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1.0 Executive Summary

The objective of this project is to determine i goroduction of a ceramic oxide membrane unit
for separating oxygen from air is a profitable adtgive to the production of oxygen storage
units. Design was based on the requirements dQhaillion Chronic Obstructive Pulmonary
Disease (COPD) sufferers, for whom the unit isglesil to help. The unit must be portable,
provide adequate battery life, and provide 95% exygt a minimum of 5 Liters/minute. In
addition, the unit was compared to leading comgetiin the market that produced portable
oxygen concentrators that yield 5 L/min flow raf€sese competitors are the Inogen One,
Airsep Lifestyle, and Airsep Freestyle. In theadpa design of a ceramic oxide membrane unit
was designed and priced, and a risk analysis fadymtion as well as plant design was proposed.

A compact unit measuring 12.2 inches long, 15.2@sdall, and 9.5 inches wide at a weight of
9.94 pounds was designed for use with a 12 voltceouBased on research, a 4 hour Lithium lon
battery was the source of power in the unit. ltdoies a minimum of 5 L/min of oxygen with
99.9% purity at a temperature of 298.15K throughuke of a BICUVOX membrane.

BICUVOX (Bi2Cuw.1V0.9Os.39) Is a ceramic oxide that transports oxygen thrabhghmembrane
through ionic conductivity. The Copper Vandate &asn anion-deficient Perovskite-like crystal
structure that is advantageous to the movementygjem anions through vacancies, or defects,
in its crystal lattice. The selling price of theituwas determined to be $6500 using consumer
pricing theory.

Risk analysis was conducted on the best of threeasms based on the level of involvement in
the production of device components in house. Theaios are the manufacturing of all device
components, manufacturing only the membranes aatdexehangers, and finally manufacturing
only the heat exchangers. For each scenario alpiitpaf 20% was assigned to all raw

material prices. After conducting the scenariosas found that the processes of producing only
the heat exchangers produced the best resultsotiibe options were not profitable, while
producing the heat exchangers and buying the etingpment showed the potential for
profitability. Unfortunately, based on the fina@canalysis done, this product is not profitable at
this time. The costs associated with constructinghile taking into account the competitions
model and selling price, proved to be too largenfsnbrane technology grows, membrane
based oxygen generators will most likely seizenttagority of the market from pressure swing
absorption systems.



2.0 Introduction

2.1 Statement of Purpose
This project is intended to produce a device thiltdeliver therapeutic oxygen supplement to

persons suffering from Chronic Obstructive Pulmgnarseases (COPD) and other ailments of
the pulmonary tract. The device is to be portabll whe capacity to deliver a stream of nearly
pure oxygen at a rate of 5 L/min. Many treatmenthoés are currently available for sufferers of
COPD. However, the reliability, safety and costhadse options tend to outweigh the benefit. In
the design of the device care must be taken torerthat a reliable, safe and cost effective
product is designed and introduced to the consumer.

2.2 Chronic Obstructive Pulmonary Disease
According to the Center for Disease Cont(@DC), there are approximately 24 million people

in the United States alone that have some form ©PDB. These conditions include asthma,
chronic bronchitis and emphysema. In the UnitedeStaaccording to the American Lung
Association, COPD is the fourth ranked killer behireart disease, cancer and stfokairrently

there are no cures for these ailments and mangmatimust be placed on lifetime oxygen
therapy (LTOT) for relief from their respiratorystliess. With the aide of supplemental oxygen

therapy, many of these patients can still live tigalnormal lives.

COPD is primarily a disease that affects the eyderspecially those with a history of tobacco
use; however, people of any age can be diagnogdediva disease in one of its many forms. The
following chart from the National Heart, Lung ando8d Instituté shows the distribution of
COPD sufferers by age group, sex and ethnicityyges needs will vary based on the severity
of the disease. At onset, COPD patients may nedy sporadic oxygen after strenuous
activities. As the disease progresses oxygen neapdzessary 15 to 24 hours per day. A
minimum concentration of 35% oxygen is necessapréwide any benefit, while many patients
require above 90%. Most importantly, oxygen thgrapn increase the life span of COPD
patients by 6 to 7 years. The effectiveness ofgerytherapy is dependent upon the disease,
reaction of the patient, and other drugs the paisetaking®



Figure 2 Prevalence of Chromic Bronohitis by Age,
Sex and Race, LULS., 2007
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Figure 1: Percent of Population Diagnosed with COPD by age, sex and race®

3.0 Current Suppliers of Supplemental Oxygen

3.1 Compressed Bottled Oxygen
Bottled oxygen is the primary source for supplerakokygen therapy users. This method is the

oldest and most trusted form of oxygen deliveryteys stemming back to the early 1900s.
Bottled oxygen supplies for portable use by oxydeerapy patients have limitations and
restrictions that need to be addressed to prodymeduct that caters to the needs of its users.
The foremost is the reliance on tank refilling pensel that must make routine visits to the
patients’ homes. The need for autonomy is one@ftieatest freedoms that patients can achieve,
living fuller lives without the reliance on otheis fulfill appointments and ensure a continuous

and uninterrupted supply of oxygen.

Figure 2. Nasal Cannula®



Typical bottled oxygen tanks hold about 164 L ohnpoessed oxygen. At a flow rate of 5 L/min
these tanks will exhaust themselves in a littlerdwadf an hour. It is imperative; therefore, that
the patients have many backup cylinders on handratdupplies are not cut off by the vendors.
The most common cylinder in use for oxygen theraspthe M-6 or B rated cylinder which is

pictured below.

M@A%

Figure 3. Oxygen Tanks

To allow the patient longer use life of their oxypgeottles, many companies produce conservers
that allow the flow of oxygen only during inhalatioDepending on the conservation ratio, the
time available for use on a typical M-6 cylindendae increased by 500%, or approximately 2.7
houré. This is still a relatively small amount of timerfoxygen delivery. The finite volume
contained in the cylinders will not allow the pati¢o venture far from a refill station or their

homes without taking additional cylinders with them

Compressed oxygen cylinders can also pose a stibstsafety risk for their patrons and those
around them. Cylinders can be pressured up to Z®IQ which, if dropped, can turn into a
deadly projectile. If the valve or regulator is epsr damaged compressed gas can evacuate the
cylinder rapidly, propelling the cylinder at higklacity without a means for control.

As figure 3 shows, there is no specific size of gety tank. Catalina Cylinders offers tanks
ranging from 34 liters of oxygen to 680 liters, lwiteights of 0.7 lbs and 7.9 Ibs, respectively.
The largest tank offers approximately 2.25 hourslicéct, 5 L/min oxygen feed. This can be

increased greatly with an inhalation only feed.widwer, it is just over 2 foot tall.



3.2 Liquefied Bottled Oxygen
Liquefied oxygen supply is comparable to compresseggen cylinders in as much as the

patient must cater to the supplier’s time frametider to refill their cylinders. Liquid cylinders
typically weigh slightly more, but will last longemder typical circumstances. However, liquid
oxygen will evaporate and the bottles constanthytvimerefore, if the cylinders are not used they
will still deplete in quantity over tine Liquefied oxygen cylinders also pose a substhriti
due to the cryogenic temperatures that are needleduse oxygen to condense into the liquid
phase. The temperature required to maintain oxygéme liquid phase is below -183°C. This is
extremely dangerous in the event that the cylindea& or there is an accident during home

refilling. Such low temperatures can cause irreipl@arissue damage in a matter of moments.

3.3 Oxygen Concentrators
There are a number of new and emerging comparggéh#tive taken on oxygen concentration as

an alternative to cylinder gasses. Oxygen concemgrare any number of devices that separate
oxygen from air. Because concentrators separatexiggen from air instead of storing and
transporting it, they can operate virtually anyvehevrithout worry of running out of oxygen.
Concentrators do, however, run on electric powercikvimakes them susceptible to power
outages and/or battery lifespan. Many of the prtglaarrently on the market are rather bulk and
weigh in excess of 50 Ib. With the additional bublgmes additional cost. Many of the
concentrator units are priced in the range from0$285000. The high price and heavy
dependence on electrical power hinder concentrdtons replacing traditional tank systems as
the primary pathway for oxygen therapy. Additidpamost concentrators cannot achieve 5

L/min of oxygen, and the purity generally falls anal 90-95%.

3.3.1 Portable Oxygen Concentrators
There are only two competitors in the portable kimss oxygen therapy market: Airsep

Lifestyle & InogenOne System. Both operate usingspure swing absorption. The Airsep
Lifestyle weighs in at 9.75 pounds, with a battkfey of 50 minutes, and provides 1-5 L/min of
90% pure oxygef® The InogenOne System weighs 9.7 pounds, with au8 battery life, and
provides 1-5 L/min of 90% pure oxygéh.



3.4 Criteria and Need for Design
The devices listed above all contain fundamengal$lin their design, application, safety, cost or

any combination thereof. Because of the flaws ies¢hsystems there is an opportunity to
develop a superior system that provides the conswmith a well designed, safe and cost

effective alternative.

Recent advances in fuel cell technology have pathexl way for new materials to be
implemented into the design of such a device. Tpplieation of solid oxide conducting
membranes into an oxygen concentrator vastly imgsothe quality of these devices while
allowing the consumer a wider selection of deliveygtems. The device to be built must provide
the consumer with a quality product that remairglole at a competitive price. This study

investigates the feasibility of designing such gickewhile keeping the customer in mind.

3.5 Solid Oxide Membranes
Solid oxide ceramic membranes are not governedhieyequations of typical transport of

permeable membranes, since the driving force isanmtessure or diffusivity difference on the
respective sides of the membrane. Oxide membrameduct species through the electrolytic
material by surface reaction at the cathode to f@fions. The ions are then transported
through the material via defects in the materiadwn as oxygen vacancies. The vacancies are
atomic level defects in the packing arrangemerthefmaterial which can be equated to holes in
the matrix the size of an oxygen atom or ion. Thggen ions formed in the surface reaction
move through these holes toward the anode of thheAte¢he anode, the oxygen ions react again

with electrons to form molecular diatomic oxygen.

Since the separation and diffusion of oxygen thiotlng membrane does not rely on pressure
concentration differences across the materialetieeno need to pressurize the feed or pump
away the permeate stream to continue the readilemdriving force is the potential gradient

created by the electrical current.

There are many types of ceramics currently beingstgated for use in these applications. Of

these, the most popularly investigated ceramicsamemon zirconids typically stabilized with

10



a low percentage of yttria. There are also othemrmon ceramics that are lumped into a category
called Perovskites. Perovskites are any of a gajupaterials that exhibit a structure similar to
perovskitd, CaTiQ;. The Perovskite structure is shown in figure 4emhthe small red dots
represent oxygen, the medium size blue dots arertta#l metal cation, and green dots represent
the large metal cation. Perovskites are aniorcoefi. Therefore, there are gaps in the locations
of the red dots, or oxygen. This allows the oxygeove through the structure in the defects.
Although BICUVOX is not a member of the Perovslgt®up, it acts similarly. There are two
layers, BiQ*" and Wb ¢Cup1Os35 that are interleaved. The later is the Peroediie layer,
having a similar AB@® structure. By substituting the 10% copper for Wia@adium gives the

Perovskite form. This also prevents the vanadiwwmflining up, preventing anion movement.

Figure 4. Perovskite Structure

There are also emerging materials being investigéte these purposes. Of the emerging
materials, bismuth vanadates have shown potertilwer temperatures than other materials
presently under study. Bismuth vanadates, suchaw&x.10, are ceramics that have part of the
vanadium substituted by metals such as zinc or eophccording to Xid et al, Bicuvox.10

shows ion conductivities 50-100 times larger thirencommon oxide materials.

The membrane is the limiting technology. As membraathnology advances, the size of
the unit will decrease, as will the power needduk dxygen therapy market does not facilitate
the necessary research, at least from a finant@abpoint. However, membrane technology is
not limited to oxygen generation. These materiale bBeing extensively tested for their

application in fuel cell technology.
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4.0 System Design

4.1 System Description
The overall system to produce oxygen from air usargexchange in a BICUVOX membrane

consists of seven main components: two Thomas G44/@eed pumps, two heat exchangers,
one 12V current source, a membrane stack, and tickeome heating wires in the air stream. A

diagram of the system showing these componentsisrsin figure 5.

1 - Thomas G12/07-N rotary pump

2 - Heat Exchangers

3 - Oxygen Membrane
4 - 12V Voltage Source
5 - Mixing Point, Electrode Location

Figure5: System Overview

The process for the system may be described breflipllows. Air is fed from the two pumps,
each producing 11.9 L/min (STP) which flow intoaies 620 binary fixed flow splittét From

the splitter the air is fed to the two heat excleagvhere it interacts countercurrently with
oxygen or lean air (LA, 99% nitrogen) dependingtioe heat exchanger. After the air has been
heated by either the oxygen or LA lean air in teathexchangers it is mixed into a single air
stream. At the mixing point of the two streamsgé&nichrome resistance wires are placed across
the channel opening to heat the air stream furtBace the air stream has been heated by the
nichrome resistance wires to a temperature of &Kl.1it is passed through a BICUVOX
membrane where the air stream is separated intgeoxgind LA lean air with 100% efficiency.
Out of one side of the membrane comes oxygen witbvarate of 14.11 L/min, and out of the

other side comes lean air with a flow rate of 69.@hin. The LA lean air and the oxygen are

12



then fed back into the heat exchangers to intevabtthe feed air so that an exit temperature of
298.15K is reached for both the LA lean air and gety streams. The LA lean air exits the
system at a flow rate of 24.76 L/min and the oxygeits at 5 L/min.

The pumps are connected to the heat exchangergharitkat exchangers are connected to the
membrane with 1/8 inch O.D. seamless stainlesd sibing with a 0.035 inch wafl. An
electrical system gives power to both pumps, tret Bgchanger, the nichrome resistance wire,
and the inconel electrodes embedded within the memels. In addition, a feedback control
system allows for control of temperature in the rbeme stack and control of the oxygen
concentration. The control system is programmaedlltav for a low oxygen and low temperature
alarm. An LED located on the outside of the uni$ ne user know if the operating temperature

is too high or the oxygen concentration is too low.

4.2 System Process Flow Diagram
Figure 6 shows the layout of the system (not tée3calong with the insulation, cushioning,

radiation shield, and temperatures at certain pahroughout the system.

Casing F---—---~ e \ Radiation Shield - Metal Sheet
¥
Lean Air — to atmosphere
(Z9B5KD '
Heat Exchanger 1 ) (829.23KD)
X
>— Lean Air
Pump 1 \ Heater Membrane
Mixer/SLIitter 1 .
1 — 831.15K
>—1
+ Oxygen
Pump 2 Heat Exchanger 2 9
Oxygen — to patient
<+ — I
(298.15 KD
‘ MgO - Cushion Casing } ————————
Vacuum Insulation |-

Figure 6: System PFD
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5.0 Device Component Descriptions

5.1 Membrane Specifications

5.1.1 Sizing Membrane Components
Since the typical driving force equations for peafsle membranes do not apply in the case of

solid oxide cells, different equations must be usedize the membrane sheets. To accomplish
this, electrochemical equations will be employekle Beparation is driven by the availability of

electrons to react with the oxygen in the air amerdfore, the current needed to achieve the
separation must be found. To find the requiredenirthe Faraday expression Law is used as

follows:

| =4QF (1)

n
Where Q is the molar flow rate required, F is treraday constant, 94685 Coulombs/mol
electrons, n is the number of membrane sheetsateadmployed, and the 4 refers to number of
moles of electrons needed per mole of oxygen. Hils m this device are arranged in parallel
and therefore the current found from equationgl constant in all of the membrane cells.

To determine the area required for the desiredragpa to occur, the current density of the
material must be known. According to Xiet al Bicuvox.10 has been shown experimentally to
produce current densities for BICUVOX.10 in thegarfrom 0.3 to 1 A/cf) with a value of
0.75 Alcnf is a logical assumption. Dividing the result ofuation (1) by the current density
gives the total membrane area required. Dividing thsult by the total number of cells in the

device will give the area required per membrane.

The voltage drop across the membrane cell is daterhusing the Nernst Potential equation:

Y
E - ﬂ n_oz’h

zF Yo, (2)

Where z is the valence of the ion, R is the ideal gpnstant, T is the operating temperature, F is
the Faraday constant, y is the concentration ofgery and h and | refer to the high and low

concentrations, respectively.
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The sizing of the membranes is only dependent erctfarge density and the surface area. The
thickness of the membranes can be chosen arbjtisdause the charge density is a function of
the surface area only. The surface charge denssty does not change depending on the
distribution of the surface area. With a fixed amioof charge on a surface, and an area A, if the
surface is broken into new fractions then the ahavdl also break in the same proportion and
the charge density will remain constant. Therelismdation, however, in the usable thickness of
the membrane sheets. Sheets that are too smalshalv poor mechanical properties, making
them susceptible to fracture and crack formatiorhas been suggested that these properties
begin to show up around 0.36 cm. However, thisasproven, and the actual fracture-prone

thickness may be a function of some other property.

5.1.2 Membrane Stack Design Results
The membrane stack will is proposed to be compa$dtie ceramic oxide membrane, Iconel

electrodes, and airflow channels constructed betwee membranes on both sides. The surface
area required per membrane cell is found from ¢1he 12.87 cf This gives a side length of
square cells equal to 3.59 cm or 1.41 in. The tiesk of the membranes was set at 0.38 cm.
This corresponds to a volume of ceramic equal fb218nY. Using an estimate for the density
based on average values for ceramic materials, 88, a weight of electrolyte was calculated
to be 2.7 Ib. The Iconel electrodes are set achlhick with the same surface dimensions as
the ceramic components. There will also be air nblnabove and below each of the membranes
to provide air flow to the unit and to carry sepadaoxygen to the patient. The air channel height
is set at 0.5 cm. The total height is calculateded 6.9 cm or 6.65 in. without insulation or the
inner casing materials. All of these numbers carsd&en in table 1. This splits the data into
source (taken from Boivin et al.), spec — somethihgt can be varied, or calculation.
Unfortunately, BICUVOX is a relatively new technghp Although there is most likely a large
amount of data regarding its performance, it ismeatily provided at this time. Eventually this
proprietary information will likely be made publidhe basis for our model wdslectrode-
Electrolyte BIMEVOX System for Moderate TemperatDsggen Separation].C. Boivin, et

al?®
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Table 1. BICUVOX M embr ane Specifications”™

number of plates 208 Source plates
Temperature 550 Source C

total volumetric flow rate of per meate 5 Spec L/min

molar gasvolume (STP) 24.04 Calc L/mol

molar flow rate of permeate/plate 0.00002 Calc mol/s/plate
electron stoichiometry 4 Source mol electrons/mol O2
Faraday constant 96485 Source C/mol electrons
Current 6.431 Calc A

current density for BICUVOX.10 0.75 Source A/lcm?2

total platearearequired 12.87 Calc cm2

side length of square plates 1.41 Calc in

thickness of plates 0.38 Source cm

air gap height 0.5 Source cm

Electrode height 0.2 Source cm

total cell stack height 287.24 Calc cm

number of columns 4 Spec

height per column 6.65 Calc in

electrical potential for each cell 0.057 Calc vV

total potential for stack 11.923 Calc vV

power required 76.675 Calc W

The height is based on the structure shown in &dur It is a patented design by the U.S. Air

Force. It allows for the same membrane heightsmaller area. The air will enter through the

hole in the middle, diffuse through the membraned axygen or lean air will exit on its

respective side. If this design was not chosemembrane height of about 25 inches would be

necessary.
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Figure 7. Membrane Stack Design

5.1.3 Additional Membranes Considered
In addition to BICUVOX (B¥Cuw1V.dO35), several other membranes were considered for use.

These included Yttria-Stabilized Zirconia (YSZ),ns&ium Doped Ceria (SDC), and Strontium
and Magnesium Doped Lanthanum (LSGM). The basiscfmosing a membrane took into
account several factors: ionic conductivity, opagatemperatures, and size. In figure 8, the four
membranes are shown on a graph of ionic conduetvitersus the temperatures. It is obvious
that BICUVOX has a high conductivity at lower temgteires than any of the other membranes.
When the operating temperature is irrelevant, SD808°C and LSGM 800°C can both show
similar ionic conductivities to that of BICUVOX &00°C. However, rarely, if ever, is operating

temperature irrelevant.

Another option is Gadolinium Doped Ceria (GDC)shtows slightly better conductivity than
SDC and is capable of operating at lower tempegatudowever, the conductivity is not great
enough to justify the additional costs, $100/kgttia current systefit. Additionally, it does not
compare to the conductivity of BICUVOX. BICUVOX wafiosen based on these criteria, and
appears to be, at least currently, the future afle@xnembranes. However, with most of these
membranes being explored by the rapidly growinlylfad fuel cells suggests that advancement
of membrane technology should also grow rapidlthafuture.
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Figure 8: Variation of lonic Conductivity with Temperature and Electrolyte M aterial®

5.2 Internal Casing
A Magnesium oxide casing will be used around thenbrane stack as a cushion to prevent

damage during transportation. The magnesium oxitle@lso provide a smooth, solid surface on
which to bond the insulation. The membrane celilstaust be supported to ensure that it is not
damaged due to sliding about as the device isprated. Also, there is a need for a smooth,
solid surface on which to bond the vacuum panellai®n. Magnesium oxide is used to perform
this function in the device. There is not a neadaftarge amount of material; the thickness of the
sheet is arbitrarily set at 0.5 cm. The inner agisipurpose is to provide a bonding surface for
the sealant to the insulation. This material hanlselected because of its mechanical properties
and low cost. The mechanical properties of this emat including thermal expansion
coefficient, are similar to those of the membrataelsand the insulation. The thermal expansion
coefficient of MgO is 10.8*1§/°C. This value is in the range of expected valoéshe
membrane stack and will not cause additional ste$s the cells. This material is also fairly
inert and poses no risk to the health of the comstimAccording to the MSDS on MgO, the
only risk associated with this material is in thvemt of crushing or grinding to a powder, which

may produce small solid particles that can becomw®me and ingested or become an eye
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irritant. The use of the sealant and insulationemals will prevent the magnesium oxide from

crushing and becoming a safety hazard.

5.3 Heating Element
The design of this device requires that the memdbstack be heated to 550°C (before oxygen

flux begins. To achieve the desired amount of traaisferred to the cell stack and the incoming
air; three Nichrome wire heating elements are plaaaoss the incoming air channel. The wires
cover the length of the flow channel, measuringllifthes. As can be seen in figure 6, the
nichrome wire is the final heating before the aitees the membrane. The initial heating is done
through the heat exchangers, which also cool tlygex and lean air. The wires require a power
input of 277 W if the temperature of the cellsag¢ach operation within 10 minutes. See Start-

up section for more detail on time-to-use calcoladi

5.4 Heat Exchangers
Microchannel heat exchangers for oxygen and airan@nd lean air (LA) were designed to

allow for the maximum possible heat transfer far #mallest heat transfer area. A smaller heat
transfer area means a smaller amount of foil useddnstruction, and therefore a lower material
cost. A large distinction between traditional heathangers and microchannel heat exchangers
is that normal correlations for determining the 8elsNumber in heating channels do not apply.
One common correlation is the Gnielinski correlatiddams et al. performed experiments with
channels ranging in diameter from 0.76mm to 1.09rihey found that deviations at larger
diameters were smaller than in heat exchangers swtaller diameters. At the upper limit of
their experiment, traditional correlations matcleagberimental data quite well, with an error of
only (they didn’t give an error!). To account fdretpumping pressure of 2 PSI for the Thomas
rotary pumps at 14.875 L/min the pressure droptlier heat exchangers (both entering and
exiting), the stainless steel tubes connecting ghenps and the membrane with the heat
exchangers, the splitter to separate the feed nar the heat exchangers, the BICUVOX
membrane, as well as any pressure variations irptinep should collectively be less than the
total allowable pressure of the pump. The pump nat be designed to accommodate for the
system, but rather an off the shelf pump will beduand the system will be sized to it. This will

be less expensive than using a custom made pumpcdaunt for other pressure drops in the
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system, the heat exchangers were designed suctinélyadbave a pressure drop no more than half

of the total pumping pressure of the pump.

An example of the two heat exchangers, picturedign() figure 9, consists of two rows of
square channels separated by foil that is 0.158mmeilers thick. This thickness is the thinnest
copper foil available from our supplier, AllFoil®xygen or LA lean air coming in from the
membranes is fed to the top row where it is coblgdmbient air coming in counter currently on
the bottom row. The heat exchanger is given rigithy means of a copper outer shell that is
1mm thick. This thickness is about that of a pemwlyich should be thick enough to allow for

lack of excessive bending.

Feed Air

Figure 9: Heat Exchanger Layout

5.4.1 Sizing Heat Exchangers

In the oxygen and air heat exchanger, air comesting bottom row of channels in the heat
exchanger and oxygen comes into the top row ofélarof the heat exchanger. The oxygen
and air run counter currently through the heat argler such that the oxygen may exit the
overall unit, while the air may enter the overalltincluding all components). That is, the air
enters the heat exchanger from outside the unieaits the heat exchanger to inside the overall
unit and the oxygen enters the heat exchanger ifieide the overall unit, and exits the heat
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exchanger to outside the overall unit. When sitiregoxygen heat exchanger two constraints
were used. The first constraint is that the engeain temperature must be at the temperature of
the ambient air, 294.35 K. The second constraititat the exiting temperature of the oxygen
stream must be no greater than 298.15 K to avaidithg the patients.

Similar constraints were used for the air and l@ameat exchanger, which is constructed in a
similar way to the oxygen and air heat exchangee. frinciple difference is that lean air is
passed counter currently instead of oxygen.

A final objective that was placed on the heat ergeas was to obtain an outlet air temperature
that is close enough to the membrane operatingaeatyre as possible.

This temperature was set to correspond to the &3 for BICUVOX, as described in section
5.1.1. The temperature of 831.15K is the lowestesponding temperature that can attain this
value with a large cell voltage and power densityside view of the model for the ;Cheat
exchanger design is given in figurd®e model for the LA lean air and air heat exchange

similar to the @ heat exchanger design with the exception pb€ng replaced with lean air.

Ut 02
02 Heat
Tair,in Exchanger Tair,out

Figure 2: Remove

To determine the outlet temperatures of the amfthe oxygen and air and the LA and air heat
exchangers, an energy balance between the two elsanas taken so that the heat lost from one
row of channels equals the heat gained by the atwverof channels. That is, in the case of the
oxygen and air heat exchanger, the heat lost bgeixys it leaves the system equals the heat
gained by the air as it enters the system. Thisdea® by changing the distribution of the total
air flow rate of 29.76 L/min coming from both pumpgtween the two heat exchangers.
Following the energy balance analysis, the oudletgerature of the air out of the oxygen and air
heat exchanger was found to be 831.149 K, whidfose to the desired outlet temperature. The
outlet temperature of the air from the LA lean aird air heat exchanger was found to be
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829.23K. When performing this analysis, the sectavd of thermodynamics was considered.
According to this law, the inlet temperature of tia fluid (i.e. oxygen or LA lean air) must not
be less than the outlet temperature of the cold fiue. air). If this was violated, it would mean
that heat would be traveling from colder hot flsedwarmer cold fluid. This law was followed
by changing the inlet flow rate of air to each heathanger such that it balanced the heat

transfer of the LA or oxygen streams.

A temperature of 829.57K is reached when the owatilestream temperatures from both heat
exchangers are mixed. This temperature is veryeclosthe operating temperature of the

BICUVOX membrane, so little additional heating eexded from the nichrome wire.

The second step taken in sizing the heat exchamgserto determine the overall heat transfer
between the two streams in each row by guessingauivalent diameter, assuming bulk
properties (i.e. at the average of the inlet antebtemperatures of each stream), and fixing the
length and the width (i.e. summation of the totainer of tubes multiplied by the width of each
tube and the width of each foil wall). This secastdp is accomplished using an overall heat
transfer coefficient which includes a modified Nelssiumber correlation that is appropriate for
flow in microchannels. Since Reynolds numbers ey always found to be less than 2300 a
correlation for the Nusselt number by Choi €€ alas used. This correlation was developed
using nitrogen as a working fluid with channelsgiag in diameter from 3 — 81.2m with
lengths ranging from 24 — 52 mm. The length and dieneter of the microchannels are
sometimes out of this range, but it will be useattsino other correlations were found for this

Reynolds number range for gases in microchannels.

The correlation is defined as follows:

1

Nu = 0.00972Re""’ Pr3 3)
Where:

Re = the Reynolds number for the air evaluatdulitit properties

Pr = the Prandtl number for the air evaluatedu#it properties
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If the Reynolds Number is greater than 3000, aetation by Wu and Little may be used. It
wasn’t however applied in the analysis.

Nu = 0.00222Re"*° Pr®*

The third step in sizing the heat exchanger waketermine the pressure drop in the heat
exchanger. The first calculation is to calculat fifiction factor. The fanning friction factor

may be used, but it should be multiplied by a adroa factor of 1.75 to accommodate for any
irregularities from the correlation due to the floascurring in microchannéfs The correction
factor may be determined from Figure 1 in M.J. Ket&t. This value is the maximum
deviation of composite experimental data from treotetical friction factor prediction for 11
different research studies. If the calculationhaf pressure drop is less than half of the pressure
available from the pump, then the pressure drogputation should serve as a good indicator of

whether or not the heat exchanger will work wite gump arrangement.

The general trend that the equivalent diametersgiw¢hat the heat transfer and the pressure drop
increase as the equivalent diameter decreaseshandreéa of foil decreases as the equivalent
diameter increases. Since all changes but theyreesglsops are desirable effects, then sizing of
the heat exchanger may be preformed by compariagptessure drop with the acceptable

pressure drop of 6.895x1Pa (1psi).

The equivalent diameters and foil areas were détednto be 9x18m, 0.01048rf and 2x1¢
m, 1.05x1C¢ m?® for the air and LA and air and oxygen heat exckasmgespectively. The foil
areas were determined by adding multiplying theareeach fin by the number of fins in the
heat exchanger.

5.5 Insulation
For this design two forms of insulation will be dst bring the high operating temperature

inside the device down to a cool face temperatoae is safe for the consumer. The insulation
types are radiation heat shielding on the intenial of the membrane stack and vacuum panel

insulation on the external membrane housing.
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The radiation heat shielding will prevent all radia produced from the Nichrome heating
element from penetrating the wall of the membratecks This works more as a safety
precaution. It is unknown the amount radiation &ditby the heaters, if any. A small metal
sheet adds virtually no weight or volume to thetesys Its presence is not detrimental to the
design. In addition, this will ensure the smalldgtkness of vacuum insulation possible. The
radiation insulation is a thin sheet that worksefbect the electromagnetic radiation waves from
penetration into the material and causing a riseemmperature. This can be accomplished with a
highly polished, thin metallic sheet. These sheetescommercially available in many varieties

and usability limits.

A Dewar type arrangement will be used Vacuum parsllation comes in many varieties and
use limits. Of the products commercially availabRgrextherm InsulpSris chosen for this
application because of its high use temperaturelawdthermal conductivity value across its
usable temperature rart§e Porextherm also provides VacuPowacuum pack insulation,
however, this type of material only has a consteset temperature of 500°C. This temperature is
lower than the hot face temperature of the insaatdjacent to the membrane stack. The
Insulpof® insulation can be used at temperatures up to TMOThe thickness of insulation
needed to bring the hot face temperature downual@e of 77°C is 2.52 in. This insulation is
placed on each side of the cell stack. This brthgsmembrane stack dimensions to 12.1 in. in
height and 9.4 in. in width. When performing a 3i€at transfer model, assuming a cylindrical
arrangement, and including the conductivity of Mgthe insulation thickness change is
negligible. This is primarily due to the fact thiat the previous calculations, MgO was not

considered.

The vacuum panels were selected on the basis ofvathermal conductivity value and a

negligible thermal expansion coefficient. The thar@xpansion is approximated to be less than
1% at a temperature of 800°C. This will allow enlougkpansion such that the components
bonded with it will not be subjected to additiorsttain imposed by the expansion of the

insulating material. More on thermal expansiodissussed in the final design section.
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5.5.1 Additional Temperature Reduction Methods Considered
There are other methods to reduce the cold facpdagature of the device. One such method that

was investigated is to insert a pump into the gasihthe device to pull a vacuum inside the
device. This method however, is not as feasibléhéodesign as the insulation. An additional
pump with the capacity necessary to reduce the atrafumnolecules in the casing to nearly zero
would add an additional weight that is more detritatto the design of the device than the
additional 5 in. added by the insulation materi@lsere is also an additional cost associated with
the installation of an additional pump that wilfde the selling price of the unit to increase to an
undesirable level. Other insulation was examinedydver, there is not economically feasible
choice that has as good of insulating qualitieshasinsulpof vacuum insulation. It has low
thermal conductivity, high operating temperatuia@sj light weight. Similar products, such as

the Vacupof mentioned above, may be able to provide a couftleeoqualities but not all.

5.6 Pumps
A pair of Thomas rotary air compressgmodel G12-07N will be used to provide air supply t

the system. Each pump requires 2.3 W and 12 Vinoat a maximum flow rate output of 20

L/min and an outlet pressure of 0 PSIA. The pumpsaéso oil-less so there is no possibility that
the air stream will be contaminated. In additioe fumps are pulsation free, so there will be
fewer sharp changes in the operating pressure wBislalata obtained from medibix.cdfnan

online component database.

Table 2: Pump flow rates at various pressures

Compressor Performance LPW @ P51 0 1 1.5 3 5
a0316 20 18.5 17 145 4.5
Maximum Fressure (P5]) Continnous Intermittent Restart

a0316 4.4 11.6 a

Vacuum Performance LPM @ In. Hg. 0 1.5 3 5

a0316 20 13 7 1

From the table it is apparent that there is somiati@n in the flow rate at the maximum pressure
for each pumping cycle, but for simplification pasges, it will be assumed that the flow rate is

constant over time.
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In the system each pump was run at 2 PSI withwa fete of 14.875 L/min, for a total of 29.75

L/min. This the required flow rate to produce agsige of about 3 PSI, which is needed to

overcome the pressure drop in the heat exchangdite still conforming to the required 5

L/min of pure oxygen. The voltage and the poweunegnent at 14.875 L/min are close to that

at the maximum flow rate. However, it is helpfalrhodel the flow rate as a function of voltage

to obtain a more accurate estimate. This modéiasva in Figure 7.

Flowrate (L/min;

Flowrate vs. Voltage @ 2 PSI
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The model assumes that the voltage across thensygiié be zero when the flow rate is zero,

and equal to a value of 12 V when the flow rat&dsL67 L/min. Since no data was available for
the pumps at 2 PSI, but instead only 1.5 PSI aR&Bextrapolation had to be performed on the

data presented in table 1, in the previous page.

Output pressure (ps

Output Pressure vs. Flowrate

F = -0.0204P? + 0.1752P + 4.6309
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Figure 10. Output Pressurevs. Flow Rate
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The pumps are 4.45 inches long high, and range #tanthes to 1.68 inches and have a 2.25
inch diameter. Because the dimensions of each pammgmall, it can easily be fit into the unit
and still allow it to remain compact. In additidghe pumps only weigh 1.10 Ibs, so their weight

will add little to the overall weight of the system

Two pumps are used instead of one to allow fopibssibility of pump failure. If only one pump
was used and it failed, the user of the productlevdae unable to receive oxygen. Lack of

oxygen could pose a serious health threat to the os possibly even death.

5.6.1 Sound Proofing

The pumps operate at a maximum RPM of 5400. Thigl R& be correlated to a frequency. It
was assumed that it is the same frequency of thiedsib produces. This was determined to be
3553 Hz, and, as determined from Appendix B, wisca chart given on the Acoustiblok
website, this corresponds to 43 dB.

An Acoustiblok sound proofing insulation was insda at a thickness of 0.11 inches and a
weight of 1 pound® This reduced the noise produced by the pumps byt8D dB. With the
insulation, the final decibel output of the unitli3 dB. Due to the importance of noise reduction
to the consumer, as modeled in the happiness imdtie decrease in the decibels far

outweighed the increase in size.

5.7 External Casing
The outer casing of the device must be able tostatid a reasonable amount of wear and tear

from everyday use. This implies that a resilientathle, and lightweight material be used for this
purpose. The material chosen for this purpose ryléwitrile Butadiene Styrene, ABS. ABS is a
thermoplastic polymer with high strength and meatainpropertie§’. The tensile strength of

this material is 6000 PSI, which is a relativelyge value for this property, equating to
approximately 10% of the strength of steel. Thistanal is also relatively inexpensive and

readily available.

27



5.7.1 Additional External Casings Considered
Alternatives to ABS were explored; however, nonenbmed the durable exterior with the

ability to absorb shock like Acrylonitrile ButadienStyrene. Materials such as polyvinyl
chloride, low density polyethylene, and high dengblyethylene were all rejected. The only
other material with the desired properties was papylene. It essentially came down to which

was cheaper, and ABS is a more economical choaepblypropylene.

5.8 Sealant
To maintain separation of the air, oxygen, and l@arstreams, a sealant is needed. The sealant

used in this design must meet certain criteriardento be considered for use. The sealant must
be able to function at the high operating tempeeatinside the membrane cell stack, possess the
desired thermal and mechanical properties, hahernal expansion coefficient matching other
components and be safe for the customer. For gpcation several sealants were inspected,

however, few have the combination of properties safdty required.

The sealants selected for this application wereQbeabond 900 line of Cotronics ceramic
epoxies®. All of the epoxies in this series have high betength which, unlike other sealants,
increases with an increase in temperature. Theviotlg figure shows the bond strength as a

function of the operating temperature.
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Figure 11: Bond Strength of Cotronics Sealant 950
Durabond 950 is an aluminum based epoxy resin avitse temperature up to 1200°F and bond
strength of approximately 1100 PSI at the use teatpes. The other sealants in the series have a
higher use temperature, however, there is a patemsialth risk associated with their use. The
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thermal expansion coefficient of this sealant ig10F/°C. This is in good agreement with the

values of materials used for the membrane stacktenohner case housing.

5.8.1 Additional Sealants Considered
Durabond 952 and 954, the other sealants in thess@ontain nickel and chromium components

in their formula. Nickel and chromium have beenwshoto be carcinogenic to animals in
laboratory testS. Their occurrence in the sealant does not impat the sealant will cause
cancer, but removing the risk provides a highereeg@f safety for the consumer. The aluminum
component in Durabond 950 has not been shown teecasks to health. According to the
MSDS on Durabond 938 once annealed, the epoxy resin has no vaporyseesSince there is
not a vapor pressure from this sealant, therelasvgprobability that components locked in the

epoxy matrix will diffuse out and come in contadthwthe consumer.

6.0 Electrical System

The unit is designed to run off of cigarette ligh&elapter, or any other 12 volt power source. In
Figure 12 an overall electrical schematic of thetemy is shown. The electrical system consists
of two 12V Thomas pumps labeled as P1 and P2,va ¢lantroller labeled as R5, a Bicuvox
membrane labeled as M, an on-off switch labeled2as nichrome wire labeled as R2,
thermocouples to measure the temperature flow dectrieal controllers labeled as R3, an
additional resistor labeled as R1 to dissipateagdtto allow for the steady state current in the
nichrome wire, a resistor labeled R4 to allow forcamplete 12V voltage drop over the
membrane current loop, and a switch labeled as&laav for resistor R2 to be switched on or
off.
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Figure 12: Electrical System Schematic

The power requirements of each unit are as follows:

Power Voltage Current Resistance
Requirement
R5 varies Varies Varies varies
P1 max 2.3W Max 12V Varies 62.6 ohms
P2 max 2.3W Max 12V Varies 62.6 ohms
M 1275.8W 2.65V 481.44A 5.708E-3 ohms
R1 164.45W 11.56 V 14.30A 8.09E-1 ohms
R4 4448.51W 9.24V 481.44A 1.92E-2 ohms
R2 steady state| 6.095E-1W 4E-2V 14.30 2.98E-2 ohms
R2 unsteady 29325.4W 9.35v 3136A 2.98E-2 ohms
state
Total at steady | 5894W N/A, always N/A, different | Not
state 12V drop For each wire | Necessary
Total at 35218.76W N/A, always N/A, different | Not
unsteady state 12V drop For each wire | Necessary

7.0 Start-up Calculations

The membrane stack must reach a temperature oiC566fore oxygen begins to permeate
through the membrane material. Therefore it is irafpee to determine the amount of time for
the device to heat up because the consumer willvitigout oxygen during this period. A
reasonable estimate for the start-up period isiwitld minutes of device operation. The power
required to heat the material is determined byutating the heat needed to raise the temperature

of the Bicuvox.10 membranes to operation by thivwahg equation:
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Q=mCAT 4
Where G is the molar heat capacity of ZrTi9, a Perovskite ceramic with a molecular weight

similar to that of Bicuvox.10, m is the amount cditerial in moles andT is the change in

temperature.

Once the heat is determined, the power requireroantbe determined by dividing the heat
needed by the elapsed time. The power availabla ttee Iconel electrodes is determined by
multiplying the current and the voltage drop acrtbes membrane stack and multiplying by the
total number of cells. The power available from #ectrodes is found to be 26.9 W. The
additional power will come from the nichrome hegtelements. The resistance of nichrome at
the 950 K operating temperature is calculated t@%@ |Q as predicted by Meir Since all
other parameters are known, the voltage drop acdhessvire is found to be 0.5 V using the

power equation below:

V =JRP ()

This approach assumes that the pumps do not operttehe use temperature is reached. This
will be accomplished be inserting a thermocoupte the membrane stack which will be used to
operate an off/on type control that will activabe pumps when the appropriate temperature has
been reached inside the membrane housing.

8.0 Safety and Controls

As with any consumer products, safety is of thexgggt importance in the design of this device.
To ensure the safety of the consumer the followsngtrol scheme was designed. The chief
safety concerns of the system are temperaturesitofteeams and within the membrane, and exit
stream composition. Since this is a consumer pitpdaus necessary to have a control system in
place to manage these issues and provide alartngyifare violated. Alarms will sound and be

displayed on the front panel to alert the patidradverse conditions.
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8.1 System Piping and Instrumentation Diagram

There are temperature alarms on both exit stredihvesse are labeled TA, temperature alarm, in
figure 13. The oxygen stream has an emergencyaet pf 82°F; this will allow the pumps
enough time to be switched off by the controllefobe the patient is put at risk of coming in
contact with hot oxygen from the membranes. Theogén stream has an emergency set point
temperature of 90°F. The response of this controlldl be identical to that of the oxygen
controller except for the heightened temperatufereehe switch engages. The set point for this
stream can afford to be higher since it will noteating directly in contact with the consumer.
However, it is necessary to implement this congrolb ensure that hot gasses are not vented in
the direction of the patient. In addition, thereaigemperature sensor, TS in figure 13, on the
oxygen stream that reports to a flow controller,iRGigure 13, which dictates the flow of inlet
air through the heat exchangers. In the eventtbgabxygen stream temperature exceeds 82°F,
the flow from the mixer to the oxygen-side heatletger will increase to drop the temperature.
This will likely cause the lean air stream temperatto increase, but the oxygen stream is more
important due to direct contact with the patiertteinal control on the oxygen stream is a flow
analyzer, FA in figure 13. It will alarm the usérthe oxygen flow rate drops below what is

specified for their particular oxygen regimen.

The analyzer alarm will shut down the pumps andl sesignal to the front display in the event
that the oxygen concentration drops below 85%. Thisot only to ensure that the patient is
receiving the appropriate concentrations of oxydpen,to ensure that the patient is not ingesting
contaminants that may be present in the streamaleaks or other malfunctions in the system.
Until the problem has been checked and the coatrodiset; the device will not operate. This
may be an inconvenience for the customer; howdtercontrol lock will work to keep them

safe in the event of contamination. The analyzamals labeled AA in figure 13.

The final component of the control system is arotimel nichrome heating wires. There is a
temperature controller, TC in figure 13, connedted network of temperature sensors. The first
sensor is in a feedforward loop, FF. The tempeeatdirthe combined streams exiting the heat
exchangers is sent to the temperature controlles dllows the heating element to increase or
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decrease heat output dependent upon the inletoaipasitions, which can change dependent
upon the ambient air temperature outside the sydBymaking into account the inlet stream to
the membrane, it is possible to somewhat predetemperature of the membrane. This allows
for fewer fluctuations in system exit temperatusdkws for greater efficiency of the membrane
and heat exchangers by designing for smaller tesmtyer intervals. This also prevents runaway

heating that could damage the system.
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‘ Xygen
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. Oxygen — to patient J Instrument List

- ‘ Displayed Text Description
) AA Analyzer Alarm
% \aa/ % FF Feed Forward
FA How Alarm
TA Temperature Alarm
TC Temperature Controller
TS Temperature Sensor

Figure 13: System P& 1D

5.8.1 Additional Controls
There will also be a temperature controller negtsitle the membrane housing that will activate

the pumps once the cell temperature has riseretopkrating temperature. This will ensure that
the membranes are ready to be used before thes aillowed to flow in. This arrangement

hastens the start-up period by only having to tteatells without heating the surrounding air.

Besides the typical safety controls, there willabealve placed on the exiting oxygen stream that

can be adjusted according to the patients prestifibes rate by adjusting the dial on the front
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panel display. The valve will be electrically aetigd and fail open to ensure that the patient still

receives an oxygen flow rate in the event of véhileire.

9.0 Design Results & Conclusions
This design of the oxygen generation unit took extoount only longen One and Airsep

Lifestyle as competition. This correlates to a B#t@.75. As discussed in the economic section
at the end of the report, this design does notidens third competitor, Airsep Freestyle. With
the third competitor included, the Beta value iasex to 0.78. A different design would need to

be developed to be competitive in this market.

9.1 Final Design
The final design specifications can be seen indbk below. The final size is not a sum of the

pieces but the actual size of the membrane wheodimponents are in their respective positions.
The membrane stack dimensions include the innéngassulation, and the membrane itself.
The pumps will also have a sound proofing insutat®0.2 inches surrounding them. This is
represented in the total width, as is the additisreaght of this insulation — 1 Ib. An additional
0.1 inch was included for thermal expansion ofrtteenbrane and inner casing. The largest

expansion of both components in any direction vedsutated to be 0.075 inches.

Table 3. Unit Dimensions and Weight

Sizes (in inches & pounds)
Component Heightl Width/Diameter| Length Weight
Membrane Stack 14.1 9.4 12.1 2.4
Pump 1 2.25 4.45 0.55
Pump 2 224 449  0.59
Heat Exchanger — 2 2.75€ 0.100 2.756 0.23
Heat Exchanger - LA  2.75€ 0.0911 2.756 0.23
Battery 2.7p 2 9.5 5
Final Size 15.2 9.5 12.2 9.94

The cross-sectional view of the unit, figure 14wk how the pieces listed in table 2 fit, and
how they work together to form the smallest andthecosvenient arrangement. The
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arrangement was played with to get the optimal B&sed on the happiness of the consumer.
With this in mind, the width was kept smallest. eTireight being the largest dimension was
based on two main characteristics. First, mosth@time the unit will be setting next to the user,
this allows easier access to the control panehamdlle for picking it up. Second, the unit is
large enough that it will be necessary to pull @ad. The sizes are shown in more detail in

figure 15, the three dimensional representation.

Figure 14. Cross-Sectional View of the Unit
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Figure 15. 3-D View of the Unit

The view of the panel, shown in the 3-D model antthp of the unit, can be seen in figure 15.
There were several ideas that went into this deskirst, there is a necessity to have warning
lights for the control system to alert the patiehpotential hazards. This is also the purpose of
the microphone warning. It is a last resort wagrifrthe user has not noticed the illuminated
warning lights. Second, the battery meter alldwesuser the autonomy movement without the
worry of power loss. These two systems prevenp#tent from unexpected complications.
The only operation necessary is the power butidme general oxygen therapy patient is an
older, technology adverse individual. This systequires a single button start-up. The lights
next to the power button alert the individual whiea system is warming up or ready for use.

The final portion is the connection for the nasairula.
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Figure 16. Unit Control Panel

10.0 Business Plan

10.1 Description of Business

The proposed business is intent on the design, faetowe, and distribution of devices used in
the aide of patients suffering from pulmonary dsssarequiring the use of oxygen therapy.

Our business will begin as a partnership betwestinJBrady and Brent Shambaugh. As we gain
more laborers to fulfill our production capacitg, \@ell as medical experts that understand the
industry, we hope to maintain an employee ownedpaom. We intend on providing a majority
of the start-up funding for our company. For aiddial funding, we will seek private
investment.

We predict that there is an even demographic tigion of oxygen users, so the location of our
facility will primarily be a function of propertyakes. Due to shipping expenses, it would likely
be most profitable if we were centrally locatedeTbcation that we have choserbDisnver,
Colorado.lt one of the lowest tax rates of any city in theitdd States due to the Taxpayer’s Bill
of Rights that was approved in Colorado a decade agwell as due to a restriction in Denver

county forbidding tax increasés

10.1.1 Objective

The following business plan illustrates marketimm@ples that affect the Net Present Worth of
the project. Principle things that affect the Netdent Worth are the selling price of the product,

the product’'s demand, as well as the Total Pro@ost and the Fixed Capital Investment.
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10.2 Marketing

The intent of our company is to become a major etahnklder in our sector. To accomplish this
task the company must be known by the consumer &adebecome visible in the market. In
making our presence known in the oxygen therapylarger medicinal fields, we will actively
promote the company in various forms of advertisasielrhe majority of our customers will be
elderly and therefore, the company will advertiseareas with a high population of elderly
citizenry. The intent of the company is to becomewn by our customers but not to flood the
marketplace with our advertising media. It is tledidf of the company that too much advertising
actually has adverse effects on the customer pbpnla

In the field of oxygen concentration and distribaot equipment, there are established and
emerging companies vying for their sector of theket To ensure that this company establishes
itself in the market, a system better than curyebtding offered by the competition must be

designed and manufactured.

10.2.1 Description of Competition
We will be in direct competition with businesseattproduce portable oxygen concentrators that

yield 5 L/min of oxygen. These competitors are Ltifestyle and the Freestyle made by Airsep,
and the Inogen One made by Inogen. A technicalrgg®n of each unit, along with the final

design of our product is provided in the table belo

AirSep AirSep
|Lifestyle |FreeStyle {ilnogen One Our Product
Avg. Noise (Db)55 55 40 10
[Power (watts) | 35 72 38 341
weight (Ib) 9.75 4.4 9.7 9.8
length (ft) 1.36 0.3 0.97 1.017
width (ft) 0.60 0.51 0.50 0.95
height (ft) 0.46 0.72 1.03 1.034
cost $ 3899 4697 (estimatI5)495 5500
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Source: Portable Oxygéff®

All three of the competitors have units that arggen concentrators, and all of them are pulse
flow units. No mention was made of any of them gsmsolid oxide membrane to separate
oxygen. The solid oxide membrane has an advantatiai it provides purer oxygen than any of
the competitors, nearly 100%. The AirSep Lifestgled FreeStyle produce oxygen at 90%
purity*(airsepmedical). The purity of oxygen frotretinogen One was not available.

To perform the economic analysis, we considereekthlifferent scenarios.

10.2.2 Demand and Selling Price based on Happiness

The demand and selling price of our product, foe¢hdifferent scenarios, was deduced from a
happiness analysis based on supposed physicatbjettve constraints. Actual happiness
functions would be found by surveying patients thaly use our product. Their feelings about
the product specification would then be fit to quitative data to give a range of happiness
levels. However, due to time constraints this watspossible. Therefore, educated guesses were

made concerning what magnitudes of each attribatelated to specific happiness levels.
Scenario 1:

The unit is placed in a car. The battery size matl matter since the power source comes from
the car. The unit will be able to be placed intiluak, so it will not create an obstacle for any
passengers in the car. The size and the weightess| of an issue since it is not likely that the
unit will be moved around. The noise that the umatkes will not be a great issue either, because
the trunk will likely muffle the sound produced the unit. The main thing affecting happiness
will be the amount of trunk space the unit takesTuge purity of oxygen will not be regarded as
affecting happiness. A purity of 85% is regardedh@sminimum prescribeable purity. It will be
assumed that all of the units satisfy this requeet

The following happiness functions were constructed:

A happiness function considering the height ofuthié was constructed. It is assumed that the
height should be no greater than the average cleegan the trunk of a car. An estimate is 1.5
ft.
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A happiness function considering the width of thié was constructed. It is assumed that as the
unit takes up a greater percentage of trunk withle, happiness of the patient decreases. Since
the trunk width varies, the width of a trunk inexrysmall car will be considered. A mini has a
trunk width of about 4 ft.

A happiness function considering the length ofuthié was constructed. The patient will be likely
be very unhappy if the unit is longer than the krilength. A very small car will be chosen as the

limiting case. A mini has a trunk length of abouit.1

Scenario 2;

The unit is placed in a home. The battery size moll matter since the power source comes from
the home. The size and the weight will less ofssuie since it is not likely that the unit will be
moved around. The noise that the unit makes wililbéssue since it will likely be right by the
user with no barrier between it and the user. Tdisenwill likely be the most important issue.

The purity of oxygen will not affect happiness feasons given in scenario 1.

The following happiness functions were constructed:

A happiness function considering the noise wastoacted considering 60db to be the highest
acceptable noise level for the consumer. Accorttingsaka.com, this noise level is comparable
to speech interference in an office. At this nteésel, the oxygen user would constantly be
reminded of the sound that the unit produces thinoug the work day. It was assumed that the
customer would be the happiest at a noise ratin@of

Scenario 3;

The unit is portable. It is placed on a cart. Treght will be an issue because the user will
occasionally have to lift the unit when going ugtaircase. The height should not be greater than
the persons shoulder’s; otherwise, the personbeilery unhappy. The width is more flexible,
but a unit that is too wide could prove to be anngylue to its bulkiness. The battery size will

be a significant issue since it will largely affélse weight of the unit, and will also affect its
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volume. The noise that the unit produces will dsasignificant because the unit will be right by

the user. The purity of oxygen will not affect hamss for reasons given in scenario 1.

The following happiness functions were constructed:

A happiness function considering the noise level eamstructed, and was the same as the one

used for scenario 2.

A happiness function considering the weight ofuihié was constructed assuming that any unit
below 5lbs would give the customer 100% happin®ssind a weight of 32Ibs it was assumed
that the customer would have 0% happiness. Aroundight of 15Ibs, the customer would have
20% happiness. It is assumed that women are ldbsgato lift heavy objects than men are, but
to accommodate both sexes the happiness functibbengonstructed based on women’s
preferences. This model will not fit men as waelt, ibis expected that they will be much happier

than women, which could be regarded as a bonuthproduct.

A happiness function considering the height ofuthié will be considered. It is assumed that a
unit that is 2 ft tall will produce 100% happinemsd a unit that is 3 ft tall will produce 50%
happiness. A unit that is 4 ft tall will produce%2Mappiness, and a unit that is 5 ft tall will

produce 0% happiness.

A happiness function considering the width of & wili be considered. Any unit that is less than
8 in. wide will produce 100% happiness. A unit tisat8 in. wide will produce 10% happiness.

Any unit that is 24 in. wide will produce 0% hapgss since it will not fit well in the seats.

A happiness function considering the length ofuthié will be considered. It is assumed that
happiness will be zero at a length greater thath Béyond this length, the user is likely to be

torqued out by the cart; making handling difficult.

Out of these three scenarios, we feel that it g@mriate to pursue the third scenario involving a
portable unit. The third scenario will provide ughwthe least competition, but also allow us to
pursue a higher selling cost due to the higherageecost for the competitors as compared to the
in-home unit. No competitors exist in the marketda in-car unit, but it is assumed that this
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market would not be very lucrative do to the laElexibility in use of such a unit. Therefore,

the rest of the focus of the economic plan wilbipethe third scenario.

10.2.3 Constructing a Happiness Function

The first step in determining demand is to consteulcappiness function. The happiness function
is based on how happy a customer feels at certagnitudes of a particular variable. Happiness
ranges from 0 to 100%. For simplicity in our an&ysve normalized the happiness function
such that it ranges from 0 to 1. As discussed altbeehappiness model would be developed in
an ideal case by first finding a qualitative dgsttoin of how a customer feels for various
magnitudes of a particular variable and then nedpthe qualitative description to quantitative
values of the variable for each magnitude (e.gzyuagic). An example of a fully developed

happiness function from Scenario 3 is presenteavel

Happiness vs. Noise
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Figure 17. Happiness vs. Noise of Unit

The blue line on the graph above is the happingsstibn. As shown above, it may be
approximated linearly to produce an equation fapn@ess as a function of decibel level.

For a particular scenario, the graphs producedlfarariables may be joined together to form a
single expression for the happiness. Some variakesonsidered more important than others,
so they will be appropriately weighted as a frattd a whole. That is if there were three
happiness functions, and one variable was twigmpsrtant as the other two, the weights would

be 0.5 for the most important variable, and 0.23He two remaining variables. The overall
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happiness function is taken as the sum of the weighappiness functions. In scenario 3, the
following happiness functions were considered ingoar

For noise:H, =-0.197N + 1
For power:H , = -0.0008P +1
For weight:H,, =-0.0304V + 1
For height:H, =-0.182h+ 1
For width: H,, = -0.4886N + 1
For lengthH, =-0.3733 +1

These happiness functions were weighted accordingly
Noise = 0.3, Power = 0.05, Weight = 0.3, LengthE50Width = 0.1, Height = 0.1

It was thought that the oxygen user would be mo#tdred by the weight of the unit and the
noise produced by the unit. Of second greatest itapoe is the bulkiness of the unit caused by
its size. Lastly, the oxygen user would likely m@nt the unit to use a high level of power so

that battery life is longer.

10.2.4 Determining Demand with the Happiness Function

A beta function is determined by evaluating théoraf the overall average happiness (utility) of
the competitor’s products and the overall happinéske product being sold. The beta function

is under the constraint Of<< 1.

_H, (6)
B H
Where:

H. = the happiness of the competitor’s product
H, = the happiness of the product being sold

The lower the happiness ratio, the more likelygdbhasumer is to purchase the designed product

over that designed by the competition. The betatfan plays a vital role in determining the
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demand of the designed product; it also can be tesddvelop the product if utilities are known
before beginning the design. The vapuean also be used to alter an existing productakenit

more desirable to the public. The lower fevalue, the higher the demand will be for the
product. On occasion, the beta value may be lahger 1, but in order for the product to sell the

product should be cheaper than the competitiohathere is some demand.

With this beta function in conjunction with an adpfunction, or consumer awareness function,
which is dependant on advertising, the demand&hcompetitor's and the product being sold
may be determined. The alpha function is undematcaint that is identical to the one on the
beta function. That i8 < a < 1. The alpha function specifically is how aware thasumer is of

your product compared to that of the competition.

The alpha and beta function may be substitutedtimtosimultaneous equations to solve for the
demand.
The first equation is given by:

ﬂpld1=ap2d2(daj @)

M
dy
Where:
p1 = the price of product being sold
p2 = the average price of the competitor’s product
d; = the demand of the product being sold

d; = the total demand of the competitor’s product

For our analysis, the average price of the comp&iproduct is known. In addition, the price of
the product being sold is set as a parameter lganiy the demands unknown. The selling price
of the product may be varied in order to captusesbctor of the market while still maintaining a

competitive price as compared to the competition.

The second equation is given by:

pd, + p,d, =Y (8)
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Where:
Y = the amount of money available in the markentdrest.

It is convenient to solve equation 8 for d2 andssitite it into equation 7, and then solve
equation 7 for d1. Doing this gives d1 as a functddl.

This gives:
1

-8 \1-a
O'DZ(Y - pldlj '
d, = P,

£, (9)

or d, = ¢(d;) (10)

Choosing a second functiah,= f(d,), where d is always equal to itself allows for the demand

d1 to be solved for iteratively in Excel. This numal method of direct substitution is equivalent

to finding the intersection of the two functions agraph of dvs. F(d).

dlvs F(d1l) @alpha=0.5
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Figure 18. Graphical Demand Estimate
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The demand may be determined for different valdesandp. Assuming that the customer base
for this type of device is captivated, or requirempuy a product in the domain of the designed
product, there will be an overall demand for theduoict that will be the sum of the demands of
all competitors’ demands, as follows.

D=d, +d,
(11)

Where:

D = the total demand the market will allow
According to the American Lung Associatfothere are 90,000 American people that develop
Chronic Obstructive Pulmonary Diseases (COPD) gaen. It is estimated that approximately
15% of these people will develop the need for oxygeduction and delivery equipment, which
produces a total demand of approximately 14,00pleesach year.
In the case where the total demand is greateniinat the market will allow, a different set of
equations need to be used. Equation 8 remairsathe, but instead of using equation 7, the
following equation is used:

1-a _
d, = (ﬁj (D- dl)i_f (12)

a

10.2.5 Graphical Method for Determining Demand

Demand may also be determined by rearranging et and 8 fordand plotting both
equations on a graph of derses ¢

When different values of,dare selected, a graph such as the following idymred from scenario
3:
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Figure 19. Graphical Demand Estimate

In this case, equation 1 is the rearranged foreqoftion 7, and equation 2 is the rearranged
form of equation 8. By changing the scale and tmalrer of points plotted, the root is able to be
located to whatever accuracy is desired. A valueedual to 0.2 is set as a parameter in the
graph above, but may be whatever value is desired between 0 ariti4 often convenient due
to its simplicity to use values of alpha that aterath of a unit apart (0.1, 02,..., 0.9). The graph
above was produced using a consfamalue, and a constant selling price for the prothaemg

sold, p. The variables not mentioned, namely Y and p2nateontrollable.

If the sum of the demand of the competitor’s prdadgund the product being sold is greater than
the total demand of the market, D, equation 12 kkhbe used in place of equation 7, but the

analysis remains the same.

10.2.6 Comparison of Graphical and Numerical Methods

The graphical method does produce some deviations the method of direct substitution, but
the graphical method will more likely give values the demand at highervalues than the
substitution method. When the method of direct stutidn does not diverge, the error between
direct substitution and the graphical method ideglarge, occasionally about several thousand
percent. However, part of this may be due to thectisubstitution’s inability to obtain a
rational trend due to its persnickety convergeretgabior. That is, direct substitution is very

sensitive to the initial guess for the demandthdfwrong guess is chosen, it is likely to
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converge to an undesirable value, or not converrgél. 8oth predictions for the demand as a

function ofa are shown below in Figure 20.

comparison of graphical and numerical
methods
6000
¢ o *
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4000 7 ¢ < graphical
= 3000 grap el
2000 B numerical
i *
1000 oL :
0——0—9—0—'—q—.—q—.—
0 0.2 0.4 0.6 0.8 1
alpha

Figure 20. Graphical vs. Numerical Demand Estimation

It is obvious that the graphical method producekear-cut trend, while the numerical method
does not. In the graphical method, the demandnugdo small values ofi, but as alpha increases
the demand increases exponentially. Eventuallha@srarket becomes saturated at high values
of a, the demand experiences a negligible increass. @dhavior makes sense because it would
take awhile for consumers to become aware of thdymt, but when they did, demand would
increase rapidly. As an even larger percentagem$wners become aware of the product, the
demand would likely reach a steady value due talanze between people that were not
interested in buying the product, and people that a

Figure 20 uses the results from development ofat@d as an example. As tealue

increases, the steepness of the curve from théigadpnethod tends to increase, while the
numerical method produces a line with little inceaf the demand with alpha. For low values
of alpha, the behavior of the numerical solutiodug to predicted market behavior, whereas at
higher alpha values, typically between 0.3 and thé behavior is due to lack of convergence of
the numerical method. The behavior of a highealue is evident from the same type of plot
produced for the choice scenario, scenario 3.dvident that the higher beta value prevents
consumers from buying the product in great quatist low values of alpha.
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Comparison of Graphical and Numerical Methods
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Figure 21. Graphical and Numerical Comparison

For the instant, all other variables besides tha fimction are kept constant between the two
scenarios. Th@ value for scenario 1 was 0.554, while fhealue for scenario 3 was 0.702. Due
to its superiority in predicting a logical trendhdl analysis of scenario 3 made use of the
graphical method. The major limitation of usingstmodel is its lack of flexibility. Other
numerical methods such as fixed-point iteration taedNewton-Rahpson method were also
examined, but they produced similar results tosthiestitution method. For completeness, the
demand model equations should be better underssodtiat convergence of the numerical

methods will become more favorable.

10.3 Variables Affecting the Demand Model

10.3.1 Relating Time to Alpha

The consumer awareness for the product of interesttime at a constant beta may be
determined by relating thefor a particular demand to the time that dhswould occur. This is

accomplished with the following equation:

o= (13)
1+ yt

Where:

49



y = the rate of advertising

Below is a graph of the variancewbver time for three different values of y. The loase is

when y = 1, the medium case is when y = 3, andhitfie case is when y = 5.

Alpha Function vs. Time

1.2

—e—Low
—=— Medium
High

Alpha Function
o
[

2 4 6 8 10 12
Time (yr)

Figure22. Alphavs. Time

It is apparent from the graph that as time incredise value of increases exponentially and
then levels off. For higher values of y, the rdtendial increase is higher. This means that the
consumers exponentially become aware of the probdutthe rate of awareness happens faster
at higher advertising rates. It can be predictethfthe behavior of the plot that as the rate of
advertising increases, the rate of change of thiesalunction varies inversely. It is worth
restating that the alpha function cannot be grehter 1, so an infinitely larger advertising rate
would not produce a consumer awareness greatefdtrbat is 100%. At an infinitely large
advertising rate, all of the consumers would berawsé the product immediately. Unfortunately,

the quantitative values (i.e. dollar figures) cepending to the advertising rate are not known.

10.3.2 Relating Demand to Time

When the relation betweenand time is known, and the relation between corswtamand for
the product of interest andis known, a relationship between demand and tirag Ibe deduced.
This may be accomplished by substituting values @étermined for desired times into the
desired demand method (graphical or numericalpyanterpolating between demand values

determined at specific values af
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When the relation between demand and time is knplats of demand verses time may be

developed using scenario 1 for various advertisatgs:

demand vs. time
7000
6000 +— L
L= 3 e & & & o+ o

5000 -
° oy=1
S 4000
£ * my=3
$ 3000 .
© 2000 y=

1000 -

0 ,“ # T T T T T
0 2 4 6 8 10 12
time

Figure 23. Demand vs. Time

This figure shows the change in demand with timreHcee different rates of advertising for

scenario 3. From the figure, it is apparent thahasadvertising rate y increases the demand
reaches a steady state in a shorter time period.

10.3.3 The Beta Value Revisited
In figure 24, demand was plotted agaim$or differentp values, at a constant selling price of
$5500.
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Demand vs. Alpha at $5500
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Figure 24. Demand vs. Alpha at $5500

As thep value decreases, the curves become steeper.sThahigh values the product
becomes so popular compared to the competitiorotiigita few people have to be aware of the
product for the product to be purchased. For oojept, we would like to have a lowpalue

so that we are able to reach high demand levekiyyiand therefore have sufficient demand to

make a profit during our ten year project life.
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10.3.4 Relating Demand to Alpha at Different Selling Prices
In figure 25, demand is relateddawith the different selling prices as a parametevalue off3

= 0.865 was chosen which correlates to the debiginvtas used before the addition of the
Acoustiblock insulation.
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Figure 25. Demand vs. Alpha at Multiple Selling Prices

After the addition of Acoustiblock insulation, tBeta value was reduced to a value of 0.75. A
plot with a Beta of 0.72 is shown, which shouldab®asonable approximation.

Alpha vs. Demand at Beta = 0.72
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Figure 26. Alpha vs. Demand at Beta=0.72
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It is apparent that as the selling price increaesgdemand increases at a slower rate with
increasingr. The behavior of this graph is similar to the dechverses alpha graph with beta as
a parameter. A certain level of demand needs te&ehed during the project life such that the
process will become profitable. At $6000, this lmaen point is about 4000 units/yr, and will

be discussed later in the report.

10.3.5 Relating NPW to Beta at Different Advertising Rates
In figure 27, demand is related to alpha with ddfe advertising rates as a parameter.

NPW vs. Beta at $5500
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Figure 27. NPW vs. Beta at $5500

When the advertising rate y is changed, higherasabf NPW can be reached, but crossover
point of profitability remains nearly constant neavalue of 0.7. Therefore, for the product to be

profitable, a beta value near 0.7 needs to be aetlie
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10.3.6 Effect of Changing the Selling Price on Demand with Changing
Alpha Values

The effect of changing the selling price may beneix@d when considering tifievalue that was
arrived at when considering the addition of the éstdlok.

Alpha vs. Demand at Beta = 0.72
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Figure 28. Alpha vs. Demand at Beta=0.72

It is apparent that as the selling price increasesrate of increase of the demand with
decreases. However, pursing any of these projatitgive a demand at alpha = 0.9 that

breakeven point according to the Breakeven vsirgefrice Chart (Figure 9).

10.4 Financial Data

This section describes the financial stability adlvas the expected earnings and loans for the
start-up and daily operation of our facilities. Aebkeven analysis, lists of capital equipment and

a cumulative cash position chart are also includetis section for scenario 3.

10.4.1 Determining Net Present Worth

To determine the net present worth (NPW) for thiggxt, the TCl was determined using table
6-9 from Peters and Timmerh&fishat have been adjusted to reflect actual levelsxpected

costs. This table is based on a percentage of asechequipment cost that was determined by
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pricing equipment that was large enough to hariddentaximum available capacity for the plant.
The table considers direct costs of infrastructarg indirect costs of things such as engineering
work and legal fees. From the table, the fixed tepnvestment (FCI) and the working capital
(WC) were calculated. The sum of the FCI and the i¢/tbe TCI.

Once the TCI, FCI, and WC were found, the totaldpiet cost (TPC) was determined based on
raw material prices and tables from Peters and Erhaus. The TPC was determined as a
function of the demand and was calculated for exdctne operating years. The TPC was then

used to determine the total costs associated htiptocess for the 10 years of operation.

The NPW was then found considering all of theséabées in addition to demand, depreciation
and taxes. The following table shows the NPW fonuafacturing everything in-house, cash
flows, and costs determined for the design of phagluct under scenario 3 with the design

described earlier in the report.

Table 4. NPW and Cost Calculations

Pi= 2 16EHI3 F1= 7.EH3
Manufacturing Heat exchangers only D= 1. A0E+H14 i= 3.00E-02 v 3.00E+10
Year fit,H) afy,t) Demand Sales Product Cost Gross Earnings Depreciation Taxes Net Profit |Cash Flow Cfif(1+i)"
1 076 083 4.E+03 Z36EHT 1.87E+07 4.87E+HIG 5.55E+HIE 1.70EHIG -2.35EHI6 31VE+DE  Z.93E+0G
2 076 081 5E+H3 313EH7 1.96E+H17 117EHIY 5.55E+HIE 4 08E+J5 2.04E+HI5| 7.58EHI6 G.SO0E+HIS
3 076 054 5E+H3 322EH7 1.87EHI7 1.25EHI7 5.55E+HIE 4 38E+HJ5 260E+HIS| 8.14EHI6  G4GE+HIS
4 076 0595 5.E+H3 3ZFEHT 1.958E+H17 1.30EHI7 5.55E+HIE 4 54EHI5 2.89EHI5| 8.43EHI6 GB.20EHIS
5 076 056 5.E+H3 3IEH7 1.958E+H17 1.33E+HI7 5.55E+HIE 4 64EHIE 3JO7EHIG| 8.62EHI6 5.86E+HIS
53 076 057 &.E+H3 3.33EH7 1.958E+H17 1.34EHI7 5.55E+HIE 4 70EHIE 319EHI5| 8.74EHIE 551EHIS
7 076 057 5.E+H3 3.34EH7 1.958E+H17 1.36E+HI7 5.55E+HIE 4 75E+HIE 328EHI5| 8.83EHI6 5.15E+HIS
8 076 053 5.E+H3 3.35EH7 1.99E+HI7 1.37EHIY 5.55E+HIE 4 79EHIE 335EHI5| 8.89E+HIG  4.50E+HIS
£ 076 053 5.E+H3 3.36EH7 1.99E+HI7 1.38E+HI7 5.55E+HIE 4 82EHI5 JA0EHIG| 8.95EH16 4 47E+HIS
10 0.76 053 5.E+H3 3.3FEHY 1.99E+17 1.38E+HI7 5.55E+H6 4. 84EHI5 J44EHIG| 8.99EHIG 4. 16E+HIS
NPW= 1.E+HI5

10.4.2 Determination of the Total Product Cost
The total product cost was determined by considethie TCI and the FCI. One of the first

things that needs to be known to determine the iB@he purchased equipment cost.
The following table lists the capital equipment dee to begin operation of our facility. The

expected price of each item is also shown.

Table 5: Equipment prices
Equipment Use Size Price
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Using the following table given as table 6-9 ind?stand Timmerhaus, the Purchased Equipment

Cost may be substituted to calculate the TCI.

Storage Tank Bismuth Oxide 50'm 33373
Storage Tank Vanadium Oxide 560 m 33373
Storage Tank Magnesium Oxide 58 m 33373
Conveyor System Plant Automation 200 m, .4 m width254627
Roller Conveyor Finished Product 21 m, .5 mwidth] 18@
Mixer, high solids Bismuth Vanadate 1.8 m 12361
Mixer, high solids MgO Slurry 1 12361
Welder/ Brazing Equipmerft Heat Exchanger 1483264
High Temperature Press Membrane Sinteripg 2000300 ,Mpa | 741633
High Temperature Press Mgo Sintering 2000 kw, 1@&aM 741633
High precision cutter Copper Cutting Rotary cufit8kg/s| 2224898
Oven Sealant Annealing £m 61803
Grinder 100 mesh Uniform Particle Sifd .3 kg/s 282202
Automation Equipment Plant Automation 741637
Equipment Price 13337409

Table 6. Total Capital I nvestment

Costs Based on Solid

s Processing Plant

Manufacture Everything

Cost Item

Direct Costs
Purchased equipment
Installation

Measurement Criteria

Instrumentation (installed)

Piping

Electrical systems (installed)
Buildings (including services)

Yard improvements
Service facilities

Total Direct Cost

Indirect Costs

Engineering and Supervision

Construction expenses
Legal expenses
Contractor's fee
Contingency

Total Indirect Cost

Amount

100 13337409
45 6001834
18 2400734
16 2133985
10 1333741
68 9069438
15 2000611
40 5334964
41612717

33 4401345
39 5201590
4 533496
17 2267360
35 4668093
17071884

7

57



FCI 440 58684600
Working Capital (15% of TCI) 78 10356106
TCI 518 69040706

The TCl is simply the sum of the FCI and the wogkaapital, where the working capital is taken
to be 15% of the TCI. The FCI is the sum of alkdirand indirect costs. The ratio factor of the
building cost was increased from a value of 25etePs and Timmerhaus to 68 to account for the
fact that buildings will play a larger part sinte tfacility will largely be indoors rather that

mainly outdoors in the case of a solid processlagtp

The total product cost considers the raw matedats; labor costs, utilities, overhead costs, and

general expenses. This was calculated for eachugag the annual demand.

The following table (Table 6-7) in Peters and Timmhaus, shows the calculation for the TPC for

the case where everything is manufactured in-house:
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Cost Item Basis of Estimate Amount
Raw material Dealer quotes where applicable
Copper $9.50/Ib allfoils .061 Ib 3200.25
Vanadium Oxide $3.75/Ib (15 year average) 1.381b 28578.59
Bismuth Oxide $3.33/lb (USGS 5 yr average) 7.831b 143991 .4
Vacupor insulation $50/unit estimate 276121.7
Magnesium oxide $2/Ib estimate 4.62 1b 51027.28
Sealant $10/gal estimate .02 gal 1104.487
Operating labor Brazing/welding, Sealant application,
Skilled 3 hrs. for each unit needed for skilled workers, $30/hr 497019
Unskilled 5 general laborers/shift, 300 days/yr $20/hr 720000
Operating supervision 15% of operating labor 182553
Utilities
Brazing equipment, furnaces and facility
Electricity power 2.31*demand 12757
Cooling water $500 estimate 500
Process water .5*demand 2761
Maintenance and repair 7% of FCI 4107922
Operating supplies 15% of maintenance and repair 616188
Laboratory charges 11% of operating labor 133872
Royalties (not on lump
sum) 5% of total product cost 1073194
Taxes (property) 2% of FCI 1173692
Financing (interest) 5.5% of TCI 3797239
Insurance 1% of FCI 586846
Overhead Costs 60% of maintenance, labor, and supervision 3304496
General Expenses
Administrative costs 20%of operating labor 243404
Distribution and marketing 15% of total product cost 3219582
Research and
Development 6% of total product cost 1287833
Total Product Cost 21463882

The NPW two other scenarios was also consideregsdtvere manufacturing only the
BICUVOX membranes and buying everything else off shelf, and manufacturing only the heat

exchangers and buying everything else off the self.
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10.4.3 Relating NPW to Selling Price

Net Present Worth may be related to selling pribdeaholding the value constant.

Thea value by necessity was not constant since it aiémgth demand in the calculation of the

net present worth. This is shown below in figure 8.

0.00E+00
-5.00E+07

-1.00E+08

NPW

-1.50E+08
-2.00E+08

-2.50E+08
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Figure29. NPW vs. Price at Beta=0.864

The process is never profitable for a beta valueg.84. This can be expected when considering

the NPW verses beta plot given earlier in the regaom this, it may be predicted that a plot of

NPW verses selling price would yield positive valug NPW if a value of less than

approximately 0.7 was chosen. When soundproofirgjadaled to the system, the value of beta

changed from 0.864 to 0.75. This change was saffido increase the NPW such that it had a

positive value for prices around $6000. Howevds tlumber failed to consider the Airsep

FreeStyle in the Happiness Function. As a redudtBeta Function was increased to a value of
0.78. This puts the beta function above the thresbioprofitability. The behavior of NPW with

selling price for a beta value of 0.78 is showrobelThe easiest solution is to lower the beta

function.
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NPW vs. Selling Price at Beta=0.78
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Figure 30. NPW vs. Price at Beta=0.78

10.4.4 The Effect of Advertising on the Net Present Worth
Changes in the NPW with advertising were examimeddur different selling prices.

Effect of Selling Price with Advertising
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1000
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Figure 31. Effect of Selling Price with Advertising

For this model, the change in the NPW with the dtkiag rate was determined by assuming the

product cost followed the following expression:

= i *
Cost TPC+[1OOJ TPC (14)
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It is apparent that modest rates of advertisingyeen values of 5 and 10, generally help
increase the NPW, while increasing the rates oedtbing beyond 10 generally cause a decrease
in NPW. The curves for a low price of $1000 andghiprice of $7000 nearly match for
advertising rates less than 15. Low selling prgpeiserate high sales, but money is lost with each
unit since the Total Product Cost for our unitiigager than the selling price. At high selling
prices, the demand is lower since many people mnglling to pay for the unit. The demand at
$7000 is likely less than the 4000 units needdat¢éakeven at $5500. If a specific number of
units are sold at a certain price other than $580, a different quantity than 4000, the profit
may differ from that in the breakeven analysis. Bheakeven analysis therefore is price specific.
It can be predicted that the demand at the breakpomt at $7000 was not met, but for
verification an additional breakeven analysis @Y will be included.

10.4.5 Effect of Changing the Selling Price on Demand with Changing
Alpha Values

The effect of changing the selling price may beneix@d when considering tifievalue that was
arrived at when considering the addition of the éstdlok.

Alpha vs. Demand at Beta =0.72
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Figure 32. Alphavs. Demand at Beta=0.72
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It is apparent that as the selling price increasesrate of increase of the demand with
decreases. This trend is not unique, for we kn@mfthe plot of demand vs. alpha chart at
various selling prices; the final demand that ectesd is lower at higher selling prices. However,
just because the demand is low, it doesn’'t mearthlegprocess will not be profitable. In fact, a
positive NPW was reached at a selling price of @@, Further examination using breakeven

analysis will show various selling prices and tlwrresponding demands to become profitable.

10.4.6 Failures of the Economic Model
The graphical model that was chosen is very dilfitumanipulate. It typically takes 20 minutes

to manipulate the model for alpha values rangingiff.1 to 0.9. As discussed before, values of
Y, B, pi, P2, b, and d are held constant. In order to make the graphseal#&8 simulations were
run for selling prices ranging from $12000 to $10B6éta values ranged from 0.909 to 0.1.
Estimations had to be made on the little data¢batd be obtained in the time available. When
developed to determine the NPW, which will be dssad later, the model did not include what
the selling price of the Acoustiblock soundproofimgs, but it is assumed that the price is low.

In addition, only an estimate could be given fa tielding equipment.

10.4.7 Breakeven Analysis
It is important to know the capacity of the plaatireakeven. The following figure shows the

TPC and the sales as a function of the plant cgpatihe model shows that in order to break
even at a selling price of $5500, a demand of @tld000 units/yr must exist. If the demand
drops below 4000 units/yr, the costs of productiah outweigh the income generated from

sales.
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Breakeven Chart
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Figure 33: Breakeven Analysis
A second graph shows the break-even point forlengedrice of $7000.
Breakeven Chart, Selling Price $7000
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Figure 34. Break Even Analysis

As expected, the demand is different for a diffesailing price. It makes sense that the
breakeven point is at a lower demand than forlanggbrice of $5500. However, the breakeven
point occurs at the same selling price. This maleese since the TPC is not a function of the
selling price, and is not a strong function of tlegnand. Shown in figure 35 is a plot of the

breakeven point as a function of selling price.
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Breakeven Point

Breakeven point as a Function of Selling Price
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Figure 35. Break Even with Respect to Price

10.4.8 Economic Life of Project
The life of this venture is estimated to be atti¢as years. The following graph shows the

expected cumulative cash position for each ye#neproject in the case that a beta of 0.75 was
reached.

Cumulative Cash Position Chart
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Figure 36: Cumulative Cash Position

According to the figure above, it will take appnordtely 8.3 years to pay back the loans for the
total capital investment at a selling price of $858Ithough it may take a bit of time to start

repayment of loans, by the end of the expecteddiféhe project, the company will have
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generated approximately 12.4 million in net profithe NPW is not positive for a selling price
of $5500, but it is positive for a selling price®6000 and a beta value of 0.75. This price i§ stil
reasonably close to the selling price of the Ino@&e. In order for the product to be affordable
to the average consumer we have chosen this selliog. A further look into the risk associated

with the investment will provide a more thorouglakesation of the expected earning potential of
this project.

10.4.9 Risk Analysis
To determine the feasibility of this project, akrenalysis was conducted for manufacturing the

heat exchangers in house. A complete cost andt gwdluation was conducted keeping the first
level decisions of selling price ($6000), equipmspécifications and constant. While keeping
these components constant, the prices of raw raltewere varied by 20% on a normal

distribution. Using the software program @Riskyabability distribution of NPW was found as
reported on the following figure.

Probability vs. NPW
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Figure 37: NPW Probability Distribution
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The figure above shows the distribution of pos#ipfior the new device to generate a positive
NPW. This, however, is not a definitive method d@termining the probability of the project’s
success. The following figure shows the cumulagiv@bability distribution for the project, and
the total likelihood of making money for the heatlganger only scenario.

Cumulative Probability Distribution
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Figure 38: Cumulative Probability Distribution

The figure above shows the likelihood of each @& ftocesses making or losing money. As
depicted above, the process that involves fabanatf all device components in house is the
superior choice for this project venture. This sgenhas about a 50% likelihood of loosing
money. A more thorough investigation into the pialiy distributions of raw materials cost

could lower this probability and increase the clesnaf profit from this process.

11.0 Conclusions and Recommendations

The membrane oxygen separator has an advantalge imarket given that it only needs a supply

of power to provide an unlimited supply of oxygé#owever, the manufacturing of an ionic
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membrane oxygen separator proves to have a negégivEresent Worth over a ten year period.
As a result, it would be worthwhile to investig#ite project further.

If a B value of 0.75 was reached, as in the case bdierd\irSep Freestyle was considered, a
selling price of $6000 could be decided upon sa tha product would be profitable for the
consumer. A positive value of NPW of 3X0as determined at this selling price. The return o
investment for the project was 5.64% for the 10rye#atime. A risk assessment using @Risk
indicated that the investment has a 50% chanceoading money. Such a high percentage
implies that going into the market would be vergky. Having the business start out at a
partnership is favorable at this Risk level, singgartnership does not require many people to be
pleased.

With final analysis a beta value of 0.78 was redoben considering the AirSep FreeStyle. In
order to make the process profitable, the soundpig@oeeds to be reexamined. Perhaps a
thicker layer of soundproofing needs to be usedieMoundproofing however adds more
weight, which makes the consumer less happy asdgdhe beta function. There clearly is a
tradeoff when trying to reduce the noise. Sincehygpiness functions and weights of happiness
functions were not based on a survey of actual emygsers, it is possible that fhealue is not
realistic. Therefore it is possible that the prddrauld be found to be profitable with its current
design if more accurate happiness model were folindther possible problem could be the

way that length, width, and height are defineddach of the competitor’'s products. If these
dimensions were confused then the beta functiorduvo® altered. One possible ways of
decreasing the volume, and therefore decreasing thie and making the process profitable,
would be to find a way to resize the membrane. Wusld involve looking deeper into the
literature to find more about BICUVOX. As it is,féaient information could not be found that
would allow for further optimization of the membeasize. It appears that little is known, at least
compared to other perskovite-like materials, al&I@UVOX.

The power consumption is related to the weighhefunit through the battery. If the system
could be made more efficient, then a smaller batteuld be used. This would mean a lighter
unit, and a smaller beta value.

One thing that wasn’t considered was the factAltaiustiblok soundproofing is a good

insulator. This means that if it is wrapped arowrdhear the pumps it may cause them to

overheat. To reduce the noise effectively, the dpurofing should be placed near the pumps.
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To increase heat loss from the pumps, some ohtbeair could be rerouted in a sheath around
the pumps to cool them. The flow-rate necessarthisrwould need to be calculated, as it is not
known. The heat loss from the pumps into air streathe case without the sheaths would need
to be known so that the air temperature at thearoé to the sheath may be determined.

References

=

. http://lwww.cdc.gov/co/

N

. http:/lmwww.lungsandiego.org/copd/adults_stafs.as
. Chronic Obstructive Pulmonary Disead¢.S Department of Health. Pub. N0.03-5229. March
2003.

w

. http://lwww.portableoxygen.org/compressedo2.html

.ITM Oxygen for GasificatiorAir Products. Oct. 2004
. Hom, Benjamin K. et allhe thermodynamics of formation, molar heat cagaeind
thermodynamic functions of ZrTiOdl. Chem. Thermodynamics. 2001, 33,165-178

8. The Perovskite Collection

4
5. http://portableoxygen.org/liquido2.html
6
7

http://micro.magnet.fsu.edu/micro/gallery/perovekperovskite.html

9. Xia, C. et aRecent Advances to the Development of Low-Temper&alid Oxide Fuel Cells.
Fuel Cells 2004, 4, No.1-2

10. Densities of Various Materials.
http://www.mcelwee.net/html/densities_of various tenials.html

11.Magnesium Oxide Single Crystal Substrates, Blaokd,Optical Components.
http://www.2spi.com/catalog/submit/magnesium-oxstiem|

12. Poh-Seng Lee et al., Investigation of heatsfernn rectangular microchannels, International
Journal of Heat and Mass Transfer: 48:1688-170letztr, Oxford, UK, 2005

13. M.J. Kohol et al., An experimental investigataf microchannel flow with internal pressure
measurements, International Journal of Heat andsMeansfer: 48:1518-1533. Elsiever,
Oxford, UK, 2004

14. http://www.medibix.com/runsearch.jsp?view=skuo&guct_id=452720

15. San Diego Plastics, Inc. http://www.sdplasties)/abs.html

69



16.
17.
18.

19.
20.
21.
22.

23.
24,
25.

26.
27.
28.

Cotronics Corp. http://www.cotronics.com/votéca_metallic.htm

Meier, Mike Electrical Resistivity as a Function of TemperatlweC. Davis. Sept. 13, 2004

Peters, Max. Timmerhaus, Klai#ant Design and Economics for Chemical Engineers
McGraw-Hill. 2003.

www.richardscientific.com

www.aircraftspruce.com

www.fuelcellmaterials.com

Collier, I., M. Heitkemper, S. Lewis. Medicali§ical Nursing: Assessment and
Management of Clinical Problems. 4ed. Mosby-YeaolBdnc. 1996.

AirSep Lifestyle. http://www.airsepmedical.con@dical/lifestyle.html.

InogenOne System. http://www.inogen.net/progfutdgenone/specs.asp.

Boivin, J.C., G. Nowogrocki, G. Mairesse, Phbtune and G. Lagrange
Electrode-Electrolyte BIMEVOX System for ModerBgenperature Oxygen Separation

acoustiblock.pdf, www.acoustiblok.com
www.portableoxygen.org_july.pdf
www.portableoxygen.org_tables.pdf

70



Appendix A
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Appendix B
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