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|. EXECUTIVE SUMMARY

In the automotive industry, reducing carbon emissibas become one of the key areas
for innovation and growth. With the inevitable sig¢ghening of regulations by the
Environmental Protection Agency, auto industriedl wontinue seeking ways in which to
improve their total emissions. An obvious area ifeprovement is in start-up: "60-80% of
existing hydrocarbon emissions are produced froentime that the converter takes to start
operating” (Sideris). The basic component useditoraobiles for reducing carbon emissions is
a catalytic converter. A catalytic converter isnpairily charged with filtering the exhaust through

a chemical process.

The current design for catalytic converters requgeveral minutes for the honeycomb
structure to reach a "light-off" temperature of epgpmately 250 °C. This is the temperature at
which the catalytic converter becomes 50% efficidéinis worth noting that when the catalytic
converter reaches operating temperatures of 35@ %@l reduce the hydrocarbon emissions to
nearly zero. The goal of this senior design progtd dramatically decrease the time it takes for

the catalytic converter to reach its operating terajure.

IIl. BACKGROUND INFORMATION — CATALYTIC CONVERTER

The main gases that are present in the emissiotetinges the combustion engine contain
Nitrogen (which is present as air is 98% N2) areldbmbustion products: carbon- dioxide (CO2)
and water vapor (H20). These emissions are notrgiyneonsidered to be very harmful to the
environment, although the effect of carbon-dioxitieglobal warming is debatable. However, in

addition to these there are some other emissiohssel emissions include carbon-monoxide



(CO), hydrocarbons and nitrogen oxides (NO, NO2)ese are produced as a result of an
imperfect combustion process, and this is inevitadd no combustion process is essentially
perfect. Carbon-monoxide is a poisonous gas thatcease asphyxia leading to death while
hydrocarbons and nitrogen oxides contribute to fdrenation of smog. In addition nitrogen

oxides also cause acid rain.

A catalytic convertor is a device used to reduce tibxicity of the emissions of an
internal combustion (IC) engine. This is accomm@hby converting the emissions of an IC
engine to less-toxic substances through a chemgeation and thereby reducing the damaging
effect of the emissions. The catalytic convertonsists of three parts: the core, the washcoat,
and the catalyst. In modern catalytic convertérs,dore is often a ceramic honeycomb; however,
stainless steel foil honeycombs are also used.hbimey-comb surface increases the amount of
surface area available to support the catalyst tla@cfore it is often called a "catalyst support.”
In an effort to make converters more efficient, astcoat is utilized, most often a mixture of
silica and alumina. The washcoat, when added tadhe forms a rough, irregular surface which
has a far greater surface area than the flat agofaces, which then gives the converter core a
larger surface area and therefore more placesdireaprecious metal sites. The catalyst is
added to the washcoat (in suspension) before apiolicto the core. Platinum is the most active
catalyst and is widely used. However, it is notale for all applications because of unwanted
additional reactions and/or cost. Palladium anddilmo are two other precious metals that are
used. Platinum and rhodium are used as a reducttalyst, while platinum and palladium are

used as an oxidization catalyst.



The catalytic convertor works by converting therhfal emissions to a less-harmful
chemical compound. To achieve this there are cgtialyresent inside a convertor. A catalyst is
something that accelerates a chemical reactionowithctually undergoing any change in the
process. There are three stages in a catalyticectmv In the first stage of the convertor, a
reduction catalyst converts the nitrogen oxidesitimgen and oxygen. The chemical reaction is

as shown below as Eq. (I.1) and Eq. (I.2):

2NO N, + O, (I.1)

2NO, N, + 20, (1.2)

In the second stage of the catalytic convertordatkon catalysts such as palladium and platinum
are used to oxidize carbon-monoxide and unburnéddoearbons to less-harmful carbon-dioxide

and water.

2C0+0, 2CO, (1.3)

CyHaxez + 2X0,  XCO, + 2H,0 (1.4)

The third stage of conversion is a control systkeat tnonitors the exhaust stream, and uses this
information to control the fuel injection systenmhére is an oxygen sensor mounted upstream of
the catalytic converter, meaning it is closer t® &mgine than the converter. This sensor tells the
engine computer how much oxygen is in the exhalisé engine computer can increase or
decrease the amount of oxygen in the exhaust hystdg the air-to-fuel ratio. This control

scheme allows the engine computer to make suretligaengine is running at close to the



stoichiometric point, and also to make sure thatdhs enough oxygen in the exhaust to allow

the oxidization catalyst to burn the unburned hgdrbons and CO.

lII. INTRODUCTION — PROBLEM STATEMENT

Figure IIl.1 shows a plot of the catalytic converéiciency as a function of its

temperature.
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Figure IIl.1: Catalytic Converter Efficiency as arfetion of Temperature

As shown in the above figure, the catalytic corsewviorks best at fairly high temperatures,
around 350 to 400 °C. At lower temperatures, guige inefficient in carrying out its functions
since the catalysts are not in their activatedestabnsequently, the temperature of the converter

is too low for the catalytic converter to functisnmediately after a car is started. As such,



approximately 60 to 80 percent of all hydrocarbomssions of a car occur during the startup
phase when the converter is heating up. Currethitylight off time, or the time it takes for the
catalytic converter to reach the light off temparat is 90 to 120 seconds. The goal of this senior

design project is to dramatically decrease thistlaff time.

IV. MARKETING ANALYSIS

A market research-survey was conducted to deterthiaeacceptability of the product,
the customer market size, the willingness of custento purchase it and the price they are ready

to pay for it. 45 people responded to the surveg,the results are shown below:
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Figure IV.1: Responses to marketing survey quest{th
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Figure 1V.3: Money people are ready to spend nouwnjarove the CAT. Median: $100
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Figure IV.4: Money people are ready to spend inethent of a tax-break (Median = $1000)

From the marketing surveys, it was discovered fhedple are concerned about the
environment and would like to play their part toluee emissions (80%). It is also encouraging
to note that about 60% of those surveyed are willio support governmental regulations
requiring improvement of emission standards — whidm the viewpoint of the product to be

created in this project, would be very beneficial.

Responding to queries about the amount people readyest in a retro-fit device to
reduce emissions, a lot of respondents said tlegtwere ready to pay up to $100. People were

ready to spend more money (median = $1000) if doterk was present.



V. ALTERNATIVE DESIGN CONCEPTS

Exhaust Recirculation

The first concept analyzed in the design process tlvat of re-routing the exhaust so as

to obtain maximum heat extraction from the exhgasies. A basic drawing of this concept may

be seen in Figure V.1. The design specified piputgch ran from an inlet placed prior to the

inlet of the catalytic converter, redirecting thatial flow around the outer diameter of the

ceramic cylinder, and then ending at the inlethef ¢atalytic converter. Upon reaching the light-

off temperature, the flow path would return to thermal path, going straight through the

catalytic converter.
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Figure V.1: Schematic of the Exhaust Recirculaiasign

It was determined through patent research thatasiohesigns have been conceived in the

past. However, these patents required the exhaystss through the catalytic converter twice,

rather than simply using the exhaust as a heatieghamism. They show fairly extensive

redesigning of the gas flow within the catalytiaweerter itself, and have no control mechanisms.
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The concept is attractive in its relative simplici The only additions to an existing
catalytic converter which would be required aregipng around the catalytic converter and the
valves which re-route the exhaust flow into the ngwywing. The heat would be extracted
naturally through convection and passed into thalyst through conduction, aided by copper
fins. Also, no significant back-pressure wouldifeurred to reduce the efficiency of the engine.
The re-routing could be stopped at any time byamntrol system. Perhaps most compelling is
that in the event that the system fails, the ctitalyonverter will continue to function, if at a

(then) reduced efficiency during a cold-start.

However, these benefits were overshadowed by #s&gd not meeting several of the
evaluation criteria. The actual mechanism and eslinust completely re-route the exhaust
without leakages. Several types of polymers cbeldised for gaskets on these valves; however,
they are outside the budget for this project. Metayaskets would require highly precise
machining, and are, again, outside the budgetisefgfoject. Inserting the valves and control
mechanism into the catalytic converter would beaase production time, and materials cost
would be increased by these parts as well as ttra gying, reducing manufacturability, and
ultimately, profitability. The increased size dfiet catalytic converter would prevent its
installation on some older vehicles, and would negredesigning the area around the catalytic
converter in some current production vehicles. c&ithe converter is manufactured as a single
unit, the entire catalytic converter would needbto replaced if one of the valves or control
mechanisms failed. Though a passive heating desmd be economical, it is difficult to

predict due to the number of variables. Conducatiounld not be aided through the use of copper
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fins, as copper creates carcinogens which wouldaasemoved by the catalytic converter. With
this limitation, it is assumed that the ceramicsttdie, which is an insulator, would prevent the
extra heat from re-routing the exhaust flow to hetiee catalyst, and, with the extra heat losses
from the pipe, would result in a net increase ia light-off time. Thusly, the disadvantages of
the design were determined to out-weigh its beniedihd further analysis on this concept was not

performed.

Induction Heating

This conceptual design arose from the desire tatera bolt-on device which would
reduce emissions in any vehicle without radicallerang any existing design. The heater
assembly consisted of a wire coil wrapped arouedothitside of the catalytic conveter. The coil
would be fed an alternating current signal, whiatuld induce an alternating current flow in the
catalyst, thereby heating the catalyst interndilpagh the Joule effect. The design concept is

illustrated in Figure V.2.

Figure V.2: Drawing of the Induction Heater Design
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The inductor design satisfied many of the evatmtiriteria within the FRDPARRC
chart. It would be cheap to manufacture, usinglineavailable materials such as rubber and
copper wiring in its construction. The heater'zesiwould expand the girth of the catalytic
converter slightly, but not beyond the clearancathiw most production vehicles. It is
completely non-invasive, so there is no possibibtyeaking emissions to the atmosphere. The
concept has no moving parts, increasing its rditgbi There is little to no heating occurring
outside the catalytic converter, making the onlfearisk a shock hazard from the high current
being drawn by the heater. If the heater failadafoy reason, it could be removed and replaced

easily.

The disadvantages of this design were relatively.f Being that it is completely
electrical, the design could be shorted out at@rgt and become completely worthless, to say
nothing of damaging the vehicle’s electrical systehich could be costly to repair. The coill
would need to be of a high enough gauge wire toydhe current without overheating, yet small
enough to fit within tight clearances. The curreould need to be switched at high frequencies
to penetrate the material. Also, there was thesipdgy that the heater might heat the steel
casing of the catalytic converter. These disachge® did not initially discourage the design,

though further analysis was warranted.

The analysis was carried out in two phases, tts¢ 6f which was a mathematical
analysis of the power transferred to the catalysiugh induction. The power, P, generated by a
rapidly changing magnetic field inside a metal tlgio induction and the Joule heating effect is

modeled as

13



P=A.-H* o p-pyrp, +f+C-F (V.1)

where
As = total surface area
H = magnetic field
= resistivity
= oX r(magnetic permeability)
f = frequency
C = correction factor based on relative dimensidrts® conductor and load

F = correction factor based on the geometry of diael |

The surface area for a single tube within the hooep structure is determined using the
following equation,

wherel andh are 0.9 mm and 0.51 mm, respectively. For a sihgbge inductor coil, the

magnetic field and resistivity can be determinedgighe following two equations,

il
H=—

L (V.3)
l=m-d (V.4)

wheren is the number of turng,is the current, antl is 5.6 x 1 m for the honeycomb. If the
current is assumed to be 15 A and there is onlytome H is determined to be 2679 A/m. To

find the minimum frequency, to penetrate the

14



=
T pytHot 6 (V.5)
for platinum (Pt),
=105n em=105x 10 ~m (V.6)
r =1 (H/m) (V.7)
0=4+ x 107 (H/m) (V.8)
for the catalytic converter,
=5.1cm=5.1x10m (V.9)
thus,
P 105 X 1077
4.72%1077- (5.1 X 1072)2 (V.10)
f =10.23 Hz (V.11)

Assuming correction factors of C = F = 1 for a beste scenario,

Peupe = 1836 X 107 26797 -/m- 105 X 1077 - 4w X 1077 - 1023-1- 1y 1y

F = 2.714 mW

tubs

(V.13)

This is the power for each honeycomb “tube”. Far éntire honeycomb, this value gives a total

of
P=P,_,. "N.,. (V.14)
Ty, = 11500 tubes (V.15)
P = 0.002714- 11500 (V.16)
P=31W (V.17)
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By increasing the number of coils to 3, these v@lmwcome

A

H = 8035 —
m (V.18)
Ptubﬂ = 24.41 mw (V 19)

This power, being produced within the catalyst, lddoeat the metal very quickly, due to the
low mass of the catalyst. From previous analysias noted that the energy required to heat

the catalyst to 280C is

E=29] (V.21)
E
t= —
P (V.22)
29
t= —
281 (V.23)

However, this time is assuming perfect efficiencZonsidering a 1% efficiency of power

transfer,
. 29
281 (V.25)

This heating time is well within the project’s stdtgoals.
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The preceding analysis was based on the correfamiors being equal to 1. However,

upon further research, the equations for the twoection factors were found to be

Amam!
=
A pyrtosea (V27)
where
A, cea: = Total cross — sectional area of the metallic tubes (V.28)
A, ci0sea = Area enclosed by the induction coil (V.29)

Since the metal is coated thinly on the ceramissate, the cross-sectional area is small, thus

t =20 X 10 °m (V.30)

Ametat tupe = 3711 (V.31)

A it e, =4-20X107%- 0.0009 (V.32)
Apetal tups = 72 X 1077 m? (V.33)

A .., =72%x1077 - 11500 (V.34)
A__.., =828 X 10 °m’ (V.35)

If the coil is wrapped directly around the ceramytinder,

-

Agnclosea = T 07 (V.36)

Aenciossa = ™ - (0.051)7 (V.37)

Aenciossa = 8171 X 1073 m’ (V.38)
_ 828 X 10°°

8.171 x 1073 (V.39)

€= 0.101 (V.40)
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The correction factor F is given by

F= Amarrﬂ tubs

Agoiia (V_4]_)
where

A,z = Area of asolid ofthe same cross — sectional perimeter as the load (V.42)
Acoria = 17 (V.43)
Agoyq = (0.0009)* (V.44)
A2 =810 X 10~ °m? (V.45)

g 72 % 1077
~ 810x 107? (V.46)
F = 0.0889 (V.47)

Substituting these into the previous power equdbod coil turns gives

P,,.= 1836 x107*-8035% -7~ 105X 10~ - 47 X 107 - 10.23 - 0,101 - 0.088%y 4g)

P, .= 0219 mW (V.49)

This result is, of course, assuming perfect efficieof energy transfer from the magnetic field to

the catalyst.
Bench-level testing was performed on a solid dteel0.25 inches in diameter to confirm

the preceding analysis. The test used twelve 100k¥ bulbs wired in parallel to provide an

input of 10 Amperes @ 60 Hz, 120V AC to an induatoil. The bar was inserted into the

18



induction coil and the circuit turned on. The eitpuas above were performed for the steel bar
and coil dimensions used in the test. The calmratabove predicted that the steel would
increase its surface temperature by approximately degrees Celsius in 35 minutes. However,
after running the inductor test for the ascribedi@butes, there was no measureable increase in

the surface temperature of the steel bar.

Thermocouple

Calibrator
Metal Test
Sample
L Inductor I
D cal
[ —

~— Inductor Power Source
Circuit

Figure V.3: Inductor Testing Setup
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Figure V.4: Inductor Circuit

The final decision to not use the inductor desigis based on the efficiency of the power

transfer from the power drawn from the inductocuit to the power induced in the catalyst.

_ P

T P (V.51)

Piotar = I-E (V.52)

I =15AE =14V (V.53)

Pigea = 15-14 (V.54)

Protar = 210W (V.55)
2.52

77 210 (V.56)

n=12% (V.57)
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Being that this efficiency is based on the pertesmsfer of power from the magnetic field to the
catalyst, it was decided that this efficiency wobkltoo low in a real-world setting to justify its
nominal increase in the power supplied to catalgst heating, given the results of our

preliminary bench-level testing.

VI. SELECTED DESIGN — NICHROME HEATING

The nichrome-heater design is the design soluticiné problem statement described in
Section Il of this report. Once again, the aimbailding this device is to reduce hydrocarbon
emissions, and this can be achieved by raisindetmperature of the catalyst more quickly. As
the catalytic convertor is initially heated up ke tlight-off temperature by the energy contained
in the exhaust gases, this design will heat upctitalyst by putting in more energy into the
exhaust. To achieve this, a nichrome-based healiebavused to transfer heat to the exhaust;
this heater will be placed immediately ahead of ¢htalytic convertor. The extra heat that is
added to the exhaust helps heat up the catalys quockly. This “lights-off” the catalyst earlier

than normal cases, resulting in reduced emissions.
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NICHROME WIRES

Fig VI.1: Schematic diagram of nichrome heater ey

When the automobile is started, the power supplyth® device is activated. This
produces a current in the circuit, which causesitblerome colil to start heating up. Concurrently,
the flow in the exhaust pipes is heated up dud¢onichrome wires which cause the catalytic
convertor to heat up faster. When the light-off penmature is reached, the power supply to the
nichrome circuitry is cut-off. This is done by ugitemperature sensors that will be embedded in

the catalyst brick within the catalytic convertor.

The entire device consists of the following parts:
a. Expansion element

b. Steel brackets

c. Nichrome wires

d. Ceramic eyelets

e. Fiber-glass insulation

f. Heater shell

g. Temperature sensor circuitry
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a. Expansion element

The expansion is a tube with an expanding sectivone end and a diverging section on
the other end. This section is meant to slow ddvenflow so that the air gets heated sufficiently.
The size of the inlet and outlet are same as thauest system piping in an automobile and hence

this element can be fit into any present autom&héghaust piping

This part also forms the casing for the heater svifehe steel bracket that holds the
nichrome coil is fixed inside this casing. The ogshas two holes which act as the inlet/outlet

for lead wires from the nichrome wiring.

b. Steel brackets

Steel brackets are used to hold nichrome wiresinvitie heater element. This is composed of
two thin steel sections with a taper. The two parésfixed together to form the complete bracket
by sliding the two parts along the main slit whishlined at the central axis of these parts.
Additionally, they have small notches where cerasyelets are to be inserted, to prevent the

contact of nichrome with the brackets.

c. Nichrome wires

Nichrome wires form the most important part of thesign. This is the part that heats up the
exhaust flow. Nichrome is arranged in the formafsc(N turns per cm) and has a total length of
(M cm). The coiled nichrome wires are then wrappsalind the bracket fitted into the heater-

element. When current is passed through the nichneires, the resistance of the coil causes it
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to heat up and emit this energy. This energy teasso the exhaust gas that is flowing in the

vicinity and increases its temperature.

d. Ceramic eyelets

The ceramic eyelets are small 4mm long ceramicstubbey are used to prevent the nichrome
wires from coming in contact with the steel braskéithese eyelets are fixed onto notches that
are cut into the steel brackets. Their non-condgcproperties and ability to withstand high-

temperatures is what is used in this application.

e. Fiber-glass insulation

The fiberglass insulation is a layer or fibergldsst wraps around the expansion element. This is
used to reduce heat transfer between the nichroiteewithin the heater element casing and the

outside environment.

f. Heater Shell

This is a pipe of diameter larger than that of éixpansion element. This forms the outermost
part of the device. This helps to hold together fther-glass insulation in place. This part has

two tiny holes at the end to allow for the leadesito be connected to the nichrome coil.

g. Temperature sensor circuitry
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The temperature sensor circuitry is a piece ofteda@ circuitry that consists of temperature
sensors and an electronic circuit to cut-off poteethe nichrome coils. The temperature sensors
are positioned at the inlet and the exit of the G#al monitor the exhaust gas temperature. An
embedded sensor is to be fixed on the CAT ceramimte the temperature. When the light-off

temperature is reached the electronic circuitrg-@it the power supply to the nichrome coils.

Nichrome Heater Calculations

Heater Efficiency Estimation:

One of the early experiments used to predict tmBopaance of resistance heating was a
heat gun experiment. The goal of which was to daétex the overall heating efficiency of a
standard Ni-Cr heat gun and apply this efficienzytite heating of exhaust in order to predict
temperature increases for a given power input.eXperimental procedure was as follows:

1. Measure the nozzle diameter of the heat gun.

2. Measure the inlet and outlet temperatures of tlad den.

3. Measure the exit velocity of the heat gun.

4. Calculate the total power consumption of the heat g

The inlet and outlet temperatures were measuretdywsistandard J-type thermocouple using a
hand-held reader. Temperatures were recorded aiugalocations across the nozzle and the
average value was used. An inlet temperature df°€5and an outlet temperature of 224.5°C
were obtained. Dynamic pressure was measuredimikisway, using a Pitot-static probe. The

dynamic pressure is related to velocity by Eq. TYI.
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2
V= 7p (VI.1)

where is the air density. This produced an average wglo€ 9.88 m/s. The total power

transferred to the air by the Ni-Cr wire was cadtet using Equations (VI.2) and (VI.3).

I:)air = rnairCDT (VI.2)

m, =7 X/ XA (V1.3)

The mass flow rate of air was calculated as 0.0¢626, which corresponds to a power input of
1264 W. The power consumption of the heat gun vedsrchined by measuring the current and

resistance during operation. These values wereubed in Equation (VI1.4) to calculate power.

Py =I°R (V1.4)

Measured values of 13.4 A and 1Qgave a total power consumption of 1796 W. Fintiby

overall efficiency was defined using Equation (Y).5

_ I:)air
h= P (V1.5)

tot

and was found to be 70.4%. Heat loss to the atnawspthrough the nozzle walls accounts for

the loss in power.

In order to predict the effect of thi§i@ency on exhaust heating, the power transfehéo
exhaust was determined using the efficiency caledlfor the heat gun. The available power in
this case was taken to be the power output of iadi/plternator. A current of 85 A and a voltage

of 14.6 V give an available power of 1241 W. Applyithe efficiency of 70.4% results in 873.7
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W input to the exhaust gas. Finally, the prediceamperature increase was calculated using
Equation (VI.6),

DT — F%exhaust

m.c (V1.6)

wherec is the specific heat of the exhaust gas (assumathsto air), andm e is the mass flow

rate of exhaust calculated for a typical enginiellatspeed using Equation (VI.7),

M., :hv rairvd N/n (VIL7)
where is the volumetric efficiencyy is the engine displacement, axth is the engine speed

in rev/s. Using a typical volumetric efficiency fiolle rpm, the mass flow rate of exhaust was

determined to be 0.0126 kg/s. This results in gptFature increase of 68.5°C.

This is a relatively small value, butcgrthe cross-sectional area of the heater sedion i
three times larger than the exhaust pipe, the esthalocity is 1/3 its initial value across the
heater. This means that for a given power, thraedithe energy is transferred to the fluid. Using
control volume analysis of the heater at steady sthe mass of air at a given point in time
remains constant, as does the specific heat. Teemthat the exhaust temperature should

increase by three fold. This produces a temperatwage of 205.5°C.
Experimental temperature data showedtheaheater is achieving an approximate

temperature increase of 190°C. In comparison thightheoretical value of 205.5°C, this is a

difference of only 7.5%. In addition, the catalytieater efficiency can be calculated using this
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information and was found to be approximately 63¥is value would allow one to predict

temperature gains for a given input power usingdasign.

Nichrome Wire Specifications:

We now specify the nichrome wire properties basedhe finding regarding required
power. For demonstration purposes, the nichroméehesas powered using the 130V AC

supply from a power socket.

Consequently, as we need a net power of 1200Wgtingred resistance of the nichrome wire is

given by:
Ve
R=—
P (V1.8)
Hence:
120°
= =121
1200 (VL.9)

The nichrome coil was cut to the right length thiage a resistance of 12 This was done with
the use of a multimeter to find the appropriategten(as described in the fabrication process

part).

VIl. FABRICATION OF HEATER ASSEMBLY

The fabrication of the nichrome heater was dondeasribed below:
1. The nichrome coil that was purchased was cut tordgeired length to correspond to a

resistance of 12 ohms. The coil was subsequentycked to the required length so as to be
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long enough to wrap around the metal brackets.efus of the nichrome coil were attached
to lead wires which were to be connected to thegv@upply of the heater.

. Glass-pack automobile mufflers of inlet/exit siZ8” and 3” were taken to be cut down to
the right size to make the expansion element aadhé#at shield. The 2.5” muffler, that was
initially 18” long, was cut along three planes. Jihesulted in the separation of the inlet/exit
portions of the muffler from the main central pifp®using the muffler section). The central
pipe was cut to 6” length and the machined faca® weound. The 3" muffler was machined
in a similar fashion. Holes were drilled on thesmde circumference of both pipes so as to
provide gaps for the lead wires to reach the niclergoil.

. The packing material of both mufflers was removedtovide the space required for the
nichrome assembly. In order to facilitate airfland reduce back pressure, the excess piping
on the inner portion of the inlet and exit of tmeadler muffler was cut out using a Dremmel
tool.

Drawings of the metal bracket were made in AutoCADRhin metal plate of the appropriate
thickness was obtained and a water-jet machine ugad to cut the metal brackets. The
separate brackets were then assembled along tlealcgroove and welded to provide a
single, solid bracket.

. The nichrome wire was inserted through small cecaeyielets and spaced appropriately.
These eyelets were then fixed onto the groovehemtetal brackets by a compression fit.
The eyelets were so arranged so that the nichramh&as wound around the metal bracket.
The nichrome wiring was stretched or compressete@sred, to prevent touching the metal

bracket or other sections of the coil.
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» Metal bracket

Ceramic eyele «

» Nichrome wire
profile

Figure VII.1: Drawing of the metal bracket with theehrome coil (red) around it. The red curve

represents the profile of the wiring while the attauichrome wire is a coil in itself.

6. The eyelets were cemented in place with a cold-wpliky material. Subsequent to applying
the epoxy, the bracket was left to dry for 15 haoss to ensure proper curing and setting.

7. The metal bracket was inserted into the smallpe gind was welded in place, forming the
main heater shell assembly. Next, the inlet/exiisenf the smaller muffler were seam-
welded onto this pipe to complete the heater askerhlmles that were present along the
weld were closed off using the cold-weld epoxy. Bisesembly was subsequently left to dry

for 15 hours for proper curing.
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Lead wires to the
nichrome coil

Fig VI1.2: Side view of the heater-shell at thiage of fabrication

Lead-wires with
insulation
wrapped around

Metal bracket with
coil inside heater
shell

Fig VI1.3: Top-view of the heater shell with the takbracket inside it. The glow is a result of

the heating of the nichrome wires.

Finally, a section of the exhaust piping was aumiediately ahead of the catalytic converter of

our test-car. The finished nichrome-heater wasriadein place and welded. The existing
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catalytic converter of the car was replaced witiew one — this was done so as to have a new,

unclogged and perfectly working catalytic conveftem which useful results could be extracted.

VIII. INSTALLATION OF HEATER ASSEMBLY

The heater was installed on a vehicle that hadiking engine but had frame damage
rendering it otherwise unusable. The vehicle voagetl to an automobile repair facility on a car
carrier. Upon reaching the shop, a new battery mstglled in the car so that reliable ignition
could occur. The car was then driven off of theaarier and a new set of front tires were put
on. The car was then driven into the shop andx@ereenced automobile technician removed
the vehicle’s stock catalytic converter and a sectf the exhaust piping. At that point, it was
found that the catalytic converter purchased f@ pinoject had inlet and outlet diameters of 2.5
inches, where as the diameter of the exhaust pigdhaater inlet and outlet was 2.0 inches. The
technician was therefore forced to weld a shorgtlerof 2.25 inch piping, essentially a male to
female connector, into the inlet and outlet of ¢héalytic converter. The outlet of the heater was
then welded to the catalytic converter’s inlet toquce a single assembly. A hole was drilled
through the car’s floor board on the passengeds $b allow the leads from the heater to be
passed into the vehicle. The lead wires were fad this opening as the heater-catalytic
converter assembly was hoisted into place. Thtallaton was completed by welding the
heater’s inlet to the pipe which runs from the axdtamanifold of the engine and welding the
outlet of the catalytic converter to the exhaugimg which proceeds towards the muffler of the

vehicle.
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IX. CAD MODELING

CAD modeling of the exhaust system was performadguUGS NX 4.0. Components
modeled include the catalytic converter, heateerafdy, heater housing, and exhaust manifold.
For completeness, the muffler and tailpipe wer® at®deled. The final parts are shown in

Figures X through X.

Figure 1X.1: Heater Assembly

Figure IX.2: Heater Housing
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Figure 1X.3: Catalytic Converter

\ 4

Figure IX4: Exhaust Manifold
These components were then assembled with theenafild tailpipe to produce the entire

exhaust system assembly shown in Figure 1X5.

(This space intentionally left blank.)
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Figure IX5: Full Exhaust System Assembly

Accurately modeling the system allows for compugierulations including computation fluid

dynamics (CFD) and finite element analysis (FEA).

X. EMISSIONS TESTING

Objective
On Monday, 20 April, 2009 the Chevy Lumina, comeletith the newly designed

resistance heating mechanism and expansion chandtelied in the emissions pipe, was taken
to Midtown Emissions for emissions testing. Theegbye of the testing was to compare
hydrocarbon output for the newly installed catalytbnverter under variable conditions: with
and without the resistance heating mechanism tuomedhe tests were performed from cold-
start conditions and were run by the owner of MidtcEmissions, Chuck, who donated his time
to help the Georgia Tech cause. Finally, a follgwtesst was performed to analyze the effect of

higher RPM values, without the resistance heatunged on, to determine if the catalytic
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converter could pass a standard emissions tes;whs done to ensure that the catalytic

converter setup was valid.

Procedure

The first test that was run was a baseline tegh@ut heater turned on) to compare
emissions output for the Lumina while at idle. Befbeginning the test, the ambient conditions
were recorded. Additionally, an infrared sensor wasd to measure the temperature of the
emissions pipe and catalytic converter to ensua¢ tbld-start conditions were in effect; the
Lumina was driven 15 meters into the testing pod @&as allowed to cool before any testing
began. Since the frame of the car was bent, theatdd not be run on the dynamometer, which
would have yielded emissions readout with respetinte. Instead, an emissions sensor, shown

in Figure 1, was inserted into the tailpipe of Luenina.

Figure X.1. Emissions sensor inserted into Lumailpipe

The car was then turned on and allowed to idleafperiod of five minutes. During this process,

emissions readout data was manually printed aéguéncy of approximately 1-5 Hz so that a
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plot could be produced later showing emissions wutpth respect to time. Additionally, surface
temperature measurements of the inlet to the d¢atalgnverter were recorded for a rudimentary
estimation of the temperature relation with hydrboca output; a more complete temperature
analysis was run at a later date to yield moreipeetiemperature measurements. The computer
monitor showing real-time emissions output, tempee of the exhaust, and the relative
humidity of the exhaust, are shown in figure 2.eAfthe test was run, the data print-outs were
manually entered into Excel for analysis and thenina was allowed to cool for a period of

three hours.

Figure X.2. Monitor showing manual emissions reddoueal-time

The next phase of testing dealt with measuringssions at idle with the resistance
heating mechanism turned on. The same procedted Ebove was performed, with the ambient
temperature recorded, the surface temperature eofcttalytic converter measured using an
infrared sensor. The only difference between thevalprocedures is that the resistance heating
was connected via an extension cord to a 120V A@epsource (a wall socket.)

The last phase of testing dealt with measuringssioms at idle with the resistance

heating mechanism turned on and an insulation sledv fiberglass wrapped around the
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expansion chamber. This test was designed tohtestffectiveness of using an fiberglass sleeve
to better insulate the expansion chamber.

As a follow-up to the above testing, a separast weas run whereby the engine was
revved to approximately 2200 RPM (as opposed tanvalue of approximately 800 RPM.)
This test was designed to test whether the catadginverter would reach a light-off temperature
for a standard emissions test, and also to anallgeeeffect of higher RPM values on

hydrocarbon emissions.

Experimental Data

The data from the emissions testing, which washa form shown in Figure 3, was

entered into Excel for analysis and comparison.

Figure X.3. Manual reading emissions print-out ddtaet

Analysis of Results
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As each test was performed under the same paraneteluding keeping the car at idle,
the emissions data was plotted against time to detrate the emissions differences; a plot of
the engine RPM values with respect to time are shiowFigure 4 and a plot of hydrocarbons
versus time is shown in Figure 5. Figure 4 showesidiie conditions of the engine and is used to
demonstrate that the same conditions were ensoregbth of the tests. More interesting is the
data from Figure 5, where the initial spike in hyahrbons when the car was first turned on
indicates the high quantity of hydrocarbons in g@er-million as the car runs rich. After a
period of 10-15 seconds, the hydrocarbon outpubines more standard and the catalytic

converter begins heating up under all three testarglitions.

0 50 100 150 200 250 300
Time(sec)
—&—Baseline  —#— Nichrome without Insulation ~ —A— Nichrome with Insulation

Figure X.3. Engine RPM values plotted against time
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Hydrocarbon Emissions

HC Hexane (ppm)

0 50 100 150 200 250 300
Time(sec)
—&— Baseline —#— Nichrome without Insulation —aA— Nichrome with Insulation

Figure X.4. Hydrocarbon emissions with respectrtetfor various testing conditions

The first deviation in hydrocarbon emissions wdisesved after approximately 100
seconds. As the resistance heating mechanism wasnilly variable between the tests, it was
clearly responsible for the decrease in hydrocadmoissions. However, it is important to note
that under idle conditions, whereby the engineusnmg at approximately 800 RPM, the
catalytic converter never reaches light-off tempee Thus, there is a steady-state hydrocarbon
output of approximately 375 PPM, which would fail amissions test. (This issue of failing an
emissions test will be discussed in greater depth kater point, but it is worth noting that
emissions testing allows for higher RPM, which inably produce significantly higher
temperatures in the catalytic converter.) The Wt cut-off after a period of five minutes, but
extrapolating the data from the baseline test atéi that the catalytic converter would not reach
light-off temperature in a reasonable period ofetimcertainly not in the time a normal person

would leave a car idling in the morning while itate up under cold-start conditions.
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Analyzing the resistance heating hydrocarbon<atds that there is very little difference
between the resistance heating with and withouffile¥glass insulation sleeve. Indeed, under
both conditions the hydrocarbons began being retlatea quicker rate than the baseline test
after a period of approximately 100 seconds. (Téaization resulted in the conclusion that all
further analysis and tests would be performed wathioe insulation.) For the time period of 100-
250 seconds, the hydrocarbon emissions decreaséaaty constant rate of approximately -2.0
PPM/second. After 250 seconds, the hydrocarbonsedse at slightly less of a rate until they
finally level out at steady-state values in thegeanf 10-50 PPM.

An unexpected benefit of the emissions testing es reduction in nitrogen oxide
emissions. Initially, the test was concerned widducing hydrocarbon emissions, but in
decreasing the light-off time for the catalytic gerter, the N@ was also reduced. A plot of
nitrogen oxide emissions versus time is shown gufg 5 for the baseline test and for the
resistance heating both with and without the irtsuta Although the shown levels of nitrogen
oxide emissions are low enough to pass an emissistighe reduction is still significant enough

to be worthwhile for future environmentally frieycddutomobiles.
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Nitrogen Oxide Emissions
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—&—Baseline —#— Nichromewithout Insulation ~ —&— Nichrome with Insulation

Figure X.5. Nitrogen Oxide (NOX) emissions withpest to time for various testing conditions

The final portion of the testing was designednseuge that the catalytic setup was valid;
specifically, it was important to demonstrate thetatytic converter would pass a normal
emissions test despite the modifications made ¢ostystem (insertion of expansion chamber
housing the resistance heating mechanism.) To passrmal emissions test, one is only
concerned with the steady-state emissions outputther words, the catalytic converter can
already be at the light-off temperature when tls¢ ierunning. To simulate such conditions, the
test was run while the engine was revved to apprately 2200 RPM for a period of five
minutes. The hydrocarbon output versus time is showFigure 6, as is the RPM data with
respect to time. As can be seen, the catalytic@wavreaches a light-off temperature within one
minute and would easily pass a standard emissiess Although there were moderate
fluctuations in the revolutions of the engine, tisidecause the engine was manually revved up

and has very little impact on the data since tHeesawere close enough to 2200 RPM.
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Hydrocarbons
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Figure X.6. Hydrocarbons versus time and RPM vetisus

Conclusion

The primary objectives of this test were achievadthat the resistance heating
mechanism reached the goal of significantly reduidigdrocarbon emissions, resulting in both
design improvements and a more thorough understgrafithe inner-workings of the catalytic
converter. Firstly, the resistance heating mechanigas shown to substantially decrease the
light-off time for a catalytic converter under idtenditions, resulting in decreased hydrocarbon
emissions. Whereas a brand-new catalytic converdeitd not reach light-off temperature, with
the resistance heating begins deviating from treelbze test after approximately 100 seconds.
From 100 seconds to approximately 250 seconds thex steady decrease of approximately 2.0
PPM/second in hydrocarbon emissions; this hydrasasalue levels off in the region of 10-50

PPM for steady-state. It was also noted that theas very little difference between the
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expansion chamber being covered in insulation aititbwt it, which shows that the insulation is
not necessary. Furthermore, an unexpected berfefiteotesting was that the nitrogen oxide
emissions were substantially reduced with the t@sce heating turned on. Lastly, the catalytic
converter setup was demonstrated to be valid bedapgrformed similar to other new catalytic
converters when run at higher RPM values. Thiswestimportant to demonstrate the validity of
the setup even though it has very little bearinghenoverall results of the project. The fact that
the catalytic converter can reduce hydrocarboisgat RPM values has no effect when the car is

started, for example, in cold conditions and alldw®idle for a period while the car warms up.

Xl. TEMPERATURE TESTING OF EXHAUST FLOW

Objective

The temperature tests were performed in ordeortm fa correlation between the exhaust
gas temperatures and the vehicle’s hydrocarbonsemms This connection will be analyzed to
better understand the effect that the heater hagaucing the hydrocarbon emissions from the

engine.

Procedure

The setup for this test began by placing the caaniropen area on a flat, hard surface.
The vehicle was supported by a jack in the frorsspager side corner just behind the wheel, and
a stand toward the rear of the vehicle on the pagseside. The car rested on the driver’s side
tires as well. The insulation previously securezlad the heater was removed, as it would have
complicated the thermocouple installation. Foueblpapproximately 0.125 inches in diameter,

were drilled into the inlets and outlets of the teealevice and catalytic converter. A K-type
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thermocouple was then pushed into each hole, lwaireful to keep the thermocouple as close to
the center of the pipe as possible to ensure aectgadings. A fifth thermocouple was placed
away from the car to measure the ambient air teatpes. The leads from those thermocouples
were connected to a National Instruments data adipun device (DAQ). The DAQ'’s signal
was read by a pc through the LabView software suiléhe software converted the analog
voltage outputs from the thermocouples to tempegateadouts through a look-up table within
the software. The temperature data was recordadraguency of 10 Hz, and the test was run
for approximately six and a half minutes. The teas run twice, once with the heater on and a
second time with the heater off. It was ensured the temperature read at each thermocouple
was the same at the start of each test to be mweartaine accuracy of the test data for comparison
purposes.

Photographs from the experimental setup may heiseéigures 1 and 2.

Figure XI.1. Connections for thermocouple testing
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Figure XI1.2. Thermocouples connected to emissigps p

Analysis of Results

The thermocouple test yielded temperature valuesmportant locations along the

emissions pipeline, as are shown in Figure 1.

Exhaust Flow Exhaust Flow

Thermocouple Locations

Figure XI.1. Location of thermocouples relativestnissions system

The actual temperature values for the baselinewdsre the resistance heating is turned
off, are shown in Figure 2. As can be seen, theiembiemperature remained constant
throughout the test. Additionally, the heater ird@id outlet temperature have nearly identical
values, which makes sense considering the heatenataturned on for the baseline test. While

there are slight variations in the temperaturehefinlet and outlet temperatures of the catalytic
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converter, there are no significant conclusionbaalrawn. Based on the emissions testing done
previously, it is known that the catalytic converte@es not light-off in the time-frame allotted. It
is worth noting that toward the end of the testewlimore of the oxidation process is occurring
than at any other point because of the increasegdrature, the exit temperature is higher. This
would seem counterintuitive until one recognizeat tthe oxidation process is exothermic,
meaning heat is released when it occurs; this gea¢rated from the chemical reaction causes

the temperature to increase.

Figure XI.2. Temperature measurements using thesaope at variable locations for baseline

test

The more interesting analysis occurs when the teegie heating is turned on. The

thermocouples were located in the same locatiorsseashown in Figure 1 and the temperature

values with the resistance heating turned on ave/shin Figure 3.
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Figure X1.3. Temperature measurements using thesope at variable locations with resistance

heating turned on

As was the case with the baseline test, the amhientlitions remain constant at
approximately 24°C. However, that is the only samil/ as the heater inlet and heater outlet
temperatures are clearly different. Considering th200 Watts of heat are being produced
between the two thermocouples, this makes intuittemse. Comparing the heater inlet
temperature from the baseline test to the test thighresistance heating, and it is apparent that
the same steady-state temperature was reachedlyd®@p°C. This similarity indicates that the
test was valid and the engine was producing sinkdaels of hydrocarbons; additionally, the
temperature of the exhaust gas was uniform betwieentwo tests. The importance of this
observation is in establish the validity of thettesmy changes in temperature beyond the heating
mechanism are the result of the design as thdteiohly variable component between the two

tests.
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In analyzing the temperature values at the outletthe expansion chamber, the
temperature values can clearly be seen to risefisgmtly; whereas the baseline test yielded
nearly identical values between inlet and outlehgeratures at the expansion chamber, the
resistance heating test shows a sky-rocketingropégature values for the exit of the expansion
chamber. Indeed, as the system approaches a stdeyemperature, the temperature at the exit

of the expansion chamber levels out at approximai@0°C.

As for the temperature data at the start and exthe catalytic converter, there are
several interesting results worth nothing. Firstiyalyzing the catalytic converter’s inlet and
outlet temperatures confirms an important fact: thédation process within the catalytic
converter is exothermic. This is evident by thet fdxat after approximately 150 seconds the
temperature at the exit of the catalytic convemereases substantially from that at the inlet.
Indeed, by the time the system reaches steady, #@te is a constant offset whereby the exit
temperature is over 100°C hotter than the inletptmature. Another important observation
comes from comparing the resistance heating tedt thie baseline test. Whereas the inlet
temperature for the baseline test only reachednpdeature of approximately 160°C, the inlet
temperature of the catalytic converter for thegtasice heating test reached a value of nearly
300°C by the end of the test. This shows a difiegest approximately 140°C that was created by
the resistance heating mechanism and it quanefgtidemonstrates that the resistance heating
mechanism heated up the catalytic converter. Aalthiy, the temperature at the exit of the
catalytic converter for the baseline test compdoethe temperature for the resistance heating

test yielded final values of 170°C and 380°C, retspely. Once more, the temperature difference
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of 210°C shows that not only does the resistana@rtgincrease the temperature of the catalytic
converter, but also it shows a crucial effect thas not anticipated: the oxidation process, which
is an exothermic reaction that releases heat, cangs the effect of the heater by further
increasing the temperature of the catalytic comvert

The remainder of the analysis from the data, spadly as it relates to hydrocarbon
output, will be discussed in a later analysis t@mnbines the thermocouple testing with the

emissions testing.

Conclusion

The primary objectives of this test were achieved that transient temperature
measurements were made using thermocouples for ddihseline test and a test with the
resistance heating mechanism turned on. The bas@dst demonstrated that there was no
temperature change across the expansion chambéehainithe catalytic converter never reached
a light-off temperature. This was evident by thet that the oxidation process is exothermic, and
although the exit temperature of the catalytic @ter did reach values slightly higher than the
inlet for the baseline test, they were not sigaific

Conversely, the resistance heating test yieldedrgety of important results. Firstly, the
exit temperature of the expansion chamber was fgigntly hotter than the inlet temperature,
which is a result of the heat being generated &y rissistance heating. Additionally, the
temperature at the inlet and exit of the catalgboverter (comparing baseline and resistance
heating tests) are greater than the baseline tedt4B°C and 210°C, respectively. The final
conclusion drawn from the experimentation was aexpected benefit: because the resistance

heating causes the catalytic converter to lightepficker, the heating effect is compounded by
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the oxidation process. To expand upon this idesxetis a snowball effect whereby an increased
temperature yields a great reaction rate, and @@reeaction rate yields more heat produced.
The importance of this test, and particularly withatching up the temperature
measurements with the time measurements, is tmatily compare hydrocarbon output with
temperature data. This analysis will be saved flater section that combines these results with

those of the emissions testing.

XlI. COMBINED ANALYSIS OF EMISSIONS AND

THERMOCOUPLE TESTING

The primary objective of the emissions testing Hretmocouple testing was to establish
a relationship between the hydrocarbon output edates to the temperature within the catalytic
converter. Since the emissions testing could ootyieately measure the hydrocarbon output as a
function of time, the same conditions were mairgdinfor the thermocouple testing so
temperature data could be matched up at those wahees. Then, the two sets of data were
combined and a comparison of thermocouple outprgugetemperature was produced for both
baseline and resistance heating testing condititims; plot of hydrocarbon output versus
temperature within the catalytic converter is shawfigure 1 for baseline testing while the car

is at idle.
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Hydrocarbons vs. Temperature (Baseline)
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Figure XII.1: Hydrocarbon output as a function @nperature for baseline testing at idle

Figure 1 shows that the catalytic converter neeaches a light off temperature, which
makes sense considering that a temperature ofaat E80°C is required for any kind of a
significant oxidation process to occur within tregatytic converter. To better understand the plot,
it is worth nothing that the high hydrocarbon outptitemperatures below 80°C are likely the
result of the high gas-to-oxygen ratio when theomatbile is first started; this is when the
automobile is running rich. As the ratio approacke=sady-state values, or running lean, the
hydrocarbon output levels out at approximately pa@éts per million. As was mentioned earlier
in the emissions analysis, the catalytic converteuld not reach light-off temperature without
revving the engine — at least, not in a reasonabieunt of time that might be found among
consumer use. The importance of this observatidhasthe automobile fails emissions tests if
the hydrocarbon output is greater than 151 PPMyven with the brand-new catalytic converter
the car would fail emissions tests at idle; thisingportant for environmentally-friendly

consumers who leave their car running in the m@sinmhile it heats up.
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The next section of the analysis focuses on thgromed design using the resistance

heating mechanism. Figure 2 shows a plot of hydbmizs versus temperature within the

catalytic converter, which was produced by comignithe hydrocarbon output data from the

emissions testing with the temperature measurenfientsthe thermocouple testing, As can be

seen from Figure 2, there is a similar spike inrbgdrbon values at low temperatures; this is

simply a result of the automobile running rich whia car is first turned on. Within the range of

100°C to 180°C, the catalytic converter behaveslainio the baseline test. However, the

resistance heating mechanism allows the catalgiwerter to reach higher temperatures, which

means reaching the light-off temperature and triggethe oxidation process to become

increasingly efficient; this process occurs fromperatures of 180°C on up to 300°C.

HC Hexane ppm
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Figure XI1.2: Hydrocarbons versus temperature withie catalytic converter with the

resistance heating mechanism turned on

Confirming that the catalytic converter lights atf180°C is crucial to the overall success

of the project because the initial objective wasdach this temperature as quickly as possible.
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With testing confirming that 180°C is indeed thenperature to hit, prior analysis based on

efficiency values become valid.

Conclusion

The ultimate objective of the emissions testingl éime thermocouple testing was to
establish a verifiable relationship between therbgdrbon output with the temperature inside
the catalytic converter. This was successful addeand validated first with the baseline testing
where the catalytic converter never reached a testyre of 180°C. As was predicated at the
outset of the experiment, this is the temperateqgired to reach a light-off, which is where the
oxidation process begins occurring at a reasonaiée However, as the emissions under idle
never produce enough heat for this temperatureestoebched in a reasonable time frame, the
hydrocarbon output remains constant at approximad€l0 parts per million, which fails
emissions testing standards requiring 151 partsniéon.

Confirming that existing catalytic converters dut reach light-off temperature under idle
conditions was only half the task as it still nedi® be proven that the resistance heating would
cause a temperature increase the reduced the laydoocoutput. This was confirmed in Figure
2 where the catalytic converter reached a temperatuapproximately 180°C and from then on
the hydrocarbons were reduced at a fairly consttetas temperature increased. This confirms
the validity of the earlier analysis based on gaital efficiency based on temperature
measurements within the catalytic converter.

To summarize, by establishing the relationship eetwhydrocarbon output and catalytic

converter temperature, it was quantitatively showat the resistance heating mechanism was the
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cause of (1) the temperature increase within th@lya converter, and (2) the ultimate

reduction in hydrocarbons.

XllI. ENERGY LOSS STUDY

Energy loss due to the relative mounting locatibthe heater to the cat was
approximated using an energy analysis. It has HDewrmined experimentally that the effect of
insulation on the heater geometry has minimal &febhis indicates that most of the heat loss is
due to heating of the metal in close proximityhie heater. The energy required to heat the

connection between the heater and catalytic coawvertdetermined using Equation XIII.1.

q=mgc,DT XI11.1)

The structure being analyzed is shown in Figure.XlI

Figure XIII.1: Connecting Geometry
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The material highlighted by the box is the matenblch could be removed. The mass of this
material was calculated using the density of s&&80 kg/ni, and the volume of material
determined using the cross-sectional area multifdiethe length of pipe section. The length of
the pipe section was approximately 15.2 cm anatbgs-sectional area was calculated as 3.246
cn?. This produced a total volume of 49.5%ifhe specific heat of steel is 500 J/kgK.
Temperature change was obtained from experimeatal dtarting from ambient (27°C) and
reaching 300°C. Combining these values, the hasatdothe surrounding material was calculated
as 53.1 kJ. For a heating time of 400 secondd)eherate to the exhaust was 133 W. This is
about 11% of the heater’s power, a significant.|&sninating the exhaust material between the

heater and catalyst would certainly increase perénce.

XIV. FUTURE WORK

Further development of the heater system is reduior commercial viability. Control
system development is a key requirement. The h@agdt could be powered using the vehicle’s
alternator, battery, or combination of both. Foamyple, a control system might power the heater
using the battery until the engine is started, aintthis point switch power to the alternator. This
would allow the heater to begin heating when thersiare unlocked. This would allow for
further reduced emissions as the exhaust systenousuling the heater would increase in
temperature, reducing the initial heat lost ofélbaust gasses.

In addition to powering options, a control systamuld allow regulation of exhaust
temperature when coupled with a temperature sensanted within the converter. Pulse width
modulation would allow for the catalyst to operate maximum efficiency for the greatest

amount of time. This would provide for a furthecdease in hydrocarbon emissions.
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Changes in geometry could also increase the eféewtss of the heating device.
Installing the heater within the converter struetwvould allow simultaneous heating of the
exhaust and catalyst. Additionally, heat loss ttureg convection would be minimized since the
air exiting the heater immediately enters the gatahnd substrate. Moving the entire structure
closer to the exhaust manifold would also decreaseheat loss. Other changes to geometry
might include a larger expansion (for decreaseceghflow rate), heating element refinement
for optimal heating profiles, and better insulatfonincreased efficiency.

Perhaps the most obvious change could be increésngower dissipation of the heater.
This is easily accomplished and is only limited thg available power from the alternator or
battery. Powerful alternators are readily availaldad are becoming increasingly common
considering all the accessories which need to lmeepad on current automobiles. It is possible to
achieve three or four times as much power as wad usthe prototype design. This would
decrease the light-off time of the catalyst everihier. Many possibilities exist, and they are
certainly not exhausted here, but these are sorggestions for changes which could be

implemented in the future.

XV. CLOSURE

The overall objective of the project was to redhgdrocarbon emissions under cold-start
conditions for automobiles and to, if possible,sioin a commercially viable manner. The most
reasonable way of reducing hydrocarbon emissions twaincrease the temperature of the
catalytic converter, which causes the oxidationcpss to occur more efficiently; indeed, at
sufficiently low temperatures (below approximat&B0°C), the oxidation process will not occur

and the hydrocarbons produced by the automobilebeilreleased directly to the atmosphere.
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Thus, the design objective was to decrease the itirtekes the catalytic converter reach the
light-off temperature.

Although a variety of ideas were considered to @shisuch an end, such as the induction
technique outlined in the paper, resistance heatiag ultimately the most viable and efficient
way to do so. Before any fabrication began, extensinalysis and preliminary testing was
performed to ensure that the resistance heatirmigae would provide enough energy to heat
the catalytic converter; the heat transfer analy&s outlined above, although the intricacies of
the automobile’s emissions system meant that eixter®xperimentation would be necessary to
fully validate the results. Fortunately, with therghase of a Chevy Lumina, the project went
from being primarily theoretical to taking on aedit experimental approach. However, that is
not to say that testing only occurred on the cathase was also extensive analysis performed
with the nichrome wires and the heat flow withipipe using a heat gun.

The fabrication part of the project dealt with d¢neg an expansion chamber that could
house the resistance heating element. A new catalyhverter was purchased to be inserted into
the emissions pipe of the Chevy Lumina, but betbed could happen the resistance heating
element had to be created. This was done by usimgffier and gutting the inside so that an
expansion chamber could be created; the expansamlzer would later be welded together with
both the automobile’s emissions pipe and the ciatatpnverter. Then, a tornado-like housing
unit was created to hold the nichrome wires in @lalhis expansion chamber was expanded to
decrease the velocity through the expansion chgmitech allowed additional time for heating
the emissions. Ceramic eyelets were used to prelientvires from touching any metal within
the setup and Kevlar insulation was used to bathlate the resistance heating from ambient air

and to run the electrical wires out of the expam&lbamber to a power source; a wall socket was

58



used to provide 120V of AC current as a means wiukiting the power available from the
alternator. While this project would have been mooenplete if the resitance heating was
powered by the alternator, it was not possibldter $he computer and tap into the power supply
given the short amount of time available on thggato However, consideration was paid to this
and the resistance wiring was limited to only 1#its of power, which is at least half of what
could become available.

The fabrication process, whereby the new resistdmesting element and catalytic
converter were installed on the car, was perforimedn expert mechanic. The welding ensured
that no air escaped and the custom job also ensha¢dufficient adaptors were used to line up
the various pipes; additionally, holes were driltetbugh the floor of the car to run the electrical
wires through. Lastly, despite having a bent frathe, Chevy Lumina was mended as much as
possible so that it could be driven short distan{@dewas transported using a trailer for all long
distances.)

The next step in the project was performing emisstests on the car under both baseline
conditions and with the resistance heating turnedTdese tests were designed to show the
differences between the two approaches, and thefyriced that the catalytic converter does not
light off under cold-start conditions while unddta. This was an important conclusion because
oftentimes in cold areas automobiles are turnedrahallowed to warm up, and during this time
period the hydrocarbons produced are being releasadht to the atmosphere. Conversely,
with the resistance heating element turned onc#étaytic converter lit-off in under two minutes
at idle, significantly reducing hydrocarbon emissicat a rate of 2.0 PPM/second. In order to
more fully confirm the validity of the tests, alfmh-up analysis was performed to measure the

temperatures within the catalytic converter. Thessts yielded temperature measurements at
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various points within the emissions pipe and alldvier a direct plot of hydrocarbons output
versus temperature. As was predicated at the biegirmi the experiment, the resistance heating
element was shown to significantly increase theptmature within the catalytic converter,
which in turn caused the decrease in hydrocarbaaseons.

While the overall project was a resounding succéissre were several important
observations made that would lead to a far momeceffe design. Firstly, by moving the heating
element closer to the catalytic converter, lessg@neill be wasted from heating the walls of the
emissions pipe. Additionally, the catalytic coneertan be moved closer to the engine so the
automobile exhaust is at a higher temperature I\, adectrical changes should be made so that
the resistance heating mechanism can turn on draltefmatically when the car reaches certain
threshold RPM values. Overall, these changes &@ded to increase the overall effectiveness
of the design and would yield tangible improvemehiswever, these modifications should not
detract from the resounding success whereby thethgpis was proven first with quantitative
analyses and then with experimental testing.

In conclusion, using resistance wiring as a med&msducing hydrocarbon emissions was
shown to reduce hydrocarbon emissions under idlitons, which represents significant
progress in the environmentally-friendly movemeirthim the auto industry and society on the

whole.
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XVI. APPENDIX: Related Patents

1. Junichi Saiki et al. - Catalyzer heating devicednrinternal combustion engine

a. http://www.google.com/patents?id=I0OMsAAAAEBAJ&dqgshirome+wires+catalytic+c
onverter

b. Patent number. 4102127
Filing date: Mar 15, 1977
Issue date Jul 25, 1978
Inventors: Junichi Saiki, Syouzi Watanabe, Takehisa Yaegdsisuro Nagano
Assignee Toyota Jidosha Kogyo Kabushiki Kaisha

c. Label 5 points to the catalyzer heating apparatusnsists of a Nichrome wire or glow
plug. This device is inserted into the catalyzed heats the catalyzer located around the
glow plug. Label 6 points to the catalyzer tempamatetector.

d. Claim 6: “A catalyzer heating device as claimedlaam 1, wherein said heating means
comprises a Nichrome wire disposed in said catalyze

e. Claim 1: “A catalyzer heating device of an internaimbustion engine having in its
exhaust system a catalytic converter containingtalyzer therein, said device
comprising:
I. A power source; means in said catalytic convedehéating said catalyzer;

ii. A first detecting means for providing a first sigjiredicating that the temperature of
the engine is below a predetermined level;

iii. A second detecting means for providing a seconabsigdicating the temperature
of said catalyzer, and;

iv. Control means for establishing an electrical cotinadetween said power source
and said heating means in response to said ficssaia second signals when the
temperature of the engine is below a predetermiensa and when the temperature
of said catalyzer is below a predetermined level.”
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Otis Jackson - Vehicle exhaust system

a. http://www.google.com/patents?id=nU40AAAAEBAJ&dgshrome+wires+catalytic+c
onverter

b. Patent number. 4372421
Filing date: Jul 19, 1979
Issue date Feb 8, 1983
Inventor: Otis Jackson

c. A spark plug is imbedded in the afterburner to thmexhaust gases. This afterburner
works with a nichrome wire to generate heat withie chamber of the afterburner to
further combust exhaust gases. Threaded connexr®issed to secure the Nichrome
wire to support posts. A lead wire is connectetheocontact plate at the other end of the
support post. This creates a constant flow of gtadtenergy being transmitted from the
vehicle ignition through the lead wire, spark plagd contact plate to the Nichrome

wire. The exhaust gases are thus ignited by thik gi@g being connected for
continuous flow of electrical currents.
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