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Abstract

The Environmental Protection Agency has developable series hydraulic hybrid technology,
which they wish to implement in delivery trucks tbe United Parcel Service (UPS). In order to
commercialize this technology, the cost of many ponents needs to be reduced. Efficiency
losses in the hydraulic system cause the temperafithe working fluid to rise, which can cause
undesired effects throughout the system. A theratiastontrol valve is used to keep the
hydraulic fluid within a narrow temperature rangerbuting a percentage of the fluid to a
cooling radiator if the fluid is hot, and if thauitl is cool, diverting it back to the system. This
valve requires design due to its specific natukraged for a very low production cost.



Executive Summary

The purpose of this design project was to provideEnvironmental Protection Agency (EPA)
with a thermostatic control valve compatible witleit hydraulic hybrid delivery truck. Our main
focus was to keep the valve production cost lowdéurien dollars) to help drive down
production cost of their prototype trucks. The matiion for this challenge is the EPA’s desire to
take their hydraulic hybrid delivery trucks fronmopotype phase to a marketable product.

The thermostatic control valve has to route attl88%b6 of the fluid passing through the housing
to a cooling radiator when temperatures reach 18@tFabove and divert 95% back into the
system when under 160°F. The response time must bige order of minutes. Pressure loss
across the valve is undesirable and should betkdpss than 10 psi. Our system must be
capable of long lasting operation in the systendaans, (flow rate of 35 gal/min, maximum
pressure of 200 psi, and maximum temperature of ERO

We generated many concepts that utilize novel syste redirect flow in the valve. Through
several iterations of pugh chart analysis andcatitiliscussion we were able to generate a final
design that fulfilled our sponsor’s requirementshia most efficient manner.

This design uses a linear thermal actuator attatthadlunger that seals the outgoing
recirculation line when heated. Attached to thisngler is a gate that simultaneously unseals the
outgoing radiator line. This valve member is seatesl 3-way junction housing. The valve
member is held in place by a spoked retaining dible. simplicity of our design will help reduce
manufacturing costs. The design is as spatiallytrsive as possible and all flow obstructions
are optimized (based on stress analysis) to haliglaffect as possible on flow characteristics.

Fabrication of this initial prototype was done iotise and most problems were encountered in
creating the radial geometries on the retaining died plug and gate. These were resolved
through using the waterjet in the ERC/RMS at theversity of Michigan and fabricating lathe
fixtures to position the pieces and keep all agpetthese geometries on-center.

We performed flow and pressure loss testing withinean open system; these results were then
scaled to match system conditions. These resudisegrinvalid as there were likely local
compressibility effects. The valve was then tegteal recirculating system at temperature,
pressure, and flow rate. These results showedresspre drop to be higher than originally
anticipated by our tests. These results were caabpato other industry valves.

During testing it seemed that there was an isstie tvé valve member achieving full actuation.
There are several reasons for this, mainly thetimeand nature of the spring and the degree to
which the valve member assembly components arieb-&he high pressure loss can be
lowered by increasing the dimensions of the vatvertlarge flow constriction points. In addition
to this the components of the valve member coulddsembled in a jig to reduce misalignment.
Also the spring’s location can be modified to agkibetter actuation.

This first run-prototype was successful at allomirsgto make recommendations to improve
future prototypes and work by the EPA in this field
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1. Introduction

The U.S. Environmental Protection Agency (EPA) besn conducting extensive research and
development of hydraulic hybrid systems for delfwvguck vehicles. The purpose of a hydraulic
hybrid system is to reduce fuel consumption of lsicle by over 50%. To achieve the desired
efficiency, the temperature of the system’s hydcaflliid must remain in the 178 + 1CF

range.

As the hybrid vehicle is in use, the hydraulicdltneats up. To prevent the fluid from becoming
too hot, a certain amount of it is routed to aasal, where it is cooled. A thermostatic valve is
required to route hydraulic fluid based on its tengpure. Such thermostatic valves exist;
however, they have not performed as anticipatedarEPA’s hydraulic hybrid system.
Problems with current valves include: high pricegptemperature control, and overall
inefficiency in properly routing the hydraulic fiii To correct these problems and maintain
efficiency in both cost and operation, the EPA megsito design a thermostatic valve which will
work with their current hybrid system.

A successful valve design will keep the hydrauliedf within its optimum temperature range,
while minimally affecting pressure and flow of ttheid. Importantly, the valve must be
inexpensive to produce on a commercial scale. Bseetl outcome of the research and
development of the EPA’s hybrid system is to conuiadize the system at a price low enough
that fuel savings will offset its cost after onlyeav years. To this end, our valve design must
uphold technical specifications of the hybrid sgstend the overall energy and cost savings of
the EPA’s hydraulic hybrid system.

Series Hydraulic Hybrids

Although we are only designing one component ofiydraulic hybrid system it is important to
understand the underlying technology behind thegs®. Hydraulic hybrid technology converts
energy from braking that is normally dissipatedreesmal energy in a process known as
regenerative braking. There are currently two gstin place, parallel and series hybrids. In a
parallel configuration the hybrid components aren@xted to a traditional transmission and
driveshaft. This configuration uses the enginedwér the vehicle when the hydraulic system is
not in use, when the hydraulic system is in usestiggne is not utilized. In a series configuration
there is no driveshaft and it is the energy stangtie hybrid system that directly powers the
wheels. The engine is used to run a pump in thesojid system and the hydraulic motor is
always utilized to power the vehicle. Because tRA K using the latter system, we will discuss
the series configuration in greater detail.



Figure 1: Schematic of Series Hydraulic Hybrid Systm [5]
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The main components of the system are shown inr&iguwith two accumulators, one for high
pressure and one for low pressure. The main p@hbghind regenerative braking is that when
the vehicle slows or stops, the rotational enefgh® wheels is used to pump the hydraulic fluid
from a low pressure accumulator to a high presaocemulator. The high pressure accumulator
is able to store this energy by compressing nitnagges as the hydraulic fluid is pumped in.
There are three pumps necessary in this desigme#narive motor and pump (B) that acts as a
motor and is responsible for converting the pragedrhydraulic fluid into rotating power for the
wheels. There is another rear drive pump and n{@pthat acts as a pump (versus the other that
acts as a motor), this is the pump responsiblpdonping hydraulic fluid into the high pressure
accumulator during the braking process. The finmhp and motor (C) is directly connected to
the engine and is able to create more high predlsuddan the event that there has not been
sufficient braking to generate the amount to prezed fluid needed to drive the vehicle [9].
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We will be creating a thermostatic control valvetttvill automatically respond to the
temperature of the hydraulic fluid coming from fiier and route a certain portion to the
cooling radiator if necessary, while allowing tlestrof the fluid to return to pump/motor C.

2. Project Specifications

2.1 Customer Requirements and Engineering Specifitans

Our customers for this design are Dr. Moskalik Hr@lEnvironmental Protection Agency; as a
result, our customer's requirements in many cages actual hard engineering specifications.
When we met with our customer parameters weretlgtdefined for the function of our final



product. We broke down these requirements into categories which are listed and ranked in
order of importance in Table 1 below.

Safety is a completely non-negotiable requiremimits, a safety factor of 4 on all components in
the hydraulic system is required. This industrydtad for pressure rating is very rigid, and is an
important consideration for testing our prototype.

Cost effectiveness of our final design is impemthg our valve is meant for mass production.

One of the main purposes of this design is to belpy down the overall cost of the hydraulic
system in order to make hydraulic hybrid delivencks price competitive with conventional
trucks. Currently valves of this type cost hundrefidollars, so ideally we will create an
actuation mechanism that costs under $10.

The valve must withstand the lifetime of the hydiaaystem and as a result will go through
many cycles per day as the vehicle heats up and down. This means that our valve design
will have to withstand at least 100,000 cycles.

In the pressurized hydraulic system, large presstops are unacceptable as they will
substantially decrease the efficiency of energydmaission. Our sponsor requires that the
pressure drop in the radiator dominate the predeases of the system. At temperatures and
flow rates (~30 gpm) the radiator can have presimsses of up to 45 psi. However, valves that

are currently on the market that we are benchmgriwr project against have far lower pressure

than this (in the single digits). We will stay coatiive with these products by using the
specification of a pressure drop of less than 10 ps

Table 1: Ranking of customer requirements and engieering specifications [8]

Rank Customer Requiremen

Engineering Specification

1 Safety Safety Factor of 4 on all parts
2 Cost <$10 (mass production)
3 Durability >10° cycles
4  Low Pressure Drop <10 psi
5 OpeR'thr:gg Temperature 420 4 19F (strict bounds)
Material Compatibility Materials cannot react witiiddraulic operating fluid
6  Housing Compatibility 1” inner diameter lines
Valve Seal Efficiency < 5% leakage between lines
7 Housing Seal Efficiency 0% Leakage
8 Response Time <10 minutes
9 Adjustable Temperature  -60% adjustability down from maximum temperatunega

Range

-Not necessary for production design




The operating temperature range that our custoeagtines has very strict upper and lower
bounds. The upper bound is 2B@lue to the negative thermal effects (system compis begin
to melt) on the system when the operating fluiddeve this temperature. The lower bound of
160°F was determined as the system’s efficiency dependbe operating fluid being
maintained above this temperature.

Our valve mechanism has to be compatible with thieeat operating fluid in the system

(Mobile 1 Synthetic ATF), as there were concerrad the thermally expansive wax in a
previously tried mechanism may have reacted wighhtydraulic fluid causing undesired
behavior. Also, the hydraulic lines that are cutisensed in the hydraulic system have a 1” inner
diameter, so in order to avoid any unwanted effdatsto an expansion or contraction within the
valve we will have to design our channels withim walve casing with a 1” inner diameter. This
issue was particularly brought to light after chegia physical model of our alpha design in
which the housing florist foam and the inner congras were made of modeling clay. When the
modeling clay dried it actually contracted and i fit into place as we had originally
anticipated. Therefore we have been particulaggrous in our material selection of the final
design so as to avoid this problem.

Another customer requirement is that the seal erc#ising have absolutely 0% leakage. In other
words there must be a perfect seal in the casittynespect to the outside. However, internally
the valve seal does not have to be 100% efficengmall amounts of leakage are tolerable and
will not have a noticeable negative effect on tfieiency of the system. Our sponsor has asked
for the leakage to be kept under 5% between fluehms for all flow rates when fully open or
closed. This means that when the valve is divedihfiow to the radiator, a 5% leakage is
allowed to the line routing fluid back into the @ and when the valve is diverting all flow to
the system 5% leakage back into the radiator Sraxceptable.

Since the valve has to respond to temperatureutiticins in the hydraulic fluid, the response
time is important. However, due to the relativelgd time response of the operating fluid’s
temperature, our sponsor has asked us to desidgartiporal response time of the valve to be
less than 10 minutes.

We have discussed adding an adjustable temperatuge as a feature on our deliverable
prototype to aid in our testing as well as an aitttie EPA's testing after completion of the
project. This is not a necessary feature as itwltilnately be taken out of the final design for
mass production, but it would be appreciated byspansor. As the project progressed we
determined that this feature would not be necedsangsting, therefore we omitted it from our
design.

2.2 QFD

The Quality Function Deployment (QFD) is a helghol in relating customer requirements and
engineering specifications and determining how tiésct one another. It also compares the
products being used as benchmarks to the impattaign considerations. Our QFD can be
found in Appendix F.
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The left side of the QFD lists the customer requeats, and weight of importance is assigned to
each. We determined the importance of each reqemeand ranked them based upon our initial
meeting with our sponsor Dr. Moskalik. We then sbdvdr. Moskalik our rankings and asked
for further input to verify that we were providitige customer with what is most important. An
in-depth discussion of each requirement is locateé®ection 2.1. Since our customer is an
engineer, and the ultimate goal of the valve igtfoperate automatically, based on temperature
of the hydraulic fluid, many of the customer reguiaents are similar to the engineering
specifications.

The Quality Characteristics section of the QFD dhaglists specific functional requirements of
our valve. These characteristics were also detauniased upon our meeting with Dr.
Moskalik. He was very clear in specifying which étions the valve must perform. The
guantitative values and respective units for eacietion are listed at the bottom of the QFD
diagram. Dr. Moskalik provided us with these tangetges since they are heavily influenced by
the operating specifications of the hydraulic hgttwehicle (HHV) system. More detailed
information about each engineering specificatiot i quantification is located in section 2.1.

The center portion of the QFD diagram specifiesstihength of relationship between each
customer requirement and engineering specificaidm determined these relationships by
considering the effect of each customer requireraarihe function of the valve. The
relationships are determined to be either stromgkwor moderate. Visualizing the relationships
between customer requirements and engineeringfgadcns is particularly important to be
sure the function of the valve upholds the priestof customer.

The triangular matrix at the top of the QFD diagmepicts the correlation each engineering
specification has on each of the others. Theseletions are designated as strong positive
correlation, positive correlation, negative cortiela, or strong negative correlation. These
correlations are important in considering how chiag@ne functional parameter may affect the
rest of the valve’s functions. Considering theseeatations and our quantified target values for
each engineering specification is useful in optingzhe function of the valve.

The right side of the QFD diagram presents the maob products, against which we are
benchmarking our design. We assigned a value ofvkelthey fulfill each of our customer
requirements. This allows us to quickly visualie strengths and weaknesses of each product,
and consider how our design should compare. Thpariscularly important since the EPA has
tried using some of the products in this sectiowl they were not satisfied with them. We must
be sure to improve upon the weaknesses that prdrtipéen have us design a valve for them.

3. Concept Generation

In order to efficiently generate ideas for eachosg, we first performed a full functional
decomposition. This allowed us to visualize thaialctunctions that our mechanism will have to
perform, as well as how these functions will inténaith one another. This further enabled us to
ideate different variations on each design, andipeubsystems of the design that are common
among our concepts.

11



The process of functional decomposition results breakdown of each specific function the
thermostatic valve must perform. This is a usedpresentation of what specifically must be

done, but not what will complete the functions.ekftletermining the functions we organized
them in a diagram that shows their progressionydsallic fluid flows through the valve. This
diagram is located in

Figure2.

The thermostatic valve must divert flow, respontetmperature and contain flow. These are the
first functions depicted in the functional decomifios (Figure 2). The input and output of the
valve is hydraulic fluid from the HHV system. Thigdraulic fluid will arrive at the valve with a
temperature resulting from its use in the systethflmw through the radiator.

The diverting flow function has three sub-functiowhich must be performed to properly divert
the flow of the hydraulic fluid. To divert the flg@@omething must actuate a valve member and
influence the direction of the fluid’s flow. Thisils-function is actuation. Actuation involves the
functions of applying a force to the valve memlmecduse it to move and resisting any harmful
effects of the hydraulic fluid. While moving duedotuation, the valve member must be guided
to ensure that it moves in the intended direct@nidance is thus, a sub-function of diverting
flow. Proper guidance of the valve member entditbng) easily through the channel (result of
lubrication) and routing the fluid either to theliator or back to the hydraulic system. Finally,
once the fluid has been cooled, something must rtievealve member back to its original
position. This sub-function is considered normailgsing actuation and involves applying a
force to the valve member so that it moves toasnal position.

12



Figure 2: Functional Decompositior- identification of each function of the valvt
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The valve must respond to the temperature of tldeatyic fluid Although responding t
temperature is on its owa function of the valve, it is tied to actuatimirthe valve For this
reason, on the functional decomposition diagramdeev a line attaching respond
temperature and actuaty recognizing the connection of these separatetims, one ce
easily realize that both functions may be affetigdhe same component of the va

Finally the valve must contain the flc Containing the flow is important so that when
hydraulic fluid is diverted, it will continue todiv where intende Contaning flow is performec
by preventing any leakage of hydraulic fluid frone thousing and guiding the fluid that has b
routed by the valve member to its intended pathefHHV systen Any leakage of fluid outsid
the system through our valve is unadable, and the hydraulic fluid must be able to flas
easily as possible to the radiator or the reshefstysten

Analyzing each of these functions individually aled us to begin brainstorming about w
could ensure that each functiis properly accomplishedhis led to our identification ¢
specific subsystems of the valve and generatiaoo€epts for the individual subsystems
well as the entire valve assem| We are confident that we have thoroughly analyzeth
function required by ouralve to fulfill the customer requirements and eegiing
specifications.
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After producing this functional decomposition, viestfidentified the three most likely junction
geometries, which were a Y-configuration, a T-cgafation, and a side-branch configuration,
(Figure 3. We did come up with several designs outside @d¢hbut these are the most
manufacturable types of junctions. After identifyithese geometries we moved on to an actual
brainstorming session where we could take turna free form manner) to draw and explain
either full design concepts, or ideas for sepasabesystems. These full designs were then broken
down into their subsystems and we “mixed and makthk of these separate systems that could
be used in conjunction with one another into nesigieideas. We ended up with many
individual designs (detailed in Appendix H) andrfsubsystems; actuator, normally biasing
actuator, valve member and junction geometry. Byt we were able to rank our designs and
subsystem designs based on a Pugh chart breaktioweyer that will be discussed further in
Section 5.

Figure 3: Three main basic junction geometries
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We decided to organize our concept designs in tefrbfockage type, or rather in terms of what
will actually redirect the flow of hydraulic fluidiherefore, our final categories for our designs
are gate, plug, translating channel and inner [Bpene of our designs actually fall into more
than one of these categories; however breakingebigns up in this manner allowed us enough
stratification without much confusion. Also, categmg our designs in this manner lumps
together many of the design aspects which havpdtential to be problematic. Therefore, the
required mechanical troubleshooting for each designcategory will be similar.

Each flow redirection mechanism had several diffetgpes of actuation. One of our gate
designs utilized a novel type of electronic actwatnechanism using electromagnets to move
the gate from one position to another. In this caseised the Y-valve configuration, with a
permanent magnet attached to the free end and-antwated electromagnet on either side. The
electromagnets would be activated via a thermadpaasive material that would complete one
circuit (activating the first magnet) then, asxpanded, would bridge another circuit activating
the other magnet and simultaneously deactivatiagtiginal magnet. The gate is free to swing
on a hinge and depending on which electromagreattigated shown i&rror! Reference source

not found..

Figure 4: Magnetic actuation concept design
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One of our concepts consisted of a Y-shaped chawtieh translating cylinder that is actuated
by an expanding wax thermal actuator. As seengnrgi5 the cylinder is located in the two out-
flows of the Y-split and has a channel machinedabitt There are two places where the
channel goes through to the other side of the dglinallowing fluid to flow through it. The
cylinder is positioned so that when the flow isdvell60°F, one of the openings is blocked by
the housing and the other will divert all flow batkough the system. As the fluid heats up
above 160°F, the cylinder is pushed by the actisidhat both outlets can pass fluid through
them until eventually, by 180°F, the first openiadplocked, and only the second opening allows
fluid to flow. The right side of the cylinder hagd small openings that allows the hydraulic fluid
to flow around the thermal actuator so that it aacurately respond to the current temperature of
the fluid. The position of the actuator and thehodtof surrounding the actuator with the
hydraulic fluid are disadvantages of this concept.

Figure 5: Y-channel concept design
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One example of a plug style concept was the “dophig” design which employs two plug
stoppage mechanisms, essentially in reverse positicelation to one another. These plugs have
separate actuation mechanisms comprised of theremgblansive material. They would both be
held in place by a normalizing spring as seen in

Figure 6
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Figure 6: Double plug concept design

Some concepts that we had actually make use ofliffeyent blockage mechanisms, such as our
plug and gate design. This design makes use dfittys described before, but also has a gate
mechanism which opens the passage to the radmtbeaecirculating opening is closed via
plug. This design is discussed in detail in Seckon

Figure 7: Plug and gate concept design
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One concept that falls into the inner pipe categ®ur lighthouse design. This design is
comprised of a rotational actuator, normalizingrepand a movable inner pipe as seen in
Figure8. The inner pipe actuates in a rotational fashiwenging blockage of the radiator stream
to blockage of the recirculating stream, simultarsiyp opening the port to the radiator stream.

Figure 8: Lighthouse concept design
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Other concepts use ideas such as the plug orlgdtbave radically unconventional actuators,
our drag fins design is one of these. This mechanises temperature actuated fins which are
pushed into the flow and are moved forward by thedr momentum of the operating fluid.
They then push a plug into the path of the floverdiy redirecting more to the cooler.
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Figure 9: Drag fins design

These are only several examples of our full rarfgmncept generation. A full listing of our
concept designs, as well as a categorization aktkencept designs can be found in Appendix
H.

4. Concept Selection Process

In order to determine our best concept design,isgettilized a Pugh chart with all of our
concept designs listed with our engineering spesatifons.

We began Pugh chart analysis immediately follovangfirst brainstorming session in order to
facilitate our concept generation. This guided @amcept generation in a more constructive
direction as it helped to point out design flanattinay not be obvious. As a result of this, our
original Pugh Chart analysis contains some congegigns that were realized as unfeasible.
Although some of the designs themselves contamleerent flaws, they still had valuable
subsystem components that were able to be intebjirste new, feasible concepts.

Each design and its subsystems were weighed againstistomer requirements in a Pugh Chart
analysis in order to assist in our concept germratnd ultimately, in choosing our alpha design.
We assigned different weights to each customerireapent (1-3) and rating how well each
design meets that requirement (-2, -1, 0, 1, 2)h ekesign was given a total value by multiplying

19



each rating with the weight and summing.

E.1l E.2 C.2 D.1 K.
Parallel Parallel Pipes Linear Y Valve T Valve with
Design Criteria  Weight Pipes with with Actuator with Shape
Thermal Electromagnet Electromag Memory
Actuator net Alloy Gates
Safety 3 2 1 1 1 1
Cost 3 -1 -2 -2 -1 1
Operating
Temperature 3 2 2 2 2 2
Range
Low Pressure > 2 ) 2 2 )

Drop Across

Table 2 shows the breakdown of our first 16 designs

Table 2: Pugh chart analysis for first 16 designssee Appendix H for images of designs
(location of each diagram in Appendix G listed abo& design name)
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Durability 2 2 2 2 2 2
Seal Efficiency 2 2 2 2 2 1
Response Time 2 1 2 2 2 1
Compatibility 1 1 1 1 1 1

Adjustability 1 1 1 1 1 1
TOTAL 26 22 22 25 27

L F
C.3
ate H@'f GateQHHlk?le L.g%@de@v D]é; gan?raf)%@un(g
%%%Hé‘?féa Wel\ﬁfﬁ'gﬁtlectrom ThQ} d hg"
Act u%ﬁ'@rre Llnealr
actuator Artiiatar
Safety 3 1 2 1 2 1
ot 3 3 1 0 11 10 10 11
Operating \ 3 2 2 2 2 2
Temperature
,Range
LS 2 2 2 2 2 2 22 2 2 2 2
CPEPPALTERES
Durability 2 1 1 1 2 1
SRRy 2 2 2 1 1 2 21 0 2 11
Response Time 2 1 1 1 1 1
CoPmpRaiiky 1 1 1 1 1 1 11 11 11
Adjustability 1 1 1 1 1 1
TOI AL 25 22 3030 3022 17 29 2119

Three designs tied for the most points so no @gadra design was obtained. Pugh Charts of the
individual subsystems incorporated in each desigrevihen created. The subsystems covered by
these Pugh Charts were the actuator, normallyrigesituator, valve member, and junction
geometry. Appendix G (a-d) show that every ideaafsubsystem was weighed against the
relevant design criteria and it identifies the bresult for each subsystem

Applying Pugh Chart analysis to each subsystensi@skin concept generation. By simply
taking parts from each subsystem and putting tlogether, approximately 20 new concept
designs were created. Similarly, integration oftiflghest scoring subsystems allowed us to
generate the most appropriate alpha design. Appéada) shows Pugh Chart analysis of the
actuator, from this we determined that a thermadyansive material (particularly wax) would
be the most feasible solution. The Pugh Chartehitrmally biasing actuator, Appendix G (b),
made us heavily consider designs incorporating atlymbiasing springs. Appendix G (c, d)
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shows analysis of the valve member and junctiomggtoy, which did not bring conclusive
results but allowed us to eliminate a concept foamoriginal pool of concepts. Ultimately,
Pugh chart analysis allowed us an effective toa@ampare each of our designs against one
another in a quantitative manner. This quantifmatvas then used to choose the best
subsystems available, integrate them and genemnatfpha design.

Our top five concepts based on Pugh Chart Analysiso particular order of rank, were the
double plug with shared actuator (Appendix H (A.$))ape memory alloy gates (K), the
lighthouse (H), the gate with thermal actuator J@uid the plug and translating gate (B.1). The
double plug with shared actuator is a great ideidevam paper; however, in reality, the idea
simply wouldn’t work. While it would meet all of ¢hengineering requirements, after further
analysis and modeling, the design is not capabpedbrming the functions we desire without
excessive machining of the housing which would lealligh costs and make it difficult to mass
produce cost effectively. Furthermore, the idealfitseemed troublesome as finding the
placement for a normally biasing actuator that waffectively return the valve to its normal
position seemed impossible. While it was a goodgtlesn paper as it would be safe, effectively
work within the operating temperature range, maintakage to be under 5% between streams
as well as responding promptly and have a low presdrop across the valve; the possibly
flawed functionality as well as high machining sostade us stray from choosing it as our alpha
design.

The shape memory alloy gates (Appendix H (K)) aeapif cost and safety weren’t our main
concerns. This shape memory alloy is an expensece@f metal which responds to
temperature changes and it would be difficult ®ate a final design that would ultimately cost
less than $10. Similarly, since it is a relativebw idea and there isn’t expansive information on
it, the safety and durability come into questiorhi it is metal, we don’t absolutely know its
ability to withstand the pressures and forces withe system. Also the durability comes into
guestion as there is no recorded tests involvirggdhape memory alloy being immersed in
hydraulic fluid and lasting millions of cycles; thithe overall cost and concerns with safety and
durability made us sway from this design. Therepagtives to this design though if budget
wasn’'t a main concern such as, if it was to funcas shape memory alloy should, it would
effectively reroute flow at the operating temperatwith proper response time and seal
efficiency while maintaining a low pressure dropass the valve.

The lighthouse concept (Appendix H (H)) made use aitating gate which would actuate at the
lower bound of our temperature range, rotatinglaodking off the passage back to the system
and opening the line to the radiator. While thisuldgprove to be a safe design, as well as one
that would work under the operating temperaturgeahave a low pressure drop across the
valve, and have less than 5% leakage in betweears$, the overall cost and durability is
concerning. Finding an actuator that would effeglfwotate these gates at the correct
temperature and a normally biasing actuator tametiem to their normal position would prove
to be costly and ultimately prevent us from cregatfirvalve that will cost less than $10 during
mass production. Also the chance that said act@atdmormally biasing actuator will work for
1075 cycles while immersed in hydraulic oil and ergbing fluctuating pressures and forces
isn’t 100%, which it needs to be in order for usrtake it our alpha design; thus, due to
durability and cost issues we will not move forwauith this design.
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The gate with thermal actuator concept (AppendCH)) meets almost every engineering and
customer requirement. This design would prove tedie, durable, operate within the effective
temperature range, and have a low pressure dropsaitr However, this design also makes use
of a thermally actuated wax that must be set oaitsfdhe housing. Any of our concepts without
completely internal parts would prove to be toctlgoss parts can’t be as easily cast or
machined. The valve member that moves into poséimhredirects flow would also be difficult
to machine and prove too costly. Therefore, poat s#iciency caused by having parts outside
of the housing, as well as the fact that the spaimg)thermally expansive material must be
outside of the housing would rule this design cualpha design.

After consideration of every concept, the plug &radslating gate (Appendix H (B.1)), proved to
best match our engineering and customer requiren€&his concept proves to meet safety
standards, will be able to be mass produced foeu$#o, will work within the operating
temperature range, have a low pressure drop attresslve, maintain less than 5% leakage
between lines, respond quickly, and be durabld@cycles. Low cost will be achieved by
casting some of the parts as well as using a tHexataator and normally biasing spring which
when purchased in mass quantity would cost nerbtbing. Also, since we know the exact
temperature range in which the thermally expansiagerial we choose will actuate we know it
will effectively work within the operating tempeuaé range of the system. The design has
nearly no flaws except if the actuator were to &aitl the line to the radiator was left blocked. In
this situation the vehicle would overheat; howesgarce we created a cartridge-style design, the
malfunctioning part alone could be easily replafmedninimal cost and effort. Contrary to that
however, if the normally biasing actuator weredi, the system would not over-heat as all fluid
would simply be diverted to the radiator at allésnAlso, since this thermally expansive
actuator and normally biasing spring have beeredast numerous conditions similar to our
operating conditions, and the materials we are singaare for the housing and other parts are
robust materials, there would be no problems witfahlility. Since this concept is the only one
which doesn’t have a noticeable disadvantage wermi@ted that it was the best candidate for
our alpha design.

The results of the Pugh chart were utilized tomardown our concept choices to several
concepts that would best satisfy our customer rements. We had to further narrow down the
choices after the Pugh chart, in order to do thesgdiscussed each design in more detail. This
open forum discussion allowed us to identify thesfbility of each design, as satisfaction of our
customer’s requirements is not the only considenati our design process. Availability of
commercial actuators was an important part ofdhelysis. We also had the option of
manufacturing our own actuation mechanism, howesebelieve that our resources would be
better allocated by making use of a commerciallgilable actuator as opposed to designing our
own thermally expansive material and implementtrigto an actuator. Although this removed
some flexibility from our overall design spacewitl reduce our cost and time spent in this area
due to the ready availability of commercial lingaermal actuation mechanisms.

5. Alpha Design

Our chosen design is hybrid of the plug and gatesifications as seen below in Figure 10. This
mechanism is a hybrid of two categories of conbeping a plug that serves both as a plug and
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a gate (A, B) rigidly connected to a thermally exgise wax actuator (C). The normalizing
spring element (D) is positioned between the tofhefplug and the seat which the plug will fill
when fully actuated (E), which is a conventionairsg designed to return the mechanism to its
original position as the mechanism cools down &edhermal actuator contracts. The entire
mechanism is attached via female threading in bhg/gate itself, as well as in the inner hole of
the spoked retaining washer (F). Male threadinglvalpresent on the connecting rod as well as
the outside of the retaining washer. Therefore,,¢@mpletely assembled, the retaining washer
can be threaded into the housing to hold the meshmaim place. As can be in Figure 10, one
major advantage of this design is that the pluggatd are machined out of one piece allowing
flow between the two via its spoked design.

Figure 10: Alpha Plug and Gate design

The custom thermal actuator that we are curremdgrpng on using has a maximum stroke of
linch which will allow the valve to completely aata out of the way of the outgoing radiator
line. If this actuator is not available howevereamith a smaller stroke could be used in which
case the radiator line will be partially blockedexhat full stroke, however, this should only
induce a localized velocity variation and presdass, not severely affecting the overall pressure
loss of the valve. We have contacted a suppligrddia custom fabricate an actuator with a linch
stroke, however we are currently waiting on a pguaete from them.

These actuators can be calibrated to actuate at anngmperature range (36 F — 300 F),
we can opt for a slow opening response, or a morésdrete, step-function-style response.
will allow us to choose our mechanism response timso satisfaction of the requirement
actuation happen over the course of several minutesan easily be met. This means that

valve member is in its initial unheated position, lte gate will fully eclipse the radiator line
directing all flow to the re-circulating line as sen in Error! Reference source not fouad.
When the mechanism is fully actuated, the plug wilideally eclipse the re-circulation line
and the gate will fully withdraw from the radiator line as seen in
Figure 11b.
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Figure 11: Flow routes in alpha design in:
a) Normal Position b) Actuated Positior
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Figure 12 shows elose up cross section of the valve in normal pm. Once assembled tl
part is actually one rigid pie (apart from the movement from actuatiom@aning that, whe
commercially availablethe lifetime of the housing is not dependent on tiidhevalve member
and actuation system, as they may be easily replkace the housing can be utilized forar
member and actuation system. This “cartridge” stidsign makes assembly and replacemer
simpler than a design that would require the corepiial assembly of a member and actua
system. This will increase the lifetime of the systpart, thereby reducing the cost of the de
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Since the plug and gate are rigidly joined, therea way that they could possible block both
passages at the same time. We created a physidal toaest this feature, and found that it
worked appropriately. This safety feature is anongmt consideration for us, as our first and
foremost customer requirement was safety of thdymro Many of our original concepts did not
have both blockage attachments moved by the samatac as a result we deemed that both
actuators could not be assumed to behave in ttet same manner, therefore allowing for the
possibility that both passages could be closedeasame time causing catastrophic failure of the
part.

Figure 12: Close up cross section of valve membené actuation system in normal
position

Tight tolerances on the plug and gate will be resgiin order to minimize leakage between
streams when in the fully open and closed positidhsrefore we plan to machine the plug/gate
to 0.001inch tolerances on the outside edge argih@ad. This will keep leakage between the
two outgoing streams to a minimum and well withie 6% cross-stream leakage customer
requirement. The housing will be designed with déad threaded 1inch (inner diameter) line
ports (the same as those used by our sponsor)hwihiicoe the only openings within the
housing, thereby fulfilling the 0% out of housirggkage required by our sponsor.

Material compatibility will not be an issue withiskconcept, as the design of the thermal
actuator will not allow the operating fluid to pérage into the wax; therefore no reaction
between the two can occur. Also, all other comptsare to be made from materials commonly
used in hydraulic applications (steel, aluminunass). So, no reactive compatibility is expected
from these materials.
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The spoked design of the plug/gate, as well asathidte retaining washer will cause some
pressure loss. Also the redirection of flow atgintiangle will most likely cause some pressure
loss, especially if a custom actuator is not aé@ldo us, only allowing the radiator line to open
half-way. However, we anticipate that these losg#sot be too great, since we are already
operating in a turbulent flow regime.

We are looking in to the possibility of modifyinii$ design to have an adjustable temperature
range. We will only attempt to include adjustagilitour testing processes require this though.
An adjustable temperature range would only be Ui$efuesting and will ultimately be
eliminated for the final manufacturing design plénacorporated in our prototype.

As has been mentioned before, we created a mogkatptype of our alpha design from florist
foam and modeling clay. This was intended to dermnatesthe function of our alpha design and
to illuminate and issues that had been before imgeea result of our mock-up we were able to
determine that our valve could re-direct flow asidg as well as return to a normal position.
However, due to contractions in the clay duringrayrall parts did not fit together as desired.
Therefore we will be sure to take the thermal espancoefficients of each material used into
account. Also, static friction was foreseen to hesaue and will be discussed later. Our mockup
showed has provided a basis for justification af @esign.

Therefore our plug and gate style alpha desigrhistwe have determined will best suit the
needs of our sponsors. It is has built-in safetyures, will be low cost, is easy to verify, and
should successfully redirect operating fluid flosvdesired.

6. Parameter Analysis

The field that is most applicable to our desigieirms of engineering analysis is fluid
mechanics, since we are designing a part for usiaghydraulic system. We also applied
advanced knowledge of materials science to optithieegeometry of our valve. Detailed
knowledge of manufacturing processes was alsonedjas our final design requires cheap,
simple manufacturability and assembly. We are clami that our level of analysis is adequate to
specify all of our parameters and optimize our gie$d the utmost degree.

6.1 Fluid Mechanics Analysis

In order to gain an understanding of the order afjnitude head loss that our valve would
experience in a worst case scenario during operatemodeled each obstruction to fluid flow
as an abrupt expansion or contraction. This Matialdel can be found in Appendix S. This is
not entirely valid due to the vena contracta exgexed at each contraction which will change
flow characteristics. These changes did not allowflbw eddy currents and other flow
characteristics experienced downstream of thefader which requires velocity readings for a
fully developed flow field after the obstruction.e/found our absolute worst case scenario to be
on the order of 10s of psi, which is an unrealéljchigh pressure loss through our valve for the
geometry present in the flow path. Current valveshe market with significantly lower head
loss than this require at least one or twb &@anges in fluid direction, as well as significant
contractions and change in flow path geometry. dtoee we can reasonably assume that our
head loss through the valve will be below 10 ps,als0 plan to rigorously test this head loss
using methods described in Section 11.
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Major losses due to friction have been neglectetbdbe relatively short length of our valve in
relation to flow diameter. Minor losses due to floanstriction and expansion will have a
dominating effect in relation to our valve. The myerequired to accelerate or decelerate a fluid
at these interfaces will be much larger that thergylost due to friction.

Since anything short of a full blown computatiofiaid dynamics analysis will not garner valid
results we have designed our valve using engingéoiic. In order to reduce our head loss
coefficient, we have operated on the principal thatsmaller the change in cross sectional area
with respect to flow direction, the smaller thegmere loss across the valve. In order to minimize
flow obstruction, we have performed rigorous sti@salysis on each part of the valve member to
reduce them to their minimum dimensions still witlbur safety factor as described below.

6.2 Sizing and Stress Analysis

When optimizing the sizing of our parts it was intpat to consider the sources of stress in our
system and make sure not to exceed the yield streigur selected material (with a safety
factor of 4). Once all of the stresses were amalywe were able to use the information in
tandem with machining limitations to size our patEsach part will be discussed in detail,
including the sources of stress, machining techesqnd various other limiting factors.

The Housing
The housing was modeled as a pressure vesselentordetermine the minimum wall thickness
possible. The inner diameter was set at a maximulrasé32inches, in order to be compatible
with the linch inner diameter lines that we willdmang for testing (as well as what the EPA will
be using). A customer requirement we have isttif@system must be pressure rated to 200 psi,
meaning that failure must not occur below 800 pising Matlab, we modeled our system as a
pressure vessel using equations 1, 2, and 3 [I9. coordinate system that we utilized is shown
in Figure 13.

Figure 13: Coordinate system shown on housing
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Where,r; is inner radius of pressure vessel (set at 37¢64is) 1, is the outer radius ands the
radial variable.P is the gauge pressure within the systemayid hoop stressy; is radial stress
ando, is axial stress. These principal stresses werdirmd using Von Mises yield criterion
[19]in order to determine the yield stresgeg) shown

inayield:\/% ((op — 6,)%2 + (6, — 6)% + (6, — 0,)%) (4.

Oyieta = [F(@n—0,)2 + (01— 0)2 + (04— 0,)7) z

A plot was generated showing stress versus outiers@f the housing, this can be found in
Appendix | and the code is in Appendix L. In aroefffto keep our costs low we would like to
use as little material as possible and for thisoaave were able to determine that our outer
radius will be set at 0.75inches. At this radifipressure were to reach 800 psi, the maximum
stress present within the walls of the housing wdad 2.5 ksi, well under the yield strength of
our 6061 aluminum (45 ksi). The stress is variabtbin the thickness of the wall and a plot of
this can be found in Appendix K for reference.

The Spring

The spring did not require a stress analysis,thuas important to find a spring that would
output a force no less than 10 Ibs in the normaltjpm and a force no greater than 40 Ibs in the
actuated position. These are the requirementsrgbrefiabricated actuator. We were also
interested in finding a spring that could produgese forces at very small lengths so that we
could keep our overall design compact. Takingfthese factors into account, as well as the
very important issue of low cost, we were ablertd f cut to length spring with the
specifications shown in Table 2.

Table 3: Specifications for McMaster Car part 9637K5

Cut Length 0.75 [in] Spring Constant (k) 51 [Ib/in]
Outer Diameter 0.96 [in] Wire Diameter 0.08 [in]
Length in Normal Position 0.55 [in] Force in Normal Position 10.2  [lb]
Length in Actuated Position  0.15 [in] Force in Actuated Position 30.8  [lb]
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Retaining Ring and Plug and Gate Forces
There are two forces acting on the plug and gateyedl as the retaining ring, the force from the
fluid momentum as well as the force that the actuahd spring produc&fm=Qp(u,; — u,)
(5 [18] provides our method for determining thectothat the fluid will exert on both the Plug
and Gate and the retaining ring.

Frm=Qp(uy —uyp) (5

WhereQ is the volumetric flow rate (a maximum of 35 gakgoer minute in our system)js

the fluid density, the EPA uses Mobil 1 Synthetirdkaulic Fluid which has a density of 9.66e-4
slugs per cubic inch at 15 °C [23]. Because dgmditluids decrease with temperature (if at all)
it is safe to assume that our working fluid densitl not exceed this value. The variables
andu, refer to the starting and ending velocities offtbal respectively. For our purposes the
starting velocity is 171.6 in/sec and the endinigeiéy is zero. The results of our calculations
show that the maximum force provided by the chagiuid momentum will be 1.8 pounds.

The second force pair that we examined was the fivoon the spring and actuator. The actuator
piston will produce very large amounts of forceidgmphase change, however so long as the
plug and gate has the ability to translate, thg @rice that will result is the normal force from
the spring. This can be seerdrmror! Reference source not founda, applying a resistive force
to the plug and gate as it would be trying to mfmrevard. Error! Reference source not

found.b shows a free body diagram (FBD) for the retairdisdt. The actuator force here is the
result from the spring pushing back on the plug geig which is rigidly connected to the piston
of the actuator. If the retaining disk was not pradg this force, the actuator would translate in
the negative axial direction. This force domindtessystem as it is much greater than the fluid
momentum force. The maximum force that the spniligoutput is 30.8 Ibs, however we chose
to model all of our stress analysis using a taiedé of 60 Ibs on each of the bodies in order to
ensure that we will not have yielding failure adhas to allow for some future flexibility in the
spring design.

Figure 14: Free Body Diagram of:
a) Plug and Gate b) Retaining Disk
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Plug and Gate Optimization

In order to optimize the dimensions of the Plug &ate we first set those parameters which
were dictated by outside factors and then moddtedses, considered machining and flow
volume to finalize the remaining dimensions. Thesmle diameter (Rin Figurel5) of this piece
was predetermined to be linch based on our desiMpatibility with the EPA’s current
system. The length of the gate)YWas determined by the geometry of the housingthaed

length of the actuator stroke. Figure 15 showselte®s set factors in green and the dimensions
that we had freedom to set in red. These incltigeradius of the plug (Ri), the thickness of the
spokes (t), the outer radius of the spokes (Ro)tla@dvidth of the spokes (w). We decided to
design with three spokes in order to eliminategbssibility for a moment, as would be the case
with one or two, but also in an effort to keep matlg steps to a minimum we wanted to keep
the number of spokes as low as possible.
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Figure 15: Plug and gate schematic with dimensions

The flow faces a contraction as it moves througle@icutouts but later in the flow path it faces
another contraction as it moves through the sedfigiousing into which the plug fits. For this
reason a limiting factor we considered was tryimgét the area of the arced slots as close as
possible to the area of the plug in an effort toidhaving one be unnecessarily small. We
utilized Matlab to model the stress in the thitemference between Ro and Rg; this is also the
depth of the gate. A plot of stress versus Ro eafobnd in Appendix M. We also considered
keeping machining tolerances relatively low (touees cost in mass manufacture) as well as
keeping the gate wall deep enough to allow for hagadvithout possibility to internal collapse

(in the manufacture and assembly stages). Thé mfdhese considerations was to set Ro at
0.4inches.

We next considered the inner radius (Ri). As nwerdd previously, we wanted to ensure that
neither the arced slot area nor the plug area madier than necessary but we had to also
consider available tooling. We plan to machinedbat in the housing using through a simple
drilling procedure. These factors led us to seatRl.25inches.

The final two dimensions, width and thickness & $pokes, were modeled together in Matlab.
There will be an axial stress on the face of thekep due to the axial forces shown in Figure 14a
and there will be a radial stress due to a bendiament. Appendix M contains a plot of stress
versus thickness at multiple widths. This inforimatwas used to determine these final two
dimensions. The Matlab code used to do performahalysis can be found in. Table 4 contains
the final dimensions of the Plug and Gate.

Table 4: Optimized dimensions of the Plug and Gate

Radii Spokes
Ri (plug) 0.25 £ 0.005 [in] Width 0.075 £ 0.005 [in]
Ro (arced slots) 0.40 + 0.005 [in] Thickness 0.375 £ 0.005 [in]
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After finalizing these dimensions we created anmggying drawing of our part and began to
more deeply consider our methods of manufacture.h®d originally intended to mill out the
arced slots, but then realized that the shafte®tid mill would make contact with the plug. We
considered using wire EDM to cut them out; howeterwire EDM in the Wu Manufacturing
Center is currently unavailable. At this point agl to consider drilling holes instead of milling
the slots, which would cause us to lose flow aMd& want to avoid this whenever possible so
we have decided to use the water jet in the Wu Néaoturing Center. We will finish the piece

on the lathe. Manufacturing plans are provided ppéndix D and discussed in section 9.

Retaining Disk Optimization

Figure 16 shows a Retaining Disk schematic withpitegletermined dimensions in blue and the
dimensions that we could set in red. The size arehtl pattern of the actuator that we are
purchasing dictated the inner most hole radiuselsag the inner radius of the arced slots (Ri).
The outer radius of the piecedRvas also predetermined by the housing size amthtlead
pattern that we plan to use. The dimensions lefofdimization were the width and thickness of
the spokes and the outer radius of the arced Jlbtsoptimization of this piece was much
simpler than that of the Plug and Gate because thias only one main focus, enlarging the
arced spoked area as much as possible without coniging the integrity of the piece.

Figure 16: Retaining Disk Schematic

We analyzed the stresses in this part using Matifem using our results as well as
considerations for fabrication we were able tatsetthree dimensions. The plot used to set the
outer radius of the arced slots can be found inefydpx P. We determined that the maximum
outer radius possible to ensure good machining@amdtress is 0.45”, and because we were
trying only to maximize the arced slots’ area wevetbforward with this as our Ro. We then
modeled the stresses in the spokes to determimaithmum thickness and width. The plot to
stress versus thickness for various widths cambed in Appendix P and the code used to
produce this plot is in Appendix R.

We used the results of our stress analysis alotigaar machining plans to determine the spoke
dimensions. One very important factor that we didiant to overlook is the fact that we will be
threading the outside of this part and then hatangcrew it into place during assembly. We
needed a thickness great enough to allow for tleathing to fully engage as well as spokes
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stable enough to handle the torque that we wilblriegout on them when screwing the Retaining
Disk in place. We were not able to model the tortina¢ our hands will put on the piece, so
picked a very conservative thickness and then arogpiate corresponding width. Table 5
shows the results of our optimization.

Table 5: Optimized dimensions of the Retaining Rig

Radii Spokes
Ri 0.30 £ 0.005 [in] Width 0.075+ 0.005 [in]
Ro 0.45 + 0.005 [in] Thickness 6.50 +0.005 [in]

6.3 Analysis using course software

Using CES EduPack 2010 software, SimaPro 7.2 softveand DesignSafe 5 software we were
able to learn a great deal about the material aslifacturing processes, environmental effects,
and safety concerns involved in our project. A endetailed version of this can be seen in
Appendix C.

The CES EduPack 2010 software first aided in theerizd selection of our parts by allowing us
to input certain specifications such as strengiimperature, hardness, etc. that the materials
would have to withstand during operation or testififpis program was extremely helpful
because while it ultimately led to numerous matera could use for our components, the
software came with a detailed list of other vamalduch as cost or machinability that aided in
our selection. Overall we learnt exactly what mate would work and then were able to
narrow it down based off of other specificatioddter narrowing down our selection to
aluminum alloys we stayed in the CES EduPack 20fivare and were able to look at different
manufacturing processes that were applicable tmialum. Also, the software gave us pertinent
information on mass manufacturing as well by prongdnformation on tolerances, thicknesses,
batch sizes, possible geometries that can be cmtestl, and among other things. We quickly
learnt which processes would be applicable to amsplepending on what specifications we
would need. For example we decided the Retainisg Would ultimately be extruded or
stamped, but since the stamping process couldgmiyp to 197 thou and the Retaining Disk is
larger than that, we couldn’t go with that optioflso, by looking at tolerances and knowing
that we ultimately wanted a press fit, we couldag®the process with the smallest tolerances
which in this case is also the extruding procé&3serall CES EduPack 2010 assisted in choosing
what materials we would use for our project andtwhanufacturing process would best suit
those materials in a mass production situation.

The SimaPro 7.2 software helped to show the enmesnal effects that using the materials
selected from the CES EduPack 2010 software. Wweaoced the difference between 6061
aluminum which we used to make our prototype arstl @aminum which we would recommend
to be used for the mass production of our proj&¢e looked at the full life cycle of the

materials as opposed to simply the materials thiese This way, we were able to easily see
and compare the effects these materials would bavke environment broken down into 10 sub
categories and 3 meta-categories. These mainaasgvere human health, ecotoxicity, and
resources. We learnt that both human health apibxcity are affected similarly in the full life

34



cycle of these two materials; however, 6061 alumimuses almost twice as much resources as
cast aluminum. We were also able to analyze theterass of raw materials, air emissions,
water emissions, and solid waste between 1.927@fl6661 aluminum and cast aluminum.
This amount of aluminum represents the mass ohousing. Oddly enough we learnt that
while there is a larger mass of raw materials né¢dereate this amount of cast aluminum than
there is to create 6061 aluminum, the resourcentikm the environment were much larger in
the creation of 6061 aluminum which can be explhinecause it solely relates to the mass of
the raw material and doesn’t easily break dowrstrexific materials going into the creation of
each material. SimaPro 7.2 was very informativehneenvironmental effects that go into the
full life cycle of different materials while opergrour eyes about just how many things are
affected and damaged due to the multiple procaksesire involved in the material’s creation.

Our design for safety was produced using DesignSafatware. This was very helpful in
analyzing everything and anything that could gonvgravith our project. By first breaking down
every possible problem into categories we couldbskdhe ones most relevant to our project.
After that we looked at how the hazard may occuvatwvould happen if it did occur, the
severity of the problem, how probable said probvemuld be, and then how to reduce the risk of
the problem. This was a great tool because if d@onesctly we were able to identify and
minimize any problems before they could occur. DiesignSafe 5 software also expressed the
level of risk involved in each task exemplifyingvihcautious we should be. Since most all of
our risks came out to be negligible/low, we knewngan that as long as we followed the steps
we laid out to reduce any possible risk then tistiauld be virtually nothing that would go
wrong during the operation of our valve.

7. Initial Prototype Description

Our prototype is unique in that we are able to poeda viable part with only several cosmetic
differences from our final design. These differenoaly serve to accommodate our testing
facilities as well as the available actuation medtra. Therefore our prototype can be viewed as
a scale model of our final design.

An exploded view of our prototype in its normal aaxduated positions as well as a fully
dimensioned cross sectional view of our assembhbpoth positions can be seen belowigure
22. Engineering drawings of each individual partha full assembly can be found in

Error! Reference source not found.

Figure 17: Cross sectional view of the assembledgiotype in the normal position (left) and
fully actuated position (right). Letters A-D represents different thread patterns (see
below). All tolerances are set to +0.005inches.
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Figure 18: Exploded View of Prototype in Normal Pogion
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Figure 19: Exploded View of Prototype in Actuated Bsition
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In Figure 17, each letter A-D indicates a different thread grattwhich we have determined most
suitable for our needs. The lines which will beesged into the housing for our testing (A) will
have a 1-11-1/2 pipe thread pattern. These thnedldse created in the housing using a tap and
will attach to our PVC test apparatus which willtheeaded using single point threading on the
lathe. This is not consistent with the EPAs thrpatlern because each fitting used to attach the
housing to a pipe costs roughly $100.00 which isfinancially feasible in the scope of this
project. Thread pattern B will be a 1-1/16inchs&aight thread which will be created using a
hand tap. The outside threads on the retainirigwdiisch will be thread into thread pattern B

will be created using single point lathe cuttir@ur custom actuator created by Therm Omega
Tech, Inc. will come pre-threaded along the bottati, thread pattern C, and along the piston,
thread pattern D. These are selected by the actoamnpany; thus, we will use a ¥2-20inch hand
tap to screw the retaining disk into threading @ ae will use hand tap #6 on the underside of
the plug and gate to match the thread pattern@adtuator. Threading has been selected as the
method for joining our components in the prototgpe to the ease of assembly and disassembly
while still allowing for a solid connection for tasy.

The main difference between our prototype and atf@gsign is the custom actuator. As stated, it
will be pre-threaded by our actuator company aeeg to us threading both sides manually.
While this will cost more it will save time and wan assure that the hand taps for both our parts
will be in shop when we need them since most parhdters do not have a common hand tap
associated with them; thus, we will save time allmyws to focus on our testing. Another huge
difference in our prototype’s actuator is the attradistance. For our desired specifications
Thermo Omega Tech can solely supply us with anad@twvith a 3/8” stroke. Since we

originally created our alpha design based off direh stroke we had to change dimensions of
the housing and plug and gate. As can be seentfrensometric view of the housing below
(Figure20) we created a 3/8inch slot which will maximibe volume of flow into the radiator
when fully actuated and keep the pressure droprahenum. After setting the dimension of the
slot we worked on the plug and gates parametdrst dince the actuator’s piston can be
threaded for us, instead of rubbing flush agaimstitottom of the plug, we decided to hand tap a
hole which the piston can simply screw into andiaiet against. We then cut down the length of
the gate so that it would be sitting just 1/80ibetow the stream to the radiator when in the
normal position; thus, the opening to the radiatdirbe fully open when the prototype is fully
actuated. These changes can be seen in the isomiety from the underside of the plug and
gate below in Figure 20a.

Apart from choosing proper thread patterns andstithg to a much shorter stroke of actuation,
our prototype differs from our alpha design in thatve used Matlab to perform a stress

analysis as well as our knowledge of fluid mechamoorder to optimize the dimensions of our
plug and gate and retaining washer to allow fomtiest flow through the rounded slots as well

as taking machinability into account. These optedidimensions can be seen on the engineering
drawings inError! Reference source not found.and an isometric view of the newly
dimensioned retaining disk can be seen in FigueeliZlow.
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Figure 20: Prototype changes of the:
a) Plug and Gate

b) the Housing

3/8” slot

B) 1-1/16-20
Straight Thread

The normally biasing spring also has been changiedur prototype. In our alpha design we
arbitrarily decided on a spring that we thought ldomork, but after thorough analysis of forces,
keeping our customer requirements in mind, andpgepad with the knowledge of the actuation
force of the thermal actuator we were able to &zt to length spring with adequate force to
return the actuator to the normal position oncestfstem is properly cooled (<160°F). Figure
21b below shows this spring in its uncompressedipans Since we predetermined the length of
the spring, we solely have to cut the spring dt ldragth; however, since this length correlates to
1.6 coils there won't be a flat surface on botlesjahus, we will grind both surfaces to create
flatness.

We have not yet performed a full cyclic loadingess analysis on our current geometries in
order to estimate a full life cycle of our part.igs due to the fact that we have anticipated that
due to our rigorous testing procedures, modificetito optimize our design may have to be
made. However, a full blown cyclic loading analysifi be performed once we have undergone
testing.
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Figure 21: Prototype Changes of the:
a) Retaining Disk b) Spring

After all the changes to the alpha design above bha&en made the result is our assembled
prototype which can be seen below in both the nbama actuated positions in

Figure22

Figure 22: Assembly of Prototype
a)Fully Actuated Position b) in Normal Position

8. Final Design Description

There are key differences between our prototypetlamdinal design which will be mass
produced by the EPA. This process was thorougitdyght out in the development of each part
of our prototype so that with a few slight altepat in the machining processes cost can be
greatly reduced. By casting the retaining disk jplug) and gate pieces, we can reduce material
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costs from approximately $90.00 to under $1.00soAlince the EPA plans to manufacture
roughly 10,000-25,000 of these valves to be implaskinto their HHVs, perfectly
dimensioned springs will only cost a few cents each

Unlike our prototype, the mass manufactured actuaitbactually have a linch stroke so
instead of the extra machining process needecetdethe 3/8inch slot in our prototype, we can
simply cast the linch channel leading to the radiaflso, our prototyped actuator will be
created from stainless steel and be threadedgkuighow this greatly improves cost, the mass
produced actuator will be made of a cheaper mat@mg not be threaded.

The final design will not have any threading attetause the cost of that machining process
could outweigh the cost of every part and otherhimaicg process combined. Therefore, we
suggest press fitting the assembly together assggpm any threading. The entire design should
fit together perfectly, similar to our prototype, that the valve can be simply press fit into the
housing via the retaining disk and be fully operadl, thereby reducing production costs.

Our final design represents an optimized versioousfalpha design, all parameters have been
optimized using rigorous engineering analysis. &fee the function of our valve remains the
same as is described in Section 7. It will be ablactuate at the correct temperature range and
by doing so, will re-direct the flow of operatinigifi from the re-circulation outlet to the radiator
line. This re-direction will be accomplished byliaing a plug style blockage to the re-
circulating stream and simultaneously withdrawirgage from the radiator outlet. Leakage
between streams has been minimized through ti¢gviatacing and all parts are pressure rated to
200 psi. Also, as mentioned above, cost of manufexg has been thought through in every step
along the way. Pressure loss through the finalevhls been minimized via geometry
optimization. The housing channels and thread pettat outlets/inlet have been designed to the
specifications of the EPA system to have full cotiigiiety, as well as to disallow leakage

outside the housing. We believe that this finaigtesvill fully comply with our customer
requirements to the best of our abilities.

9. Fabrication Plan

Our manufacturing involved some troubleshootingrtally create the radial geometries of the
plug and gate and the retaining disk. We initifid several interviews with Bob Coury and
John Mears to investigate the processes and tothlaigvould be necessary to complete our
prototype. Also, we have had an interview with Blbert Shih to verify that our most
complicated component can be manufactured on a seass and will not require a full redesign
when production is taken into consideration. Beis\w summary of our bill of materials and a
description of our machining processes, a fulldebachining instructions can be found in
Appendix D. Also, a full bill of materials includinprototype components as well as testing
apparatus is included in Appendix A.

In order to calculate machining speeds and fees e used the Machinery’s Handbook [20] to
find the proper surface speeds and the feed raieses per tooth) for our materials and tooling
for each operation (drilling, reaming, boring, td@hese speeds and feeds were then utilized
along with Equations 6 and 7.
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N=2Z (6
D

f=nfN v

WhereN is spindle speed in RPM s surface speed in feet per minudes tool diameter (or

part diameter for lathing operations)s feed rate in inches per minutg,is number of teethy;

is inches per tooth. The results of these calaratare found in the detailed manufacturing plan
in Appendix D

9.1 Manufactured Components and Materials

The housing, spoked retaining disk and plug and (rts 1,2,3) were all manufactured from
stock obtained from an outside vendor. They wilhtede in the undergraduate machine shop.
Below are summaries of the material, stock, codtsmurce of all of our manufactured parts and
the processes we used for manufacture.

Material 6061 Aluminum
1. Housing Stock 15" X 6" X3
Cost $13.25
Source Alro Metals Plus

The housing is necessary to our design to cont@mydraulic fluid. It also serves as a
functional portion of the valve system, creatingear that are designed to work with the valve
member to divert the flow of the operating fluichéThousing holds the valve member in place
via the spoked retaining disk and valve member ggomit also has threaded ports to hold
incoming and outgoing lines. Manufacturing thistpavolves drilling three holes, tapping four
areas, reaming one hole and performing one enchgdiperation.

Material 6061 Aluminum
- . Stock 1” Flat Stock
2. Retaining Disk
Cost -
Source Donated Scrap

The retaining disk fixes the actuator to the hogsiia the threads on the inside and outside of
the washer. The spokes will allow the operatinglfto flow through the disk and around the
actuator. The blank for the retaining disk wasfout flat stock on the waterjet, the center hole
of the blank was then drilled (the drill followelkt piercing to give a larger sized hole from
which to center off of) this was then fixed to ththe using a special fixture along with tail stock
pressure and turned down to size. This piece iasfixtured using a four jaw lathe chuck for
the boring operation. After boring, the outer cirdarence was threaded using the lathe and
finally parted off.
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Material 6061 Aluminum

Stock 1” Flat Stock
3. Plug and Gate
Cost -
Source Donated Scrap

The plug and gate will actually divert the fluidd between outlet ports. It will be fixed to the
actuator’s piston via a press fit. This componetfitblock flow through the re-circulation port

via a plug action, and will slide with a gate matio divert flow to and from the radiator outlet
port. The blank for this piece was also initiallyt out using the waterjet and turned down to size
using the same process as the retaining disk. Aftaed down to size, the end of the plug was
turned down while still fixtured to the lathe witdil stock pressure. Then the piece was fixed in
a four jaw chuck and the center cavity was borddfinally the center hole was reamed to size.

9.2 Purchased Components

The linear thermal actuator and spring (parts 43nalill be purchased from vendors and
modified in the undergraduate machine shop. Bamsummaries of the material, stock, cost
and source of all of our purchased parts and ardiffoations we made to them.

Stainless steel, thermally

Material .
expansive wax
4. Linear Thermal Part No. TOT-04L
Actuator Cost $80.00
Source Therm Omega Tech, Inc.

The linear thermal actuator has the function of mg¥he plug and gate to redirect flow through
the housing. This actuator was ordered such thetuld operate in a certain temperature range
and had a small cross sectional profile with resfethe flow. No modifications to the actuator
were made.

Material Tempered Steel
5. Spring Part No. 9637K25
Cost $10.59
Source McMaster Carr

The (compression) spring returns the valve mentarrtormal position when the actuator is
cooled/cooling by applying a force. The spring wasto length such that it will compress to a
length that will not interfere with the performanafthe plug. The ends of the spring were
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ground so that it would sit flat against the stephie housing and the leading edge of the plug
and gate.

The initial fabrication plan is very different froaur final design, in that our prototype will have
to be made completely from scratch and all cavitigisbe machined. Our final design will be
made using mass manufacturing processes. The lgowdirbe cast, as well as the plug and

gate. The spoked retaining disk will be extruded e threading process will be omitted. These
initial form processes will eliminate a great debimachining and cost. These differences can be
visualized in Appendix D, where all machining preses that will be replaced in mass
manufacture are shown with their step number rogitdid in orange. Steps that won't be
replaced during mass manufacturing will have tegp number highlighted in green. All

tapping and threading operations (except thosafet/outlet ports) will be replaced with
machining processes consistent with press fittiegé parts (drilling and reaming).

9.3 Valve Member Assembly Instructions

The assembly of our prototype is very simple, asntended it to be viable for mass production
with only a slight modification to aid in removingVe also took some extra precautions to
ensure that we did not have to recreate any patte@ssembly. These processes are
summarized in Figure 23 and Table 6.

Table 6: Valve member assembly procedure

Step Process

1 Press plug and gate onto actuator arm usingtam press

Place retaining disk on a piece of stock, heatksfiaen bottom so heat is evenly
2  distributed throughout retaining washer. Washer exipand enough to place actuator
in without pressing.

Once hot enough, place the actuator into center dfaletaining disk. There
3 should be no resistance. Apply pressure to theatmtas the piston arm will actuate
at this temperature.

Apply pressure to the top of the plug and gatel fuity cooled to ensure actuator
is returned completely to proper position. Use iam@zzle to cool.
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Figure 23: Plug and gate is pressed on to pistonm; retaining disk is fitted to base of
actuator

Steps 2, 3

Step 1

/\

The plug and gate was able to be pressed on faugten since the actuator could be flush to the
table of the arbor press and the pressure distabiat this base. We chose to use a heat
expansion method to fit the disk on to the actuai@void pressing on the plug and risking
damage. It is very important that pressure be agb the top of the plug during the heat fitting
process. Otherwise the actuator could over-actradepush the piston entirely out.

10. Assembly of Prototype

Assembly of the delivered prototype can be achigkealigh several easy steps summarized in
Figure 24 and Table 7Table 7.

Table 7. Step-by-step prototype assembly instructits

Step Process
1 Drop spring into main passage from inlet of valmake sure it is seated properly
2 Insert front end of valve member as shown

Make sure plug and gate portion of the valve mensber fully un-actuated
3 position. To ensure this is the case, see thatiplagated flush with threaded portion
of the actuator (no part of the piston arm sho@dhowing)

4 Use custom forked tool to screw valve member ntasing
Peer in to radiator outlet (side branch). Screweahember into place until
5 bottom edge of gate is flush with bottom edge dfetuUnscrew ~1/4 turn this
approximates the necessary 1/80” coverage.
6 Check recirculating outlet to make sure spring inat flipped onto its side
7 Screw 1” NPT fittings into inlets and outlets
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Figure 24: Spring is inserted, followed by the vale member. The valve member is screwed
in using the custom forked tool
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11.Validation

Since we identified the testing of our valve todoe of our major challenges, we have been
consulting with Dr. Ceccio, at the University of éligan, about how to overcome the challenge.
We have identified three possible methods of tgdtae fluid dynamic characteristics of our

valve. These methods are: a recirculation systampan system with large barrels of testing
fluid, and an open system that uses air. Thesegestethods make use of a variety of testing
fluids; however, each method has distinct advarstagel disadvantages. We have decided to test
the actuation as a function of temperature sedgriatan the pressure drop and leakage between
streams, since heating a working fluid would reguaitot of energy, time and expense.

11.1 Testing Methods Considered

A recirculation system consists of a closed systatim a pump to pump the test fluid through the
valve at the desired flow rate and pressure. Thé&ing fluid could be oil or water. If water were
used, we could scale our results based off of Rdgrnmmumber of the flow and dynamic viscosity
of the testing fluid. The system would also haweribecessary gauges to measure pressure drop,
and reservoirs to measure leakage between str&¥dmhsthis recirculation system we could
recreate the actual flow characteristics of theevabhen it is in service in the HHV and verify
that the valve can actuate against the forces i@y the working fluid and pressure
differentials. This type of testing method is itaance with ISO 4411:2008(E) [13]; however,
unfortunately, the equipment needed to construstsiystem would cost more than $4000.00
brand new. In addition to the high cost, safety tme& are major issues. Since the system would
operate at 200 psi, all fittings and componentsld/oeed to be meticulously designed and
constructed to ensure the safety of the systenitagherators. Building this system for testing
would require more time than we have once the vial¥abricated.

The second testing method is an open system tat fzge reservoir of testing fluid. The

reservoir can be pressurized to a necessary peegtrwould allow proper flow out of the
reservoir and into the valve. Pressure drop adhessalve can be measured with a pressure
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gauge. The flows out of the valve are into two safgareservoirs so leakage between streams
can be measured. This system could be used ttiaestvith water, and we would scale the
results based on Reynolds number and kinematiositycto obtain pressure drop and leakage
between streams, using oil at the service spetidita of the valve. This system would require
large reservoirs and testing area, which mostyliketjuire more time than we will have to
properly collect and assemble.

The third and preferred method of testing the dyindmid characteristics of the valve uses air
and a method of scaling the results to find theguee drop over the valve and the leakage
between streams. The air used for testing woutdhilyi be stored in a compressed air tank.
Since we would scale the flow characteristics baseReynolds number and kinematic
viscosity, we could use a pressure low enoughRN&E piping would be adequately strong
between the system components. Pressure can banme@dasth manometers and flow rates
(needed for leakage between streams) can be mdasitieorifice flow meters. This testing
method is safe, cheap, and can be constructee ianttount of time we will have to test the
valve.

The above testing methods all require an analydiseoflow through the valve at operating
specifications so the test can be designed to pgsopeale the results. We calculated Reynolds
number for our valve, using oil at 160°F and 6&pproximately room temperature). We then
calculated Reynolds numbers our valve for the seamperatures using water and air. We used

the equationRe = bv .whereReis Reynolds numbeD is diameter of the channél,is the
vV

fluid velocity, and is the kinematic viscosity bt fluid. These values are Table 8 If Reynolds
number of the test is the same as the operatingjtoams of the valve, then pressure drop and
leakage between streams of the valve at operatindittons of the HHV system can be
extrapolated from the test results. Since Reynolasber is dependent on velocity, which is
found from the flow rate, changing the flow ratptfmally lowering it), can produce a test that
uses a flow rate more manageable than 35 gpm atahesathe Reynolds number needed to
scale the results.

Table 8: Reynolds Number for oil, water and air atoperating temperature and room
temperature for 35 gpm flow rate.

Temperature °C .. Ki_nematic Reynolds

Viscosity (m”"2/s) Number
SAE 10W 20 1.00E-04 1.10E+03
SAE 10W 75 1.00E-05 1.10E+04
Water 20 1.00E-06 1.10E+05
Water 75 4.00E-07 2.76E+05
Air 20 1.80E-05 6.12E+03
Air 75 2.05E-05 5.38E+03

For a test that uses a compressible fluid suclir gisiaddition to matching Reynolds number,
Mach number must also be considered. If the Machbau is lower than 0.1, then the
compressibility effects can be ignored and theltesif can be used to find valid pressure drop
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and leakage between streams for the valve. We Ieyen calculating the Mach number within
our valve at various actuated positions. So faMaeh numbers we have found are less than
0.1. We anticipate that after more calculation,tds method that utilizes air will be a valid test
and after verifying this completely, we will usestiiesting method to validate the operation of
our valve. Although this testing method is not pineferred method of ISO 4411, Dr. Ceccio has
offered his professional opinion by recommending tést to us.

11.2 Validity of Tests with Air

We calculated the Mach number at each outlet of/éie as a function of actuation distance.
This calculation was completed for both 35gpm flawd 62.8gpm flow of air. Since the fraction
of the flow through each outlet is impossible tcakate and must be measured [17], the Mach
number calculations were made with the worst-casaraption that all of the volumetric flow
was traveling through the outlet (no flow diversishatsoever for any actuation distance), for
which Mach number was being calculated. Mach nusbere calculated Matlab (see Appendix
T). Figure 30 shows the results of these calauiati

According to the worst-case analysis we perfornoed test is valid for 62.8gpm flow for the

first 0.235 inch of actuation for the outlet baokle system and valid after the first 0.290 inch
of actuation for the outlet to the radiator. F&gpm flow, it is valid for the first 0.286 inch of
actuation for the outlet back to the system aner afte first 0.174 inch of actuation for the outlet
to the radiator. Since we will run at a flow voletrc flow rate in this range, our analysis
confirms a large enough range of actuation to abtaaningful results for both pressure drop
and leakage between streams. Since the actualdl@through each outlet will be less than that
of the worst-case assumption, the range of actu&iowhich our test is valid will be larger.

We will use our test results to calculate the dditech number at each outlet during each test
performed to ensure its validity with actual data.

Figure 25: Plotting Mach number vs. actuation distace for each outlet shows the valid range of our $&
for the worst-case assumption of the entire flow ttough each individual outlet
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11.3 Air Test Procedure and Results

Since we tested the fluid characteristics of tHgevavith air, we cannot replicate the forces
imparted by the hydraulic fluid at 200 psi and 3®gpFor this reason we have completed a
thorough analysis of the forces and stresses cduystek fluid momentum and pressure (Section
6).

We conducted our air test at room temperaturesifolate the position of the valve member at
varying temperatures, we constructed a replicauofctuator. With this “dummy” actuator we
could manually vary position of the plug and gagesbrewing it on or off of a threaded rod that
represented the actuator’s piston. Our test rig peavered by a Paxton blower capable of
250CFM. We varied the frequency of the electripitgvided to the blower with a motor

control. We used lengths of PVC pipe that wereasdt 40 times the diameter (40 inches) long
into and out of the valve to ensure air flow wayfdeveloped. We made flow straighteners out
of drinking straws and placed them at the inlezdoh pipe to rid the flow of any swirling

motion. We put an orifice flow meter on each paoe of the valve. Pressure taps were placed at
the inlet and both outlets of the valve and beforé after each flow meter. The flow meters and
pressure taps were constructed according to spatidns for thin-plate, square-edged orifice
meters with D (diameter) and %2 D pressure tapsdonfluid Meters, Their Theory and
Applicatior”®. We used a U-tube manometer with water to megmessure differential over

the valve and the flow meters. The resolutiorhefmanometer was 0.05 in;®l A diagram of
the test rig can be seen in Figure 26 and the ketstarig can be seen in Figure 27.
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Figure 26: Diagram of Test Rig
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Figure 27: Complete test rig with valve and bloweattached
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The diameter of the PVC pipe used in the test ag Winch. The orifice in each orifice flow
meter was 0.5 inches. We sized the orifice soNteth number through it would be less than
0.1. Using (8, volumetric flow (Q) can be caldathfrom the pressure differential over the
meter p, — p,), the ratio of orifice diameter to pipe diamet@y, (he density of airp), the area
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Sg]the orifice normal to the flow direction @A and the orifice meter discharge coefficieng)(C

2(p1 — p2) 8
p(1—p*)
The orifice discharge coefficient used was 0.62|, \&as determined from figure 8.41 of

Fundamentals of FluitMechanicg!® for ap of 0.5 and a Reynolds number of approximately
11000.

Q = Co4y

For a determined flow rate through the valve, wlewtated the loss coefficient (Kthrough
each outlet with pressure drop from inlet to outMdd®), density of aird), and velocity of air (V),
using equation (9.
1 ©
AP =Ky pV?
Since the Reynolds numbers for the air test wertehmed to that of in service conditions, once
loss coefficient was calculated for air, it coukel issed with the density and velocity of oil at
170°F and 35gpm flow to predict pressure drop thhoeach outlet of the valve. These results
are shown in Figure 28.
Figure 28: Scaled Air Testing Results

22 e==Pressure Drop to HHV System
3— e==Pressure Drop to Radiator

Flow to HHV System

[6)]
ol
|

a1
o

(psi
HOD
o o

w
(3]

w
o

NN
o o

Pressure Drop (p

=
(&)

10
4 S
0 T T T T — —t +—

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45
Actuation Distance (inches)

Due to the measurement increments on the manometerould not calculate a firm value for
leakage between streams for both the normal angitzct positions. In both positions the flow
through the orifice flow meter of the blocked otifleoduced a pressure differential smaller than
the resolution of the manometer. This means the Was lower than 5.85gpm, which
corresponds to a manometer reading of 0.05 #@.HNe could conclude that leakage between
streams was less than 9% of the total flow in thectuated position and less than 10% of the
total flow in the actuated position.
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11.4 Temperature Response of Actuator

Therm Omega Tech, Inc. tested the actuator we listede they delivered it to us. They sent us
a curve of the actuation distance versus temperatBetween 155°F and 177.5°F the actuator’s
piston moves 0.41 inches, and follows the curvegmted in

Figure 29.

Figure 29: Actuation Response to Temperature
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11.5 EPA Test Results

The EPA conducted tests of our valve with a ret¢ating test stand that is similar to the set up
we recommended from 1SO 4411:2008(E). This testptetely replicated in service flow and
temperature of Mobil 1 ATF. During their test, @iplem occurred that caused the flow to the
radiator to never go above 15 gpm. Furthermory theasured pressure drop to be much higher
than we predicted with our scaled results of theéest. The EPA provided us with their results

in Figure 30.
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Figure 30: EPA's Test Results
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Before the valve was in the actuation temperatamge, the EPA measured the pressure drop to
the radiator to be around 33psi and to the HHVesysb be around 27psi. In this range, one
would expect pressure drop the radiator to be bigte flow to the radiator should be blocked,
and the only flow through this outlet is leakadée high pressure drop to the HHV system is
likely a result of the high volumetric flow throughe outlet. As shown in Equation(9, pressure
drop is dependent on the square of velocity, ahatcitg of the fluid increases with volumetric
flow through a given area. The actuator respomndé#un the proper temperature range, and as it
actuated, pressure drop through each outlet beltamee. This makes sense since the outlet to
the radiator was no longer blocked and its areeeased. Additionally, since some of the flow
was diverted to the radiator, the velocity throtigé outlet to the HHV system was also lower.

The valve failed before the EPA’s test before wamglete. The retaining disk screwed further
into the valve. Also, when the valve was disasdedththe spring was turned sideways, this

could have happened during testing or when theevals taken apart. This made it impossible
for the valve member to reach its fully actuatedipon and seal the outlet to the HHV system.
The flow through the radiator for this test onlached about 14gpm, so leakage between
streams could only be calculated for the unactuptsition. At this position, about 2% of the

total flow exits to the radiator. This is withine 5% leakage between streams that was customer
requirement.

11.6 Comparison of Results

Our scaled results for pressure drop from theesirvaried quite a bit from the values measured
by the EPA. The EPA's test stand replicates alWfltemperature and fluid characteristics of the
valve in service and does not rely on scaling. differences in results are likely due to some
invalidities in our air testing procedure. In hsight, it would have been better to have an orifice
flow meter at the entrance to the valve. This widwdve allowed us to measure total flow out of
the blower rather than add the total flow out affeautlet of the valve. Using the orifice flow
meters at each outlet meant that the Reynolds nuafltee air through the meter changed with
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actuation distance; however the orifice dischaggdfcient was chosen for the total Reynolds
number. Local effects of compressibility could dalso caused our test to be invalid. We sized
all of our components to avoid this, however, srdafects in both the valve and test rig could
have caused flow of air to compress, in which ¢aseesults of the test would not have scaled

properly.

Although the values we determined may not be val@were still able to observe the trends of
the air test’s results. From these trends itearcthat flow does get redirected between the
outlets as actuation distance increases. Excepii® outlying point in the results of pressure
drop to the system, the pressure drop through eaitét of our valve does roughly follow the
same change. This trend was also clearly evidethta results of the EPA’s test.

The EPA was not able to test our valve for therergtctuation distance since it failed before the
test was complete. The results measured beforfaitbee are valid and prove that our prototype
has some problems that need to be resolved, b importantly these results validate that or
design is one that could easily be improved updhaut too many changes. The EPA informed
us that pressure drop measured for our valve waitasito a larger commercial valve they
tested. By making our valve larger, pressure dapbe reduced. Although it had some
failures, we are satisfied with the performancewf prototype, and we are confident that the
validation suggests our valve concept can be maciaessful.

12.Discussion

Initial Prototyping Difficulties

Our parts were difficult to manufacture in a fipsttch prototype scope. We realize that this is
always the case. To combat this we made a veryletaanufacturing plan, but still
underestimated the difficulty of our processes asid result spent a considerable amount of time
manufacturing our prototype. The major aspectswileaé problems were involved with the
complicated radial geometry of the plug and gageyell as the retaining disk. We should have
evaluated our machining skills before designinggaf this complexity.

Strengths

Our design fulfilled our requirement of reducingttor large scale manufacture as it had as few
components and manufacturing processes as posaiblead to consider the trade-offs
associated with reducing the number of parts amaweerall valve performance.

The seal performance was a particular cost-perfocm@rade-off as we did not require a full

seal at either outlet. We decided not to use csringachieve a seal since these would require
extra manufacturing and assembly processes. Mdkeaissemblies are achieved with press fits
in our prototype except for the threaded retaimis. This threading proved to be a difficulty in
the prototype manufacture phase. The threadedparfithe disk could be changed to a press fit
in a future design, especially one for larger sgateluction. We used two press fits in our
prototype, and these did not fail in the EPA’s t&gt Press fits are a connection type often uses
in industry that also reduce manufacturing costs.
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The pressure drop across our valve was not ingsgeat! range although it was comparable with
some other industry valves. However, during testimgglinear actuator did activat within the
correct temperature range.

Weaknesses

After testing in the recirculating system sevessalies were encountered with the spring and the
valve member assembly. One possibility for the hegtkage at the upper end of our temperature
boundary in testing is that the valve member wdsabte to actuate the intended distance. In
addition to this there was a much greater headth@ss anticipated, this was most likely not due
to any mechanical difficulty, but due rather to meall scale of valve geometry that we used.

One limitation of actuation distance may have stexhfinom the threading used to install the
valve member into the housing. This threaded caiorewas able to move slightly when testing
at operational temperature, pressure and flow.thiteading issue may have stemmed from any
of these factors, as well as movement when coupdirtge test stand.

When disassembled after testing, the spring hametuto the side, which could have caused
binding of the valve when the actuator was tryimgniove. This reduced performance of the
valve in that full actuation could not be achievieds possible that the spring turned during
disassembly, but we cannot verify this as a disabgeissue as the valve must be disassembled
in order to observe the position of the spring. ERA tested the valve without the spring at our
request with washers in its place. This produces&cesults than before.

In addition to the spring there is another poss@xglanation of the valve member’s inability to
actuate. During assembly the components of theevaember may have had some tilt due to a
small run-out on the lathe which would cause thenlver components to not be fully co-axial in
final assembly (

Figure 31). If this were the case, during actuation the @nd gate would run onto the side of
the valve causing binding of the member.

Binding of the valve member may have also beentdtiee limitations in our machine shop
experience, as well as available tooling. In otdesreate the main valve passage (
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Figure 31) in the valve housing we had to use a drill, taarend mill to remove the drill taper.
The inability ream or bore this passage due tteiigth caused some localized inhomogeneities
in the width of the main passage. We were ablegbthat the plug could freely move down the
main passage when disconnected from the valve nreimineever were unable to test the ability
of the full mechanism under load before testinglenEPA test stand.

Figure 31: Reproduced for reference from Figure 22
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An additional consideration that may have causéeeMainding was the radial moment caused
by the spring on the valve member. We attemptexbhabat first using a heated block to deform
the ends of the spring to closed rings which wdadtter distribute the spring load, however the
addition of a full coil at each end of the spririlgdked the full actuation of the valve so this
avenue was abandoned. The next option was to tirendnds of the spring so they would sit
flush with the top edge of the gate. This appe#wasork, however full contact was not achieved
around the entire upper edge of the gate, so a momnas still created. This moment was more
distributed around the circumference of the gatepg®osed the point contact achieved through
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the un-ground cut-to-length spring. Grinding thergpdid heat it considerably, so this may have
also caused a change in its temper.

Currently the most expensive part incorporatedundesign is the actuator. The actuator that we
chose to use was based primarily on its performandeavailability. Since the actuation

distance that was desired was not available teadily, we modified our design to
accommodate the actuator. In large batches thixpkar model is more expensive than we are
able to utilize. We needed to use this model as# available within our budget and time-
frame, but the casing was made of stainless stekit @& one of the manufacturer’s best models.

13. Recommendations

The valve pressure drop and leakage were the neafarmance issues encountered in testing at
pressure and temperature. The possible causess#f fflerformance weaknesses concerning the
components are addressed above in the desigruerifiable 9 shows the application of these
recommendations for use in production of a secdrad@ prototype, incorporation in a limited
run manifold, and mass manufacture to the compsredrdur design.

Actuation of the valve member is important to oalve achieving its primary function. To
reduce sticking we recommend that the main padsageamed or bored out to ensure a good
surface finish and to eliminate localized widenaagistriction. This will help to ensure that the
sides of the gate will be able to pass smoothlgubh the passage. It will also decrease the high
aluminum-on-aluminum frictional effects. To keep tomponents of the valve member in-line
with one another during assembly, a specializedhimuld be utilized.

In addition to this it should be ensured that thgre valve member is co-axial after assembly as
this could cause problems in the installation ef\talve member. In addition to installation
issues it could also cause the outer wall of the marun into the wall of the main passage.
Therefore great care must be taken in the asseofltie disk, actuator, and plug and gate. To
reduce this, a guiding mechanism could also be @yeplto keep the member in line during
operation. We chose to omit this to reduce cost.

The spring was a major issue, therefore it willuiegl modification. The spring should be
mechanically attached to the valve member. Meclahaitachment is necessary as any addition
of heat, such as welding, could change the temipiecspring. Ideally the spring could be
attached to the leading end of the retaining diskthe back end of the gate. In this way, it could
reduce the overall length of the valve. Also, ptgdhe spring below the plug and gate will

allow the dimensions of the housing to be changeti ghat the leading edge of the gate will be
able to be actuated to a flush position with resfethe constriction the plug fits into. This will
increase seal performance when fully actuated.

The overall dimensions of the valve should be iaseel as the localized constriction points in
the plug and gate, retaining disk, and entrywaybemutlet of the valve cause too much
restriction. Ideally, the dimensions of the valh@ugld be be increased until these cross-sectional
areas match the inner diameter of the incoming Iméhis way, pressure loss could be greatly
reduced, but this will increase the material cédshe valve as a whole. Reducing couplings will
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have to be used at the inlets and exits of theevia\maintain compatibility with the system.
However this may not be possible due to spatiasitamts within the vehicle as well as cost
considerations (both monetary and weight costeacentire system).

We were constricted to the use of a semi-customgalied actuator design due to the small
internal geometry of our valve. This was done ttuce flow constriction. A side benefit of the
valve enlargement is that the actuator could theecHanged to a larger, more standardized
model. This actuator change could possibly countehe material cost increase in mass
production. Along with this we recommend that tbuator be selected such that it has a longer
length of actuation such that the entryway to #aiator outlet can be widened and a lower
pressure drop be achieved.

For another prototype to be manufactured we recamdrtigat the prototype dimensions
(housing, plug and gate, and retaining disk) bargeld to the point where the constrictional
cross-sectional flow areas match the cross-sedtaea of the incoming line. This will reduce
head loss due to fluid constriction. We also rec@madthat the threaded connection from disk to
housing be maintained so the member may be renfovéaspection/servicing. However, to
keep the retaining disk in place we recommend|teking disks with threading on their outer
diameter be used to keep the disk in place. Thagphould be mechanically attached to the
valve member between the bottom edge of the gat¢henleading edge of the retaining disk to
reduce the valve length as well as ensure thapgheg cannot flip edgewise. Due to the larger
dimensions of the second round prototype, a mamredsird actuator with longer actuation
distance could be used as the cross-sectionaldtteaespect to the incoming flow would not
have to be reduced beyond non-standard sizing. @tsuall tool is very helpful in assembly and
disassembly of the threaded pieces (we used all#tod).

For integration into limited run manifold we woulecommend the same changes as mentioned
above with the exception of the housing dimensamenly the internal dimensions will have to
be maximized (the outer dimensions of the housregrecorporated into the manifold). The
threading should be kept the same such that thrgaastallation into a manifold will be simpler
than pressing. Also, since the valve is incorparaté a manifold this threading will allow
installation of a new valve member if any issueseafalso for inspection purposes) such that a
new manifold will not be required in the case offredailure.

In mass manufacture the prototype should be stirathIThe excess material created through
the use of a solid block of material should be glated. This will be simple since the housing is
intended for casting. The elimination of this matiewill reduce final production cost, as well as
the spatial obtrusiveness of the valve when inaated into the system. In addition to this
elimination, the internal threading of the housioguse in valve member installation will be
eliminated. The threading on the outside of thaingig disk should also be eliminated. We
recommend that the retaining disk instead be pdesse the housing as this is a more cost-
effective method of installing the valve member.

Table 9: Summary of recommended design changes fprototype, manifold and mass
manufacture production runs

Prototype Manifold Mass Manufacture
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Increase intern:
dimensions, eliminate
Increase internal extra material outside of

Increase dimensions to
allow less head loss
Housing (internal and external)

geometry dimensions valve geometry,
and accommodate larger - . .
eliminate retaining disk
valve member, .
threading
Mechanical attachmel  Mechanical attachmel  Mechanical attachmel
to valve member to valve member to valve member
Spring (between gate and (between gate and (between gate and
retaining disk). Scale to retaining disk). Scale to retaining disk). Scale to
fit valve member fit valve member fit valve member)
Increase dimensions  Increase dimensions . Increase dimensions
Plug and gate flow areas match inlet flow areas match inlet flow areas match inlet
size size size
Longer actuatiol Longer actuatiol Longer actuatiol
Actuator distance, larger more  distance, larger more  distance, larger more

standardized design standardized design standardized design

Keep outside threadin Keep outside threadin
Retaining Disk use locking washers to use locking washers to
hold in place hold in place

Use tolerance fit for
installation into housing

Reducing couplingst  Reducing couplingst  Reducing couplings t
Inlet/Outlet Plumbing accommodate larger ~ accommodate larger ~ accommodate larger
valve geometry valve geometry valve geometry

For mass manufacture we recommend that the plugatedbe cast initially. Then turning the
piece to achieve a good surface finish on the @udace will be necessary to reduce frictional
impact on the performance. The center hole of thg will also have to be reamed to size such
that the actuator piston arm may be pressed i@iweplThe valve housing may also be cast and
will require drilling and tapping processes at estét to allow coupling to the system. The

main passage will have to be either reamed or bioredsure a good surface finish as well as to
reduce inhomogenieties inherent with drilling. Tvidl also allow for a good tolerance fit with
the retaining disk. In addition to this the holdrs re-circulating line restriction should also be
reamed to ensure a good fit with the end of theg.pline retaining disk can be either stamped or
extruded and may require another process to easgoed press fit with the housing as well as a
reaming operation on the center hole such thaathgeator may be pressed into place.

14.Conclusions

The EPA requested that we design and build a pqeeodf a thermostatic valve for use in their
Hydraulic Hybrid Vehicles (HHV). The valve mustute hydraulic fluid to a cooling radiator or
back to the HHV system to keep the fluid in theiopt temperature range (between 160°F and
180°F). In addition to proper flow diversion, ia&important that the valve be safe, and be
cheap to produce on a large scale.

In order to generate concept designs, we first Aeldxtended brainstorming session. We then
identified all of the functions of our design usiadunctional decomposition. This was followed
by categorization of the subsystems involved irhez@ur preliminary designs. These
subsystems were then quantified in terms of custeetgiirement satisfaction using a Pugh
Chart analysis in order to determine the best ptssubsystems to be integrated into more
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effective designs. These new designs were thed véte another Pugh Chart analysis in order
to obtain the most successful final alpha design.

Our alpha design mechanism employed a gate dasigmdem with a plug, and linearly
actuated using thermally expansive material. TH@@ed us the required stream blockage when
in fully actuated and normal positions of the valwember. Most components of the valve will
be able to be cast for mass production, with sothaianal machining required, which allows

for cost to be kept low.

From this alpha design we were able to define patars that were available for optimization.
Through thorough analysis of these parameters usatgrials science and fluid mechanics we
were able to create an alpha design that has pedfeerformance. Our final design retained the
form and function of our alpha design, apart fréva dptimized geometries that were before only
chosen arbitrarily. When creating the final designkept in mind the ultimate goal of our
project, to produce a product for mass manufacture.

We machined our prototype as true to our optimjz@eémeters as possible with the manual
machines available to us. Due to limitations in hiaing capabilities, as well as availability of
an optimal actuator on a short time-scale we hahémge several small geometric components
of our prototype. Our design project is uniquehattwe fabricated a full scale model of our final
design. The main differences between the two lib@ir actuation mechanism and methods of
joining all components together. The prototype atduwill has a shorter stroke, and utilizes
threading as opposed to press fitting the comparegether (this facilitates easy assembly and
disassembly).

After researching the feasibility of many differesatlidation methods, we decided to test the
flow characteristics of our valve by measuring pues drop and leakage between streams of air
through the valve and using non dimensional scabgredict the results for oil at the in service
flow conditions. The EPA also conducted a teghefvalve with their test stand that completely
replicates the in service conditions. The air testlted in results with values are likely invalid
but we were able to observe their trends. DurregEPA'’Ss test, the valve failed, but many
useful results were still obtained. The tests pdbthat the actuator functions in the required
temperature range and that in the normal positiare is only about 2% leakage between
streams. The measured pressure drop for the wagéhigher than the 10psi goal, but was
similar to other commercial valves.

The results obtained for testing allow us to oflmommendations to improve upon our design.
By increasing the size of the valve and reducimgsifor flow to stagnate, the pressure drop can
be lowered. An actuator with a longer stroke stidad obtained for a final production version.
Replacing threaded interfaces with press fits agb reduce the cost of the valve in mass
production. Although the valve failed part of thay through the EPA’s test, we believe we
created a successful prototype. The results ofaligtation prove that our design concept can
be made successful with some optimization in sikkraore proficient machining.
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16. Information Sources

16.1 Benchmarks

Thermostatic valves are often used in industryafglications such as cooling automobile
engines, temperature control of faucets, as wdlloase thermostat control. We have researched
different valves already in production and havelubés information to benchmark the operation
and price of our valve.

Most thermostatic valves make use of a thermalpaesive wax as means of actuation, while
others are electronically actuated. Thermally espanwaxes are calibrated at the plant where
they are refined. Many manufacturers stand betnauot talibration and operating temperature
ranges. Electronically actuated valves precisehtrobthe valve based on constant temperature
feedback from a thermocouple. Typically, electrafiicactuated valves are expensive since
sensors, circuitry and computing power are needeotrol flow as a function of temperature.
The EPA is currently using a manually operated wallle in their prototype vehicles, which
requires the operator to monitor the hydraulicdltemperature and manually divert the flow one
way or the other. Not only is this an inefficienéthod because of the manual operation, the ball
valves themselves are extremely costly.

The EPA has tried using an expanding wax actuaadetya manual ball valve, and an
electronically actuated valve. They were completiebgatisfied with the performance and price
of these valves. The wax actuated valve did notaipet the required temperatures, and when
all of the flow was supposed to be diverted todbeler, approximately 50% of the total flow
would leak back into the system rather than beiagrted. The leakage could be attributed to
bad seals within the valve. It is unknown whetheidfleaked into the sleeve containing wax and
reacted changing the properties of the wax. Theualgnoperated ball valve is not an automatic
thermostatic valve and is inefficient and ultimgtisl an unacceptable option because a person
must constantly monitor the temperature and phijgiadjust the valve. The ball valves
themselves are extremely costly, making them, dsasghe electrically actuated valves,
impractical for use on a commercial version ofhlgdraulic hybrid system.

All manufacturers stand behind the claims of tipeaducts, and thermostatic valves are
successfully used for many applications. Two martufers whose valves particularly stood out
based upon product specification sheets and theaified use with oil were Fluid Power
Energy, Inc. (FPE) and ThermoStasis. Both valvegeported to have a pressure drop of less
than 10 psi across the valve with oil flow ratesipfto 35gpm, which is within the required
range for the EPA’s specifications. Despite theamde of thermostatic valves, we can improve
upon the following important aspects: adhering®required temperature range, completely
diverting flow with minimal leakage, and reducingnemercial cost.

Electronically actuated valves can cost more tHEd0$while most wax-actuated thermostatic
valves retail between $100 and $200, yet thernedpansive wax thermostats themselves,
excluding the valve’s housing, retail for $5 to $@®nsidering these retail prices, one can
conclude that the valve housing is a very largeigoiof the valve’s price. While designing our
valve we will keep low production price as a ptipriso that a commercial version of our valve
will cost significantly less than those alreadytbe market.
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16.2 Patents

Thermostatic valves have been in use for a long aimd as a result many different variations of
this idea are patented. We found that most patergkes use the common idea of a
conventional spring that applies a normal biah&uvalve member at normal temperatures and a
thermally reactive material that acts against $pisng as temperature fluctuates.

Although improving on an existing technology willg us preliminary design ideas, it also
serves to limit the design space in which we aeragng as many variations of this type of
valve already are patented.

US Patent 6,719,080 B1
This patent contains the most current version foirmation regarding hydraulic hybrid vehicles
and was very helpful its emphasis on the underlpimgciples motivating our project. The
assignee on the patent is the Environmental Proteéigency, making this information even
more relevant to our work. Particularly this pateomtained very helpful schematics of the series
hydraulic hybrid system and detailed informationhanv all of the components work together

[5].

US Patent 6,834,737 B2
This patent contains more information on how enésdyarnessed and stored in hydraulic hybrid
vehicles. It was helpful to review this informatias it served to reinforce our understanding of
the hybrid hydraulic technology that we are workiith [1].

U.S. Patent 5,261,597
This patent describes a three-way valve that auioally responds to temperature fluctuations
in the operating fluid. In this application the walis operated by two springs, one conventional
spring that biases the valve member to a positiowmg flow through one stream, and one
shaped memory effect spring (a spring made of lay #iat will change into a predetermined
shape at a certain temperature) that will applyreef to the member opposite that of the
conventional spring as temperature fluctuates. 8fbeg at higher temperatures the valve will
redirect more flow to the other opening [10].

U.S. Patent 3,237, 862
This patent is for a temperature actuated valvedperates in-line with its system, designed
particularly for use with a gas (in this case airflelivering a specified amount of thermal
energy. The operating fluid and ultimate purposthisf valve are separate from our design
problem, but the principles remain the same. Thitemqt also addresses issues involved with
making the valve mechanism aerodynamically balaficedur case it will have to be
hydrodynamically balanced) so as to eliminate #edrfor adaptation to pressure variation about
the valve member. This mechanism also incorpomataEsmventional spring that biases the valve
member to a certain position at normal temperatdres temperature actuating mechanism in
this particular valve is based on a stack of disdped bimetallic discs that flatten when their
temperature is raised thereby allowing the springctuate the valve member [4].

U.S. Patent 4,285,467
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This patent is for a three way temperature actuadbce design and it provided us with another

actuation mechanism. This valve is implementedutormobiles and is intended for the diversion
of exhaust gas within an engine. The thermal actuated in this case is a thermally expansive

material such as wax refined with metallic (copgkaies. This mixture allows for actuation in a
relatively narrow predetermined temperature band [6

16.3 Articles

During our literature review we also found sevewdicles explaining the underlying concepts of
series hydraulic hybrid technology and its appiarato delivery style trucks. These articles also
allowed us to define the scope of our project omeas production scale and the impact that it
will be able to have when implemented in theseesyst

Energy Conservation with Thermostatic Control Valve
This journal article from 1979 demonstrated that m@plications of thermostatic control valves
are not an emerging technology. This article weilgiie cost to benefit of retrofitting home
heating systems with thermostatic control valves.W¢re provided with a parallel engineering
study of quality versus cost [7].

Manufacturing Climate Solutions
This article discusses the mechanisms of hybridrtelogy applied to delivery style trucks (both
electric and hydraulic hybrids). This article wagdaific with actual commercial delivery truck
fleet sizes (up to 70,000 vehicles for some congsgnit was extremely helpful in defining the
actual scope that our valve design will have tooemzass with regard to its intention for mass
production [3].
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18.Team Biographies

this will be in, as of yet.

Eric Haapaniemi was born and raised in Farmingttiohigan, a
suburb of Detroit. He has always had an interestiance and math,
particularly physics which is what motivated himpuarsue a degree
in mechanical engineering. He has had a long istene
environmentalism sparked by his early affiliatioithathe Boy Scouts
and has worked on several sustainable projectseTinelude the
design and implementation of a rainwater collectgstem to help a
community gardening center get off the grid, ad a®la design to
put piezo-electric crystals in shoes to harvestggntom walking.

He has a love for the outdoors and enjoys camgigpeing and
hiking in every season, and as a result hopesneday hike the
Appalachian Trail and complete the Hunter’s Isl&andp in Quetico
Provincial Park. Eric has been growing his hairsinte high school
with the intent of donating it to an organizatitvatt makes wigs for
children who have experienced a loss of hair duadaoy different
reasons. He plans to pursue a higher degree, hat sure what field

Sarah Markey was born and raised in Ann Arbor, $tie had
always enjoyed the sciences, especially physicsiwlied her to
follow in father’s footsteps and pursue a degrem@chanical
engineering. She is a member of Engineering Global
Leadership and will be continuing at Michigan ie flall of
2011 in pursuit of her masters in mechanical ergging. Upon
completion, Sarah is considering applying for tead® Corps
before she tries to find a job in industry. Thiswyshe is living
in Luther House, a cooperative on campus with velieam
member Eric. She spent this last summer in Lurgebur
Germany, improving her German language skills @adniing
more about the culture. Sarah’s parents met agistsiat U of
M and now she and her younger sister, Annie bd#ndt Sarah

and Annie are trying to convince their other sipfirKate and Myles that Michigan is the
university for them. She is very excited about virogkwith the EPA and learning more about

green technologies.

Andrew Jessop is a senior in mechanical engineeniitly a minor
in German. He has lived in Sylvania, Ohio for hisofe life and
attended high school at St. Francis de Sales Higlo@, in Toledo,
Ohio. He always enjoyed math, science and takigtaverything
he could get his hands on, so he chose to do esrgigeat the
University of Michigan. Reading about high perforroa sports
cars and traveling are some of his favorite adtigitHe completed
an internship with BMW in Regensburg, Germany, \ehes
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worked in the quality department of the body s Most of his time was spent on projects
the doors of the Z4 Roadsteétfe plans on either finding a job fafter graduation or completir
a Master’s in mechanical engineering at the Unitiec Michigan

William Blumbergwas born on June 3, 1989
Hollywood, Florida, and moved only 2 years late
the neighboring town of Plantation, Florida anc:&
thereuntil he moved to Ann Arbor for his freshm
year.His father graduated from the University
Michigan in 1970 with a similar Mechanic
Engineering degree, which started him out or
Wolverine trail at an early agklis dad clearly tried t
mold him nto an engineer from the start, teaching
math and always giving him problems to so
whether he was out to dinner or just sitting inreism,
from as long as he can remember back to. He net
any specific interests in mechanical enginee
growing up, but knew he was good at math, not
good at English, and that engineering was the pragitable path to follow at the tir Even
after divulging into the world of engineering fofeav years, his future is still as hazy as
decision to gorito engineering Realistically his future will involve a Masters deg in
engineering, a few years of field work, and theetarn to school to get a MB The reason for
the business degree stems from his belief tha¢ tisero reason to be paid les ranked lower
than the person in charge of all the engineetsaif person isn’t even qualified to do what
engineers are doing; thus, he plans to continueasentil the job market is on the rise &
unless he finds an engineering job he can seself doing forever, he’ll go to business sch
to become a boss.
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Appendix A Bill of Materials

Unit No. Total
Item Description Vendor Product # Price needed Price
Thermal Actuator Therm Omega Tech TOT-O4L $80.00 1 $80.00
Aluminum Block Alro Metals Plus n/a $8.25 1 $8.25
Cut Alu. Block Alro Metals Plus n/a $5.00 1 $5.00
Aluminum Round Stock Alro Metals Plus n/a $11.00 1 $11.00
11" Cut-to-Length Compression Spring
(5pk) McMaster Carr 9637K25 $10.59 1 $10.59
6-32 Threaded Rod (12") Stadium Hardware n/a $0.59 2 $1.18
1"Schedule 40 PVC (10" Home Depot 611942066643 7152. 2 $5.42
1" PVC Male Adapter Home Depot 012871626050 $0.53 3 $1.59
1" PVC Union Home Depot 032888646353 $4.86 2 $9.72
PVC Redcucer Fitting (2" to 1.5") Home Depot 012859488 $1.18 1 $1.18
PVC Reducer Bushing (1.5" to 1") Home Depot 012&B630 $0.97 1 $0.97
PVC Primer and Glue Pack Home Depot 038753302485 .963$6 1 $6.96
U-Bolt Home Depot 030699095063 $1.24 6 $7.44
2" Schedule 40 PVC (2 Home Depot 611942109463 3653. 1 $3.36
Stainless Steel Hose Clamps Stadium Hardware n/a .79%0 4 $3.16
1" Flexible Hose (price/foot) Stadium Hardware n/a $2.49 3 $7.47
1" Barbed Poly. Fitting Stadium Hardware n/a $0.69 2 $1.38
1" PVC Female Adapter Stadium Hardware n/a $0.59 2 $1.18
Plumber's Tape Stadium Hardware n/a $1.49 1 $1.49
Water Jet Usage (price/hour) ERC/RMS n/a $88.03 3.833 $337
Subtotal $504.76
Tax $4.61
Shipping $4.36
TOTAL $513.73
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Appendix B Description of Engineering Changes since Design Rew #3

Engineering Change Notice

WAS: |S:

|

15" 28 threadin No threadini

6-32 threading

. No threadin
Piston length when not extended 0.55” ng

Piston length when not extended 0.3”

Notes: Custom actuator was initially TEAM 18
miss quoted and out of our budget. Off the PROJ- THEMOSTATIC VALVE
shelf actuator had to be used REF DRAWING - ACTUATOR
Eng: Andrew Jessop 11/29/2010
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Engineering Change Notice

WAS: T 1S: —
K -
T T
Thread depth of 0.7 * |1\ N5, Thread depth of 0.8 | I\ N\~

Notes: Due to changes in the actuator
design we increased the depth of our

threads to allow f iability in th TEAM 18
reads to allow for more variability in the _
assembly. PROJ: THEMOSTATIC VALVE
REF DRAWING : HOUSING
Eng: Sarah Markey 11/30/2010
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Engineering Change Notice

WAS: |S:

a A
S S

Width of Width reduced to
0.500" 0.420"

Notes: Due to changes in our
manufacturing plan we were unable to
expose enough length of our blank on the
lathe. The retaining disk had to be
shortened in order to allow the 1/8” parting

::ohcfjlcrﬁom to move and not hit the lathe TEAM 18
PROJ: THEMOSTATIC VALVE
REF DRAWING : RETAINING DISK
Eng: William Blumberg 12/6/2010
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Engineering Change Notice

WAS.: IS:
No Hole — 1 Hole extends ——P :
FHERI through length of 77Tt | 1RE:
I Sl
_El il
Recessed a Recessed a
depth of .325” depth of .275”
Notes: Due to shortening of actuator
piston, space between Plug and Gate and
actuator body eliminated. See Engineering
Change Notice: Assembly. A thru-hole TEAM 18
need to be made due to manufacturing PROJ: THEMOSTATIC VALVE
limitations '
REF DRAWING : PLUG AND GATE
Eng: William Blumberg 11/30/2010
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Engineering Change Notice

WAS: |S:
No clearance between
0.05”" clearance actuator body and
between actuator bod plug recess
and plug recess
Actuator sticks Actuator bottom
out the back of is flush with
the retaining retaining disk

disk 0.1”

Notes: Due to shortening of actuator piston
the plug had to be pressed onto the piston
as far as possible. Because we had to press

fit the actuator body into the retaining disk TEAM 18
the two parts had to be flush. PROJ: THEMOSTATIC VALVE
REF DRAWING : PLUG AND GATE
Eng: William Blumberg 12/2/2010
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Appendix C Design Analysis

Material Selection- Functional Performance

We have access to the Ashby’s Material Selectiotalse through software titled CES
EduPack 2010 [25]. This program, as well as oatsgdearch and knowledge, greatly assisted in
our material selection process.

This CES software assisted in the material selecfdwo major components of our final
design, the Housing and the Retaining Disk. Therwain functions of our housing is to
properly hold our actuator in position as well asused for testing validation. The first function
provided little to no constraints in our materialestion process apart from machinability of the
material. Testing validation, however, would reguhat the Housing be exposed to high
temperatures, pressures, and forces; thus, baketitbé limits one can choose from, which
refine the material selection process in the CEBvaoe, we used yield strength and maximum
service temperature. Tlh@nperature of the hydraulic fluid passing through the housing can

reach 180 F during operation so we had to ensure the mateoaldn’t be warped or affected
through 1075 cycles. Similarly since the systempressurized and large forces will be pushing
against this housing at all times we had to entheenaterial’s strength would be able to
withstand the forces that will ensue throughoutrapen. As a result the CES software showed
that aluminum, iron, steel, and zinc alloys asttperesults. Since any of these options would
suffice we had to somehow narrow these choices dowarfinal one. Considering material
price, manufacturability, and ease of obtainingrtiegerial, and since the CES software gives
prices per pound of the material as well as thdress and strengths which go into the
machinability, we ultimately chose aluminum as &l material selection for the housing.
Figure 32 below shows the results from the CES\sw# showing yield strength vs. maximum
service temperature.

We then used this CES software in order to obteapgr materials for our Retaining Disk. The
main functions of our retaining disk is to hold @etuator in place via a press fit, screw properly
into the housing so the Plug and Gate properlyaligaed before instillation, and to block the
least amount of flow. All three of these functioetate back to manufacturability since all
functions can be obtained if the part is propedyell, threaded, and cut via water jet. Since this
part will also be experiencing the same high opemnat temperature, pressure, and forces we
used the same limits for our initial material refiment as with the housing, maximum service
temperature and yield strength. Therefore, thelt®ge obtained were the same and can be
represented by Figure 32. Also similar to the Imggisve then narrowed these choices down to a
final material by considering mainly the machinapidnd price of the materials and in the end
decided to use aluminum just as we did with theshmau In the end, aluminum was the material
chosen for every part we would manufacture
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Figure 32: Material Selection Graph for Testing Howsing, Plug and Gate, and Retaining
Disk

Iron and Steel alloys
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Maximum service temperature (°F)
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Environmental Performance

In order to determine the mass of the material e@édl our final design we referred to
Solidworks 2010. With the density of our aluminaffoy 6061 known we solely used
Solidworks to calculate the volume of our machipads and multiplied by the density, leaving
the mass. The masses and volumes of the mategded for our final design of each of the
parts can be seen below in Table 10.

Table 10: Volumes and masses required for machining

Part Density Volume Before Volume After Mass Before Mass After
(Ib/in®)  Machining (if) Machining (i) Machining (Ib) Machining (Ib)

Housing 0.098 19.665 13.87 1.9272 1.3592
Reg}'s”iing 0.098 0.441 0.18 0.0432 0.0176

Using SimaPro 7.2 [27] we were able to determimeatfivironmental effects the materials used
in our final design will have. The only parts wetwally manufactured, however, were formed
from aluminum; thus, we decided to compare the ristesed for our final prototype’s housing
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to the materials that would be used for the maswufaatured version of our housing. Therefore
using the possible categories given by the PradaasiDatabase of SimaPro and the
Ecolndicator 99 associated with the program, wepamed the environmental effects of 1.9272
Ibs of 6061 aluminum against 1.9272 Ibs of cagnalum. Using the Professional Database
allowed us to see the full life cycle of our ma&ésiincluding the production, transportation,
disposal and other parts of the process which atiig results in creating the two different
materials. Results in the form of four bar grapas be seen in Figure 33 through Figure 36
below.

Figure 33:Total mass of raw materials, air emissios, water emissions and solid waste

created
30
o5 E 6061 Aluminum
H Cast Aluminum
20

15

Weight (Ibs)
)

Raw Air Water Waste

Figure 33 shows the total mass of raw materiatraissions, water emissions, and solid waste
created in order to form 1.9272 Ibs of either matexs created using the Ecolndicator 99. From
this graph one can see that there is almost as mash of raw materials used in the creation of
either product; thus, the environmental effectssedlby using raw materials will be
approximately the same. The amount of air emisstweated during the production of cast
aluminum can be seen as approximately 25% grdsarthat of the 6061 aluminum, clearly
demonstrating cast aluminum having a larger impadhe environment. However, water
emissions, while both low values (< 2.5Ibs), arewl#0% larger for 6061 aluminum. Finally,
while cast aluminum had absolutely O Ibs of wa88§1 aluminum solely had 0.0113 Ibs of
waste; therefore, the environmental impact canlinest seen as irrelevant. Based off of this
figure cast aluminum would be slightly more hazasltor the environment; however, if water
emissions is much more important than air emissiwhgch would require more research, it is
possible that they have an equal impact, or evesibly that 6061 aluminum has a larger
impact.
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Figure 34: Damage classifications and their impaatn the environment
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Figure 34 shows each of the Ecolndicator 99 darckgsifications and their impact on the
environment. Of the 10 categories the Ecolndic@folooks into during the full life cycle of our
two materials, 6 are greater in the production@baluminum while 4 are greater in cast
aluminum production. 6061 aluminum has a bigggraat on the environment in terms of
carcinogens, respiratory inorganics, radiationnezayer, land use, and minerals. Cast
aluminum more greatly impacts the environment imgeof respiratory organics, climate

change, ecotoxicity, and acidification/eutrophicatiBased on this damage assessment, 6061

aluminum will seem to have a greater impact oretironment during its entire life cycle.
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Figure 35: Normalized score in human health, eco-kicity, and resource categories
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Based off of the 10 Ecolndicator 99 damage asse¥stagegories, SimaPro breaks these into
three damage meta-categories-human health, ecityp@iod resources. By looking at the
weighting section in SimaPro, one can clearly seEigure 35, the normalization of the
damages, that resources will be the largest cont@towed by human health, and then barely
any ecosystem quality problems. One can alsonseéy looking at the point values associated
with the weighted values in SimaPro. For 6061 @bwm, there is a point value of 3.6 for
resources, 0.6 for human health, and 0.01 for etesyquality. On the other hand, for cast
aluminum there is a point value of 1.65 for resesr®.5 for human health, and 0.05 for
ecosystem quality. While ecosystem quality ishglighigher, the much larger use of resources
and the slightly larger human health concerns ecedtiring the full life cycle of 6061 aluminum
would cause us to believe it to be the more enviramtally impacting material. This contradicts
what we would have believed based off of lookingigure 33because that graph solely shows
the mass of the emissions and materials used; ¢meg these would be different in the creation
of 6061 aluminum and cast aluminum Figure 35 be#presents the environmental impact of
the entire life cycle of each material.
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Figure 36: Single score comparison in “points”
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Figure 36 further develops the idea that 6061 atumi will have a greater environmental impact
during its full life cycle then cast aluminum. $lgraph takes the point values in the weighted
tab of SimaPro and stacks them atop one anothece @gain it would seem that human health
and ecosystem quality are roughly the same (<.} Iptit the resources used during the life
cycle of 6061 aluminum is almost double that ot @sminum which would be enough to
express that SimaPro with the use of Ecolndica®onil have a much bigger impact when the
life cycle of the whole product is considered.

Manufacturing Process Selection Assignment

Our thermostatic valve is intended to be used w hgdraulic hybrid vehicles. This will include
UPS delivery trucks, garbage trucks, and many dilpers of large vehicles that regenerative
breaking would make much more fuel efficient. ®iere, our production volume will be
10,000-25,000. In order for the EPA to be convihtteat they should invest in that magnitude of
our thermostatic valve, we have to prove it is &ftient in mass production.

In the Material Selection Section above, we useddBS EduPack 2010 software to deduce that
aluminum was the best material for both the Housimg) the Retaining Disk. Once this had
been selected we were able to use the CES Mantifagfrocess selector by following the
Process Universe link at the bottom of the Alumirallay section. From here we were able to
look at different manufacturing processes that waueatly reduce cost at a production value on
the magnitude of Tor larger.

For our mass manufactured housing we wouldn’t ieedolerances or the surface finish to be
that great because if there was a process thativeaslily create a hollow 3-D geometry we
could simply drill holes later to better make tbketances, if it was even necessary. For this we
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looked at both die casting and sand casting siotie dould do hollow 3-D geometries. Die
casting had smaller tolerances, 5.91-19.7 tho8¥%-118 thou, but since tolerances weren’t our
biggest issue we continued to compare the techsigBeth of these could produce the batch
size of the magnitude we wanted so there wasn’sahytion there. The tooling cost and
equipment cost for die casting was much higher fbeeand casting; however, the labor costs
were reversed with sand casting being much hidtear tlie casting. Therefore we took a look at
the possible thicknesses that each of these prexessild perform. Die casting could create a
section thickness of 19.7-472 thou while sand ngstould go from 118-3.93e4 thou. Since the
housing is going to be larger than 472 thou, wauded that sand casting would be our best
method for mass manufacturing of this part antieftolerances are too extreme we would
simply drill the holes to the proper diameter.

Mass manufacturing the Retaining Disk would reqaireanufacturing process that had very
small tolerances and could create a circular patt¢an be press fit into the housing. After
looking through the possible options the CES Maciwfang process selector had to offer,
extrusion and stamping stood out for the mass mtomuof this part. Either of these techniques
could properly create the geometry of the retaimiisy so other attributes were examined.
Stamping had a slightly lower tooling and equipmzrdt than extrusion while labor costs were
very similar, but this wasn’t enough to choose stizugy over extrusion. The tolerances during
stamping range from 3.94-31.5 thou while tolerarfoa® extrusion are from 0.984-19.7 thou.
Since we ultimately plan to have this press fittinyould make more sense to go with extrusion
since if we can get the part to be under a thas tteere could be no extra machining involved
such as turning in order to get the disk to sikbis alone could save more money than the
slightly higher tooling and equipment costs comtindlso, the section thickness during a
stamping process maxes out at 197 thou, which &lenthan our actual part, while one could
extrude up to 3.54e4 thou. Being able to extradgelength as well as possibly have perfect
tolerances after the process could save an exi@ement of time and money since one could
simply extrude the maximum distance and cut thegpie length many times since our part is
approximately 500 thou long.

The CES Manufacturing process selector that accompahe CES EduPack 2010 software
greatly assisted in finding new machining procesisascould easily create our parts on a mass
scale. This would be necessary since our protatgpearound $100 and we were requested that
it should be much cheaper. These processes usi@d ptoduction volume will greatly decrease
cost and time and hopefully allow us to createnalfimass produced thermostatic valve that
actually costs less than the $10 our sponsor an&®A were hoping for.
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Appendix D Manufacturing Plans

Housing

Process:

holes

Stock:

Band Saw

Mill

N/A

Normal
straight
mill vice
with
parallels

6061 Aluminum

Turn

on, set
speed

Turn
Machine
on, set
speed

maching

1.5"X6"X3"

N/A

Y," 2
flute end
mill

N/A

Manual
feed
(slowly)

See ban
saw
chart,
choose
steel

2300

Measure and sco
desired length an
width on stock.
Manually push
piece through,
cutting larger tham
marks

[®8

Face mill 3 edge$
so working
surfaces are all
parallel

10

15

Rough cut correct length from stock with bandsaegefends with facing tool, drill two holes, reamethholes, tap three

Use wood
block to
push piec

11%

Normal
Mill
Safety
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Step 3
Edge
Normal Turn finder, (sgr?t?—:-r Drillina hole: Use Operation for Main
straight machind center | Manual drill) ed (gafindér to Normal | Branch Outlet, Peck drill
Mill mill vice, on. set drill, feed centger over hole 30 Mill to remove chips. Drill g
k) n - 1
use speed 15/32_ (slowly) 1400 | center drill, drill Safety | little more than ¥2 way
parallels drill bit (15/32") through
(2 flute)
Step 4
Normal | Turn .
. . « | Manual Reaming hole: Normal . .
Mill s_tral_ght maching  1/2 feed 100 | Center over hole] 15 Mill Operation for Main
mill vice,| on, set| Ream Branch Outlet
(slowly) ream Safety
parallels| speed
Step 5
’s\lt(r);nﬁ[[ mgg;]ri]ne 1" drill | Manual CE&'{!Pg\gligle Normal Operation for Main
Mill raig bit (2 feed 650 . 20 Mill Branch Outlet, Peck drill
mill vice, | “on, set flute) | (slowly) drill to depth of Safet to remove chips
parallels| speed y 1.2” y P
Step 6
Normal | Turn Normal
Mill s_tra|_ght Maching Boring auto feeqd 490 bore to 1 5/32" 30 Mill Increase cuts by .01"
mill vice,| on, set| bar Safet
parallels| speed y
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Step 7

FLIP
block ove
to paralle Turn
side Machine ¥ 2 | Manual Normal
Mill Normal on. set flute end feed 2400 Face to length 15 Mill
straight sp’ee d mill | (slowly) Safety
mill vice
with
parallels
Step 8
Edge
Normal Turn | finder, 2300 | Drilling hole: Use Operation for Main
straight . Manual . Normal .
Mill | mill vice, maching c_enter feed (ce.nter edge finder to 30 Mill Branch Outlgt, Peck drill
use on, set dr[ll, 1 (slowly) drill) center over hqle Safety to remove chips. Drill to
parallels speed | drill bit 1400 (1"} center drill, drill depth of 4"
(2 flute)
Step 9
Normal mztémne 1" 4| Manual End milling: Normal
Mill straight on. set flute end feed 80 Center over hole[f 20 Mill
mill vice ’ mill | (slowly) mill Safety
speed
Step 10
Normal | Turn Normal
Mill s_trai_ght MachingBoring auto feeqd 490 bore to 1 5/32" 25 Mill Increase cuts by .01"
mill vice, | on, set |bar Safet '
parallels| speed y
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Step 11

Normal
straight Edge
mill vice, | =dd - _ . _
. urn | finder, Drilling holes: Ussd DO NOT pierce sidewall
flip stock . Manual . Normal :
. maching center edge finder to . of main branch. Leave
Mill |90 degres . | feed 650 20 Mill : "
on, set| drill,1 center over hole block in position for
to a0 | (slowly) . . Safety - :
machine speed | drill bit center drill, drill milling operation
side (2 flute)
branch
Step 12
Normal mgcj:rr?inel"“lute Manual End milling: Normal
Mill straight : feed 80 Center over hole[f 20 Mill
o on, set|end mill :
mill vice speed (slowly) mill Safety
Step 13
Normal | Turn Normal
. straight | Maching| Boring " - "
Mill o auto feeg 90 bore to 1 5/32 45 Mill Increase cuts by .01
mill vice, | on, set| bar Safet
parallels| speed y
Step 14
Normal | Turn 9/32"
. straight | maching end mill Manual Milling: mill slot at Nor_mal .
Mill o feed 1000 . 45 Mill increase cut depth by .0
mill vice, | on, set| (4 flute) (slowly) end of side branc Safet
parallels| speed | LONG y y

1"
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Step 15
Use edge finder tp
center over hole
Edge Insert tape guidg Operation for retaining
. , finder,1- into chuck. Begir] disk threading. Keep tap
Mil Tap guide  N/A 1/16"-20 N/A N/A tapping, back tap 40 N/A very well oiled. Use
Tap out until burr is wrench to turn tap
removed continug
tapping, repeat
Step 16
Use edge finder tp
center over hole Operation for inlets ang
Tap guide Edge Insert tape guidg b
angle plat finder, 14 into chuck. Begin outle@s. Keep tap very
Tap N/A ’ N/A N/A : ) 90 N/A well oiled. Grind Tap if
and C- 11-1/2 tapping, back tap
. . necessary to get threagd
clamps Tap out until burr is
. engagement
removed continug
tapping, repeat
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Retaining Disk

Process: Cut blank with water jet, drill and tap center hdleead outside
Stock:

6061 Aluminum 1” X 12" X 12"

Water
Jet

Drill
Press

Bar clamps
used for
fixturing

against
square in
water jet
cuttuing bed

C-Clamp to
vice with
spacers

Create
.ord file
for water
jet
toolpath

Set speeg
according
to tooling
and stock

material

N/A

G Drill Bit
(2 flute)

Set by
software

Manual
feed
(slowly)

Set by
software

750

Run
toolpath on
water jet,
computer
control

Drill hole
through
center hole,
the part
should self
center

10 min.

5 min.

Hands
clear of jet

Normal
drill press
safety,
make sure
part is
secure
(more
difficult
since it is
circular)

Outer
Diameter
larger than
needed,
center hole
smaller than
needed
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Lathe

Lathe

Lathe

Collet with
fixture that
fits into the
hole in
retaining
disk on one
end and into
collet. Use
tail stock
pressure,
Dial
Indicator

3 Jaw
Chuck, dial
indicator

Turn on
machine,
set speed

3 Jaw chuck] Turn on
dial machine,
indicator | set speed

Set
machine
to 20
threads
per inch

Boring bar

Single
Point
Cutting
Tool

Threading
tool

Manual,
slow

Manual,
slow

Manual,
slow

500

300

150

Turn down
diameter

Bore out
center hole
to size

Thread
using
automatic
threading
function on
lathe

45

run slowly

to avoid

breaking
tool

Make cuts of
0.01” off
diameter

Make sure
that threads
are deep
enough
(should
come to
peaks)




Lathe

3 Jaw Chuck

Turn
machine
on

1/8”
parting tool

Manual,
slow

150

Cut disk to
length

Go very
slowly
when
cutting off
spokes to
avoid
toque
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Plug and Gate

Process:
Stock:

Cut blank with water jet, drill and ream centerénddore cavity

6061 Aluminum 1” X 12" X 12"

Water
Jet

Drill
press

Bar clamps
used for
fixturing

against
square in

water jet
cutting bed

Vice

Create
.ord file
for water
jet
toolpath

turn
machine
on, set
speed

N/A

No. 25 drill bit

Set by
software

Hand

Set by
software

1150

Run
toolpath on
water jet,
computer
control

Drill
through
hole at
center
piercing

10 min.

1 min

Hands
clear of jet

Normal
drill press
safety

smaller than

Outer
Diameter
larger than
needed,
center hole

needed
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Drill
press

Lathe

Lathe

Vice

Use
custom
fixture in
3-jaw
chuck, use
tail stock
pressure tg
hold part
in place

Use
custom
fixture in
3-jaw
chuck, use
tail stock
pressure tg
hold part
in place

turn
machine
on, set
speed

turn
machine
on, set
speed

turn
machine
on, set
speed

Center drill

Turning/facing

tool

Turning/facing

tool

Hand

Autofeed

Autofeed

1150

450

450

Drill
through
hole at
center
piercing

Turn down
outer
diameter of
plug to 1”

Turn down
end of plug
to 1~”

1 min

31 min

31 min

Normal
drill press
safety

Make
small cuts
because of
tail stock

pressure

Make
small cuts,
especially

when

cutting
spokes

i

This
creates a
chamfer for
the tail
stock to seat

in

Do not
remove
from
previous
step to keep
everything
on-center




Lathe

Lathe

4-jaw

chuck,
small end
facing in

4-jaw

chuck,
small end
facing in

turn
machine
on, set
speed

turn
machine
on, set
speed

Boring bar

No. 23 ream

Autofeed

Hand
feed

300

700

Bore center
cavity of
plug and

gate

Ream
center hole

25 min

15 min

Make
small cuts,
especially

when

boring
spokes

Normal
lathe
safety

Quickly
make cut
and remove
keep same
fixture as
before
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Custom Lathe Fixture

Process:

Stock:

Cut blank with water jet, drill and ream centeréyddore cavity
6061 Aluminum Bar D0.5" X 3.5 *“

At end of
Turn diameter| cut, make
sure there ig
down for a flat ste
Lathe 3 jaw chuck machine | Facing/turning Autofeed 500 barely fits ~7.5 ng;hmeal fo:Jac;engf
J on, set tool into center min safet P a?e or
speed hole of plug y goE
retaining
and gate or disk to sit on
retaining disk ;
during
turning
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Appendix E Engineering Drawings

Linear Thermal Actuator (Actuated Position)

|
B @.150 threaded
N @ .500
@ .500 threaded

UNLESS OTHERWISE SPECIFIED: NAME DATE

DIMENSIONS ARE IN INCHES DRAWN

TOLERANCES #0005 TMLE:

FRACTIONALS CHECKED :

ANGULAR: MACH#  BEND #

TWO PLACE DECIMAL ENG APPR.

THREE PLACE DECIMAL # MEG APPR.

INTERPRET GEOMETRIC QLA

PROPRIETARY AND CONFIDENTIAL 4
THE INFORMATION CONTAINED IN THIS XAC:TEERQ:LC‘NG = COMMENTS:
DRAWING IS THE SOLE PROPERTY OF SIZE |DWG. NO. X REV
<INSERT COMPANY NAME HERE>, ANY actuator to radiator
REPRODUCTION IN PART OR AS A WHOLE FIRUSH
WITHOUT THE WRITTEN PERMISSION OF BEXE AR LSEDION
<INSERT COMPANY NAME HERE> IS
PROHIBTED. APPLICATION DO NOT SCALE DRAWING SCALE: 1.1 |WEIGHT: | SHEET 1 OF 1
I

4

3
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Linear Thermal Actuator (Normal Position)

—= =— @.150 threaded
N ®.313
e — @ .500

1

L
b

3.250

2.700

2.120

@ .500 threaded

UNLESS CTHERWISE SPECIFIED: I AME DATE
DIMENSIONS ARE IN INCHES DRAWN
TOLERANCES:20.005" ¥
ERACTIONAL® CHECKED TITLE:
ANGULAR: MACHE  BEWD %
TWO PLACE DECIMAL % ENG APPR.
THREE PLACE DECIMAL % MEG APFR.
INTERPRET GEOMETRIC QA
PROPRIETARY AND CONFIDENTIAL :
THE INFORM ATION COMNTAINED IN THIS IAOA};RQ:LCING i COMMENTS:
DRAWING I$ THE SOLE PROPERTY OF SIZE |DWG. NO. REV
<INSERT COMPANY NAME HERE>, ANY actuator back to system
REPRODUCTION IN PART OR AS A WHOLE FINSH
W THOUT THE WRITTEN PERMBSION OF HET Bl LD
<INSERT COMP ANY NAME HERE> IS
PROHIBTED. APPLICATION DO NOT SCALE DRAWING SCALE: 1:1 |WEIGHT: SHEET 1 OF 1
T T T I
] 4 3 2 1
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— 1.500

750
—0
5.700 -
o 4.750 Ty
4.500
3638 <IN ||
—————— { '
| i 3.450 G+ HH 375
Moo 3.263 1 < \
\— 4% R.188
— P1.156
1-1/16-20 Straight
700 Thread
-\¥ -
0- ¥ 1-11-1/2 Pipe
HER Thread x3
OO OO0 O
QOO O
o |
G1.086 —L — 1
(@] (@] o o
Ip] (@] (@]
Now®
— N
UNLESS OTHERWISE SPECIFIED: NAME DATE
DIMENSIONS ARE IN INCHES DRAWN
TOLERA NCES: #0005 TILE
FRACTIONAL# CHECKED e
ANGULAR: MACHE  BEND %
TWO PLACE DECIMAL £ ENG APPR.
THREE PLACE DECIMAL # WEG APPR.
QA
PROPRIETARY AND CONFIDENTIAL ‘TN&LEERRP,ENHC%E(? @AEERT:R‘C —
THE INFORMATION CONTAINED IN THIS ’
DRAWING IS THE SOLE PROPERTY OF RERE, SIZE ] DWG. NO. . REV
<INSERT COMPANY NAME HERE>, ANY
REPRODUCTICN IN PART OR AS A WHOLE FINISH A ]-h H
WITHOUT THE WRITTEN PERMISSION OF NEXT 203X USED ON e O U S I n g'
<INSERT COMPANY NAME HERE> IS
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 1:2 |WEIGHT: | SHEET 1 OF 1
5 ! 4 3 2 ! 1
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Retaining Disk

—— @1.063 —~]

12x R.050
®1.063 Threads
3x R.450 3x R.300

UNLESS OTHERWISE SPECIFIED: NAME DATE

DIMENSIONS ARE IN INCHES DRAWN

TOLERANCES 140 505" TILE:

FRACTIONAL® CHECKED 5

ANGULAR: MACHE  BEND £

TWO PLACE DECIMAL  # ENG AFFR.

THREE PLACE DECIMAL % MEG APPR.

INTERPRET GEOMETRIC QA

PROPRIETARY AND C ONFIDENTIAL :
THE INFORMATION CONTAINED IN THIS /I/\OALTEERD::LC‘NG = COMMENTS:
DRAWING I3 THE SOLE PROFERTY OF SIZE |DWG. NO. REV
<INSERT COMPANY NAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE FINISH OS er
WITHOUT THE WRITTEN PERMISSION OF Bt 2ty UEELEEoN
<INSERT COMPANY NAME HERE> IS
PROHIBTED. APPLICATION DO NOT SCALE DRAWING SCALE: 2:1 |WEIGHT: | SHEET 1 OF 1
¥ T I
5 4 3 2 1
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Plug and Gate

— 3x R.250
12% R.050 @1.000
@ .150 threads
3x R.400
@1.000
200
" I
700 T Hm |
T [THA
T ITH
I ITHA
1 ITH
T THI
I [THI
i ITHI
325 iy L
0 || [
oo O o OO
o N O Q
- o N ORO
UNLESS OTHERWISE SPECIFIED: NARME DATE
DIMENSIONS ARE IN INCHES DRAVWN
TOLERANCES: 40 005" %
ERACTIONALS CHECKED TITLE:
ANGULAR: MACH®  BEND #
TWO PLACE DECIMAL  + ENG APPR.
THREE PLACE DECIMAL % MFG APFR.
INTERPRET GEOMETRIC QA
e REBIER STAREN e comETS
DRAWING IS THE SOLE PRCPERTY OF SIZE DWG. NO. REV
<INSERT COMPANY MAME HERE>. ANY
REPRODUCTION IN PART OR AS A WHOLE FINBH :AJ er 0 nd C Te
WITHOUT THE WRITTEN PERMISSION OF MEST 483X USEDIGR
<INSERT COMPANY MAME HERE> 15
PROHIBITED. APPLICATION DO NOT SCALE DRAWING SCALE: 2:1 |WEIGHT: | SHEET 1 OF 1
1 | |
5 4 3 2 1
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Appendix F QFD

2 qirencitelaf o2

] qirlznoitslsA sissboM

r nidznotRle HEaVY
noilglenod svilieoS pnav2

nodsienod evitized
nobBlanod sviepsk
nciislanod svilegpsld pnou2
aziminiM oT 2l avitoeid0

ESimixeM OT 2| aviDa{do

xraa]l+Froo

topieT fiH T 2l aviteidQ

>

X

4

v

o\
2
SR

'y

040 81 meaT DZhsmM

&1 moaT

oSS\ .

gradmu i mai I

ELE ]

qozzsl, watbnA

oMk Eise

cowbsppie pik crusur 2hamw (gsdnies )

Lpeuuosee

(1 (42

reaxadie jL.ow (Leqe [0 DNEKQE o (Le

Hona|Ld (1ednpeq) (-) (o)

LcuibeLajaie yaude () [t)

betsisz iy nbbet suc rome BouG

o |FIscacsnh womaes

@ |om peadiu

a

T
nodiuA

rzatoll

"
L]

koDl 02 | BEF

o

vilidewd| 0% | BOF

3on0 srusser wol| 03 | HAE

oprefl swtsisqmaT gritesq0| 0.3 | BEE

ildsisqmod| 08 | 1E

onacit3esz| 08 [ PSP

omiT sanogeed| 0% e,ur

ilideteuiba| 08 | &b

o le|=|le|le|=o|=|a|a

ngiesd WO —=—
sieateomod T

bairatoh ylsaionid

2

39— g

E

oA —e— g

5

avieY lISE D3 EWAYIIELNEM —+— %

=

B

5

g

=

2

a

2

0

2

a

2

2

]

ALl AL ALALALALA N offx:ézr:ﬁ;mucbeulmsmmwwﬂm <

BB O(r | OO |O| O esenkacm tecneq) (+) k)
Q||| (P || O P prewsiuep()ise

O |P|O(r O|a|0|O| O cooroLrcwosoge Avic () (@)
@I | (O|O|P | |O|O|O |[coeroHonewd()(2)

O+ OO0la|l@|O|O

L ALALAILAL AL LA e

P Q@ ||| |O| O [rewademeu o obeucoeeq () (i)

O OOIF|rF|lO|lO

O|0O|Q|@ (0|0 Q|0 |O|O buookbsco (]
PP P (O|F|PF|Q|O|O|Q boewenrspob(-)(be)
(||| (P> |O|O|O \oche:pooe seamd(-) (4l

(BB O Q|k|O|QO bosencgul ] b)

| QO(r | O OC|0|O|O bwanmon coe()z)

99

§ g £l

= 2 : g8 | 8| & v | £ 2
§| ¥ g LR s | 5|58 ¢
2 + 8 1 e + 2

e o € e | e o [
Ll

vam | o | IEEEEEENE o |

pisaqgA viisuzY| OF | &F

®




Appendix G Subsystem Pugh Charts

a. Actuator
Design Criteria Weiglithermally Expansive WaxElectrorhape Memory AlloBimetallicEthancElectromagne
Safety 3 2 2 0 2 -1 2
Cost 3 2 -1 -1 -1 2 -1
Operating Temperature Range3 1 2 1 1 2 2
Response Time 2 1 2 1 1 2 2
Adjustability 2 1 2 0 0 0 2
Durability 2 2 1 2 2 0 1
TOTAL 23 19 6 12 13 19
b. Normally Biasing Actuator
Design Criteria Weigl8pringElectroni&lectromagnetic
Safety 3 2 2 2
Cost 3 2 -1 -1
Operating Temperature Range3 2 2 2
Response Time 2 2 2 2
Adjustability 2 1 2 2
Durability 2 2 1 1
TOTAL 28 19 19
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c. Valve Member

Design Criteria Weight Sliding Rotating Plunger  Translating Plug & Inner
Gate Gate Channel Gate Pipe
Safety 3 2 2 2 2 2 2
Cost 3 2 2 2 2 2 2
Seal Efficiency 3 2 1 2 2 2 1
Minimally impedes flow 2 1 2 1 1 1 2
Durability 2 2 2 2 2 2 2
Machinability (member and immediate 2 0 2 2 2 2 2
surroundings)
TOTAL 24 27 28 28 28 27

d. Junction Geometry
Design Criteria Weight -in into 2 directionsT- 1 branch off math

Safety 3 2 2 2

Cost 3 1 1 1

Low Pressure Drop Acrc 2 1 2 2
Machinability 1 2 2 2

Seal Efficiency 1 2 2 2
TOTAL 15 17 17
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Appendix H Concept Generation- Initial Designs

A.
This family of designs involves a T-shaped housing two linearly translating plugs that move

in tandem, with one opening a pipe while the othleses a pipe off. After we put more thought
into these designs we realized that this desigioigeasible with a standard linear actuator.

A.1  Double plug with shared actuator

Actuator: Thermally Expansive Material (Therndadtuator)
Normally Biasing Actuator: Spring
Valve Member: 2 Plugs
Junction Geometry: T valve

Figure 37: Initial Concept r Design Sketch for A.1

A.2  Double plug with individual actuators

In this variation, each plug is connected to itsidtiermal actuator. A downside to this
design is the potential for both plugs to be clostthe same time, should one of the
actuators, this blockage could cause serious daampesssure would build up until

failure.
Actuator: Thermally Expansive Material (2 Adciois)
Normally Biasing Actuator: Springs
Valve Member: 2 Plugs
Junction Geometry: T valve
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A.3  Double plug with ethanol

In this variation instead of using a thermal aatuat balloon of ethanol (which boils at
170 F) would be used for actuation. Ethanol isfteable and there is a potential for the
balloon to break; thus, for these reasons as welua concerns over what material this
balloon could be made from, we ruled this desigh. ou

Actuator: Ethanol balloon
Normally Biasing Actuator: Spring

Valve Member: 2 Plugs
Junction Geometry: T valve

B

This family of designs involves a piston with aglat one end and a gate connected
orthogonally to the piston.

Figure 38: Initial Concept Sketch for Design B.1

!}/

B.1  Plug and Translating Gate

In this design a linear actuator moves a pistoalgxalong a tube, at the end of the
piston is a plug and orthogonally connected topilston is a gate that can block a path
that branches from the original pipe at a rightlang

Actuator: Thermally Expansive Material (Therndadtuator)
Normally Biasing Actuator: Spring

Valve Member: Plug and Gate

Junction Geometry: T- One Branch off Main
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B.2  Plug with Translating Gate using Ethanol

In this variation we designed a set up similariguFe 15 except that we used an ethanol
balloon that would need to be connected to th@pjstia some rigid plate, as an
actuation device.

Actuator: Ethanol Balloon
Normally Biasing Actuator: Electromagnet
Valve Member: Plug and Gate
Junction Geometry: T- One Branch off Main

B.3 Plug and Translating Gate using Electromagnets
In this variation instead of using a linear actuateo to directly move the piston we would
use one to move a piece of conductive material thadbuld complete or break two different

circuits (see
Figure 39). When completed, each circuit wdulth on a different electromagnet (see

Figure 32).
Actuator: Thermally Expansive Material and Etemagnets
Normally Biasing Actuator: Electromagnet
Valve Member: Plug and Gate
Junction Geometry: T- One Branch off Main
Figure 39:Electromagnet Actuation Figure 40: Initial Design of Concept B.3
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C.
Branch off Main” geometry with a sliding gate adedhin various ways.

C.1 Gate with Thermal Actuator
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Actuator: Thermally Expansive Material (Therndadtuator)
Normally Biasing Actuator: Spring

Valve Member: Gate

Junction Geometry: T- One Branch off Main

Figure 41: Initial Design of Concept C.1

ot

C.2  Gate with Linear Actuator
This variation uses a thermostat that sends tertyrersformation to a linear actuator
that uses electrical power.

Actuator: Linear Actuator (electric power)
Normally Biasing Actuator: Linear Actuator

Valve Member: Gate

Junction Geometry: T- One Branch off Main
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Figure 42: Initial Design of Concept C.2
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C.3  Gate with Electromagnet

Actuator: Thermal Actuator and Electromagnet
Normally Biasing Actuator: Electromagnet
Valve Member: Gate
Junction Geometry: T- One Branch off Main
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Figure 43: Initial Design of Concept C.3
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D.
These designs use a Y shaped junction and a swjiggite that is pivoted at the junction.

D.1 Y Valve with Electromagnet

Actuator: Thermal Actuator and Electromagnet
Normally Biasing Actuator: Electromagnet

Valve Member: Gate

Junction Geometry: Y

Figure 44: Initial Design of Concept D.1
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D.2 Y Valve with Thermal Actuator

In this variation we considered using a thermaliaitir and a normalizing spring,
connected outside of the housing to an extendeat pivn, however this would be rather
difficult to construct and could cause leaking.

Actuator: Thermal Actuator
Normally Biasing Actuator: Spring

Valve Member: Gate

Junction Geometry: Y
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E.

These designs are based on a housing of pargies pind a gate translating between them. This
design was not one of the top contenders becausealeed that machining this into round
cavities would be very difficult, and pulling a gatormal to the flow will create more force than
in some of our other designs.

E.1  Parallel Pipes with Thermal Actuator

Actuator: Thermal Actuator
Normally Biasing Actuator: Spring

Valve Member: Gate

Junction Geometry: Parallel Pipes

Figure 45: Initial Design of Concept E.1

E.2 Parallel Pipes with Electromagnet
We considered modifying design E.1 to use an elewgnet as the actuator, see Figure
16 and design C.3 for an example of a similar apfibn of electromagnet actuation.
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Actuator: Thermal Actuator and Electromagnet

Normally Biasing Actuator: Electromagnet
Valve Member: Gate
Junction Geometry: Parallel Pipes

E.3 Parallel Pipes with ethanol
In this variation behind the two pistons there vadbloé an ethanol balloon that would

expand when the hydraulic fluid was hot and puskherpistons that would then
translate the gate.

Actuator: Ethanol Balloon

Normally Biasing Actuator: Spring

Valve Member: Gate

Junction Geometry: Parallel Pipes
F. Capillary

These two designs use a junction and housing gdeavpithin another pipe, like a capillary. The
inner cavity would be blocked by thermally expaesivedges or semicircles that when hot
would extend away from the inner pipe’s opening slittk up to block cut outs in a gate over
the outer tube. We ruled this design out early oa t challenges in machining, problems with
spring placement and how to get the gate piectaislate where we would need them to go.

Actuator: Thermally Expansive Material
Normally Biasing Actuator: Spring

Valve Member: Gates

Junction Geometry: Capillary

F.1  Capillary with wedges

F.2  Capillary with semicircles
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Figure 46: Initial Design of Concepts F.1 and F.2
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G. Moving Channel
In this design the Y junction is intersected by@ing channel that would translate normally to
the flow and create openings for flow to pass tgtoin the stems of the Y.

Actuator: Thermally Expansive Material (Thetmatuator)
Normally Biasing Actuator: Spring

Valve Member: Channel

Junction Geometry: Y

Figure 47: Initial Design of Concept G
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H Lighthouse

In this design a sleeve is inserted into a maie fipis sleeve would be connected to a shape
memory alloy spring that would create a rotatianation, allowing the hole in the sleeve to line
up with one of two holes in the housing (one legdmthe radiator and one to the system). This
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design did not make the cut because of the castafe memory alloy and our concerns that
there could easily be misalignment and contact éetwthe housing and the inner pipe.

Actuator: Shape Memory Alloy
Normally Biasing Actuator: Shape Memory Alloy
Valve Member: Sleeve

Junction Geometry: T- One Branch off Main

Figure 48: Initial Design of Concept H
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l.
These designs employ a translating sleeve withwahtble, inside of a modification of a T-

shaped housing.

1.1 Translating Sleeve with Thermal Actuator

Actuator: Thermally Expansive Material (Therndadtuator)
Normally Biasing Actuator: Spring

Valve Member: Sleeve

Junction Geometry: T- One Branch off Main
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Figure 49: Initial Design of Concept I.1

1.2 Translating Sleeve with Linear Actuator
In this variation the overall design would be theng, except that a thermistor and an
electronic linear actuator would be used to moeeslbeve

Actuator: Linear Actuator (electronic)
Normally Biasing Actuator: Linear Actuator (electic)
Valve Member: Sleeve

Junction Geometry: T- One Branch off Main

1.3 Translating Sleeve with Electromagnets
This variation would use an electromagnet to aettla motion in a very similar fashion

as design B.3.
Actuator: Thermal Actuator and Electromagnet
Normally Biasing Actuator: Electromagnet
Valve Member: Sleeve
Junction Geometry: T- One Branch off Main
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1.4 Translating Sleeve with Ethanol Balloon

This design type could also employ an ethanol ballo push the sleeve up and down
(the balloon would need to be a donut shape, doteddrto expansion only in the axial
direction.

Actuator: Ethanol Balloon

Normally Biasing Actuator: Spring

Valve Member: Sleeve

Junction Geometry: T- One Branch off Main
J. Drag Fins

This design is one of the more creative designsieweloped. The actuator is a ring of
thermally expansive material connected to the iolet sleeve. When the fluid warmed the
ring would expand and begin to block more and nodtée sleeve inlet. This would create a
force on the ring that would push the sleeve axiall spring would be connected behind the
sleeve to counteract this motion when cooling.uniaitial sketch we drew the expansive
material as fins instead of one continuous ringtben as we talked more about this design
decided that one piece would be better becausedteas the most surface area.

Actuator: Thermally Expansive Ring
Normally Biasing Actuator: Spring

Valve Member: Sleeve

Junction Geometry: Two Branches off Main
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Figure 50: Initial Design of Concept J
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K. T Valve with Shape Memory Alloy Gates

In this design two memory shape alloy gates woeldided to open and close in tandem.
Downsides to this design include feasibility of stnction, expense of shape memory alloy and
the potential for failure in one of the gates cocddise a pressure build up that could be
catastrophic.
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Actuator: Shape Memory Alloy

Normally Biasing Actuator: Shape Memory Alloy
Valve Member: Gate
Junction Geometry: T

Figure 51: Initial Design of Concept K

L. Half Moon
In this design a semicircular shape memory alloyldde used and would swing an arc when
heated.

Actuator: Shape Memory Alloy
Normally Biasing Actuator: Shape Memory Alloy
Valve Member: Gate

Junction Geometry: Divided Pipes
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Figure 52: Initial Design of Concept L
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Appendix I Housing Sizing

This is a model of the housing as a pressure vas8€l0 psi, in order to be able to pressure rate
to 200 psi.

Figure 53: Determining minimum outer radius of housng
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Appendix J Housing Sizing Matlab Code

Matlab code used to determine stress in housinggandrate plot in Appendix F.
function Stress = housing_stress

%p= gauge pressure in psi
p=800;

%n is number of steps

n=100000;

%r1= tube radius [in]
r1=(1+5/32)/2;

%R= distance from inner radius
%big=largest possible outer radius
big=2.5;

x=(big-rl)/n;

R=[r1:x:big];

%r2 = minimum distance from inner radius to outsafl@ousing
r2=[.:.005:big];

y=length(r2);
Stress=zeros(1,y);

for j=1:y

Sh=zeros(1,n);
Sx=zeros(1,n);
St=zeros(1,n);
Sr=zeros(1,n);

fori=1:n

%Sx= stress in axial direction
%Sr= stress in radial direction
%St= hoop stress

Sr(i)= -p*r1”2/(r2(j)*2-r1”2)*(r2())"2/R(1)*2-};
St(i)= p*r1”2/(r2()2-r1”2)*(r2(j)"2/R(i)"2-1)
Sx(i)= p*rdn2/(r2()*2-r1"2),
%using VonMises yield criterion Sh
Sh(i)=sqrt(((Sr(i)-St(i))"2+(St(i)-Sx(i))"2+(IW-Sr(i))2)*.5);
end

Psx(j)=max(Sx);

Pst(j)=max(St);

Psr(j)=max(Sr);

Stress(j)=max(Sh);

end
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plot (r2,Stress/1000);
xlabel('Outside Radius [in]')
ylabel('Max Stress within the Wall [ksi]')

end
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Stress [ksi]

L=
I
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Appendix K Stress distribution within the wall of the housing
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Appendix L  Housing wall stress Matlab code

function Stress = hsd

%p= gauge pressure in psi
p=800;

%n is number of steps
n=100000;

%r1= tube radius [in]
r1=(1+5/32)/2;

%R= distance from inner radius
%big=largest possible outer radius
r2=1;

x=(r2-r1)/n;

R=[rl:x:r2];

%r2 = minimum distance from inner radius to outsafl@ousing
y=length(r2);

Sh=zeros(1,n);
Sx=zeros(1,n);
St=zeros(1,n);
Sr=zeros(1,n);

fori=1.n+1

%Sx= stress in axial direction
%Sr= stress in radial direction
%St= hoop stress

Sr(i)= -p*rin2/(r2"2-r1"2)*(r2"2/R(i)*2-1);

St(i)= p*rin2/(r272-r1n2)*(r2"2/R(i)"2-1);

Sx(i)= p*rin2/(r2"2-r1"2);

%using VonMises yield criterion Sh
Sh(i)=sart(((Sr(i)-St(i))"2+(St(i)-Sx())"2+(&H-Sr(i))"2)*.5);
end

size(R)

size(Sh)

plot (R,Sh/1000);

xlabel('Outside Radius [in])
ylabel('Max Stress within the Wall [ksi]')

end
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Appendix M Stress analysis of Plug and Gate

Stress analysis on circumferential area betweeer oatlius of arced slots and outside radius of
the Plug and Gate, essentially the gate. Forces medeled at 60 Ibs.

Region of stress analysis showing underside of BhayGate with small taped hole

Figure 54: Stress in gate versus outer radius of arced slots
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Appendix N  Stress analysis of Plug and Gate spokes

PMaximum stress from Combined Loading at a spoke Width of [in]
3':' T T T T T T T

20 F

stress [ksi]
o

10 F

D 1 1 1 1 1
0.1 0.15 EE= 25 0.3 0.35 0.4 0.45 0.5
thickness [in]
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Appendix O Matlab code for stress analysis of Plug and Gate

function main = washer

F=60;

r=.3;
ro=[.25:.01:.48];
rf=.5;

w=[.05:.005:.1];
thickness=[.125:.01:.5];
yield_strength = 45*ones(1,length(thickness));

stress_inner_ring=F/(pi*(ri*2-.25"2))

for i=1:length(ro);
[=ro(i)-ri;
a_shell=pi*(rf*2-ro(i)*2);
stress_shell(i)=F/a_shell,

end

plot(ro,stress_shell);

title('Stress in Thin Shell’)

xlabel(*Outer Radius of Cut Aways')

ylabel('Stress [psi]’)

ro=.45;

|=ro-ri;
stress=zeros(length(w),length(thickness));
stress_y=zeros(1,length(w));

for j=1:length(w);
width=w(j);
a_spoke=I*width;
stress_y(j)=F/a_spoke;

stress_x=zeros(1,length(thickness));
for k=1:length(thickness)
%one third of the force from the acutatdr lae applied to each
%spoke
Force=F/3,;
%stress in x comes from moment createdhisyforce
t=thickness(k);
stress_x(k)=Force*I*6/(width*t"2);
stress_x(k)
%using Von Mises
stress_y())
stress(j,k)=sqgrt((stress_x(k))"2+(stresp)(btress_x(k))+(stress_y(j))"2);
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end
%strl=num2str(w()));

end
Figure

plot(thickness,yield_strength/4,thickness,(stresg{D00),thickness,(stress(2,:)/1000),thickness,
(stress(3,:)/1000),thickness,(stress(4,:)/100@ktiess, (stress(5,:)/1000),thickness, (stress(6,:)/10
00),thickness,(stress(7,:)/1000),thickness, (st8e36(000),thickness, (stress(9,:)/1000))
title([Maximum stress from Combined Loadingaagpoke Width of [in]'])
xlabel('thickness [in]’)
ylabel('stress [ksi]')
end
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Appendix P Stress analysis of Retaining Disk

Stress analysis on thin hoop between outer radiasteouts and outside radius of the Retaining
Disk. Forces were modeled at 60 Ibs.

Region of Stress Analysis

Figure 55: Stress over varying outer radius of cutouts (Ro)
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Appendix Q Stress analysis of Retaining Disk spokes

Determines optimal width and thickness of spokdedeling force was 60 Ibs.

Figure 56: Maximum Stress Determined using Von Mise Criterion at varying thickness and widths
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Appendix R MATLAB code for determining stresses in Retaining fng

generates plots in Appendices M and N.
function main = washer

F=60;

r=.3;
ro=[.25:.01:.48];
rf=.5;

w=[.05:.005:.1];
thickness=[.125:.01:.5];
yield_strength = 45*ones(1,length(thickness));

stress_inner_ring=F/(pi*(ri*2-.25"2))

for i=1:length(ro);
[=ro(i)-ri;
a_shell=pi*(rf*2-ro(i)*2);
stress_shell(i)=F/a_shell,

end

plot(ro,stress_shell);

title('Stress in Thin Shell’)

xlabel(*Outer Radius of Cut Aways')

ylabel('Stress [psi]’)

ro=.45;

|=ro-ri;
stress=zeros(length(w),length(thickness));
stress_y=zeros(1,length(w));

for j=1:length(w);
width=w(j);
a_spoke=I*width;
stress_y(j)=F/a_spoke;

stress_x=zeros(1,length(thickness));
for k=1:length(thickness)
%one third of the force from the acutatdr ke applied to each
%spoke
Force=F/3;
%stress in x comes from moment createdhisyforce
t=thickness(k);
stress_x(k)=Force*I*6/(width*t"2);
stress_x(k)
%using Von Mises
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stress_y(j)
stress(j,k)=sqrt((stress_x(k))"2+(stresp)(btress_x(k))+(stress_y(j))*2);
end

%strl=num2str(w()));

end
Figure

plot(thickness,yield_strength/4,thickness,(stresg(D00),thickness,(stress(2,:)/1000),thickness,
(stress(3,:)/1000),thickness,(stress(4,:)/100@ktiess, (stress(5,:)/1000),thickness, (stress(6,:)/10
00),thickness,(stress(7,:)/1000),thickness, (st8e36(000),thickness, (stress(9,:)/1000))
title([Maximum stress from Combined Loadingaagpoke Width of [in]'])
xlabel('thickness [in]’)
ylabel('stress [ksi]')
end
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Appendix S Fluid Analysis Matlab Code

%Kinematic Vicosity of oll
nu=1E-5; %m"2/sec

rho=837; %kg/m"3

%gravity (m/s"2)

0=9.8;

%\Volume Flowrate
VFR=0.00220815687; %m"3/sec
%Position of Actuator (m)
x=linspace(.001,0.009525,100);
%Diameters (m)

D_Inlet=.0254;
D_Outlet_Recirc=.0254;
D_Outlet_Radiator=.0254;
D_PlugSeat=.0254/2;
D_Actuator = .0254/2;

%R4=D4/2;
%thetad=acos(((D4/2)-x)/(D4/2)),

%Areas determined by Diameters

A_Inlet = pi*(D_Inlet/2)"2; et

A_Actuator = ((D_lInlet/2)"2-(D_Actuator/2)"2)*pi; #ctuator
A_AfterPlug = (0.009525-x)*(D_PlugSeat/2)*2*pi; Cflinder after Plug
A_PlugSeat = (D_PlugSeat/2)"2*pi; Plug seat
A_Outlet_Recirc = (D_Outlet_Recirc/2)"2*pi;  Qatlet to recirculation

%Areas that aren't determined by Diameters
A_Washer = 0.000225806; %Washer 0.35 inches”"2
A_Plug = 0.000225806; %Plug 0.35 inches”2

A Gate = 0.0254 * x;

A_Radiator = 0.0254;

R ReCirculating_Line------ - -

%Losses from Expansion and Contraction

KL_Inlet_Washer = ones(1,length(x))*0.3; %Sudden contraction worst case scenario
KL_Washer_Actuator=(1-A_Washer./A_Actuator).”2 *es(l,length(x)); %Sudden
Expansion

KL_Actuator_Plug = ones(1,length(x))*0.2; %Seddontraction worst case scenario
%KL_Plug_AfterPlug
for a=1:length(x)
if A_Plug < A_AfterPlug(a)
KL_Plug_AfterPlug(a)=(1-A_Plug./A_AfterPl(s))."2;
else
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KL_Plug_AfterPlug(a)=0.5;
end
end
%KL_AfterPlug_PlugSeat
for b=1:length(x)
if A_AfterPlug(b) < A_PlugSeat
KL_AfterPlug_PlugSeat(b) = (1-A_AfterPlug(® PlugSeat).”2;
else
KL_AfterPlug_PlugSeat(b)=0.5;
end
end
KL_PlugSeat_Outlet_Recirc = (1-A_PlugSeat./A_OutRcirc).”2 .* ones(1,length(x));

%Total KL
KL_Recirc = KL_Inlet_Washer + KL_Washer_ActuatoKt_Actuator_Plug +
KL_Plug_AfterPlug + KL_AfterPlug_PlugSeat + KL_Plagat_Outlet_Recirc;

%'----m-m oo - Radiator Line------ oo '
%Losses from Expansion and Contraction

KL_90Deg_Threaded = ones(1,length(x))*1.5;

KL_Actuator_Gate = ones(1,length(x))*0.5;

KL_Gate Radiator = (1-A_Gate./A_Radiator).*2;

KL_Radiator = KL_Inlet_Washer + KL_Washer_ActuatoKL_90Deg_Threaded +
KL_Gate_Radiator;

Qp-mmmmmmmmmm e Velocities (m/s) -

V_Inlet = VFR/A_Inlet;
V_Actuator = VFR/A_Actuator;
V_AfterPlug=VFR./A_AfterPlug;
V_PlugSeat=VFR/A_PlugSeat;
V_Outlet=VFR/A_Outlet_Recirc;

V_Washer=VFR/A_Washer;
V_Plug=VFR/A_Plug;
V_Gate=VFR./A_Gate;
V_Radiator=VFR/A_Radiator;

Qfp-----mmmmmmmm oo Head Losses------—--------- --
%Contraction => h_L = K_L *(V_2)"2/(2*q)
%Expansion =>h_L =K L *(V_1)"2/(2*g)
Qfp----mmmmmm e ReCirculating Line
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hL_Inlet_ Washer = KL_Inlet_Washer * V_Washer*2/(2*g %Sudden contraction
worst case scenario
hL_Washer_Actuator = KL_Washer_Actuator * V_Wasl#{2*g); %Sudden Expansion
hL_Actuator_Plug = KL_Actuator_Plug * V_Plug"2/(2¢g %Sudden contraction
worst case scenario
%hL_Plug_AfterPlug (Expansion or Contraction)
for c=1:length(x)
if A_Plug < A_AfterPlug(c)
hL_Plug_AfterPlug(c) = KL_Plug_AfterPlugfy) Plug”"2/(2*g);
else
hL_Plug_AfterPlug(c)=KL_Plug_AfterPlug(c)*\AfterPlug(c).~2/(2*q);
end
end
%hL_AfterPlug_PlugSeat
for d=1:length(x)
if A_AfterPlug(d) < A_PlugSeat
hL_AfterPlug_PlugSeat(d) = KL_AfterPlug_B&eat(d) * V_AfterPlug(d).”2./(2*g);
else
hL_AfterPlug_PlugSeat(d) = KL_AfterPlug_B&eat(d) * V_PlugSeat"2/(2*g);
end
end
hL_PlugSeat_Outlet_Recirc = KL_PlugSeat_Outlet_RetV_PlugSeat"2/(2*qg);
%Sudden Expansion

%Total =hL
hL_Recirc = hL_Inlet_Washer + hL_Washer_Actuatdi+ Actuator_Plug +
hL_Plug_AfterPlug + hL_AfterPlug_PlugSeat + hL_Fhegit Outlet_Recirc;

%'----m-m e - Radiator Line------ oo '
%Losses from Expansion and Contraction

hL_90Deg_Threaded = KL_90Deg_Threaded * V_Actu&ff*qg);
hL_Actuator_Gate = KL_Actuator_Gate .* V_Gate."2*{();
hL_Gate Radiator = KL_Gate Radiator .* V_Gate.2Zdj;

hL_Radiator = hL_Inlet_Washer + hL_Washer_Actuatdr._90Deg_Threaded +
hL_Gate Radiator;

VY — — e ——- S

D Delta P-------- -
%p-------mmmmmmmmmm Recirculation Line--------

dP_Recirc = rho * g * hL_Recirc;
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dP_Radiator = rho * g * hL_Radiator;

%Plot of Head Losses
Figure;clf;

subplot(2,1,1),plot(x(1:3/4*length(x)),dP_Recirc&*length(x))*0.00014503774,'K’, linewi
dth',2)

title('Recirculation Outlet’)

ylabel(\Delta P (psi)’)

xlabel('Actuation Distance, x (m)")

grid on

subplot(2,1,2),plot(x(1/4*length(x):length(x)),dPa&ator((1/4*length(x):length(x)))*0.000
14503774,'K','linewidth’,2)

title('Radiator Outlet’)

ylabel(\Delta P (psi)’)

xlabel('Actuation Distance, x (m)")

grid on
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Appendix T Matlab Code Used to Compute Mach Numbers

format long

c=343.3; % speed of sound (m/s)

D=.0254; % Diameter (m) = linch
Q=0.00396;%flow rate (m"3/s) = 62.77gpm
%Q=0.002208; %flow rate (m"3/s) = 35gpm

%Actuation Distance
dy=0.000001:.00001:.01016;%actuation distance (@)nch

%Area outlet 1 (A1) cylindrical area at plug
y1=.00889; %initial height of A1(m) = 0.35 inch
Al1=(D/2)*pi.*(y1-dy);%Al in terms of actuation (m)2

%Velocity and Mach number at outlet 1
V1=Q./A1; %velocity at outlet 1 (m/s)
M1=V1/c; %Mach number at outlet 1

%Area outlet 2 (A2) rectangular+circular area @ega

%rectangular (A2R)

w=0.0079375; %width of rectangle (m) = 5/16inch

A2R=w.*dy(33:985); %rectangular portion of A2 (m”2)

%circular

r=0.0047625; %radius (m) = 3/16inch

thetal=acos((r-(dy(33:508)-0.0003175))/r);

A2ca=((r"2).*thetal)-((r-(dy(33:508)-0.0003175) x¢t((r"2)-((r-(dy(33:508)-
0.0003175)).”2)))); %circular A2 for dy<=r

theta2=acos(((dy(509:985)-0.0003175)-r)./r);

A2ch=((pi*(r2)).*(1-(theta2./pi)))+(((dy(509:985)-0003175)-r).*sqrt((r"2)-
(((dy(509:985)-0.0003175)-r)."2)));%circular A2 fay>r

A2_2=horzcat(A2ca,A2chb);

A2 _2=A2 2+A2R; %A2 in terms of actuation (m"2)

A2_1=0.*dy(1:32);
A2 3(1:31)=A2_2(953);

A2tot=horzcat(A2_1,A2_2,A2_3),

%Velocity and Mach number at outlet 2

V2=Q./A2tot; %velocity at outlet 2 (m/s)

M2=V2/c; %Mach number at outlet 2

YMAX1_62=['Outlet 1 test valid for actuation lesgan ', num2str(dy(600)*39.3700787), '
inches with 62.77gpm flow'];

disp(YMAX1_62)
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YMAX2_62=['Outlet 2 test valid for actuation greatban ' num2str(dy(740)*39.3700787), '
inches with 62.77gpm flow'];
disp(YMAX2_62)

disp(" )

YMAX1_35=['Outlet 1 test valid for actuation leggan ', num2str(dy(728)*39.3700787), '

inches with 35gpm flow'];
disp(YMAX1_35)

YMAX2_35=['Outlet 2 test valid for actuation greathan ' num2str(dy(443)*39.3700787), '
inches with 35gpm flow'];
disp(YMAX2_35)

flow=num2str(Q*15850.3231,3);
plottitle=['Mach Number vs. Actuation Distance fdlow,'gpm flow of air'l;

%plot(dy(255:928).*39.3700787,M1(255:928),dy(2589239.3700787,M2(255:928))
plot(dy.*39.3700787,M1,'b.",dy.*39.3700787,M2,'g.")

axis([0 .4 0 0.1])

title(plottitle)

xlabel('Actuation Distance (in.)")

ylabel('Mach Number’)

legend(‘Outlet 1','Outlet 2"
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