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Abstract

Bull Outdoor Products, Incorporated, a barbeque grill and outdoor kitchen manufacturer,
sponsored this project with the intent of improving the temperature uniformity across the surface
of their barbecue grills. Fdhis project, the Cal Poly team of mechanical engineering students,
Monty Dodge Jr. and Samuel Melo, used the Brahma grill head model with setups for both
natural gas and propane. In order to determine exactly what the uniformity across the grill
surfacewas, the student team designed a testing apparatus which would measure a grid of
temperature locations one inch apart spanning an area 16 by 36 inches. Developing a testing
method which produced accurate results was done over five separate tests, poimhitie

team began testing various geometrical configurations of flame guards (flame tamers) to
determine how these geometries affected the overall temperature uniformity. Across all of the
tests the results clearly showed that temperature in the biitlearill was consistently higher
than the front. It was also found that approximately half of the propaneogrithe left sidewas
significantly lower temperature than the right. Upon further investigagindbench testing a
propane manifold fornessure at each valve, it was determined the cause of the discrepancy in
temperature from left to right was the result of a pressrop in the manifold.

Recommendations wetbenmade to Bull Outdoor Productgth regard to how this might be
improved. e student team ditch the enddesign a set of louvers which would direct heat flow
from the back to the front of grill. These new louvers did improve the temperature distribution
from front to back, however, the most valuable deliverable was the detigh of the test
apparatus, the test method, and method of data analysis used.



Introduction

Backyard barbequing has become a tradition among households all across America. Naturally, as
it hasbecome more of a staple among American homéssiedto a market for improving

barbeque technology. Every grill master is actually a master of reading the grill, in other words,
knowing the hot spots and the cold spots. A barbeque master is able to shuffle food on the grill in
a way that equalizes cooking #&nand ensures everything comes off the grill cooked to

perfection. The goal of Bull Outdoor Products, Inc., is to make every owner of a grill with

ReliaBull technologypecomea natural grill masteby minimizing the difference in temperature
across the dine grilling surface.

With the help of California Polytechnic State UnivergiBal Poly)Mechanical Engineering

seniors Monty Dodge and Samuel Melo, henceforth referred to as Brazing Bull, thimgoal

come closer to realityl he endeavor fulfills asnior design project requirement for obtaining a

Bachelor of Sciencdegredan Mechanical Engineering &tal Poly, San Luis Obisp®razing

Bull wasresponsible for defining the rubric used to measure a successful design and develop a
guantifiable measuref improved temperature distribution. These specificatioaiebased

upon the desired outcome described by Bull Ou
di stribution from |eft to right awmghchievedb nt t o
without any change to the outside dimensions of the grill head and without changing the location

of the burner manifold.

To achieve an optimum temperature distribution, Brazing Bull wilbbdxy reproducing the
results ofa previous Cal Poly team efhghneering students. Using the resuéttyng with
addition data collected by Brazing Budlstatistical analysisrasperformedo define clear and
measurable specifications that quantify a successful project and greater improvement of
consistency in tempetare distribution.

The statistical analysiwasused to determine whether the temperature data obtained edio$ist

a normal distributionin which the representative bell curve is unimodadto define the

resulting standard deviation of the data. Wiperforming a brief statistical analysis of the
previous teambdés dat a, Br a z i nngodaB althoughthismw t r ends
analysiswasnot reliable due to the lack of certainty regarding how their data was obtained and
organized. lwasuseful, however, in experimenting with potential statistical models to be
applied to data collected by Brazi mwhichBvasl | 6s i
built and used in temperature data collection.

With improvedreliability of temperatureata and a statistical model in place to validate any
improvements in temperature distributi@razing Bull experimeeidwith modified burners,

varying inner barbecue head geometries, and additional alterations to flame tamers developed by
the previous CdPoly ReliaBull team.



Sponsor Background and Needs

Bull Outdoor Products, Inc. has been developing the ReliaBull technology with the help of Cal
Poly mechanical engineering students since the 2012/13 academic year. The previous team of
students, Liense to Grill, developed a fixture which traveled across thewiili thermocouples
mounted at even spacirand connected to a DAQ system in order to measure temperature
distribution. Brazing Bull located what is left of the system and determined whimponents
weresalvageablgand which aspects of the system could be improved to acquire more reliable
data.

Bull Outdoor Products, Inc., intends to integrate the ReliaBull Technology into all of the
barbeques in the Bull product line. After conductsagne research, Brazing Bull has found other
barbeque technologies that have digital temperature monitoring systems as well as automatic
temperature control systems. However, the consistent temperature distribution technology like
that of ReliaBull seems toe unique to Bull Outdoor Products, Inc.

Objective

Originally, the projetwas presented to Brazing Bulith the goal of improving the performance
of grills already in production. This posed an issue because there waasofitial problem
definition. Therefore, Brazing Bull developed their own problem definition.

The ultimate objective for this projestasto design, develop, and implement a testing method

for Bull Outdoor Products, with the purposeidreasng the performance dheir grills,

specifically the distribution of heat across the grill surface, creating as constant temperature as
possible Brazing Bullusedsaid testing method to develop results for several different grill
configurations, andevleopedecommendations for Bull Outdo®roducts based on those

results.

Brazing Bullinitially wantedto develop theesting apparatus in a way which providixibility

to gather temperature distribution data from all of the barbeques in the Bull Outdoor Products
line. However, this gogbroved to be unfeasible with the amount of time and manufacturing
required to accomplisit. The DAQ system willstill be a valuable asset to future research
conducted by Bull Oatoor Products on their Brahma thhgyght inch or largebarbeques as

well as provide a means of conductinghouse competitor benchmarking similar grills This

will give Bull Outdoor Products the ability to validate ratings established by Consumer Reports
and other product review organizations, as well as understand wasitohtiée grill technology

will result in the highest return of investment from future grill enhancements.

With measurable parameters defined, phasanwalved designing a reasonable method of
evenly distributing the heat produced by the grill overdbeking surface. Ideally, thisasdone
without altering the outside dimensions of the grill head, and with minimal amount of design
alterations to hardware already in production. Ti$udedQFD as well as ideation processes
normally being completed #te beginning of the design process. Bull Outdoor Prodjaots
adequate freedom to change the design of their grills, however, theagtal create something

9



that will achieve the ultimate objective without large manufacturing costs or large design
alterations.

Background

Existing Products

Based on consumerreports.org reviews of the Bull Urban Islands 21B6&m&r gas grill sold at
Costco, and compared to other gas grills in the same price range, the Bull product leads the
competition in size and BJ outpu. However, when it comes to the high and low temperature
evenness ratings the Bull unit receives a "good" and "fair" rating, respectively. Some of the
competitor products outperform Bull in this category according to the testing standards tised wit
the Kenmore Elite receiving "excellent” ratings in both evenness categortethe Napoleon

Mirage receiving "very good" ratings in both categories. These and other comparisons may be
seen in Tabl&1 of Appendix A.

It is important to note that the texy methods for these review comparisons is not well defined.
For the evenness testing at high and low temperature, quantitative data indicating the
temperatures across the grid is not known; the information provided merely states that the
temperatures we measured with thermocouples. In addition, the heat output, number of
burners, and size varies from grill to grill among those outlindcabiie A1 of Appendix A.

The results found during this research certainly allow room for improvement and provide

addtional motivation for Brazing Bull to "turn up the heat" with this design challenge. As

Brazing Bull moves forward with testing, additional research will be conducted in order to

determine quantifiable measures of a successful design, including a det@ied team License

to Grillés results and temperature distributi

Current State of the Art

Currently, Bull Outdoor Products sells grills using two fuel types of various sizes. They

provided Brazing Bull with two Brahma grill heads as sedrgure 1.0ne configured for

propane fuel, and the other for natural gas fuel. Other than the gas regulator used on each grill

head for different fuel types, the grill heads are identical. Brabma head is thethirty eight

inch model, meaningthe ¢ril i ng surface is 380 wide. The Br
stainless burners, spacexdenlyfrom left to right across the grill, and stretching from the

manifold, located at the front of the grill, to the rear of the grill. Each of the smallsrigrihe

Bull Outdoor Products line use the same left to right spacing of the burners. Therefore, data
collected for the Brahma head should be accurate for smaller versions of the grill.

10
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In conducting background resear8nazing Bullhas found that the testing apparatus used by the
previous Cal Poly ReliaBull Senior Project team is unique for the task of measuring temperature
distribution. Therefore,teatni cense to Grill 6s design was uUsec/
in choosing design features of the new apparatus, based on three categories: motion of array,
indexing of array, and material selection. The previous apparatus is no longer available, and

bsed on team License to Grillés report and fe
machine shopfurther improvements will be made. The decisions made based on background

research of the testing apparatus will be further outlinéde®esign Deelopmentsection.

Other than th®AQ receiverand t her mocoupl e wiappaaushasdinee pr evi
been discarded, therefore, Brazing Belbuiltand improve the DAQ system for a reliable
assessment of the current grill configuratiBome ofthe improvements thateremade to the
previous system include: drive system (ball screw), indexing method, and material, all of which
were decided upon using a decision matrix technique outlined in Appendix C. In addition to
these improvements, the methafthttaching thermocouples to the arvegsimproved by

machining slots into a solid aluminum bar in order to precisely control the location and
orientation of each individual thermocouple; the previous DAQ simply had thermocouple wires
wrapped around d@eel bar numerous times as seen in Figure 2. While inspecting the remaining
thermocouple wires, Brazing Bull also determined that it would improve the longevity of the
DAQ by enclosing the thermocouple wires in a heat resistant flexible @amg the

production of the new DAQ, additional enhancemevesemade using the design, build, test
methodologywhich will be outlined in detail later in this report

11



Figure 2TSI' Y [ A0Sy as
Highlightingthe method of attaching thermocales.

Manufacturer Grill Specifications

G2

DNRAf f Q&
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Bull Outdoor Products provides the following list of specificatiforgheir Brahma grill head:

T
T
T
T
T
1
T
T
il
1
1
T
T

Most of the provided specifation data was not needed by Brazing Bull, however, it has been

90, 000 BTUOGSs

304, 16 Gauge Stainless Steel Construction
5 Cast Stainless Burners

I nfrared back burner
Single Piece Dual Lined Hood

Piezo igniters/Zinc Knobs

Solid Stainless Steel Grates

Heavy Duty Thermometer

Warming Rack 266 Sq. In.

Stainless Steel Rotisserie Motor

Twin Lighting System

Cooking Surface 1026 Sqg. In.

CSA Approved

included for reference.

Design Development

Due to the unique nature of the ReliaBull project, Brazing Bull's method of apdrozich

Method of Approach

15,

000

BTUOGS

slightly away from the typical "dggn, build, test” model. In order to gain a more complete

understanding of the needs and technical specifications, Brazingegjalhby building a revised

testing apparatus to collect accurate and complete daBalfiocdutdoor Produ@ grill design.

After collection ofnecessary data and developatull analysis of the experimentamperature

12
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distribution,experimentation of different configuratiotigat meet the goals of the projéeigun
Therefore, the solution procefgdlowed a "design,build, test,experimerit approach.

In the past, Bull Outdoor Products, Inc. has teamed with Cal Poly mechanical engineering
student groups to improve temperature distribution with the development of ReliaBull
technology. Due to lack of access to the previeasn's raw data files, and changes to grill
components, Brazing Butieeded to obtaidetailed information about the performancehef
grills. This informatiornincluded

1 Temperature distribution over the entire grill surface to determine:
0 Locations whee heat is concentrated or weak

Averagetemperature

Greatest difference in temperature

Statistical representation of temperature data

Standard deviatioof grill surface temperatures

o O OO

Thiswasaccomplished by building a DAQ systexpparatusisinga lineararray ofN-type
thermocouples ana frame on whicho move the thermocouples desiredocationsacross the
grilling surface. The DAQecordechumerous temperature data points across the entire surface
so thatBrazing Bullcoulddevelop a temperaturestibution map across the provided Brahma
barbecue hea®ncethe data was obtaingeBrazing Bullhadthe ability to determine locations

on the grill where the heat is, or is not, distributed uniformly. Furthermore, the acquired data
enabledBrazing Bull b determine what maximum and minimum temperatures the grill
producedand how the range of heat between those temperatasesatistically distributed.

Once sufficient datavascollected, a quantifiable set of engineering specificatiwasdefined at
which point theexperimentatiomprocess for improving ReliaBull Technologggan Before
guantifiable and measurable technical specificatwaeestablished, only broad goalgre
able tobe set, such as, "create an even temperature distribution". fGreetée technical
specifications and detailed problem statement defined by BrazingvBsiully developed after
the completion of the initial testing phase.

Project sponsor, Bull Outdoor Products, Inc., has large scale manufacturing capabilities and
agreed to assist in manufacturing some of the final components in cooperation with Brazing Bull.
When feasible, machine shops and other resources provided by Calefeitilized by

Brazing Bull in order to manufacture and test newly developed grill gar#iions. Due to the
unconventional nature of the ReliaBull design project, BrazingfBallsedon the development

of experimentatonfigurationdater in the academic year, ammetd multiple approaches while
simultaneouslyperforming statistical and gmeeringanalysis in order to keep the project on
schedule.

The DAQ system developed by Brazing BuHsinfluential ininvestigating the source(s) of hot

and cold spots across the grill. Each set of data helped direct further configuration itemations,
well as developing the most accurate method of collecting data.
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Conceptual Designs

Brazing Bull used several methods in order to make decisions pertaining to materials and

operation of the testing apparatus which they built. These methods wilbesd in detail in

the next section titled fAConcept Selectiono.
Brazing Bull sketched and brainstormed sever a
inspiration.

Appendix D shows the initial skehes and ideation of the testing apparatus. The sketches also
show how the mechanical method of testing was developed into the final drawings presented in
Appendix E. Page one of Appendix D demonstrates the original idea of using a linear array of
thernocouples with a machined bar that organizes the wires into bundles. However, this first
idea used a motor to rotate a screw which would result in a powered, or automated, testing
system. In the en@ manual method was selectad it would have requireatdditional funds,
programing, and time to achieve an automated system. The decision matrix in Appendix C
demonstrates this decision as well. Page two of Appendix D demonstrates the initial idea for the
indexing knob which was developed to precisely adritre location of the ball screw imjeal
increments as it rotates. The remainder of Appendix D displays various ideas of how to build the
frame and fixture the apparatus. Final frame design was chosen to utilize the ratleserie
alreadycut intothe side of thegrill body and hoodp align the ball screw. Only slight

enlargement of the rotisserie hole on one side of the(lgfillside)was required to accommodate

the final testing apparatus.

During manufacturing, various components of the desigre altered slightly, however, the

operation of the apparatus remained unchanged. The back frame rail was moved forward two
inches so that the thermocouple array woul dnbo
the grill. Furthermore, a supg was welded in across the apparatus to add rigidity to the frame,

and keep the bushings from trying to advance on the ball screw.

Concept Selection

Brazing Bull used various brainstorming techniques and comparisons to the testing apparatus
designed ad used by team License to Grill in order to choose key components of the new
design. Since the overall function of the apparatus deéheesame purpossome componest
aresimilar, howevermany parts of the design wereproved upon. It is the desiré Bull

Outdoor Products for this apparatus to be used on their barbeque heads for yearsaodome

with that in mind, Brazing Bull applied the decision matrix technique to compare three aspects of
the design with various criterion to the previously uspparatus. The results of the three
categories, listeth Table 1, may be found in Appendix C
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Table 1Categories of interest for various aspect of testing apparatus design.

Motion of Array Indexing of Array Material Selection
Repeatability Repeathility Cost
Cost Cost Durability
HMI Simplicity HMI Simplicity Strength
Durability Durability Manufacturability
Accuracy Accuracy
Manufacturability Manufacturability

Preliminary Analysis

In addition, the engineering justification ftire criterionlisted in Table Inay be fond in

Appendix Fof this report includingemperature effect on material properties, stress analysis of

the testing apparatus components, and indexing dial manufacturing based on pitch of selected
found
Engineering Design, Ninth Edition. The calculations performed, which are shown in Appendix F

lead screw. Values for sonnea

of this report, found the bending stress in the apparatus rails to be less than 5% of the yield

teri al proper

ties were

strengthfor stainless steel resulting in a maximum deflection of 0.0022 inches. Brazing Bull
determined these were acceptable results, which led them to select the parts and materials that

ended up being used.

Proof of Concept

Aside from engineering calculatis, Brazing Bull proved the concepts they chose by putting
them to the test. A full description of how the final testing method was developed is detailed
under

further i n thi

S report

the sect

i on

testing began, Brazing Bull understood that the design and function of the apparatus would

ul ti mately work

as planned.

Brazing

Bul

natural gas grill. After being exposed to temperatures up teparekeding, 900 degrees

Fahrenheit for over two hours, Brazing Bull felt it was safe to assume this would be the most

ti

0s

us

t |

f

extreme conditions the apparatus would ever encounter. Aside from a few repairable flaws in the

apparatus that arose under these conditithre apparatus worked as designed. Modifications

were made to fix the issues that arose under the most extreme conditions, and thus, Brazing Bull
felt the chosen concept had proven itself in the intended environment and operation.

The apparatus was dgsed to withstand the high temperature environment it is subject to inside
the barbeques, and still retain accuracy for future testing. For each barbeque, the testing
apparatusook at least six series of data, meaning six complete testing procedutesaldag
almost two hours to complete. In the case of the ReliaBull Heat Technology project, the testing is
designed more so to determine the distribution of temperatures across the Brahma grill head from
Bull Outdoor Productsather than the durabilityrdunctionality of the apparatus itself. After
each testvasconducted, the components of the test apparatuswerified to ensure they are
still in their original operating condition. This verification includensuringrame geometry
remaired unchangegdthermocouple insulation remadintact, and all ball screw assembly

componentsverestill aligned and operating within their rated tolerances. A description of this

design verification can be seen in Appenidix
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Final Design

Overall description

Inorder to convert Bull Outdoor Productsodé give
method was needed to define the current operating conditions of their grill. The focus of the

original problem statement was on temperature distribution, so arasyspto test and record
temperatures at the surface of the grill was created. Although there is heat throughout the entire
barbeque box, it was assumed that the most critical location for obtaining even temperatures was

at the surfacewvhere food will ret during cooking. Therefotbe apparatus was designed to

collect air temperatures as cl ose as possible
was to create an apparatus that would be able to test the entire line of Bull barbequessas well
competitorébés barbeques. However, as time and

apparatus would be buil t Thaflnal designaftertalhadteraBana h ma
is shown, with labels, in Figure 3.

. <al Foly Senior Project
Large Eushing Tube Brazing EU Il

Testing Appard fus

Frarm e End[s]
Eall Mut sam mela

monty Dodge
Eall Hut Flange

hemocouple Amay
AT Y G orEr(z]

Eall 5 crawy

Fram e kail[s]

srmall Bushing

ndexing Knob

Figure 3Ful assembly drawing of the Brazing Bull testing apparatus after all alterafitvis drawing represents
the final apparatus after manufacturing, and does not completely match the original design.
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Detailed design description

The testing apparatus assbly consists of three satssemblies containing twerbtyetotal

manufactured components. The three subassemblies are the frame, ball screw, and thermocouple

array.

The frame as shown in Figure 45 thelargest subassembly and serves as a method of rigidly
locating the ball screw ends and providing a flat path for the thermocouple array to move over,
l e simultaneously |l ocating the arrayos
up the frane; two stainless steel frame ends, two stainless frame rails, three stainless bushing
tubes of different diameter, two brass bushings, one stainless bushing, and one aluminum hub.

wh i

Bushing Tube (X2],
Stoinless Bushing,
Bross Busing

Frame Rail

Frams Support

Frame End

Frame Rail

Bushing Tube,
Braoss Bushing

SolidWorks Student Edition.
For Academic Use Only. Hub

3 2 1

Figure 4Frame assembly labeled drawing.
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Ball Mut

Eall Mut Flange

Knob

SolidWorks Student Edition.
For Academic Use Only.
5 4 1 2 1

Figure 5.Ball screw subassembly labeled drawing.

The ball screw sulsgembly serves as a method of converting manual rotational input motion
from the knob, to linear translation of the thermocouple array across the grill. It is made up of
five components; one ball screw, one ball nut (which contains 148 recirculatingatsglone
flange, one knob, and one handhll ball screw subassembly components are shown in Figure
5.
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CNC Aray Base

SolidWorks Student Edition.
For Academic Use Only.

5 4 3 2 1

Figure 6.Thermocouple array subassembly labeled drawing.

Finally, the thermocouple array subasseméiiywn in Figure 6¢onsists ofive components
including two stainless array covers, one aluminum CNC machined arrayahdsgo stainless
steelwheels This subassembly rigidly connects sixteettyie thermocouples of equal spacing
to the ball screw nut in a linear fashion spanning thérggisurface from front to backPlease
refer to Appendix E for a detailed drawing of the array lageshows the slots which
accommodate the thermocouple wires.

The testing apparatus and its components were designed with the purpose of moving the
themocouple array tips across the gril!/ whi | e
the grill grates. An overview of the full apparatus assembly can be seen in Figiniée3ull

drawings of all critical components are compiled into drawing shaeippendix E. Each part

belongs to one of the three subassemldied is labeled accordingly with a two letter acronym
corresponding to the subassemibtylowed by a three digit number. The indicating letters are

FR, for the frame assembly, Bfr the ball screw assembly, and Afgr the thermocouple array
assembly.

Extensive care was taken during manufacturing of the apparatus so that thermocouple tip
location would be as accurate and repeatable as possible. One main objective during the design
phase of the apparatus was to ensure that every time it was used, it would always be recording
temperatures in the same locas@s the previous test, or as close as possible with minimal
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uncertainty. This is why the thermocouple array was machined wsiG@)C method, and an
accurate indexing method was implemented in the knob.

A solid model of every component and the entire assembly was created using Solidworks, then
converted to technical drawings with dimensional and geometric callouts. Machining and
fabrication took place on Cal Polyds campus
Machine Shop, the Hangar, and the IME department machine shop.

Fabrication of the frame consisted of cutting stainless steel square tubing to length for use as
frame rails, then machining the ends so that each rail was exactly the same length and square.
The stainless frame ends were cut using an optical plasma ®RAigh traces a 1:1 scale

printout of a two dimensional shape, then translates a plasma cuttihgptigh a path generated

by the system based on the drawing. This method was chosen due to the dynamic shape of the
frame ends. Most common cutting tools either cut in a straight line, or are too difficult to
accurately create identical shapes by haBdshing tube locating holes were cut into the frame
ends using a simple drill press and whole saw, which produced excellent cut quality and
dimensional tolerance. The frame rails and frame ends were simultaneously attached to a flat
surface using temporafixtures to ensure proper location and meet tolerances for flatness,
square, and parallel. Throughout the process of mounting to fixtures, the components were
repeatedly checked for square before being welded together using a TIG welding process. Each
bushing tube was faced on a manual lathe to ensure they were proper length and that the ends
were perpendicular to their length. Then the respective bushings were precision machined on the
lathe and pressed into the correct tubes. The bushings were himdssand act as the final

locating method for the ball screw, as welbainga friction type bearing that allows for the ball
screw to be rotated while still retaining its position in the frame. Since one bushing tube needed
to be oversized to acconodate for the ball nut retracting into it, an additional stainless bushing
and tube needed to be manufactured in order to locate the smaller brass bushing inside of the
larger diameter tube. With both tubes completed, and their respective bushingd yoressee,

they were aligned using the ball screw and attached using fixtures to the frame ends located by
the previously cut holes. Once in place and checked for perpendicularity, the tubes were welded
to the frame, again using a TIG process. The tulsge not welded completely around in order

to avoid warping of the framéhus causing misalignment of the bushings. The last component

to be added to the frame was a hwhich the knob on the ball screw would rotate around. This
part was turned and lbexl on a lathe, then drilled and pressed onto the small diameter bushing
tube. Finally, as the result of a decision to make the frame accommodate auxiliary fixed position
temperatures, holes were drilled into the sides of the frame rails to allow extreotouples to
protrude through the frame without interfering with the operation of the apparatus.

The ball screw subassembly consisted of the simplest components to manufacture, as most were
ordered from a supplier ready to use. However, to fit ougdethe components needed some
modification. The ball screw itself needed to be machined on both ends to the proper diameters
for fitting into bushing on bothends and the knob. Then thargerbushing end was machined

for a snap ring and the knob ewds machined to accept a set screw to rigidly locate the knob

onto the ball screw. The knob was machined from aluminum to fit on the end of the ball screw
and around the hub of the frame with considerable clearance. All of the above operations were
perfomed on a manual lathe except for the set screw slot which was performed on a vertical
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mill. As a safety precaution, a handle was tapped and threaded into the knob so that heat
conducted from the grill through the apparatus would not harm the operateyasrtied the

knob. Lastly, the ball nut flange came from the supplier too thick for the design, therefore it was
trimmed down on a vertical mill to match the thickness of the thermocouple array base.

Manufacturing of the thermocouple array required tyyes of automation. First was another
operationof the optical plasma CAM used to cut the array covers from a sheet of stainless steel.
Second, HSMworks was used through Solidworks to create a G&M code compatible with the

| ME depart ment dhsee &lia\ersicalvhiigg maddiGe. This machining

operation cut precisely spaced grooves into an aluminum bar, which when sandwiched by the
array covers, contains the sixteen thermocouple wires. Finally, the proper holes were transferred
to the array ceers and drilled with both a standard twist drill, laihd a boring bit on a vertical

mill for larger holes. When assembled, holes in the array base and cover are aligned with bolts
that clamp the assembly together, and in doing so, clamp the thermowairgglénto the groves

in the array base.

Assembly of all the components was designed to be simple and repeatable. Creating the final
apparatus required only thirfive pieces of hardware which include machine screws, lock

washers, hex nuts, snap ringt screw, and sheet metal screws. It requires only a few simple
common hand tools to assemble and disassemble so that any future work or alteration needed on
the apparatus could be done simply, and by anyone without specific knowledge of the original
desgn. The most difficult task in assembly of the apparatus, and probably the most critical, is
ensuring proper thermocouple wire placement in between the array and array covers. However,
this was completed by placing a rigid straight edge the proper cisteom the bottom of the
array, and placing al/l the wires in the array
enough to touch the straight edge. This positions the wires correctly and evenly across the entire
array. The final manufactured teg apparatus as drawn in Figure 3 can be seen in Figure 4.
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Figure7: Completed testingapparatus with insulated wires in the provided natural gas grill.

Cost analysis

Funding for the projeatvasbroken into two parts, testing apparatus bualtltesting phase An
original list of needed materials was compiled for building the testing apparatus. This budget
was approved during fall quarter of 2015 and $2000 was provided to Brazing Bull by Bull
Outdoor Products, which covered the approvedybtidiith extra funds. Funding came in the

form of two $1000 VISA gift cards which could be used just like debit cards to make purchases
at stores as well as online. Vendors were sourced for all needed materials for the apparatus and
purchased using thefgcards. All transactions were recorded by Brazing Bull to keep an up to
date record of remaining funds and budgetth& completion of the testing apparatus, Brazing
Bull has spent $887.000f the provided $2000, leaving a remainder b1%.00in thebudget as

seen in Table 2. Due to unforeseen expenses, this amo@d2if6over the original proposed
budget, but still under the provided amount. The materials list and budget sheet can be seen in
Table Glof Appendix G and reflects all purchasesdaaip to the completion of the testing
apparatus.

Table 2Budget review up to apparatus completion.

Proposed Budget | $1644.74
Provided $2000.00
Spent $1887.00
Remaining $113.00
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After the apparatus was completed, phase two of the project beganimdiicted testing of the

grills. For this phase of the project, Bull Outdoor Products provided Brazing Bull with a check

for $2000. These funds were placed in a joint Chase checking account with access by both team
members. These funds were used foegfienses related to testing and the senior expo. A

review of all expenses during phase two can be se€alile G2of Appendix G. All remaining
funds were returned to Bull Outdoor Products

Safety consierations

The operation of a barbeque grill is normally safe for the average consumer, however, Brazing
Bull wanted to ensure that testing of the grill heads was as safe as possible. During testing,
Brazing Bull discovered that the knob was able to conemough heat to cause discomfort and
small burns to the hands of the operafbo. remedythis, a handle was installed on the knob of
the apparatus to give the operator something to hdtafarther away from the heat produced by
the grill. Since the hadle can still conduct some heat to the oper&azing Bull also
recommends using adequate leather welding gl@rethercomparable hand protectiosuch

as an oven mitto rotate the knob and advance the thermocouple afiag.advancement knob
protruding from the grill is the only part of the apparatus that requires operator interaction.
Therefore, Brazing Bull simply suggests the operator use standard caution during testing, as if
they were using the grill normally to cook food, and that theydasontact, and be aware of,
potentially hot surfaces.

Additional safety concerns arose when considering the use of pressurized flammable gasses to
produce heat through combustion. Brazing Bull urges that special care be taken when
connecting all fuel hes, and that all testing be performed in well ventilated areas. Whenever a
new connection is made, it should always be checked for leaks using a soap and water solution.
When sprayed onto connects under pressure, the soapy water will bubble, indidasikg If

any connection fails this test, the fuel must be shut down immediately, and connections be fixed
for further operation. Furthermore, it is important to eember to close all valvempletely
whentesting has completed. This includes the figb/es on the manifold controlling flow to

each burner, and the valve on the bottle of propane or the valve from a constant source for
natural gas.

Under no circumstances should holes in the burners be blocked when operating the grills for

testing. Bbckages in the burners cause fuel to escape around the valve and out of the grill head
through the control knob. When this occurs, there is a high risk of ignition and subsequent

fl ames being directed at the operatorodés hands

Maintenance and repair casiderations

The apparatus designed and used by Brazing Bull was able to provide excellent and useable data.
However, there were some repairs that were necessary after initial testing began, as well as a few
recommendations for any further iterationghe apparatusThorough engineering calculations

were done prior manufacturing the apparatus to ensure its operation would be possible, but
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Brazing Bull learned that under real world conditions, the apparatus needed a few minor
changes.

After the inaugual test of the natural gas grill, with the burners set to high, Brazing Bull

understood that high valve setting tests would no longer be completed because of the extreme
effects that prolonged exposure to high heat had on both the testing apparatugya dhézel

itself. During that first test, the apparatus experienced temperatures over 900 degrees Fahrenheit,
well above the necessary temperature for cooking food. However, Brazing Bull was still able to
complete an entire test run under these camultiso the apparatus design proved to be a success

as a whole. After a cool down period, the apparatus was inspected and the following flaws were
noted:

1 Interference between the frame rails and ends of the thermocouple array, causing traces
of aluminumto transfer from the array to the rails due to heat and friction as the array
advanced across the grill.

1 Deformation of the aluminum wheels due to temperatures approaching the melting point
of aluminum combined with friction during advancement.

1 Decline ofwheel bearing performance due to enclosed grease being completely burned
away during testing.

1 Velcro attached, from the factory, to the heat wrap protecting the thermocouple wires
could not withstand heat inside the grill and melted before turning tmsisle the grill.

1 The snap ring retaining the ball screw within the apparatus was experiencing too much

axial load when turning the ball screw and would occasionally break or be forced out of

its groove.

Significantflex was noticedn the frame ends wheadvancing the array.

There were many aluminum shavings visibly falling out of the knob between the knob

and hub, indicating friction between the two components.

1 The indexing ball occasionally becomes lodged in its hole in the hub, thus locking the
knob inplace and making it unable to be turned by the operator. Similarly, friction from
the ball rubbing the inside of the knob has created a groove and notches in the original
detent, making it out of tolerance, and difficult for the ball to plunge in anthewtetent

properly.

= =

In order to remedy the interference between the thermocouple array and frame rails, the
apparatus was serdeconstructed, leaving the thermocouple array covers still intact with the
base. By doing this, the entire array assemblyatstes to be modified without removing or
disturbing the precisely located thermaple wires. The array assembhgs placed on a

vertical milling machine and .1000 was remove
removedirom the area of the thewwnouple array directly next to the frame rails. This gave the
array a total of .3000 clearance between the

adequate amount to compensate for thermal expansion of the thermocouple array assembly.

Entirely new wheels were manufactured for the ends of the thermocouple array to fix both the
wheel deformation problem, as well as the bearing grease problem. Brazing Bull decided that
the use of greased bearings was not necessary because the wheels doiantexgeugh load

to justify their use when considering how difficult it would be to keep them adequately greased.

24



Instead, stainless steel wheels were machined to be located with only the mounting screw, and no
bearing Since stainless steel has a mhgjher melting temperature than aluminum, machining

the wheels from stainless steel solved the wheel deformation problem. Brazing Bull decided it
would be adequate to rigidly fix the wheels to the array without the ability to rotate because they
would stil be able to slide across the frame rails easily, while still locating the height of the array
off of the cooking surface.

Although the heat wrap purchased from Jeggs.com claimed to be heat resistant to 2000 degrees
Fahrenheit, the included Velcro usedattach the shielding could not withstand the temperatures
that the shielding experienced. Fortunately, any Velcro which melted inside the grill was
completely turned to ash and disintegrated before the test was complete, thus avoiding a
troublesome messTo avoid future issueand smoke caused by burning plastic, all Velcro was

cut away from the shielding and discarded. Instead, thick wire was coiled around the shielding
to secure it to the thermocouple wires coming out of the thermocouple arraymdttod

allowed Brazing Bull to tightly bind the wires together in an organized and durable fashion,
without melting anything inside the grill.

Due to the snap ringés small size and fl exi bl
come from #ering the design and dimensions of the groove in the ball screw, or the snap ring

itself. Instead, Brazing Bull was able to secure the snap ring in place by binding together the

snap ring ends using wire threaded through the holes in the snap ringllnaised for

assembly and disassembly. When twisted together and trimmed, the wire bound the ends of the
snap ring, thus restricting the ringds expans
expand out of its groove. Brazing Bull recommetig future iterations of the testing apparatus

either use a similar method of restraining the snap ring, or opt to use a heavier duty snap ring if
available.

During operation of the apparatus, Brazing Bull noticed that the bushing tubes would wiggle in
and out of the grill while the knob was being rotated. This indicated the presence of flex in the
frame ends, possibly due to axial force applied by the ball screw threads gripping the brass
bushings. To better support the frame ends, a piece of statdesangle bar was welded in

place between the frame ends running parallel to the ball screw, and spanning the entire
apparatus. Further operation of the apparatus with this support bar in placed produced minimal
visible flex within the frame, howeveBrazing Bull recommends possibly adding additional
support to further stiffen the frame for future iterations. The current condition of the frame
works well, but could be improved with additional stability.

Aluminum shavings visible around the knob afte initial testing procedure meant that there

was friction between the aluminum knob and hub. The knob was machined on a lathe without
the proper boring bar, so the finish was rough. To solve issues with friction, the knob was
revisited with the propdsoring bar machined smooth on the inside, and given additional
clearance around the hub. Cleaning up the knob in this manner, combined with light sanding of
the hub cleared the apparatus of friction within the knob.

Currently, there are still issues withe operation of the ball, spring, and detent. Originally, the
indexing system worked wellHowever, prolonged use under high temperatures has caused
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some deformation of the detent notch inside the knob. Occasionally, the ball will get stuck and

not retract into the hole properly to allow continued rotation of the knob and ball sTi@¥ix

this, the operator must remove the knob and lightly sand the inside rim and detent notch. This
combined with applying some grease usually allows the indexitgmsye work properly

through an entire testing procedure. When the dimensions are proper, the system works well,
therefore it is Brazing Bulnadufactured gsiogstaialessl at i on
steel to the same dimensions. Since stairgtesd is a harder metal than aluminum, the hardened

steel ball should not deform the inside rim of the knob due to the force applied to it by the spring.
Brazing Bull also recommends experimenting with different springs installed within the hub. By
changng the spring, the operator can adjust how firmly the ball seats into the detent notch in the
knob. As the knob is rotated, the ball shoul
notch, and should be able to be felt by the operator throudiatitde. If the operator cannot

hear or feel the ball engage the detent notch, a stronger spring is required. Different springs will
also contribute to how difficult it is to turn the knob and disengage if from the indexing position.

If the operator haobt much difficulty turning the knob, or cannot disengage the knob from one
indexing location to the next, a weaker spring should be us&lpossible to adjust spring

strength simply by trimming off a few coils, or by exploring alternate spring opditbas

hardware store. It is important to keep in mind that under normal testing conditions, the spring

will heat up and thus not feel as strong to the operator relative to how it might have felt under

cold conditions.

Grill Performance Study

Temperature Parameters

The primary purpose of this project is to obtain temperature data for the grilling surface of the
Brahma grill head model made by Bull Outdoor Produrss will be accomplished by

measuring a grid of temperatures over a surface of thergrdkuring 16 by 36 inches,
approximately 89 percent of the grill surface. The remaining 11 percent will not be measured due
to limitations of the grill geometry or the test apparatus itself. The temperature grid will be
measured using 16-type, glass indated, thermocouples spaced evenly one inch apart and

fixed to the thermocouple array which spans from the front to the back of the grilling surface.
The thermocouple array advances across the grill from left to right reading temperatures from all
16 thernocouples for approximately two minutes and fifteen seconds at 36 locations also spaced
evenly one inch apart. This grid of temperatures is the most important data obtained throughout
the duration of testing; however, there are some concerns as to tlity ehlide method in

which this data is obtained.

The primary concern for the validity of the method used to measure temperatures across the
grilling surface is the possibility of there being a time dependence on the data. This concern has
been addressed two ways. First, we have made sure to adequately preheat the grill with the lid
closed in order to eliminate the possibility of skewed data obtained at different times of the
temperature ramping up during preheat. Second, we have placed four there®eattiged

locations on the frame of the test apparatus. These four fixed thermocouples allow us to monitor
temperatures at these locations throughout the duration of each test run. The fixed thermocouple
data is compiled in a spreadsheet titled SteddieSingle and the data obtained from these
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thermocouples is then plotted in order to verify a steady state operation of the grill. In all test
runs, we were able to verify steady state operation and therefore validate the testing method used
to measurehte 16 by 36 inch grid of temperatures mentioned above.

Initially, we had thought we would be employing some theoretical models of the grill
performance, namely thermodynamic, fluid flow, and heat transfer models. In order to aid in
employing these modelgie also measured ambient temperature approximately five feet from
the grill, exhaust temperature at the main exhaust location on the top back side of, wedyrill
finally, we also measured the temperature at the analog temperature gage probe af the lid
grill heads. This location served a dual purpose as a potential boundary temperature for a
thermodynamic model as well as a meahserifying the analog gage reading.

The final thermocouple used was submerged in an ice bath contained withjplersiticked
Styrofoamcups for insulation. The only purpose of measuring the temperature within the ice

bath was as an experimental control since thi
Monitoring the temperature within the ice bath also pravicknfidence that the DAQ box is

properly calibrated. At times during the experiments, we did see the ice bath temperature rise
minimally, however, this was always fixed by adding more ice or stirring.

PressureParameters

Although the main objective ohts project focuses on temperature distribution, it cannot be
assumed that trying to Afixo temperatures i s
could be other factors that affect temperatures at the grill surface. Therefore, it is important to
consider the source of energy that creates heat at the surface, the fuel. The grills run on two
different fuels; natural gas and propane. This is a fixed variable, which means that it is beyond
the scope or purpose of this project to experiment or désaym that provide more even heating

in the barbeques. Instead, the properties of the incoming fuel must be analyzed to obtain a
thorough investigation of what might be causing uneven heating. This is cause for the analysis

of fuel flow into the grill,and flow of combusted fuel exiting the grill.

Each grill is provided with a regulator that
pressure should always be constant as long as fuel is flowing, and should be at the

manuf act ur tonsoBsassdifing,eviich consssted of ball valves connected to tees

were installed in each grill between the pressure regulators and burner manifolds. A flexible

tube from the valve runs to atube manometer which measures pressure with respeciierat

air in units of inches of water. When testing is not being done, the ball valves can be closed and
the tubes removed, allowing for normal, safe, operation of the grills. Pressure measured after the
regulator will be recorded as fuel inlet pressame will be taken at each thermocouple array test
position. The manometer is a visual tool, so it will be inspected and recorded manually each

time a reading is required.

In addition to the fuel pressure, exit exhaust and air inlet pressures wedesitsa. However,

these flows do not occur in a closed tube, and are therefore unable to be measured with a simple
inl i ne gauge of any kind. |l nstead, a professo
Engineering department has provided a gstatic tube with digital readout device, which is
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capable of measuring static and dynamic air pressuai flow. This data will be useful in the

fluid flow analysis, howevemeasuring the pressure at the exhaust could prove to be a difficult
task due tdurbulent conditions. During testing of the grill, an operator will hold the pitot tube in
the exhaust vent and an air inlet location at the start ofcddiectionfor each indexed position

of the thermocouple array. These various pressures will bedest with the objective of aiding

in the engineering analysis of the grillsbo
distribution may be greatly affected by the flow of fuel and air through the barbeque.

Update: Due to inconsistent pressgradients in the turbulent exhaust flow and numerous
immeasurable inlet flows, the inlet and outlet flow pressures were omitted from the testing
method. The inletegulateduel pressures were measured for each test run and found to remain
constant.

Miscellaneous Parameters

Temperature and pressure have been discussed as variables being recorded during testing that

need specialized equipment in order to record. However, there are several other parameters

p e

which must be not e deqdiacompleg mdtheds of recogding. hat donot

The locations of the data recorded are not necessarily a test variable, but are very important in

order to create an accurate model. Therefore, the sixteen thermocouples in the array are lettered

from A to P, from lack to front. The letters correspond to Y axis positioning. Similarly, the
testing locations are numbered from 1 6 Starting from the far left of the grill ending at the far
right. The numbers correspond to X axis positioning. This creates amanafX, Y)

coordinate grid across a plane lying on the surface of the grill, with the origin at the back left of
the grill, at position (1, A). The grid is an essential testing parameter that will identify which
areas of the grill are too hot or too chalsed on the coordinates of temperatures collected in
those areas.

There are other testing parameters that were recorded based simply on setup. These include: fuel

type, burner valve position, flame tamer configuration, preheat location, and time.staagbs
of these variables was recorded manually and attached to the data for labeling purposes.

Test Method DevelopmenOverview

In order to create an accurate representation of the performance of the grill provided by Bull
Outdoor Productsarious mrameters needed to be recordéd most important being the grid of
temperatures across the grill surfadewever, in order to validate the recorded temperature
data, several other variables were tracked and recorded for reference. A set of insfarctions

how to use the testing apparatus, including the set up for measuring all additional parameters can

be found in Appendix I.

Although barbeques are generally assumed to be safe and reliable pieces of equipment, there are

still pressurized and combuggiigasses causing high temperatures which create a gossibl
dangerous environment if the proper precautions are not taken. Therefore a safety sheet was
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created as an outline for such precautions. For example, the gas lines must be checked for leaks
prior to operation, and the barbeque must be used in a well ventilated area. A complete list of
warnings and safety precautions can be seen in Appendix H.

After manufacturing of the apparatus was complete, the exact testing method needed to be
determined. Oginally, Brazing Bull planned to operate the apparatus by preheating the grill

with the thermocouple array at location 1 (far left), then advancing it one inch at a time to
location 36 (far right) after a steady state condition was recorded by the feditdoation
thermocouplesHowever, after a few tests completed in this manor, it was discovered that the
resulting data presented what appeared to be an increasing temperature profile from left to right
over a large portion of the grill surface, as Mvas still heating up to a steady state condition.
However, the fixed position thermocouples showed that steady state condition had already been
reached prior to test commencement. The data then pointed to the possibility that either there
was a fuel presure drop off on the low temperature side of the grill, or there might be an issue
with the preheating procedure. Since testing for pressure would require an entirely new set up
and procedure, Brazing Bull decided to perform an identical test, but moteettmocouple

array from right to left instead of left to right. If the results were identical to the previous
method, it could be determined that the grill was in fact gradually colder on one side. However,
the resulting data from the right to left @jment showed a mirrored distribution from that of

the left to right experiment. This meant that the preheating and data taking sequence needed to
be modified.

Next, Brazing Bull attempted to run a test procedure with the thermocouple array at @Sition
during preheat. This would position the array in between two of the fixed position
thermocouples so th#te temperatures recorded by thermocouples A and P would match the two
fixed thermocouples. This would prove that both the fixed thermocoupdesreay

thermocouples had reached steady state before the test commenced. The resulting data from this
method improved slightly as a ramping up profile could still be seen. Finally, a sequenced
testing procedure was experimented with that would shufletitermost ten testing locations

on each side of the grill. This method allowed the array to travel in and out oh kaodter

regions of the grill to maintain the array at a constant internal temperature. This method,
combined with preheating the gsiWwith the apparatus at position 6.5 led to the best results, and
was used for all remaining official tests.

Progression of Testing Method

The initial test plan is outlined in the first draft of the DVPR provide8ippendix K This

included testing atigh and low valve settings, between and above grill grates, and ramp up tests
to measure preheat. After the first test run, it became apparent that this plan was not,adequate
and the testing method evolved over the first five test runs using the nasigtily Once the

test method was establish@&tazing Bullconducted a battery of tests under identical conditions
for both the natural gas and propane grill setups. Both the development of the test method, and
the results from each test will be descdlvéthin this section of the report.
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Test Run-1l_Natural Gas

This test was performed with the valves for all five burners set to the high setting which resulted
in temperatures as high as 912eF and e¢aused
Maintenance and Repair Consideratisastion of this report. This was the only test performed

at high valve settingand moving forwardrazing Bullrecommedsthat the grill not be used for
prolonged periods of time with all valves set to high. Anofiteblem discovered in this test was
thatthe grill wasnot adequately preeatdas seen in Figure 8 below. This can be determined by
the ramp up section of the test data for the first 800 to 1000 temperature readings. Please also
note that in this testhe grill was preheated with the thermocouple array resting at location 1 (far
left side of grill) and was advanced one location at a time across the 36 locations from left to
right.
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Figure 8Steady state temperature plot using temperature data ffoxed thermocouples for Test Ran

In addition to observing the steady state operation of the grill for Tesi Rua used a program
called JMP pro 12 to plot the temperature distributions at each location ireBsians (3D
Scatterplot), where two diemsions represent the physical locations of each,@odtthe third
dimension is temperature. This plot can be seen halodvwas useful for comparing to thext

test conducted in order to validate performifigohthe tests at the low valve setgirfiThe 3D
Scatterplot from this test run can be seen in Figuiec&n be seen that the left side of the plot is
at significantly lower temperatures than the rest, which directly correlates to the steady state data
plotted in Figure 8lt is important to nte that the data from FiguBsand Figure 9 are obtained
from different thermocouples, and the fixed thermocouple data in Figure 8 is primarily used to
validate steady state operation. Additionally, the data used in Figure 9 was obtained by the 16
thermocauples fixed to the thermocouple array and every column seen in the 3D Scatterplot is
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representative of the temperature distribution for the corresponding location. The usefulness of
this information will be described later in this report, for rntbe focuds on the fact that the
method used did not produce reliable data for the heat study.
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Figure 93D Scatterplot of Test Run

With the analysis done thus far on Test Huit was able to be determindiat the grill preheat
was not adequate, atttat all future testavould be performedith the valve setting at low. For
the comparison of the overall temperature profile from high to low valve settoed was used
to calculate average temperatures at each location, and MATLAB to produce a 3plotedh

those averages for comparison. These results can bendégarel0 and Figurd1l
respectively.
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Figure 10Grid of average temperatures with color mapping for visual representation of Tdst Run
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Figure 113D mesh plot of average tempure grid produced using MATLAB for Test Run
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Test Run-2_Natural Gas

In Test Rur2, all test parameters, configurations, and methods used were identical to Test Run
1, except the valves for all five burners were set to the low position. The follfigiimgs were
produced using the same methods used to produce the corresponding figures from-Le$t Run
can be seenn Figurel2, that the prdeat was adequate, and a steady state was reached for the
test. However, in Figure liBcan besea that there is a significantly lower trend in temperatures
again at the left most side of the gah the 3D Scatterploffter conducting this testt, was
suspected there was a pressure drop within the manifold resulting in a smaller gas flow at the left
side d the manifold.Brazing Bullcame to this conclusion because of the trend in the data and
also knowing that the manifold was supplied from the right hand side. Despite the fact that the
pre-heat was not adequate for Test Ryt wasdetermined that thevarage temperatures

plotted in the 3D mesh plot of Figure 15 resembled the profile of the same plot from Tekst Run
closely enough that conducting future tests at the low valve setting was justified. The overall
shape of the plot is very similar, differipgimarily in magnitude as expected. Due to the
continuing trend in lower temperatures at the left side of the igmasdecidedo investigate

this in Test RufB to determine if it was attributed to a potential manifold pressure issue or if it
was attibuted to a flaw in the testing method being used.
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Figure 12Steady state temperature plot using temperature data from fixed thermocouples for F2st Run
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Figure 133D Scatterplot of Test R@n

Figure 14Grid of average temperatures withlor mapping for visual representation of TestRun

34





























































































































































































































































































