Driver Cooling System
Final DesignReviewReport

June 12018

Senior Project
Fall 20171 Spring 2018

Student Engineers:

Joseph F. Bolous Jake D. DeBoer Alvin T. Lau
jfbolous@gmail.com Jakedeboerl6@gmail.com  Alvin.t.lau@gmail.com

Advisor:
Eileen Rossman
erossman@-calpoly.edu

Sponsor:
Justin Jang
sloracer@gmail.com

Mechanical Engineering Department
California Polytechnic State University
San Luis Obispo




Statement of Disclaimer

Since this project is a result of a class gssient, it has been graded and accepted as
fulfillment of the course requirements. Acceptance does not imply technical accuracy or
reliability. Any use of information in this report is done at the risk of the user. These risks
may include catastrophic faile of the device or infringement of patent or copyright laws.
California Polytechnic State University at San Luis Obispo and its staff cannot be held
liable for any use or misuse of the project.



TABLE OF CONTENTS

Listof Figurese e é ¢ e é e e ééeeéeeéeeéeeé. éb eée. éve
Listof Tablest e é e e ééeééeéeceéeceéeeéeeéeeéece. v
ceéeeéecéeecéececececeduwi

Abstracté ¢ ¢ € é é é ¢é .

-
-
-
-
-
-
-
-
-
-
-
-
-
-
N
N
N
N
N
N

1.Introduction €é é é € € é é é

2.Backgroundé ¢ ¢ é ééééceeeeéeééééécecece

s 7

3.0bjectivese é e e éeééeééceéeeéeeéeeéecté

M-
M-
D~
D~
D~
D~
D~
D~
o

4.Concept Design Developmegté .é é € é é e e é é é é

sz

5.FinalDesigt ¢ e éeéeéeeéeeéeeeceée . eé

o
oS
oS
0N
o8
o8
o8
H
w

s 7

6. ManufacturingPlané é é é é é é e e e éééééeécée

-
-
-
-
-
-
(0]
©

s s s s s oz 7

7. Design VerificationPlare ¢ é é é é e e e €€ ééééééceéeéeééé.2

sz

8. Project Managemené ¢ ¢ é é é e e e éééééééeeceeé

s 7

9.Conclusione e éeeéeeéeeéeeéeeceeéeeeeéeeeéed

s 7

WorksCitede é e e éeeéeééeééecééeeéeeéee.eeée. 32

eeéeéeeéeeéeecé 34

([N
([N

Appendix AT Interview Notesé € € € é é é

eeéeeéeeéeéeeeds

D
D

é

D

Appendix BT QFD House of Qualityé é

eeéeeéeeéeeée

D

Appendix C 7 Competitor Benchmarking & é é

7

AppendixDi GanttCharté é € ¢ ¢ é ééééééeéeeéeeéeéeé. é
Appendix Ei Spedfication Sheets for Possible Parté ¢ € € € € 6 é é é é é .
AppendixFi Patentsé é é é € € €€ éééééééeeéeéeéeééé
Appendix GT PughMatricest € € € € 6 é ééééééeeééeéééééé.q9
Appendix H - Concept 1: Aspen Liquid Chiller Module (LCM )é é ¢ é é é .é é ...51
Appendix | T Concept 2: Rigid Liquid Chiller Module (RLCM) é € é é é é é é 53

Appendix J 1 Concept 4: Thermoelectric Cooling Unit (TECE é é é é é é é . 56.



Appendix L T Indented Bill of Materialsé ¢ € € €6 € €. é e é e é ééé. ébd

"""""""

,,,,,

,,,,,,,,,,,,,,,,



List of Figures

Figure 1i

Ri ni

Figure 2- CoolShirt§y st e ms 0
FigureSiBoundary
Figure 4i Concept CADwith Different Pump Choicégsé é é é é é é é ¢ € € ...12
Figure5i CAD Renderin
Figure 6i Housing AssemblE x pl oded Vi
Figure7i Mount i ng

Figure 8i
Figure 9i
Figure 10i
Figure 11i
Figure 12
Figure 13
Figure 14

Cool

ng

l ndent ed

'Water

'Structur al

' Cool

ng

AS s
Asse
Bi |l

s 71 Z

Technol ogi es o

Codé é é

sz

"""

Cooling Syé&séd.enkééécee:
geSdgsédedne é. ée. . 3

,,,,,,,,,,,,,,,,,

////////////

"""

g of Our Final Déeésélgneéceeéeeeeé

embl vy

eweeeée. .. eeéekheeeéceee

,,,,,,,

Exploded Viewéééeeeeeé

mbly Exploded Vieweédéeéeéedé:

YO %4

//////

T O O T TS S Sy

////////////

,,,,,,,,,,,,,,,,,,

//////////////////////

Test

,,,,,,,,,

,,,,,,,,,,,,,,,,,,



List of Tables

,,,,,,,,,,,,,,,,,,,

,,,,,,,,,,,,,,,,,,,,

Table31 Specifications Table VGonceptDesignisé ¢ € € é ééééee e . . é81
TablediLi st of Key DeliverableséééeéeéeéeBéeéeéecéc
Abstract

This document providesur Final Design Review(FDR) for the Driver Cooling System

Project. It contains our background reseasghich includes current product research,
technical research and 1 nf or mat i eeds asra customas veelbbaun s or 6 s
manufacturing process, test results, and final deSi aeated a problem statement to
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define the scope of the projediscuss sponsor and consunmereds and wants, and
technical specificationsAfter brainstorming,we ultimately selectec thermoelectric
cooling systenfTEC) after presenting our Preliminary Bign Reportind Critical Design
Report We built thefinal prototype as can be seen the manufacturing plamnd tested

it according to our Design Verification Plan & Review (DVP&R). The project management
and future suggestions to improve on our designin the last two sections (8 and 9) of
the report.
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1 Introduction

Race car drivers take part in a variefiydifferent kinds of raceswith somespaming
hundreds of milesThey weara racing suitwith a couple of layerswhile lockedin a
cockpt that can each temperatures of aroundZX#. It is not hard to see that drivers can

get hotquickly. To increase comfort and avoid the possibility of overheating, most drivers
wear a shirt with coled fluid running through sewin piping. Currently, thee is a hole in

the market for an affordable system that can sufficiently cool a driver for the full length of
a race. Through California Polytechnic State University's Mechanical Engineering Senior
Project Program, Justin Jang is funding an effort toter@agystem that can fill this gap in

the market. In the following sections of tf#POR, we will describe our problem and its
backgroundand then systematically go through the objectives and our projected process
of how wetackleeach segment of the proje Finally, we will describe our final design

and how well it meets our project specifications as well as the results of our tests on the
system.

2 Background

Fora better understanding of our competitisi@ have created a patent table to undedstan
the current refrigeration cycle solutions and discuss why the lack of patents for
thermoelectric coolindTEC) solutionsallow us more opportunity going forward with
TECs.

When we were pitched thgroblem we were given a thorough baseline o fhrobem
andthe goals of the new produdh addition,we clearedip questionsabout product life,
vibrations and sizan our first meetingvith our sponsor, JustiftNotes from this meeting
are in Appendix A. With our preliminary questions answeyede continued with our
background researcbf the project tocreate a concise problem statemant better
understand our customémants and needs. These will be gone over in greater detail in
the Objective (Section 3).

2.1 Competitor Information

We consideredhe current products on the market and found two main competitors: Rini
Technologies [1andCoolShirt Systems [2]

Rini Technologies The system is a compact coolisgstem that retails for $78@0d has

a handfulof professional racers who endorse thedoict The Rin is a refrigeratiorbased
system, powered by a 32 6 A power source found in a majority of racars.The product,

as shown in Figure 1, uses a shirt with seéwtubing and runs cooled fluid through the
tubes.Rini states its product camld a 58F fluid temperature and has fomodes of
adjustmentWhen the system is working seems to do very well. Howeveeliability is

t he Ri ni 6s asitssiruggleslto lashd fEcihgseason. At its price point is
very hard for alib racers to justifpurchasingThe Rini system states that it uses patented
technologyRini cites four patents for their mini refrigeration systdfjsAll the patents
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seem to be regarding the compressor and condenser units. RébeetadixC to seethe
Rini System, as well as their patent information.

Cooling Vest Cooling Shirt Cooling System

3 /F

Figure 1. Rini Technologie8Cooling System

CoolShirt Systems The systemshown in Figure ds based off an ice chest design, where

water cooled by ice is pumge i nt o t he d Bhriviake® tsvo tgpbsiof t . Coo
motorsport systems, one that just cools the body and one that cools thés divbaet and

body. On their websitethe system carconstantly displace 30W [2]. Their system

requires 2.5 t@.9 A and 12/. The only way to adjust the/stem is to increase the pump

or fan speedeffectively meaning there is no user adjustabilitge pumped watestarts

ice cold andyradually heats up as the ice melike system is ineffective once there is no

more ice and will only pump warm wat€odShirt Systers states that their system works

up to three hours. This system is cheap and for this reason is appealing to the lower levels

of motorsportAccording to the companyo6s Linkedln peé
[3]. Refer toAppendixCto s2eCoolShirt Systens pr oduct sheet



Figure 2. CoolShirt Systenm&Cooling System

2.2 Problem Research

When we first metvith our sponsqgrwe speculated that the human body would roughly
produce 100 W of heat mstressed environmei. our reseah, we found an article from
Cornell declaring that an average human can giv@27 to 402 W[5]. However this
calculation isfor the worstcasescenario and is for the entire body. We are only dealing
with the torso and arm region of the body, whiclmaist contributes to 54% of the total
surface area of the bodgccording to The Rule of Ningg&\ppendix E) Our cooling
scenarios will range from 80 to 220 W depending on driver size amthetherthey have

a suitthat covers their entire upper boaxduding the head or just the tm. While this
gives us a target rangee plan on testing this early in the ideation period of our work to
help with the success of the project.

Since we were debating whether to go with a refrigeration or a thermoelsmiting

design we decided to include a patent table (Table 1) with both solutions. We found four
patents from Rini Technologies for their efficient, compact vaponpression technology.

For TEC solutions, we did not find patents specifically for coaliogn fluid and pumping

it through a shirt. There were two patents, one discussing TECs for food and beverage
cooling and anothedescribing a suit with TECs attached directlyitoworn by a
motorcyclist.Since there are no patents with TECs being usealfiopurpose, there is less

of an issue going for a TEC solution.



Table 1.Patent Summary
Patent Number Brief Description
Rini Technologies Method and apparatus fq
US 7,010,936 highly efficient compact vapor compressio
cooling
Rini Technologies Method and apparatus fq
uUS 7,318,325 highly efficient compact vapor compressio
cooling
Rini Technologies Method and apparatus fq
US 7,942,642 highly efficient compact vapor compressio
cooling
Rini Technologies Method and apparatuerf
US 8,024,942 highly efficient compact vapor compressio
cooling

Thermoelectricoolingsystemfor a food and

US8,839631 beverage compartment

US6,510696 Thermoelectric atcondition apparatus

2.3 Possible Solutions

When this project was proposed to usyas namediRefrigeration Based Driver Cooling
Systemoand whilein the beginning of our projewte agred that a refrigeration cycle may
be our best optignwe did not want to lock ourselves into a certain design without
considering other methods. Withathsaid we examinedalternaive technologes

One of the more promising technologies eomsideredvereheatpipes.Heatpipes are a
two-phase passive capillary heat transfer syg@mThey come in a wide range of sizes

and materials, from copper aadiminum shells to water and nitrogen working fluids. They
can be manufactured to be flexible or rigid and the flexible version can displas.150
Theyalsocan be integrated into a heat sink system that can handle a max heat flux of 350
Wi/cn?. SeeAppendx E for moreinformationon Heat Pipes.

We alsoconsidereda Thermal Pulse system that claims to regulate body temperature
through thermal pulses. The technology is not wettumentedand the system is made
by Embr Labs.

Researchinthe refrigeratiortycle,we found a company called Aspen Systems that creates
miniature refrigeration compresspes well as refrigeration systems. These compressors
are small enough to fit in your hand and have impressive performance characteristics,
displacing up to 36@V with the 1.4 cc version. The compressor can handle a variety of
common refrigerants and weighs under tpmunds. Wehave attached the technical
specifications of the compressor Appendix C. Aspen also produces a wide variety of
thermal systemsit weconsideregincluding a custom Driver Cooling System. According

to their websitgeit can displace 250V at peak performanc®#e alsoconsideredlirect
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expansion systems, which are the most compact form of a refrigeration system. Aspen does
not directly lirk a speification sheet for this type of sysm.

We also looked into thermoelectric cooleshich have a high amount of cooling for low
temperature differentialsno moving partsand are easy to use. Howeyvtrese coolers
need a heat sink and requireotiof power

3 Objectives

The problem statement has been updated to reference that our product must be compatible
with the shirt that our sponsor will purchase separat®@ly have related the QFD to each
specification inSection 3.4.

3.1 Problem Staement and Customer Needs

Club race cardrivers need a way to keep their bodies cool during an extended racing
period due to the high temperatures in the driver cabin. Currently, the only systems
available are either cheap and inefficient or expensivetamdliable. Our aim is to make

an affordable, lightweight product tha&tffectively cools the driveis interchangeable
between most clutace cas, and more reliable than the existing expensive system, which
often fails after a couple useBhe productnust also be compatible with the shirt provided

by our sponsor.

The customer needs for the product are to keep the driver cool throughout a race and to
have a durable product (approximately 100 hours lifespan), while having the prototype cost
relatively dveap compared to the current hghd alternative. Stretch goals would include

a higher lifespan, user adjustability for temperature, and vibration testing of the ptoduct.

is important for our product to be compatible with the shirt provided by Jossize the

pump and create proper fittings for the right tube diameter, 3/8 Hud.full list of
Customer Needs/Wants can be vieweAppendixA.

3.2 Boundary Diagram

We created boundary diagrams to visually illustrate the system in its operating
environmenf as shown in Figure.3The cooling suit and heat exchanger are in blue,
representing that it is within the system. The cooling line is shown in yellow and is viewed
as a more critical component than the power line, shown in red. The driver ingvidsari
cooling suit and the heat exchanger is in the hollowed cockpit where the passenger seat
would be locatedOur project mainly deals with the heat exchanger unit, as the cooling suit

is going to be purchased separately by our sponsor.



Figure 3. Boundary Diagrams

3.3 QFD Description

To characterize the voice of the customer, we used the method of Quality Function
Deployment (QFD), which can be seenAppendixB. The QFD allows us to list the
customer 6s demanded g u ahgneering metrasn The meatriasn t i f vy
have corresponding numerical targets and are weighted based on importance. We chose the
gualities and metrics based on the interview with our sponsor and our own research.
Existing product research, or benchmarking, is cotel for both the customer
requirements and the engineering specifications and are ratedoscale. We researched

the Rini andCoolShirt Systers. While the Rini system is lightweight and able to keep the

driver cool, it has a high cost and lacks dhility. CoolShirt Systemss cheap and has a

long lifespan, but it is heavy, not compact, and only cibale ice is coldThe competitor
ratings are found on the right under fACuston

Along with benchmarking, the customer needs and wantseagoheering metricgre

shown in the QFD. The customer needs and w
Qualityo and the engineering meTharineeds ar e on
helped us create the Specifications Table as shown in Table 2.



3.4 Specification Descriptions

Table 2. Specifications Table (*Potential vibes testing or other running tests)

Spec #| Specification Descriptio| Target (units)| Tolerance| Risk | Compliance
1 Cooling Temperature 70°F Max M AT
2 Longevity 100 hour life Min H A T*
3 Cost $1,200 Max M A
4 Compactness 1ft3 Max M Al
5 Current (Power) 6 Amps* Max L T
6 Setup Time 5 min Max L T
7 Weight 101b* Max L T,S
8 User Interface 3 settings Min M T,S

Compliance Key Risk Key
A- Analysis L- Low
T-Test M - Medium
S-Similarity to Existing H- High
Designs
| - Inspection

*W e have updated these specifications with our new design. Our new power requirement
is 30A max and new weight specification is 15 Ib. We will still attempt to meet the 10 Ib
maximum.

The Specifications Table shows the parameters and their corresponding target. Tolerance
shows if the target is a maximum or minimum value. The risk column is our assessment of
the risk of meeting the engineering target, and the compliance column signifies
compliance method.

The cooling temperaturenust remain low to keep the customer cool during driving.
Therefore, it is one of the most important targets. Tof& refers to the working fluid
temperature that will be pumped in the system. Jpecificaton will be analyzed using

heat transfer and thermodynamic analygé can test the temperature by measuring it
before and after running the system for a given period of time. There is a medium risk
because it might be difficult to get enough cooling flamelatively small system.

Longevity is another key specification, according to our QFD, due to it having a strong
correlation with our product being durable and reliable. The specificatgrbe analyzed

using life analysis on key components, deterngriire amount of cycles completed until
failure. We might possibly run vibrations testing and put our system on a shake table to
extrapolate life. This specification is a high risk due to the nature of the analysis and testing.
It is hard to guarantee thegaluct will last as long as stated.

Cost is important to have customers interested in and purchase our product. It is also
important for our sponsor due to budgetary constraints. The cosP@® $1 our QFD is
for our final prototype, so most likely tmeanufacturing cost will be less due to purchasing

in bulk. We can keep track of our costs in an Excel spreadsheet. The prices will be
-7-



researched onlin@and we can contact companies for a price quote via email. The risk is
medium because some of the comgras are expensiand there might be associated costs
in manufacturing.

The compactnesspecification is important to universally fit in all racecar cabins. Its small
size allows easier handling of the cooling unit for the customers. The compaiftoess
system can be measured using the dimensions of the compdientsin also optimize

the placement of the components within our system. The associated risk is medium due to
the small space for our components.

The current specification is a maximum of 6 psrbecause of limitations of drawing power
from the car battery. The race car uses power from the car battery for other functions, and
it would hinder the racer if too much of it is drawn into the cooling Uihi& power can be
checked by looking at thetmags of the power supply and by calculating power using a
voltmeter. The risk is low since our power is coming from the car battery.

The setup time is an important aspect for the racer to keep a quickpatee setup time,

we can test how long it takdo turn off the system, ensure no leakage, disconnect and
reconnect the system, and turn the systenTbis. is a low risk because it is not difficult

to have universal connectors for our hoses.

The racer and manufacturer both want a light system gjo tkee race car light and to lower

the costs and parts required for the sysfEine weight of the syem can be measured on

a scale. The weight can be compared to the Rini system, as it is our benchmark for weight.
The risk is low due to the fact that czomponents will be small.

Theuserinterfaces f eat ure t hat goes above the custon
them to purchase our product, at minimal additional cost for the manufacturplaied

on having three varying settingsw for simplicity, but there can be additional settings for

future versions of the systerim our final prototype, we have a dial that can PWM the

signal, creating virtually infinite settings within our maximum ranfjee user interface

adjusts the temperature settirysvarying the voltage. We can test the temperature while

adjusting the voltage, using a voltmeter to verify the voltage. The risk is medium, as none

of us are experts on electrical engineering. However, it should not be too difficult since

there are avible products for varying voltage settings



4 Concept Design Development
Since our PDR presentation, we have gone with a TEC (thermoelectric cooling) solution.

We have added additional information to the Concept Development Process and Concept
SelectionProcess sections to clarify adecisionmakingprocess and the different system

level concepts we came up witlve have also explained the Pugh Matrix and how we used

it to decide on our concepits most of the information was written when deciding wleth

to go with the refrigeration or TEC solution, some of the contents may not apply to our
final prototype but are left in for transparency and to document a complete record of our
design process. The section regardin@CT1€4.3.3.

4.1 Concept Developrant Process & Results

To begin our ideation, we had multiple brainstorming sessi&/e used techniques such

as lrainrwriting and SCAMPER in order to think more creatively and look at a problem
from different perspectivedVe broke up our end goal intoliat of problems and held
different ideation sessions for each of these problefh& main problems we identified

were to cool the driver, reduce serviceability, extend life, and keep the maximum power
supplied at 1¥, 6A. Concepts we came up with includ@ vapoicompression cycle,
similar to the Rini system, thermoelectric coolers, and somefahie-box ideas such as
reducing the ambient temperature inside the cockpit by reducing the greenhouse effect
from the windows. To reduce serviceability, we carpewith ideas of using ofthe-shelf

parts to guarantee quality and to easy replacement them. To extend life, we came up with
ideas of various housing and mounts or springs to dampen the vibrations to our cooling
unit. For the vapor compression cycle, geeming the vibrations is more key due to the
large number of moving parts. However, this is not as much of an issue with the TEC
solution.

4.2 Concept Selection Process &dsults

Our brainstorming sessions resulted in six posspdtemlevel conceptgo our problem
statement These include: Standard Refrigeration Unit, Enhanced Refrigeration Unit,
Thermoelectric Cooling, Phase Change MaterialsBlae System, and AiAir Cooling.

The standard refrigeration unit is a basic vapmmpression cycle, anthe enhanced
refrigeration unit was an infeasible attempt to improve on the standard refrigeration cycle.
The thermoelectric cooling solution uses thermoelectric coolers to cool the fluid. Phase
change materials uses materials that absorb energy ancedtates. The iebox system

is similar to the CoolShirt solution and uses a pump in a chest filled with ice watair Air
cooling was an attempt to cool the driver caimply using fansSee Appendix G for

more detail.



We took these systemsandcongpdr t hem t o our two competitors
Cool Shirt, wusing two Pugh Matrices, each wit
which can be found in Table G.1 and GlBe Pugh Matrix is a method to choose between

a list of alternatives,sing a ranking system for the most important criteria and comparing

which solutions best fit the criteria. The datum refers to the baseline solution that we are
comparing the other alternatives Evom these decision matrices, we chose two systems

thatwet hi nk can not only fulfill our customer s¢

The standard refrigeration system and thermoelectric system are the two highest rated,
feasible concepts. The enhanced refrigeration system was an idea to improve the efficiency
of the refrigeration cycle by combining it with passive heat removal systems, such as heat
tubes. After discussing this with Professor Jesse Maddren, we found the basis of the idea
did not hold up. Furthermore, considering the thermoelectric cooling methdduvwe

that while it would answer our reliability and cost requirements, we run into a problem
with the power supply and being able to get a large enough temperature difference to
adequately cool the fluid and, ultimately, the driver. However, due to larggemnstraints

on one solution we found using the refrigeration cycle, we decided to analyze both the
refrigeration cycle and thermoelectric cooling solutions.

4.3Preliminary Analyses, Concept Modelsand Proof-of-Concept
Testing

When building our fist concept model, we chose the packaging and placement of our
components as our main point of study. We focused on the packaging of the components
because the refrigeration system has been studied hundreds of different ways over many
years; there is moréan enough information for us to use. Since reliability, cooling, and
size are important factors, it is important to understand the placement of the components
to maximize each factor. With placement in mind, we chose two variables to study: pump
locationand airflow direction. The placement of refrigeration and thermoelectric cooling
would vary and could be studied individually when we pick a final solution. We visually
tested the concept model, and it sparked ideas towards placement and methods of fixing
the system in the car.

Due to budgetary constragn a promising solution, we decided to come up with a few
concepts that we believe will meet the project goals. The solutions are the Aspen Systems
Liquid Chiller Module, the Rigid Liquid Chiller Modal and a thermoelectric cooling
system. A full budget analysis of the four concepts can be sé@pandix K.

4.3.1 Aspen Systems Liquid Chiller Module (LCM)

The original solution was the Aspen Systems Liquid Chiller Module (LCM). The LCM is

a mini refigeration unit that can be coupled with a water pump to cool water [Aspen
Systems]. The module is compact, has a volun286fin®, is lightweight (around @),

and meets our cooling requirements. The LCM is essentially a refrigeration unit that has a
coding capacity of up to 400 W and can work in ambient temperatures seen in the racing
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environment. See Appendix H for the full specification stz drawinggprovided by
Aspen Systems.

Along with this unit, we are planning to use an inline circulatiomp. We have found

two pumps with similar specifications and are waiting on vendor pricing to make a
decision. The Aspen system does not come with a fan for the condenser in the unit, and we

do not think we are going to add one in. We are planningtdusetcar 6 s ducti ng t
t he fan. Our plan is to extend the cards sy
our system. This should ensure air circulation for the condenser. We are planning on using
temperaturesafe Polypropylene tubing to connéleeé pump to the suit and evaporator in

the unit. We think that this tubing will be our best option, because it is safe up to 300 psi

and 200 °F. To mitigate vibrations from the car affecting the system, we will be using
vibration isolation mounts. Theseonmts come in a wide range of sizes and materials. We

have preliminarily chosen a natural rubber isolation mount, but we need to perform a more
detailed analysis to confirm this choice.

The full Aspen LCM unit can be seen in our CAD model below. The Asgstem is
designed to run on a 2/®lt power source, which is more than we could supply. We have
contacted the company to sebetherthe system will still meet our needs using a lower
power range. The Aspen system is also very expensive, coming in @ $ath 100
units. Looking past the high pricing, we think it may be the highest quality option of our
two refrigeration system models.

4.3.2 Rigid Liquid Chiller Module

The second option we came up with was the Rigid Liquid Chiller Module. The Rigid
system is a lot like the Aspen in that it is a complete refrigeration system. It has a slightly
larger volume at 380 #but weighs less at aroundi® According to Rigidthe system

can displace 360 W, should be able to work in our ambient conditimhs)@ets our power
requirements. The system comes with a fan integrated onto the condenser, which will aid
the cooling process. We are planning on using the same pump, piping and vibration
mounting systemBoth the Rigid and the Aspen units are modulat eould be dropped

into our current prototype. We are worried about the quality of the Rigid system, because
of the pricing which is $168 each for 100 unitowever,it looks like a good, cheap
solution. Please refer to Appendix | for more details admRigid LCM.

4.3.3 Thermoelectric Cooling (TEC)

The third design was a thermoelectric cooling design. This design utilized three Peltier
thermoelectric coolers and a cold plate to transfer heat from the water. Each of the Peltier
coolers can displace 62 W of power. The coolers are compact units, and all three could

fit om Olec®dd plate with ease. For this de
inline pump that we would use for the refrigeration cycle designs. The main downside to

this ideais that it exceeds our power demands. Each of the three coolers requir&12V

However, it is the cheapest option and with the addition of batteries could provide a great
solution. Please see Appendix J for more details on our thermoelectric option.
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Since our PDR, we have decided to that this solution was optimal. From our structural
prototype tests (Chapter 7), we have found that it would be best to use four TEC units.
More about the current solution will be addressed in future chapters.

4.4 Concep Functionality and How It Will Meet Our Project Goals

Earlier in our report we listed our project specifications and their potential completion risk
in Table 1. Now that we have chos#wee concepts to focus grwe modified the
specification table to copare our designs to each other and our end target, which can be
seen above in Table 3. Specifications such as Longevity, Setup Time, and User Interface
require testing in order to get data, therefore they are labefidoaBata for now until

we begin tsting.

The Aspen LCMunit meets the Cooling Temperature, Compactness, and Weight targets
while falling short for Cost and Power. The unit alone costs $1150 when ordering 100
units, leaving $50 to complete the rest of the syste@egarding power, we belie the unit

can run within our voltage and current requirement with a slight reduction to performance.
The Rigid LCM Unit currently meets all know targe®oncept CAD for the LCM unit is
shown in Figure 4.

Figure 4.LCM Concept @D with Different Punp Choices

4.5 Discussion of Risks and Unknowns with @rent Concept

The Rigid LCM is similar to the Aspen LCM, as it uses a refrigeration cycle, but is from
a different manufacturer and has different parts. It is much cheaper than the Aspen LCM
and the qality of its parts is a concern. We would need to order the system to test its
cooling ability and lifeTable 3 shows how each of the solutions measure up to the
specifications.

The thermoelectric cooling solution potentially meets life and size sp®iis but has
issues with creating a large change in temperature and requires a larger power supply than
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provided through the car battery. It is unknown how we will wire the thermoelectric units
and if we would need to provide our own power supply, sipediy for this cooling system.

Building the refrigeration cycle ourselves leads to difficulty with handling the refrigerant.
There are regulations for installing systems with refrigerant due to its hazardous low
boiling point and its environmental hadar9]. Also, building our own refrigeration cycle
may be slightly out of our scope of work for this project.

There are associated risks with the solutions. All ideas require a vibration dampening
method to increase the lifespan of the product. Hileyeed to include a mechanism which
attaches the system to the car. This mechanism needs to have a significant factor of safety
so the system does not detach during high impact situations. Once our mechanism method
and cooling system is determined, wa gaoceed with vibrations testing to extrapolate

data for life.Dr. Hemanth Porumamilla has agreed to help oversee our vibrations test.

Table 3.Specifications Table vs Concept Designs

Szec Sg):scéfr'i;%té%n Target (units) Aspen Rigid TEC
1 | Cooling Temp 65°F 32-122°F 32-122°F Up to-3°C
2 Lorgevity 100 hour life ND* ND ND
3 Cost $1,200 <$1,200 <$1,200
4 Compactness 1 ft3 7.8x6.3x5.3 in 10.1x6.9x5.43 in 7x8x4 in
5 Power 12V, 6 A 12v,21A | 12V,30A |
6 Setup Time 5 min ND ND ND
7 Weight 101b 61b 511b (2 1b) 4
8 | User Inerface| 3 settings ND ND ND
“ND = No Data Meets Target ~ Does Not Meet Target |
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5 Final Design

In this chapter we will be discussing our final design and the decisions/calculations that
lead us to it. Wawill be discussing safety, maintenance and repair considerations as well
as a detailed cost analysis of the first prototype. have made sonwhanges since our

CDR reportand will make these clear at the end of this sectidter speaking with our
sponso we have updated our required power goals and will be moving forward with a
thermos electric cooling design. We will be discussing the new changes and why we think
this new design will succeed in the following chapténgt final design is shown in Figure

5.

Figure 5. Final Design

5.1Sub-Assemblies

Our final prototype consists ifze distinct subassembly groups that all work together to
accomplish our goal of creating an innovative driver cooling system. In this section we will
be breaking downazh of the sua s s e mhumhciiorss & well as explaining why we
made the decisions we diM/e have gone through numerous design iterations and believe
that we have come up with a suitable configuration for creating a proof of concept model.
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5.1.1Housing Assembly

Figure 6. Exploded View of the Housing Assembly

The housing assemblyigure 6,is arguably the second most important system in our
design. Its purpose is to protect the other-assemblies while allowing for enough air
flow for optimumcooling. Housing was designed with ease of manufacturing in mind, and
for this reason it is made of aluminum sheet metal. The assembly is comprised of two main
pieces that will be formed from sheet metal, and hardware that will hold the two pieces
togethe. The bottom of the housing is designed to be bent into a box shape, from a water
jet cut piece of sheet met&l water jet, bent shelf for electronics was added into the design
after going over our CDR design with our spon3ar save weight the sheet takwill be

1/16 in5052H32 aluminum. This will allow us to easily bend the sheet into the correct
shape as well as allowing for acceptable strength. In choosing the material we were turned
away from sheet steal because of its weight, and corrosivenghsalWninum we chose
5052H32because it offered good strength and thermal conductivity for a reasonable price.
6061:T651 and3003H14 aluminum sheets were also considered.

To attach the two pieces of bent sheet metal together we will be REMquts and flat
head screwd?EM nuts are specifically created to be used in sheet metal. They are pressed
into a hole in the sheet metal and allow for fasteners to be screwed into the sheet metal.
We will be using22 PEM nuts and22 flat head screws to attach ttveo pieces together.

There was a challenge in creating this assembly because of the need for sufficient air flow
and the need to protect the cooling assembly. The slots in the side of the housing were
designed to be at the same height as the TEC hmdaigidules to allow for air to escape
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the housing as quickly as possible. The top of the housing has slots that are directly above
the cooling modules to allow for air to enter the box, and flow over the heat sinks. It also
has enough space for a switcht@amd space for a user interface to be integratéat iater
revisions.

5.1.2Mounting Assembly

Figure 7. Mounting Assembly Exploded View

The mounting assemblifigure 7, is simply there to attach the other assemblies to the car
floor. Thisassenlbby 6 s mai n pi ece 50%H3Raumeunfsheet metal h e s a me
that the housing assemblyastout of. Themountis designed to be water jet cut, and bent
into shape. The latches will festenednto the bottom plate so that the sides may remain
flush with the housing assemblyhe user will be able to adjust the holes in the bottom of
the mount with a hand held drill to allow for ease of attaching the mount to the/ear
were worried about the housing assembly rattling on the mount, so we addettla %
rubber mat into the design. This will also help with the vibrations from the car entering
into the main assemblye were also concerned about the structure as a whole, and there
for added the corner brackets that will be fasted to the main mountAibdf the screws

will be fastened into PEM nuts that will be pressed in before bending.
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5.1.3 Cooling Assembly

Figure 8. Cooling Assembly Exploded View

The cooling assemblyFigure 8,is the most important assembly in our finabgct. We
designed the cooling assembly to utilize four thermoelectric cooling modules. Each module
includes a 12V 6A Peltier cooler, an aluminum heat sink, and a.32\an. These
modules are capable of reachi¥ydegrees Celsius and removing up to &itsvof heat

per cooler. Using the data sheet of the Peltier modulesoweludedthat at our worst
conditions we will be able to reach our geald testing confirmed that we were able to
reach our water temperature goat.a temperature differentiadf 40° C and the cooler
being supplied 5A, each cooler can remove 30W, which would put us at d20uved

total. We plan on attaching the cold plates via thermal adhesive. This will create a
permanent bond, and allow for the least amount of thermal resigtassible between the
plate and the cooling modulé/e tested the thermal adhesives ability to hold a TEC unit
to a block of aluminum in a simulated vibration environment that mimics what it would
experience in a racecar. Our test results were positidvar@nexpanded on Bection 7.

Our main way we will be exchanging heat will be through cold gldtkis is a piece of
aluminum with copper pipping through it is a simple yet effective piece of engineering.
This cold plate will have water from a spimped through it, and will allow the coolers
to remove heat from the water. We will talk about the specifics of the purapaier
section. The cold pta was planned tdbe custom made by an outside manufactifés
reached out téour different compares. The cold plate will be mounted to the housing by
neoprene standoff@ue to time constraints, we ordered antbtshelf cold plate model.
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A standoff is a piece of hardware that is male threaded on one side and female threaded on
the other. The malade of the standoff will be screwed into the cold plate and the female
side will attach to the bottom portion of the housing assembly throligtflat head screw.

These standoffs will elevate the cold plate, and provide vibration dampening.

In order forour system taallow us to reach the coldest water temperafunes have
insulated the cold plate leaving only room for the TEC Units to ati&dh the cold plate
elevated by the standoffs, weereable to get insulation oall six of thesides of the dd
plate.To insure the insulation does not come loose, we plan to use simple zpseesire
it around the cold plate.

5.1.4 Pump Assembly

The pump assembly includes our pump, the pump mounting system, adapters and tubing.
This system is relativelyimple, but has an important job to do. We sized our pump using
head loss calculations, accounting for all the minor and major losses we have in our system
these calculations can be seen in AppendiXiNough these calculations we found a pump
that was sitable and will be purchasing it through a parts distributor. The pump selected
is theKoolance PMP500, and it seems to have a very respectable reputation online. We
were fortunate enough to find a website that does extensive pump testing. Usingdheir dat
we were able to confirm that this pump is right for our application.

We will be using adapters to attach the pump
as well as the dimeter of the piping in the cold pk3/8 in. These adapters will be

purchased from McMaster Car and will work perfectly. The tubing we chose to use is
temperature safe santoprene plastic. The tubing is able to handle temperatures Gp to 275

which far exceeds our maximum temperature.

5.1.5 Electronics Assembly

The eleatonics assembly isur most difficult system to create, as none of us have a lot of
experience with creating and wiring complex circuitewever, with this said we still have
what we think is a viable solution. Our current solution is simple but meetetessary
criterion specified in our specifications table.

We will be wiring from the cds battery taur system. Since we are pulling a lot of power,

to avoid shorting the car battery we will havd@®Amp irtline fuse in the &awge wire
connecting ousystem to the batterfhe positive side of the battery will run through the
fuse and into the fuse box inside of our systéhe fuse box isrmautomotive évay fuse

box splitter. This wil/ all ow us tox Aseto t
terminals will receive by selecting the appropriate size fuse. We will be connecting each
of the Peltier coolers to its own fuse, leaving us with two left. We plan on wiring all of the
fans in parallebnd attach them to one fysehich will allow them & to run at roughly the

same speed. We then will have the pump running on the remaining fuse. We plan on
keeping thefans and pummt the same power levels the whole time, and will vary
temperature of the water through ®etier coolersThe pump has le@ sized to run within

a certain range of flow, and we do not want give the user the ability to steer outside this
range.
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Our coolerswill be wired into a6 way NChannel MOSFET which will be connected to

an Arduino. This set upill allow the driver to lave temperature adjustabilityth the turn

of a potentiometeThrough the use of the potentiometer, MOSFET and Arduino we will

be able to PWM the Peltier modules, which will allow for adjustability of the codlaes.

user can adjust theurrent leveldo be lower, which will decrease the coolers efficiency

and therefore raise the temperaturbe all of the ground wires in the system will be
connected together and grounded to a ground screw in the housing. The negative terminal
will be attached to the gund screw therefore completing the circuit. The decision to go to

a ground screw was crucial because it will allow all the devices to be on the same zero.

5.1.6 Design Changes After Critical Design Review (CDR)

Since our CDR reparwwe have spent mosif our time manufacturingnd testingour
sysem In doing sowehave occurred a few small errors and opportunities to improve our
design. The main chang@ereto our Pump AssemblyVe added a reservoir tamkat
goesbefore the inlet of the pumhis dlows for easy filling of thesystem and removes
air bubbles to increase the life of theump.Furthermoreour planned pumphe Danger
Den Cpx Prpis no longeravailable on the markeFortunately,we were able to find a
much better pump in the KoolanB&P-500. We were able to find flow data of this pump
and various voltages which will be helpful down the road.

The rest of our design changes have been relatively small. In order to cut down cost and
simplify manufacturing, we are no longer welding thiehes to the mount but fastening
them to the sheet metal using the same screwsPtd nutsthatare used on the rest of

the system. Our main housing now contains a few more holes to mount the re¢aeikyoir

and the housing lid contains a cut out extves as a window to view the status of the fuse
box. If a fuse blowsduring operationthe corresponding LED next to it will turn red.
Lastly, due to the high cost of buying a single custom cold plate, we switched to a design
that uses two smaller, atie shelf cold plates. When purchasing the custom manufactured
cold plates,the price dropedfrom over $1000 for an order of 1 to around $100 for an
order off 100.We are still encouraging our design of a single custom cold plate when
manufacturing in bid, and our results from using two smallBECs should mimic the
cooling capacity of one largenit.

5.2 Safety, Maintenance, and Repair Considerations

Safety is always a concern when working with electricity, and this is why we have taken
the approprite precautions to keep our users safe. The additiofuskabox will allow us

to not only protect the user but also the system itself. We were able to drop the amperage
from 30A in one wire to a max of& per wire using this device. There are some pinch
pointswith the latches, but nothing that we thickn causseriousnjury.

Maintenance and repair are aspects we will have to findhootigh customer trial3Ve

are not sure what will fail or what will need keep up. We are thinking that the faniseand t
pump may be sources of repair or replacement. We can also foresee the latches maybe
getting worn outand needing oil to loosen them up. After we perform some field vests
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Part
Number

10000

10300

10400

10500

Description

w0

will have a better understanding of what kind of maintenance and repair neexystem

will require.

5.3 Cost Break Down

Our total predicted prototype cost i81%, and our final prductcostis $706.A detailed

costanalysiscan be found in our Indented Bill of Materig@fsgure 9) which can be viewed
below, amorevisible verson is shown in Appendix QThere are two final costs shown

the cost of making one prototype and the cost of making 100.

w2

Indented Bill of Material (BOM)
Driver Cooling System
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Figure 9. Indented Bill of Materials

6 Manufacturing Plans

In this sectionwe will bediscussingpur manufacturing plan for oprototype. We will be
going into detail on how each of our pasase made modified and howto assemble

Parchasing Oty

2 Unifs
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1Rall

160k
1Rall

1Bax

T T WA e e e e
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118 1 1 e

Protatype Cost

51533

Purchasing Link

EEEEEEE

EEEEEE

EEEEEEEEEEEEE

EEE

EEEE

Purchased?

FEFEEs
GEERR

FEFFFEEE
FERRRR RN

everything togetheNow that we have finished the manufacturing and assembly, we have
created Section 6.3, which gives advice on how to completethsks.

6.1 Manufacturing

We designed this prototype to involve as little manufacturing and modifying as possible.
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With that saidwe will only be manufacturinfpur parts from scratckthe housing top and
bottom the mountand a shelf that goes insittee main housing and holds the Electronic
Assembly Thesdour parts were designed to be cut using a water jet, and are able to fit on
one single piece of 2ft x 4ft sheet aluminum. This will allow for less wasted material and
lower costs. Also, with these of a water jet machine we were able to introduce some
complex designs that we would not have been able to do by hand. We also looked into
using a 4ft by 4ft sheet of aluminum, which would save us more money in the long run.
The water jet layoufFigure10) can be seen below.
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Figure 10.Water Jet Layout, 2ft x 4ft

After the parts have been cut, we will need to do some post processing. We will need to
drill countersunk holes to allow for all the flat head screws to lay flat. We will also need to
pressin the PEM nuts into the housing bottom before we bend the cutouts into their final
shape. After these processes have been completed we can then begin bending the cutouts
into their final forms using sheet metal tools in the Ademger. For our first tim, we

expect this to take rough#5 hours of manufacturing time, excluding water jet cutting

time.

Once we assemble the sheets into their final forms, we will need to attach the latches to the
mount piece. This will require us simply screw them intthe PEM nuts that have already
been press fit inThis should not take more than 10 minutes.

The cold plate will require tapped holes, this will mean we have to drill into the plate and
then tap it. Realistically this will take 2 hours, because of wineraoles need to be drilled
and the tolerances provided.

We will also need to cut our insulation to sisgap it aroundhe cold plateand then cut
out the openings for the TEC Unitehis should take rough$0 minutes.

Lastly, we will need to cuthie rubber mats out of threll of rubberwe purchasehat is
large enough to make 8 maE®r our prototype we will cut out a mat using aacto knife,
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but when manufacturing in bulkhis will be another water jet parPictures ofthe
manufacturing candbseen in Figure 11.

Figure 11.0Our manufacturing process a) shows the water jetting of the sheet
metal b) shows the drilling and tapping of the cold plates c) shows the post
process drilling and deburring of holes in the sheet hraetd d) shows the

bending of the sheet metal

6.2 Assembly

The system was des iBgsandallyttho sfi pnlewagn sa maleds| alye s i
easy placement of parts with minimal required tools to be abtantoThis shouldin
theory yield an easy assembly process. Once the mount, and housing pieces have been

-22-






