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Abstract

GE Appliances strives to design an oven that bakes ¢ygeyoffood exactly to the
consumer 6s | i kiobjectivecande achieved byenappingTthe ingut parameters
of the oven design that can be controlledch as heating element placement, temperature, and
cycle time to output variableby whichthe caxsumer knowingly or unknowingly judges the
bake qualty such as the foodds crispinebBoththe col or, ar
convective and radiative heat flux inside the oven directly affect the bake ghalitgyerGE
Appliances does naturrently have an effective and affordable way to measure these two
variables. The purpose of thisesearchs todevelopa prototype heat flux sensor that GE
Appliances can easily manufacture andthseughoutheir testing facility to measure the
convectve and radiative heat flux. The data collection and aistyethods havereviously
been simulated angerified by former graduate student Suraj Kant. dtsocreated a first
generation prototype and established general parameters for the heat ftundssig. A
secondgeneration prototype will be creatiedm this baselingo improve several aspects of the
design First, specific improvement s,insulationhe f i r s
and body shapeill be developed in ordeo increase accuracy and durabilitfhe second
generation design will thencorporatehese specific improvements along with wireless data
collection, a selcontained cooling system, and better manufacturability and ease of maintenance
for long term use Theoverall goal of this phase of woikthe development a durable and
easy to use heat flux sensor that can record heat flux \atlaessmpling rate of at least 1Hz
from within an ove for a period ofonehalf hour at 450F. This heat flux sensawill enable
GE Appliances to record convective and radiative heat flux inside their test ovens to better

understand the effect of varying numerous oven parameters. This will eventually enable the



creation of an accurate model of the oven, shorteningaliteration and testing phases by
enabling the oven designers to understand the relationships between parameters before a new

oven is ever built.
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Chapter 1: Introduction
GE Appliances designs and manufactures a variety of appliances in their Louisville plant,
one of these being their residiehoven.The oven has a large number of design parameters that
vary between models such as the heating elegeninetry materials, rack placement, air flow
characteristicsandmany more. These numerodissign variablemake it difficult to map the
chargesmade to the desigmetween oven models to the desired outcome: perfectly cooked food.
The GE Appliances oven testing lab in LouisvikeY currentlyperforms theitestingof each
oven model by baking various footlgookies, cakes, pot roast, turkegnd measuring the
guantifiable variablesTo use the cookie as an example, the dough recipe, spacing on the tray,
andcookingtimes are held constant while the control system varies the oven cycles slightly.
The final height, shape, and cqlandpositionare recorded for every cookie on the pan and this

data is usd to calibrate and verify the finalen modetesign.

While the GE Appliances testing lab has perfected this process of measuring these

dependent variabled,is desirable to createtasting process that can map the oven environment

parameters to the outcomes concerning food without the need to constantly bake various foods in

the lab. The reduction of material costs (in baking equipment and ingredients) and the
elimination of theenmployee timecost associated witlese tests would be very beneficial to the
company.GE Appliances has already identified the convective and radiativélire&tirough

the food to be a reliable variable tligd this need.The heat flux through eaciie of food can
be used to accurately predict how that food will codkith an accurate and repeatable method
to measure these two types of heat trarief@de the oven environmenhe brute force method
of testing can be eliminated and replaced witligital and more repeatable process that saves

GE Appliances money and time throughout the oven design process.



1.1Focus of Thesis
The purpose of thiork was to design, construct, and validate a Haatsensor for use in
the GE Appliances oven testing ildes. Phase one of this projesascompleted by Suraj Kant
and this work was publishedn hi s master 6s t hesitiBeiniti@heSpr i ng 2
flux sensor prottype concepis improved upomsing heat transfdrasicsthe incorporation o
integrated electronics, and the engineering design process to cceateffectivesensor that

can collect accurate and repeatable das¢h radiative and convective heat flux can be

measured using this device.

1.2 Significance of Research

Heat fluxthough an objecis an important variable imany applicationsThere are a few
commonly known methods to measure the flow of heat through a maadir@lwhich use the
basic concept of energy balance in a system. Heat flux candetdreninecexactly atevery

pointin a systembut it can be approximated using an integral over the whole system.

By building a custonsensor utilizing this same principle, we can measure the convective and
radiative heat flux at a (giTheeerareaasenpleheaifflux de t h
sensors on the market that can provide the data that GE Appliances needs for their testing lab.

This custom sensor will allow the oven testing lab to easily and accurately measure the heat flux
inside their ovens, ultimatebhortening the oven calibration time and allowing the engineers
there to develop a wider range of modes with specific cook times and temperatures for each type

of food.

1.30verview of Thesis
This thesis has 5 chapters. Chapter 2 discusses previous worik doadirst phase of this

project including the proof of concept for the initial sensor desigt the first sensor prototype

2



Chapter3 discusses the design process methodology surrounding the phase two sensor body,
including material choices and thedy shape redesign. Chapter 4 discusses the design process

used to create the custom data processing circuit to maximize accuracy and repeatability within
sensors. Thishapteralsb ncl udes a description of the pythc
microcontroller. Chapter 5 discusses the overall user interface of the heat flux sensing system.

Again, the design process is used to generate atehprototypeChapter 6 contains the results

of the functionality testingand final sensor cosind Chapter ¢ontains the discussion. Finally,

Chapter ummarizes thdeliverables of this projeend discussefsiture directions of study



Chapter 2: Previous Work (Phase 1)
Suraj KantSahucompleted hisna s t teesiosthe first phase of this projectt is
important to understand his warkdeveloping the concept, creating a modehulating it,
validating basic design choices, and producing a basic prototype. My part in thishréselalc
directly from his work and initial prototypel' he working principle is explained in detail below
in section 2.1o providea foundatiorof the heat transfer principles used inside the seibds.
project willuse the saméesign requirements dsaseset out for phasg, and these are
reiterated in section 2.2. Finally, the initial prototype created in phase 1 is outlined in section 2.3

as a baseline for the design improvements made throughout this project.

2.1 Working Principle

It is important © understand the relationship between the parameters that can be
controlled inside the oven desigriemperature, heating element placement, cycle ttas,
and the output variables that manifest in the way food is cdokghtness, color, surface
temperature. It has been observed thiaén the oven temperature is set to a constant, the mode
of heat transfer to the food itself cstill significantly vary theseesultingoutput variable$l].
This study introduced the importance of the measurement of heat flux to the oven design

industry and is a catalyst for this research project.

It is aknownprinciple of heat transfehata bodyplacedinside a heatedvenwill absorb
both radiative andonvective heat flux. A objectwith a high emissivity cefficient(close to 1)
will experience significant heat transfer effects flwoth types of heat flux from the system,
while an objectwith a low emissivity constant (close to 0) will oryperiene significant
convective heat fluxThis differential behavior related to the emissivity of an object can be

utilized to develop two types of sensors, one that primarily measures convection and a second

4



that measures both convection and radiaticebeling thesebodies A for high emissivity and B
for low emissivity, the heat flow equations for both bodies can be formulated as shown below
[1]. By utilizing thesimple shelkequationsutlined below each mode of heat flux entering these
bodies can be measut.
QA = gAQ:?"ad,bb + Qcmw
QB = E-5’(\?'r‘.ar:i,b.b + Qconv
where,

Q4 = total heat flux measured by high-e sensor

Qs

total heat flux measured by low-e sensor
&4 = emisivity of high-e sensor
&g = emisivity of low-e sensor
Q4 measures total heat flux

Q5 measures mostly convective heat flux

A thermal gradientanbe generated across the sernmpnsby cooling one endelative to
the otherto ensure heat flow through the bodiéteat fluxcan then be calculated using the
temperaturalifferential across the pin bodytilizing thermocaiplesto measue temperaturet
boththetop and bottom surfaces the high and low emissivity bodies. The conservation of
energy and assumption of isolation around the two bodies allows the radiative heat flow to be
calculated by subtracting the heavil through body A from the heat flow through body B. A

diagramof this process is shown kigurel.



Radiative Heat

Convective Heat  Convective Heat
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€4 €p
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Figure 1: Heat Flux Working Principle

2.2 Sensor Design Requirements
The keyoveralldesign requirements remain the same as phase 1 and are listedTihalsgy

wereagreed upoiby the GE Appliances team and are also contained in the ppopgxisal [2].

A The device will be able to measure radiant and convective heat transfer witt0&o+/
accuracy

A The device will be able to measure radiant and convective hedetraith a
repeatability less than 2% (determined using coefficient of variance)

A The device will be able to endure oven temperatures for the duration of a preheat cycle
and 30 minutes of steagyate cooking at 450 F°

A The device will be able to measuenwective and radiative heat flux from the top
surface

A The target cost for device is less than $1,000

A Minimally disruptive to the oven environment (minimal cords, cooling supplies, etc.)

A The size of the device should be no | arger



2.3Phase 1 Sensor Prototype Results

The Phase 1 prototypeas able to successfully recreate the data obtained lexisteng
heat flux sensor (RCO1yr both high emissivity and low emissivity heat flux valaes fraction
of the cosbf the curratly avalable commercial systefd]. A DAQ system consisting of a 4
National Instruments (NI) moduléhll-9214received the thermocouple signdisough a 16
channel input TB2214 the module was connected to controllerd0R4 via N}CRio chassis
NI-9211) collected the thermocouple data and transmitted it from the controller to the system via
an ethernet cabl@he prototype bodincludedtwo sensompinsthat wereturnedon a lathdrom
0.50 di =teel383r @idnl eas £ o0l ant xbgazquamed-86ér carboo m 3/ 8 0
steeltubing two 8mm brasshreaddadaptes attached wittOmega bond 200-gartwater
sealingthermally conductivepoxy, andL diberglass insulation tape wrapped around the

coolant tube. A simplified drawing of this assembly isvgh in Figure?2.
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SECTION A-A NO. PART NUMBER DESCRIFTION | QTY.
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Figure 2: Drawing of Phase 1 Sensor Prototype

Once assembled, the design of this phase 1 protptgsentec few problemsn
assembly and usdt was difficult to connect the coolant tube to the thread adsgudhat the
square edgdmed up preciselyo prevent leakagea fixture was developed in the Mechanical
Engineering Student Machine Shop to help with the alignnidm fiberglass tape was not able
to bearranged and attached itageredconfigurationas originaly intended so it was simply
wrapped around the sensor body which catisegdensor to be flimsy and difficult to handle.
This also posed a problem fdretdata collected because the pin bodies were not completely

insulatedand thermally isolateftom the oven environment, therefore heat was entering the



system through more than just the pin heads. Pictiitdss final prototypeassembled are
shown inFigure3. Solutions to these probleras well as additional design improvements were

the focus of this work, and those resaltspresentedn the followingthesischapters

Figure 3: Assembled Phase 1 Sensor Prototype



In summary, lhe targeted components of the phase 1 protaypen abovehathave
beenrevisedin phase 2 are the insulation, low emissivity pin coating, sensor bsely, u
interface, and data acquisition system. Chapter 3 outlines the changes made to the first 4
components and Chapter 4 discusses the circuitry designs for the custom data acquisition system
that replaces the one used in phasehkse chapters discus®throblems faced at a deeper level

as well as the design thinking process used to reach the solution chosen.
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Chapter 3: Sensor Body Design Process

The sensor body of the phase 1 prototype had a few significant shortc@®ings
mentionedn the previoushapter The fiberglass tape that was used as insulation around the
pins and coolant tube was not stiff enouglige in dayered configurationas initially intended.
Therefore, the tape was wrapped up around theipiagircular fashiofbut unfortunatelyhis
method of attachment did not allow it to be tightly and securely connactitialsodid not
cover the body of the pins completelgnother problem with the use of fiberglass tape is that it

cannot be handled with bare hands lbiseat causeskin irritation.

The low emissivity pirtop was polishedvith the intent ofachieung a low emissivity
constant, but as s h o wmethoddafpoli§ingrwag nétableltemitieeera r e s u |
sufficiently low emissivity coefficiehvalue. Finally, the combination of hose barbs, washers,
and steel tubing thabgetherformedthe coolant cavity was difficult to assemble and rusted on
the inside, causing the plastic tubingateo fill with the rust residue armkecome brittleThe
high heat epoxy between the hose barbs and the connleetarse brittle as well because of this
and began to fail. An alternatigdesign was therefore necessary in order to adthress

problemsandcreate a durable sensor that can be used routinely i @p | i ancebds test.i

3.1 Insulation

3.1.1ProblemDefinition

The insulatioraround both sensor pinsust have a thermal conductivity of less than 0.3
W/mK to align with thehermalmodelsdevelopedn phase 1The materiamust be able to
withstard 500 F for at least30 minutes and be rigid enough to provaigport for the other

components of the sensor.
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3.1.2 Ideaibn of Potential Solutions

Three main methods of manufacturiwgre evaluatetbr fabrication ofthe insulatiorto
fit the performance requirementsiachining, injection molding, and 3D printing. High
temperature ceramics and certain types of silica foam exist that can be machined on a standard
CNC machine like the ones available in the OSU ME student machining lab. Télese hi
temperaturemachinable materials have very low thermal conductivity values and can withstand
temperatures much higher tha®0 F, but the geometry is limited by the manufacturing method
andas a resulsmall complexinternal featuresuch as those geired for proper thermal

behavior of the systerrenot be feasible.

High temperature polypropylene and PEEK materials can be injection molded into a
machined mold, but again the geometry of the part is constrained by the limits of the CNC
machine thatreates the mol¢meaning that small internal channels to hold the thermocouples in
place cannot be crealednother significant downside of injection molding is that even the high
temperature materiathat are availablbave a melting point close ¥0 F, whichcouldcause
the material to become soft and change the insulation propgutieg a testhat involves
temperatures near this valu€his is because the material must be heatechémaiquid stateby
the injection molding machinand as aesult materiathat mels at very high temperatuie

unigueand very expensive.

The last available method of manufacturing the insulation is 3D printinghesshine
fact is true it is difficult to find higher temperature materials because of thea@af the
process. Two groups of materialltem and Metal can be 3D printed at temperatures around

550 F and abovevhich meéthe requirements for this application. 3D printing is an

12



advantageous process because the internal geometry of théonscda be very complex,
providing structure and support to the other components within the s&rsall internal

features can be easily created, and tolerances can be very precise when using this method,
depending on the 3D printer usédl the methods and material samples mentioned above are

shown inFigure4.

Figure 4: Insulation Manufacturing Methods and Material Choi¢gk

Theprocedurgo determine which manufacturing process and material to use was
lengthy.First, a broad search was conducted to understand the materials on the market that meet
the specifications necessary for the sensor insulatiata Eheetaerecollectedand vendors
contactedegardingthe cutting edge materials thttat fit, such asescor glass ceramic and fused
silica foam It became obvious that these materials were out of budget for this paoghctost
of the materials required the usespécialized equipmerthat isnot at theavailable at eithethe
Ohio State Mechanical Engineeriladps and the GE Appliances prototype lalbachining and

injection molding were both ruled out as viable manufacturing procassesesult

13



3.1.3 Prototype

The focus wasurned to conventional materials that are more readily available here in the
OSU labs for 3D printingsincethesearecost effective andccessible A prototype of the
sensor insulation could be printed with the OSU equipment and tested at low tempefidtares.
GE Appliances Prototype lab has the ability to 3D print the sensor insulation using high
temperature materigt such as Ultera that can witkstand theemperatures above 5@0for
more than 30 minutesThis is a great advantage for GE Appliansexethey can print the
sensor body #house angbotentiallysave money and tings compared to having the sensors
fabricated by an outside supplidn order to test the viability of the designptotype block
was printecbut of simple ABlasticwhich has a glass transition temperaturapgroximately

320 F, and thesensopinswereinserted ensuring the proper tolerances and fit.

Collars aound the thermocouple channels were added to the insutatndigurationto
ensure that the thermocouples would not become dislodged from the pins when moved. As
mentionedpreviously 3D printing the insulation materig¢sulted in anorerigid structue and
as a result provided better protection to the thermocotnolesbending fatigue in the wires.

This is a common problem withermocoupleghat can result imn open circuit andensor

failure

The temperaturss measurect the top and bottom of each pising the same
thermocouples as the initial prototype sensbhis initial testin room temperature conditions
demonstratethat this body design was capable of structurally supporting the coolant tubes and
the thermocoups while still providing usable data. A picture of the fully constructed sensor is

shown inFigureb.

14



Figure 5:Fully Assembled Sensor Body

3.2 Low Emissivity Pin Coating

3.2.1Problem Definition

In the MATLAB model developed by Suraj in phase 1 an emissivity coefficient of 0.3
was chosen and in the simulation conditions 0.05 wastaossmulate the polished gold on the
top of the RCO1 sensdFhe low emissivity pin on the original phase 1 prototype was polished
progressivelyvith two different levels of abrasivearticle sizedsandpaper (24rit followed by
1200grit). This produced an emissivity coefficient betweer@3 which was not e enough
to attain heat flow conditions through the pin that primarily involved onlyectiveheat

transfer with minimatadiativeheat transfer

3.2.2 Ideaibn of Potential Solutiom

It washypothesized thab achieve thesurface finismeeded to hae a lowemissivity
coefficient, theabrasive particle sizes sandpapeused in subsequent polishing operationsst
be stepped up in finer incremeniBhe 240-grit sandpapehas much larger particle size, and

therefore it produced a fairlpugh surfaefinish onthe pin Following that immediately with

15



themuchfiner abrasive patrticle size of tH200 gritdid notresult in apropersurface finishas

shown inFigure6-2. Therefore 2 identical pingere polishedisingsuccessive steps of
sandpapewith smallerincrements othange in thabrasive particle sizas well agwo
differentmethods of applicatiorpolishing cotton and a Dremel polishing end (showRigure

6-3, 6-4 respectively). A control pin with no polishing was also included in the testing shown in
Figure6-1. Finally,attheconclusion ophase 1 ihad beemecommended thatfter polishing

the pinshouldbe coated in a thin layer of a material known to have a low emissivity coefficient.
Gold was chosen because it haemissivitycoefficient of 0.05 when polished, and the finished

gold-coatedpin is shown irFigure6-5.

1. No Polish 2. 240, 1200 3. 240, 320, 4. 220, ,320, 5. Gold coated
grit (gen 1) 1200, 1500 480, 890, using
grit, finished grit, finished CEMAS
with cotton with Dremel sputter -

on lathe coater

Figure 6: Low Emissivity Pin Polishing Options

These 5 pins were testaalevaluatehe emissivity constant usirige Fluke 62 Max+4R
thermomete(Figure7) and an incubat. The incubatotemperature readotiad a pecision of
1 and an accuracy of +2 and the temperature gun had a precision of@ahd accuracy of
+/- 1.0% of readingver 100. The incubator was heated to 3bQvith the pins inside and
allowedenoughtime to reacla steadytemperaturgabout 30 minutes. Then the temperature of

each pin was measured with the emissivity set to 0.5 on the IR gun. The emissivity was then

16



adjusted on the gun for each separate pin until the temperature readout agreedindgttbéter

oven temperature pbe. While this method is not the most precise, it was enough to confirm that
pins 1 and 2 had a high emissivity coefficient of 0.5 or greater, pins 3 and 4 had an emissivity
coefficientnear0.3, and pin 5 had a l@wemissivity coefficient ohpproximatey 0.1.

Thereforethe gold-coatedpin was choseffor the stage 2 sensor desighnother benefit of

using agold-coatedpin is increased durabilitgs compared to stainless ste€he polished

stainless steel scratched easily

Figure 7: Testing Equipment for Emissivity Coefficient

3.2.3 Prototype

The gold coating waappliedu si ng t he Leica ACE600 Sputter
for Electron Microscopy and Analysis (CEMAS). 4 pins were inserted into the neadh
holding plate and itycledfor 8 seconds, providing an extremely thin layer of gold. 2 of the pins
were polished prior to the coating and 2 were left unpolished to test the best conditions for the
gold to adhere to the surface. Thertholished pindiad a superior surface finish shown clearly
in the resulting pictures iRigure8. Although all 4 pin surfaces were cleaned well before the
coating, it is suspected that the polished pins had oil or some residue on the surface that also

contributed to the uneven coat.
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Only Gold Coat Polished + Gold Coated

Figure 8: Results of Gold Sputter Coating on Pins

3.3 Coolant Cavity and Body Riesign

3.3.1Problem Definition

Theoriginal sensor body wdBmsy due to the fiberglasasulationtape This caused the
thermocouples to easily cametached from the pins and the sensor to sit at an angle on the oven
rack. The basic sensor structure with coolant tube at the base, pins side by side near the center of
the sensor, thermocouples attached to the pins perpendicular to the surfacaylationns
surrounding all components was used again for this phase as to not deviate from the design

constraints determined in phase 1.

3.3.2 Idedion of Potential Solutiosi& Prototype

The final sensor body design, as modeled in SolidWorks 2018, is shdwgure 9. The
first image with hidden lineslisplayed shows the 4 channels through which the thermocouples
attach to the pins from the left side of the sensor bddiye coolant channel is also durto the
sensor structure with 3D printed hose barbs so as the eliminate any risk of rust of leaking from

internal components in the sensor.
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Figure 9: Sensor Body Solidworks Images

In addition to the features mentioned above, the part is designed in such a way that it does
not need an internal support structure when it is printed, minimizing cogatroduction
time. The thermocouples and pins fit securely due ttoleeanceghat can be achievedith the
Ultimaker 3 Extende®&DM printerandthe resulting partan be easily assembled@ihis phase 2
body design has hadfs manycomponents as the phase 1 design, thereéoh@écingcomplexity
and minimizing the possible error issembly. The less error that exists in the assembly process,
the less error and measurement varighaéwill resultin each sensor. This is extremely
important to the testing lab at GE Appliances and was stressed as a major design requirement for

the ptase 2 sensor.
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Chapter 4: Data Acquisition Design Process

4.1 Component Selection

Thermocouples are the preferred temperature measurement method for many reasons.
They are low cost and reliable devices due to their simple nature and provide consistent
performance over timeTheyare accurate and repeatable, capable of up tadDataracy with

proper calibration.

A thermocouple is type of temperature sensor created by joiningviwres made of
dissimilar metals Thisconnectiorcauses a slight voltage across the wires that increalsésd
to thetemperaturef the junction, know as the Seebeck effedf type thermocouples are made
of Nickel-Chromium and NickeAluminum wires are used in this sensor because they have a
wide temperature rangelQ0 to 500 C) and are easy to interface witlhhe voltage change
measured across thieermocouple is very small, around #¥/ C, so the measurement
sensitivity isdeterminedy the choice of interface chip thatused tamplify andprocesgshe
voltagesignal. Additionally, the effect measured is differentshperature, not absolutd a
referencaemperature thermal masésome typemust be usetb determine thabsolute

temperaturealue this is known as colflinction compensation.

There are alsdrawbacksassociated witlising thermocouplef®r temperature
measurementThe ouput voltage is very small, and in mastsesit is not linear and must be
calibrated to correct for thisThermocouples need to be electrically insulated from their
surroundingdbecause of the vulnerability of the signialis such a slight voltage thatis very
susceptible to interference from other signals. flilhe-constantor response timés a function
of the thermocoupleds mass therefore the | ong

change. When thermocouples are connected with otloeiitcy, the connection point creates
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another O0thermocoupled with the joining of
to be compensated for. Finally, thermocouples are easily subject to bending fatigue and can

easily breakresulting in aropen circuit

Given thesassues associated with thermocouple, tise thermocouple interface circuitry
must address these issue®rder to provide accurate dat&he gal of interface circuitrys to
take the small voltage and linearly amplify it at a constant gain regardless of signal level to a
higher voltagevhile also incorporating cold junction compensation to outpwisolute
temperature There are many thermocouple interface chips omituket thatanachieve this
andadditionally carconvert the analog signal to a digitatmat After investigating many of
thesejt was determined that there weheee productthat would meet the functional
requirements, and they were evaluated tereine the best option for this applicatidime AD
594is a simple chip previously uséad ME 3870with a precision of IC [3], the TE MSP432
wasdeveloped last year for high temperature applicatmukis a bit more compleand the
MAX31855 [4] is anextremely populachip thatis accurate t@.25 C. The MAX31855 was
chosen due to its superior accuracy tredwealth of information, tutorials, and examples
available online. This chip is popular because it has been proven to be durable, accurate, and
easy to use. All of the thermocouple interface chips available for hobbyists are designed for one
thermocouple only, therefore the custom circuit must include one interface chip for each

thermocouple. This introduces price and space concerns.

Multiplexers are a simple component that easily provide the interface to switch
between data lines. In addition to gpace problem addresgaetviouslyin the need of one
interface chip per thermocouptéjs also means that each thermocouple requires onéraata

If multiple sensors are used at the same time and there are 4 thermocouples per sensor, it is not
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feasible to have one separate data line for each thermocouple because most microcontrollers do
not have that many input pins. A multiplexer couldplzeedeither between the thermocouples

and the interface chip, reducing the number of interface chips needed, or after the interface chips
and before the microcontroller to consolidéite number of data lines to just orgifferences in
performance duto the switches in the multiplexing circuitry may introduce small errors in
voltagereadingdirectly from the thermocouplewhich are already very small in magnitude.

This configuration would therefore have the potential to introduce a large lexebofvhen the

signal is amplifiedso it was decided to place the multiplexer after the interface chips. When
selecting anultiplexer,it is important taconsider the directionality of tregnal, the speed

needed when switching lines, and the numbéines from the microcontroller used to control

the direction.With help from Dylan DeSaid, the CD4052 multiplexer was selected. It has 2, 4
channel groups and @ntrolledby A and B selection lines from the microcontroller. They can

be easily combirgtwith each other in the case tinadltiple sensors are used at the same time.

The microcontrolleselection process also followed a similar path, aithinitial
screening process used to determine the appropriate candidates followed by a final ewdluation
those potentially applicable devicdhe Arduinoportfolio of microcontrollersvas ruled out
because dtheirlimited IDE. Arduino is a simple microcontroller designed to run one program
over and over and it cannot process graphics well. The Ragphas a fultfledged
microcomputer capable of running multiple programs at a time and it has an integrated graphics
card, therefore the Raspberry Pi line of microcontrollers was the clear chioittally the RPi
ZeroWwas chosen because of its snsétke and low price while still providing the possibility to
connect wirelessly. After it was decided GE Applianceshatit was preferable to havbe

heat flux data output to a flash drikegher thartransmitted through WIFI or Bluetoqgtthe RPI
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3 was used because the smaller size was not necessary and the RPi 3 was more readily available
in the lab. In reality, any RPi can be used because this is a very simple concept that uses just a

few SPI pins, GPIO pins, and the 3.3V and 5V power sources.

4.2 drcuit Design
Thecustom circuitry described above was first prototypea breadboard anéstedn a
room temperature settintj.is capable of amplifying, linearizing, and converting the signals

from one sensor (4 thermocoupleB)e initial breadboatedlayout is shown below ifkigurel0.

Figure 10: Breadboard of Custom Circuit

Once the circuit waktested and the proper functionality verifigdyaslaid outin KiCad,
an open source software for electronics design. The schematic was createdofstiosvnext
pagein Figurell) with a goal of processing the data while minimizing the rispafer spikes
by using capacitors between the thermocouple ends and resistors linking the A and B select lines

to ground. The thermocouples connect to the 4 screw terminals &ftthide of the diagram,
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which then each run to the MAX31855 chip, which then connects to the Raspberry Pi (bottom

right) and the CD4052 multiplexer (top right).
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Figure 11: Schematic of Custom Circuit

The schematic washecked for errorsising theDesignTools Editor in the software

which simulates the power and signal flow through a cisgitft the goal of exposing any

incorrect connections or loose entliext the PCB layout was created from the schematic. KiCad

provided the ability to create multiple layers within the board, which was helpful for power
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management because the ground and power layers could be sepHné&teas.desirable because
especidly on such a small boaythere is a risk that the power and ground could be accidentally
connected and short the circuit. The separation of these layers minimizes this ¢hatice.
following page Figurel12-1 shows the top power layer of the custom board with red traces
connecting the component$he board design followed directly from the schematic. The screw
terminals were placed on the left side of the boardldavahe thermocouple wires to be easily
attached. The MAX31855 chips were placed close to the thermocouples to minimize the
distance for the signal to travel before being amplified. The board pinout was placed in the
upperright-handcornerto separatet ifrom the thermocouple wireiCad also is able to

generate a 3D model of the prototype board, which is showigime12-2.
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Figure 12: KiCad PCBLayout and 30Board Rendering

Using the schematic and PCB board layouts created in KiCad, three prototype boards
were ordered from MacroFallhe Macrofab website requires the user to select all board

components through their own online inventory. It is critical to double check the dimensions and
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pinout of every component to ensure it matches the components used in the KiCad board design.
Oncethe PCB footprint is created and the through holes drilled, the board ¢enedited by

handif ac o mp o n e nt . Ttheopeice ped drotofype tboard was $119.20

Once the boards arrived, they were tested to make sure all connections werarsgcure
correct. First a single board was connected to the Raspberry Pi to test the functionality, and then
all three connected tealidate the accuracy and repeatability of the sensor itSejtire13

shows a picture of the final board.

Figure 13: Custom Circuit for Sensor

To control thesensors, a simple python code is used on the RaspbefityeRiode can
be run automatically upon startup of thepselected at any timfeom the home screesf the
Raspberry Pi. When the program launciiégginstakingreading of the voltage levels fail 4
thermocouples and recording them to a .cswifilean SD card onboard the Raspberry Hie
data collected from the thermocouples can be plotted on a graph to show the real time
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temperature valuasthe user chooses to do so. Tt#@ be accomplishday running a second
program as the data is being collect®dce the test is suspendduk .csv file is saved to an

external flash drive ancnbe exported t&xcelor any other data analytics program.

External libraries for the MAX31855 thermocouple chip were used in the python code to
shorten the length of the program and simplify thgad for any edits or additions necessary in
the future of this project. The goal for the code was for it to be straightforward to streamline the
sensor design process in the futuii@ achieve this, it utilizes two libraries (one for the
MAX31855 chip ad one to write to .csv files) that significantly shorten the code and provide
functions that are intuitive to use. The code is also commented extensively and organized into
sections for each tasht can be easily edited to accommodate for multiple @snsowered by

the same Raspberry Pi.
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Chapter 5: User Interface Design Process

5.1Problem Definition

The user interface was the facet of the sensor that underwent the most drastic changes
during phase 2 of the projednitially, there was a heavgcus on the sensor and all its
components (circuitry, controls, power) to
in the initial design requirements. Tieant that it was necessary to have a thermocouple
amplification and A/D converter ghithat could withstand the high temperatures inside the oven.
It was also necessary to have a Bluetooth or similarly wirelessly enabled chip that could
withstand those temperatures and transfer the data through the metal walls of the oven. There
were no poducts on the market theduldfulfill these requirements without far exceeding the

cost requirement per sensor.

5.3Ideation of Potential Solutions

Moving the control circuitry for each sensor outside of the oven created the freedom to
choose from mangheaper, more versatile components. While it was still possible to transmit
the data wirelessly (via Bluetooth 0fIFI) with this new setup, the GE Appliances team decided
that they would rather transfer it from the Raspberry Pi to their lab computeiSByor now
because of the complex security requirements in their internal netivatks desirable to see
the data collected graphed live, therefore the touchscreen was added to enable control of the
sensors while the test is running. This ensureghieaGE Appliances team can have maximum
control over the sensors and will be alerted as soon as possible if any of the sensors is returning

an incorrect or nulalue

The fact that each sensor has its own individual circuit board allows the teanz# util

any number of sensors at the same time for their oven testing. The circuit boards are simple to
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combine and can kstacked below the touchscreen and Raspberry Pi setup for storage. This was
important to the GE Appliances team because they desire tarteg/s of sensors (similar to an

array of cookies on a tray) to test the heat flusnany parts of the oven at once. During their

food testing that have found that sometimes cookies on one side of the oven can bake very
differently than ones on the ahside, therefore it is important to identify this distribution of the

heat flux and correct it. No one wants a tra

done on one side!

5.3 Prototype

Below, Figure14 shows the final concept for the sensor user interface. The coolant is
powered by a small pump, replacing the system powered by a faucet used in phase 1. The
sensors all share the coolawhich runs backnto the same tank. It will be shown in the
following section on testing that at low oven temperatures the water temperature does not rise
enough from start to finish to have a significant effect on the temperature at the bottom of the
pin. The touchscreeand control circuitry are all mounted on the oven wall, connected to the

sensors only by the 4 thermocouple wires coming from each sensor.
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Figure 14: Concept Drawing for the Sensor User Interface
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A picture of the experimental setup for the sensor is shown belBigune15. The bill

of materials can be found in Appendix A.

Figure 15: Experimental Setup of the Hektux Sensor
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Chapter 6: Sensor Testing
6.1 Functionality Test 1
Using the experimental setup detailed in the previous section, the sensor and
corresponding circuitry were first tested for functibty. Theoven was set to 208 due to the
low melting temperature of the ABS plastic in the sensor body. The purpose of this first test was

only to prove functionality of the sensor and its components. The results are shown below in

Figurel6.
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Figure 16: Initial Functionality Test Results

The gold and yellow lines in the figure represent the top and bottom of the low emissivity
(LE) pin while the blaclkand grey represent the top and bottom of the high emissivity (HE) pin.
The oven was turned on at 400 seconds and reaches steady state around 500 seconds.
Unfortunately, the coolant pump batteries died around 850 seconds which causes the steep rise in
temperature for all 4 thermocouples and the loss of any temperature difference. The test was
suspended shortly after. It is interesting to note the shape of the temperature curves during the
time that the oweis in steady statethese match the shape of teenperature curves predicted
by Surajods initial simulations.
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6.2 Functionality Test 2

The functionality test was repeated to verify the results found above and better define the
temperature difference between the top and the bottom of both pins ovempetmthof steady
stateinside the ovenThe same test wasrr again at 200~ but this time the data collection
began once the oven temperature reached steady state. The thstwas for 30 minutes and

the results for each pin are shown separatelywbel Figurel7andFigurel8.

Figure17: Second Functionality Test of Low Emissivity Pin
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