Pressure Brass Threaded Pipe Fitting.” [Online]. Available:
https://www.mcmaster.com/4429k351

[2] McMaster-Carr. “Miniature Backflow-Prevention Valve. ” [Online]. Available:
https://www.mcmaster.com/8567t21

[3] McMaster-Carr. “ASME-Code Fast-Acting Pressure-Relief Valve. ” [Online]. Available:
https://www.mcmaster.com/48435k72

[4] McMaster-Carr. “Brass On/Off Valve. ” [Online]. Available:
https://www.mcmaster.com/47865k21

[5] McMaster-Carr. “Pressure-Regulating Valve for Water, Oil. ” [Online]. Available:
https://www.mcmaster.com/4677k61

[6] ANSI ISO 10524-1:2018; Section 6: Design; Standard 6.2.1

[7] McMaster-Carr. “Single Scale Pressure Gauge with Plastic Case. ” [Online]. Available:
https://www.mcmaster.com/4089k61

[8] ANSI ISO 10524-1:2018; Section 6: Design; Standard 6.2.2.6

[9] McMaster-Carr. “Low-Pressure Brass Threaded Pipe Fitting. ” [Online]. Available:
https://www.mcmaster.com/4429k251

[10] McMaster-Carr. “Low-Pressure Brass Threaded Pipe Fitting. ” [Online]. Available:
https://www.mcmaster.com/4429k161

[11] McMaster-Carr. “High-Pressure Brass Pipe Fitting. ” [Online]. Available:
https://www.mcmaster.com/5485k22

[12] McMaster-Carr. “Standard-Wall Brass Pipe Nipple. ” [Online]. Available:
https://www.mcmaster.com/4429k161

[13] McMaster-Carr. “Standard-Wall Brass Pipe Nipple. ” [Online]. Available:
https://www.mcmaster.com/4568k137

[14] McMaster-Carr. “Standard-Wall Brass Pipe Nipple. ” [Online]. Available:
https://www.mcmaster.com/4568k352

[37] ASTM Boiler Code, Section VIl Sub-section UG16, 2013 p 13

[38] Matweb, “Aluminum Alloy Heat Treatment Temper Designations”. Matweb [online]. Available:
http://www.matweb.com/reference/aluminumtemper.aspx

[39] Make It From, “5052-H112 Aluminum vs. 5052-H32 Aluminum . Makeitfrom [online]. Available:
https://www.makeitfrom.com/compare/5052-H112-Aluminum/5052-H32-Aluminum

[40] ASTM Boiler Code, Section V11 Sub-section UG27, 2013, p 18-19

[41] ASTM Boiler Code, Section Il Sub-section , 2013, p 85

[42] ASTM Boiler Code Section VIII, Sub-section UW-12, 2013, p 115

[43] Budynas, Richard and Nisbett, Keith, “Shigley’s Mechanical Engineering Design” 9" edition. 2011.
p 309

[44] Budynas, Richard and Nisbett, Keith, “Shigley’s Mechanical Engineering Design” 9" edition. 2011.
p 1055

[45] E. Oberg, F. D. Jones, H. L. Horton, H. H. Ryffel, Machinery’s Handbook 26" Edition, 2000, p1849

67



PDR Group 12D3-1

[46] US Army Armament Research and Development Command, “Stress Concentrations in Screw
Threads”. 1980. Available: http://www.dtic.mil/dtic/tr/fulltext/u2/a087218.pdf
[47] ASTM Boiler Code Section VIII, Sub-section UW-16, 2013, p124-134

[57] Budynas, Richard and Nisbett, Keith, “Shigley’s Mechanical Engineering Design,” 9"
edition. 2011. p 1037.

[58]http://www.matweb.com/search/datasheet.aspx?matguid=37935a4479284dd4b761ee6ccaf37
d2a&ckck=1

[59] https://www.plasticsnews.com/resin/commodity-thermoplastics/current-pricing

[60] McMaster-Carr. [Online]. Available: https://www.mcmaster.com/standard-aluminum-

sheets. [Accessed: 03-Dec-2018].

[61] McMaster-Carr. [Online]. Available: https://www.mcmaster.com/standard-aluminum-

sheets. [Accessed: 03-Dec-2018].

[62] AISI 1018 Steel, cold drawn, quenched, and tempered, 19-32 mm (0.75-1.25 in) round.

[Online]. Available:

http://www.matweb.com/search/DataSheet.aspx?MatGUID=b8d536e0b9b54bd7b69e4124d8f1d

20a&ckck=1. [Accessed: 03-Dec-2018].

[63] McMaster-Carr. [Online]. Available: https://www.mcmaster.com/catalog/124/1255.

[Accessed: 03-Dec-2018].

[64] “Shaft & Housing Fits,” Catalogs | NTN Bearing. [Online]. Available:

http://www.ntnamericas.com/en/product-support-and-training/shaft-and-housing-fits. [Accessed:

03-Dec-2018].

[65] McMaster-Carr. [Online]. Available: https://www.mcmaster.com/standard-steel-rods.

[Accessed: 03-Dec-2018

[66] Oberg, Erik. Jones, Franklin. Horton, Holbrook. Ryffel, Henry. “Dimensioning, Gaging,

and Measuring. ” in Machineries Handbook, 26 ed. Industrial Press INC, 2000, pp 625-629.

[67] “O-Ring Material Selection Guide,” Official Apple Rubber Blog. [Online]. Available:

http://www.applerubber.com/material-selection-guide/. [Accessed: 03-Dec-2018].

[68] Budynas, Richard. Nisbett, Keith. Shigley s Mechanical Engineering Design, 10" ed. Mc

Graw Hill Education, 2015, Appendix A.

[69] Mcmaster Carr, “6061 Aluminum 3" diameter.” [Online]. Available:

https://www.mcmaster.com/1610t19

[70] Matweb, “AIST 4130 Steel,” Matweb [Online]. Available:

http://www.matweb.com/search/DataSheet.aspx?MatGUID=a2fe6ff24cf44bf1bdebf35b1b2b625

9&ckck=1

[72] Oberg, Erik. Jones, Franklin. Horton, Holbrook. Ryffel, Henry. “Dimensioning, Gaging,

and Measuring.” in Machineries Handbook, 26 ed. Industrial Press INC, 2000, pp 625-629.

[73] Patlin Inc, “NPT-National Pipe Thread Chart,” Reference Document, [Online]. Available:

https://staticl.squarespace.com/static/55301f01e4b0930d26e20e68/t/596e587bff7c5064c6alc55f

/1500403835700/National+Pipe+Thread+Chart+.pdf

[74] Mcmaster Carr, “6061 Low Carbon Steel Round Tube.” [Online]. Available:

https://www.mcmaster.com/7767t68

68


https://www.mcmaster.com/standard-aluminum-
https://www.mcmaster.com/standard-aluminum-
https://www.mcmaster.com/standard-aluminum-
https://www.mcmaster.com/standard-aluminum-
http://www.matweb.com/search/DataSheet.aspx?MatGUID=a2fe6ff24cf44bf1bdebf35b1b2b6259&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=a2fe6ff24cf44bf1bdebf35b1b2b6259&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=a2fe6ff24cf44bf1bdebf35b1b2b6259&ckck=1
http://www.matweb.com/search/DataSheet.aspx?MatGUID=a2fe6ff24cf44bf1bdebf35b1b2b6259&ckck=1
https://www.mcmaster.com/7767t68
https://www.mcmaster.com/7767t68

PDR Group 12D3-1

[75] Mcmaster Carr, “Aluminum low pressure barbed tube fitting.” [Online]. Available:
https://www.mcmaster.com/5058k41

[76] Mcmaster Carr, “6061 Low Carbon Steel Bar.” [Online]. Available:
https://www.mcmaster.com/8910k591

[77] Mcmaster Carr, “Cast Iron Rod.” [Online]. Available: https://www.mcmaster.com/8909k93
[78] Mcmaster Carr, “Aluminum low pressure barbed tube fitzing. ” [Online]. Available:
https://www.mcmaster.com/5058k44

[79] Mcmaster Carr, “Aluminum low pressure barbed tube fitting.” [Online]. Available:
https://www.mcmaster.com/5058k67

[80] Grainger, “Shore: A 65 silicone braided Tubing.” [Online]. Available:
https://www.grainger.com/category/silicone-tubing/tubing/pipe-tubing-and-
fittings/plumbing/ecatalog/N-gxc#nav=%2Fcategory%?2Fsilicone-tubing%?2Ftubing%2Fpipe-
tubing-and-fittings%2Fplumbing%?2Fecatalog%2FN-qxcZ1z0006b

[81] Mcmaster Carr, “Worm-Drive Clamps for Firm Hose and Tube.” [Online]. Available:
https://www.mcmaster.com/5388k14

[82] https://www.tandfonline.com/doi/full/10.1080/02786826.2016.1164828

[83] https://www.amazon.com/Replacement-Filter-Compressor-System-
Vaporizer/dp/B0779337JL/ref=sr 1 4 a it?ie=UTF8&qid=1542057520&sr=8-
4&keywords=nebulizer%?2Bair%?2Bfilter&th=

[84] Mcmaster Carr, “Polyurethane foam sheet. ” [Online]. Available:
https://www.mcmaster.com/86375k131

[85] Mcmaster Carr, “Nylon Hexagonal Bar.” [Online]. Available:
https://www.mcmaster.com/8731k16

[86] Mcmaster Carr, “6061 Aluminum Rectangular tube.” [Online]. Available:
https://www.mcmaster.com/6546k51

[87] Mcmaster Carr, “Medium-Strength Grade 5 Steel Hex Head Screw.” [Online]. Available:
https://www.mcmaster.com/91247a544

[88] Mcmaster Carr, “Medium-Strength Steel Hex Nut.” [Online]. Available:
https://www.mcmaster.com/95462a029

[89] Mcmaster Carr, “Polycarbonate Plastic Washer. ” [Online]. Available:
https://mwww.mcmaster.com/90940a013

[90] Mcmaster Carr, “Black-Oxide Steel U-Bolt. ” [Online]. Available:
https://www.mcmaster.com/3201t48

[P1] McMaster Carr, “Dry-Running Mounted Sleeve Bearing” [Online]. Available:
https://www.mcmaster.com/2820t3

[P2] McMaster Carr, “Medium-Strength Class 8.8 Steel Hex Head Screw.” [Online]. Available:
https://www.mcmaster.com/91280a412

[P3] R. D. Raut and S. Mishra, “Stress Optimization of S.I. Engine Piston,” International
Journal of Science and Research (ISJR), vol. 4, no. 9, p. 1159-1165, September 2015. [Online].
Available: https://www.ijsr.net/archive/v4i9/SUB158254.pdf

69


https://www.mcmaster.com/5058k41
https://www.mcmaster.com/5058k44
https://www.mcmaster.com/5058k44
https://www.mcmaster.com/5058k67
https://www.mcmaster.com/5058k67
https://www.mcmaster.com/5388k14
https://www.mcmaster.com/5388k14
https://www.tandfonline.com/doi/full/10.1080/02786826.2016.1164828
https://www.tandfonline.com/doi/full/10.1080/02786826.2016.1164828
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.amazon.com/Replacement-Filter-Compressor-System-Vaporizer/dp/B0779337JL/ref=sr_1_4_a_it?ie=UTF8&qid=1542057520&sr=8-4&keywords=nebulizer%2Bair%2Bfilter&th=1
https://www.mcmaster.com/86375k131
https://www.mcmaster.com/86375k131
https://www.mcmaster.com/8731k16
https://www.mcmaster.com/8731k16
https://www.mcmaster.com/6546k51
https://www.mcmaster.com/6546k51
https://www.mcmaster.com/91247a544
https://www.mcmaster.com/91247a544
https://www.mcmaster.com/95462a029
https://www.mcmaster.com/95462a029

PDR Group 12D3-1

[P4] Matweb, “Aluminum 6061-T6; 6061-T651.” Matweb [Online]. Available:
http://matweb.com/search/DataSheet.aspx?MatGUID=b8d536e0b9b54bd7b69e4124d8f1d20a&c
kck=1

[P5] The Engineering Toolbox, “Euler’s Column Formula.” The Engineering Toolbox [Online].
Available: https://www.engineeringtoolbox.com/euler-column-formula-d_1813.html

[P6] The Engineering Toolbox, “Area Moment of Inertia — Typical Cross Sections I.” The
Engineering Toolbox [Online]. Available: https://www.engineeringtoolbox.com/area-moment-
inertia-d_1328.html

[P7] Fastenal, “Bolted Joint Design.” The Fastenal Company, [Online]. Available:
https://www.fastenal.com/en/69/bolted-joint-design

[P8] Engineers Edge, “Bolt or Pin in Double Shear Equation and Calculator.” Engineers Edge,
[Online]. Available:
https://www.engineersedge.com/material_science/bolt_double_shear_calcs.htm

[P9] McMaster Carr, “Low-Profile Shoulder Screw.” [Online]. Available:
https://www.mcmaster.com/90833a116

[P10] McMaster Carr, “Zinc-Plated Steel High Hex Nut.” [Online]. Available:
https://www.mcmaster.com/90725a030

70



