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Abstract

The result of adding an insulation ring to the interior of the Diesel oxidation

catalyst on pressure drop and light-off characteristics is investigated by injecting a

ceramic material into the channels of the monolith forming a circular ring. The steady

state pressure drop is recorded as a function of the mass flow rate while the transient

temperature response is recorded as a function of time. The experimental results are

compared with a numerical model created using ANSYS Fluent.

The experimental results show no statistical difference in pressure drop with the

addition of an insulation ring as the pulsations in the exhaust flow, created by the

engine, results in uncertainty larger than the expected difference in pressure drop.

The numerical model shows an increase in pressure drop that corresponds to the

decrease in flow area which results in an increase in viscous resistance through the

remaining channels of the monolith.

The experimental results indicate that the addition of an insulation ring increases

the heat capacity of the DOC requiring more energy and time to reach steady state.

However, the numerical model indicates that the increase in time to reach steady

state is due to the slow rate of heating of the insulation ring, while the rate of heating

of the monolith is increased, with the exception of a small area directly adjacent to

the insulation ring.

The experimental results show no statistical difference in pressure drop while

the numerical model indicates an increase in pressure drop with the addition of an

insulation ring. The light-off characteristics of the DOC with the addition of an

insulation ring may be improved as the rate of heating is increased across the monolith,

with the exception of directly adjacent to the insulation ring. Whether the decrease

in the rate of heating adjacent to the insulation ring offsets the benefits of the increase

for the remainder of the monolith needs to be further explored.
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Chapter 1

Introduction

This Chapter details the problem addressed in this thesis, why it should be addressed,

and how it is investigated.

1.1 Diesel Exhaust Aftertreatment

Since the 1970s, legislation governing the emissions from automobiles has become

increasing stringent which has required auto manufacturers to rely on advances in

aftertreatment systems to ensure compliance. Advances in combustion control strate-

gies, such as exhaust gas recirculation and injection timing, have become insufficient

at reducing tailpipe emissions to meet legislated levels of emissions, this has required

auto manufacturers to rely on advances in aftertreatment devices, such as catalysts

and filters, to ensure compliance of tailpipe emissions.

Aftertreatment systems for Diesel engines are often composed of two catalysts, the

Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction Catalyst (SCR),

used to oxidize hydrocarbons (HC) and reduce oxides of nitrogen (NOx). The addition

of a Diesel Particulate Filter (DPF) is used in conjunction with the catalysts to remove

particulate matter (PM) from the exhaust. The addition of each component reduces

regulated emissions such as HC, NOx, and PM but increases the back pressure on the

engine reducing the efficiency of the engine and leading to increased fuel consumption
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and increased CO2 tailpipe emissions.

1.2 Problem Statement

The objective of this research is to characterize the flow of exhaust gas through the

DOC. To understand the flow through the DOC and its effect on the DOC, a number

of key aspects are observed including the pressure drop, the heating characteristics

affecting the light-off temperature, and the effect of altering the internal geometry.

The experimental results are compared to numerical simulations for a greater under-

standing of the internal flows inside the monolith and to aid in developing a numerical

model of the DOC for future work.

1.3 Motivation

Governments worldwide are acting to decrease harmful emissions and decrease the

amount of CO2 produced by automotive engines, requiring manufacturers to both op-

timize current systems to minimize the emissions produced and to develop new meth-

ods of eliminating emissions produced by the engine. The Environmental Protection

Agency (EPA) and the National Highway Traffic Safety Administration (NHTSA)

have issued rules to reduce greenhouse gases (GHG) emissions for model year vehicles

2017-2025. The EPA regulations are expected to result in an average combined pro-

duction of no more than 101.28 g/km (163 g/mile) of CO2, equivalent to an average

fuel consumption of 4.32 L/100 km (54.5 mpg) by the end of 2025 [EPA, 2012].

Over the last several years, efforts to achieve high efficiency combustion engines

while simultaneously reducing exhaust emissions using low temperature combustion

have been made. One way to do this is by taking a spark ignition (SI) engine and pro-

ducing a homogeneous charge that autoignites [Yao et al., 2009] and usually requires

control [Ghazimirsaied and Koch, 2012; Strandh et al., 2004; Ebrahimi and Koch,
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2015]. Mazda is now implementing this technology into their production automobiles

[Mazda, 2017]. Another way to achieve high efficiency and low emissions is by taking

a Diesel engine and using a partially premixed charge [Manente et al., 2011]. The

advances in engine technology, particularly the use of low temperature combustion,

will require corresponding advances in exhaust aftertreatment technology.

By characterizing the flow through the DOC, the DOC construction can be op-

timized to minimize the pressure drop and improve the light-off characteristics. By

decreasing the pressure drop, the back pressure on the engine is reduced improving

the overall efficiency and leading to a decrease in fuel consumption. Improved light-off

characteristics can lead to a significant reduction in tailpipe emissions, as it has been

found that as much as 50% to 80% of emissions are produced during cold start prior

to the catalyst reaching light-off temperature [Hadavi et al., 2013; Shen et al., 1999;

Cho et al., 1998].

Finally, by characterizing the flow through the DOC, the results can be used to

validate the numerical models. These models will provide a greater understanding of

the flow characteristics and will allow for better optimization of the DOC by man-

ufacturers and provide more efficient control of the system by the engine controller.

As it is expected that auto manufacturers will meet emissions regulations through

improvements in engine control and aftertreatment systems [EPA, 2012], the ability

to optimize these systems is crucial to meeting regulations.

1.4 Thesis Organization

The thesis begins with the experimental results used to characterize the flow of ex-

haust across the DOC both with and without the addition of insulation rings in the

monolith. This includes the overall pressure drop and radial temperature profile at

steady state and during heating and cooling of the DOC.
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The results from the numerical analysis are compared against the experimental

results to determine the validity of the numerical model. The numerical model is

used to determine the effect of adding an insulation ring to the monolith and to

help validate the experimental results. The experimental and numerical results are

compared for steady state and transient tests to determine whether any conclusions

can be drawn and show the insulating ring exibits marginal improvements. The

benefits or drawbacks of adding an insulation ring to the monolith are examined in

detail.

1.5 Contributions

The major contributions of this study are:

• Characterizing the flow of exhaust gas through the DOC, including the pressure

drop and temperature profile for various DOC configurations.

• Developing a simple 2D axisymmetric numerical model for optimizing the con-

struction of the DOC.

• Creating a Diesel engine exhaust setup with sensors and analysis software. The

engine and exhaust aftertreatment setup will be an excellent testing facility for

future aftertreatment studies.
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Chapter 2

Background

An overview of the topics of this thesis are discussed in the context of research in the

literature.

2.1 Compression Ignition Engines

Compression ignition (CI) engines are attractive due to their higher efficiency in

comparison to spark ignition (SI) engines, leading to reduced CO2 production and

fuel consumption. Despite the benefits, CI engines produce emissions that are difficult

to reduce and often in quantities much greater than SI engines, including oxides of

nitrogen, particulate matter, and hydrocarbons. Various strategies are employed to

reduce these emissions but most increase the complexity of the system and reduce

the overall efficiency.

Power in a modern CI engine is produced by drawing air into the cylinder and

then compressing it, increasing the air temperature above the ignition temperature of

the fuel. The fuel is then injected and ignites, further increasing the cylinder pressure

and pushing the piston downward. During fuel injection, mass transfer causes the

air and fuel to mix by means of diffusion and turbulence. During mixing, the fuel

combusts at the interface where the mixture reaches an equivalence ratio that is

within combustible limits.
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CI engines are capable of much higher compression ratios as the charge is not

premixed prior to compression and are therefore not subject to the same constraints

as SI engines, where the charge is premixed. The theoretical engine efficiency for SI,

ηSI, and CI, ηCI, engines are given by,

ηSI = 1− 1

rvγ−1
(2.1)

ηCI = 1− 1

rvγ−1

[
αγ − 1

γ(α− 1)

]
(2.2)

where rv is the compression ratio, α is the cut-off ratio, and γ is the ratio of gas specific

heats [Stone, 2012]. Comparing Equations 2.1 and 2.2, for the same compression ratio,

SI engines will have a higher efficiency due to the factor in square brackets in Equation

2.2 since the cut-off ratio, α, will always fall within the range 1 < α < rv, making

the term in square brackets always greater than one [Stone, 2012]. However, since CI

engines are capable of operating at much higher compression ratios, they are typically

more efficient than SI engines. This makes CI engines attractive as increased engine

efficiency leads to lower CO2 production and fuel consumption.

The main drawback of CI engines is related to the mode of combustion occuring

in the cylinder. Unlike SI engines where the charge is premixed, in CI engines the

charge is injected into the cylinder after the air in the cylinder has been compressed

and the ignition temperature of the fuel has been exceeded. During injection a com-

bustion interface between the air and fuel occurs since the time dependency of mass

transfer limits the flame to an interface where blending results in a local equivalence

ratio sufficient for combustion, with the primary mechanisms of mass transfer being

diffusion and turbulence. The time dependency of mass transfer limits the maximum

engine speed and is the cause for many of the emissions produced by CI engines.
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Because the diffusion flame is locally rich and lean, it produces emissions associated

with both, along with particulate matter and hydrocarbons [Shum-Kivan et al., 2016].

The theoretical work produced by an IC engine is related to the difference between

the maximum and minimum cylinder pressures, known as the compression ratio, rv.

Equations 2.1 and 2.2 demonstrate that increasing rv increases η and is illustrated

in Figure 2.1. As the compression ratio is the difference between the maximum

and minimum cylinder, the compression ratio can be altered by careful design. An

increase in compression ratio from 16 to 17 for a typical Diesel engine results in a

1% increase in theoretical efficiency. This increase in efficiency over the lifecycle of a

typical vehicle results in a corresponding reduction in overall fuel consumption and

CO2 emissions.

Limitations in engine design limit the maximum cylinder pressure and as a con-

sequence limit the maximum work that can be produced by the engine. Factors that

limit the maximum cylinder pressure include material properties, mechanical friction

losses that increase as the cylinder pressure increases, and emissions production since

NOx, HC, CO, and PM production are all affected by cylinder pressure [MacMillan

et al., 2012].

Figure 2.1: Relationship between compression ratio and theoretical engine efficiency
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The minimum cylinder pressure is directly related to the downstream pressure

drop from the engine to tailpipe. With the addition of catalysts and filters, the back

pressure on the engine is increased. Figure 2.2 shows a 4-stroke mechanical Diesel

cycle with the maximum cylinder pressure shown as Pmax, the engine out pressure as

P0, the area containing Wpower is the power produced by the compression/expansion

stroke, while the area containing Wpump is the pumping work required during the

exhaust/intake stroke.

Figure 2.2: P-V diagram of a 4-stroke mechanical Diesel cycle

The addition of aftertreatment devices increases P0 and reducesWpower by decreas-

ing the compression ratio, rv, calculated by Pmax −P0, causing the area in Figure 2.2

containing Wpower to be reduced. Furthermore, the addition of aftertreatment devices

increases Wpump reducing the overall power output of the engine, Wpower−Wpump. By

minimizing the pressure drop between the engine and the tailpipe, the overall power

output of the engine can be increased, increasing the overall engine efficiency.
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2.2 Exhaust Emissions

The stoichiometric combustion of any hydrocarbon produces CO2 and H2O by the

following reaction,

CxHy + (x+
y

2
)O2 → xCO2 +

y

2
H2O (2.3)

however the actual combustion of hydrocarbons in IC engines produce other com-

pounds that are harmful to the environment and health as well as reduce the overall

efficiency of the engine. Of particular interest are carbon monoxide (CO), particulate

matter (PM), hydrocarbons (HC), and oxides of nitrogen (NOx). Because of their

negative effects, stringent government regulations are in place to limit the tailpipe

emission gases produced by IC engines.

2.2.1 Carbon Monoxide

In IC engines, CO is produced primarily during rich combustion when insufficient

oxygen is available for complete oxidation of the fuel. In CI engines which operate

under lean conditions, the amount of CO produced is minimal and the primary source

occurs when the local temperature is insufficient and the rates of reaction are too slow

for oxidation to occur. This occurs in regions where the local temperature is unable

to achieve high combustion temperatures, such as next to the cylinder walls which

act as a heat sink [Barbosa, 2016]. CO production is an intermediate step in the

production of CO2 from a hydrocarbon and is given by,

RH → R → RO2 → RCHO → RCO → CO (2.4)
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where R is the hydrocarbon radical [Valério et al., 2003; Heywood et al., 1988]. CO

is then oxidized through the following reactions,

CO + OH
k+1
�
k−1

CO2 +H (2.5)

CO2 +O
k+2
�
k−2

CO+O2 (2.6)

where k is the rate constant with the + or - indicating the forward and backwards

reaction direction, respectively [Valério et al., 2003]. The rate constants can be found

using the Arrnhenius equation, given by,

k = Ae
−EA
RcT (2.7)

where A is a reaction specific constant, EA is the activation energy, Rc is the univer-

sial gas constant, and T is the temperature. Equation 2.7 demonstrates the strong

temperature dependence of Equations 2.5 and 2.6. At low temperatures the rates of

reaction become negligible not allowing the reaction to progress and equilibrium to

be achieved, this results in incomplete oxidation and the production of CO from the

engine.

2.2.2 Oxides of Nitrogen

NOx is produced at high temperatures during lean combustion when excess oxygen is

available, increasing exponentially with temperature [Barbosa, 2016]. NOx are toxic

gases with adverse respiratory effects [WHO, 2006] and leads to the formation of smog

in the atmosphere [Carpenter et al., 1998; Muilwijk et al., 2016]. Smog is produced



11

by photolysis of NO2 in the presence of sunlight (hv) through the following reactions

[Heywood et al., 1988; Carpenter et al., 1998; Barbosa, 2016],

NO2
hv−→ NO+O (2.8)

O + O2 −→ O3 (2.9)

leading to the production of the ozone (O3), which is responsible for the formation of

smog.

The kinetic mechanisms by which NOx is produced include [Barbosa, 2016],

1. thermal NOx (also known as the extended Zeldovich mechanism)

2. prompt NOx (also known as the Fenimore mechanism)

3. fuel NOx

The first two mechanisms convert atmospheric nitrogen to NOx while the last converts

fuel based nitrogen to NOx. The primary mechanism of NOx production in IC engines

is thermal NOx, by which over 90% of all NOx emissions are produced [Barbosa, 2016;

Hernández et al., 2007]. Thermal NOx is produced by the following three reactions

[Bowman, 1975; Merryman and Levy, 1975],

O + N2 � NO+N (2.10)

N + O2 � NO+O (2.11)

N + OH � NO+H (2.12)
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The rates of reaction are strongly temperature dependent, with temperatures

greater than 2200 K required for reactions to proceed [Barbosa, 2016]. At high tem-

peratures, production is favoured while at low temperatures the reverse reactions are

favoured. Since the rates of reaction are too small for the reaction to proceed at

low temperatures the NO produced during cylinder peak temperatures remain as the

temperature drops during the expansion stroke.

The (NO2)/(NO) ratio produced in IC engines is typically very small [Bowman,

1975], however some studies have shown that NO2 can account for up to 30% of

the NOx emissions [Hilliard and Wheeler, 1979]. Despite NO being formed in much

greater quantities than NO2, NO is oxidised at low temperatures to NO2 resulting

in nearly all NO emissions being converted to NO2 in the environment after being

exhausted [Stone, 2012].

2.2.3 Hydrocarbons

Hydrocarbons (HC) are the result of the incomplete combustion of fuel. It has been

found that many of the HC found in the exhaust are not present in the fuel, which

indicates that the fuel undergoes cracking and synthesis occuring during the high

cylinder temperatures during compression and combustion [Bowman, 1975]. Not all

HC emissions are harmful since some are inert, however, some of the HC emissions

lead to photochemical reactions causing smog, others are potent greenhouse gases

(methane), while others are directly toxic to human health [Pachauri et al., 2014;

Andrews et al., 2007; Bowman, 1975].

HC emissions from IC engines are often produced during rich combustion where

all of the fuel fails to combust, but since CI engines operate lean, HC emissions tend

to be minimal [Barbosa, 2016]. HC emissions from CI engines tend to be the result

of three sources [Heywood et al., 1988]:
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• undermixing

• quenching

• absorption/desorption.

HC emissions from undermixing occur when the fuel inadequately mixes during in-

jection resulting in locally rich regions where the fuel fails to mix during combustion.

One main source of undermixing is the result of fuel remaining in the injector nozzle

sac and vaporizing after the cylinder pressure drops and the exhaust valve opens. HC

emissions from quenching occur when fuel reaches areas where the temperature is

insufficient for combustion and the flame is quenched. HC emissions from quenching

occur along the cylinder walls or between the cylinder and piston where the space

is too small for the flame to propagate [Bowman, 1975]. Finally, emissions from ab-

sorption/desorption occur as a result of hydrocarbons absorbing into the engine oil

at high pressure when the piston is near top dead centre (TDC) and desorbing as the

pressure drops and the piston nears bottom dead centre (BDC).

2.2.4 Particulate Matter

From Diesel engines, PM is composed primarily of carbanaceous material with at-

tached organic molecules, known as black carbon [Bond et al., 2013; Heywood et al.,

1988]. PM has been linked to an increased risk of cardiopulmonary mortality and

long term chronic health problems [Pope III and Dockery, 2006; WHO et al., 2012].

It has been found that even increases as small as 50 μg/m3 were found to increase

mortality by 2% to 4% [Künzli et al., 2000; Katsouyanni et al., 1997]. Furthermore,

the effect of black carbon on climate change is significant as it absorbs more sunlight

than it reflects, leading to increased atmospheric temperatures [Bond et al., 2013].

PM is the result of incomplete combustion in locally rich areas where insufficient

oxygen is available. Particulate matter varies in composition containing 50% to 90%
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carbon along with other components including oxygen, sulphur, phosphorous, iron,

calcium, and zinc, depending on availability during PM formation [Clague et al.,

1999].

The formation of PM is a two step process; nucleation and agglomeration [Dhal

et al., 2017]. Nucleation occurs with the formation of an aromatic ring structure at

high temperature, as the hydrogen bonds are broken, leaving carbon chains. The

carbon chains then undergo polycyclic aromatic ring growth which results in particle

nucleation [Dhal et al., 2017; Heywood et al., 1988]. The particles then grow primar-

ily by surface growth involving the attachment of available gas phase particles and

through agglomeration where individual soot particles collide [Dhal et al., 2017].

Once PM enters into the atmostphere, Leung et al. [2017] have shown its growth

to occur in three phases. In the first phase the density of the particles increases due to

surface growth of secondary organic aerosols while the shape of the black carbon/soot

remains unchanged. The second stage involves soot restructuring while surface growth

of the particle continues with the addition of secondary organic aerosols. The third

stage involves continued growth of the particle while the shape of the particle tends

towards becoming spherical [Leung et al., 2017]. The coating on the particle continues

to grow while the shape of the particle continues to restructure until the particle

becomes nearly spherical with a shape factor approaching one [Ghazi and Olfert,

2013].

Coating black carbon with organic components has an important effect on climate

forcing, increasing the radiative absorption of black carbon by up to a factor of 2

[Cappa et al., 2012]. The increase in radiative absorption is a result of the organic

coating refracting sunlight towards the black carbon core, increasing the effective

absorptive area of the particle [Bond and Bergstrom, 2006] and increasing the energy

absorbed.
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2.3 Control of Engine Emissions

Control of tailpipe emissions from Diesel engines is difficult and involves numerous

strategies and additional equipment. Strategies can be divided into two broad cat-

egories; combustion control strategies and exhaust aftertreatment strategies. Com-

bustion control strategies involve limiting the cylinder conditions that result in the

production of emissions, for example, controlling injection timing, rate of fuel in-

jection, and exhaust gas recirculation (EGR) [Barbosa, 2016]. A number of low

temperature combustion strategies exist that attempt to reduce the cylinder pressure

and temperature to minimize emission production and include homogeneous charge

compression ignition (HCCI) [Price et al., 2007] and partially premixed compression

ignition (PPCI) [Noehre et al., 2006]. However, decreasing one emission often results

in an inadvertent increase in another, resulting in a tradeoff between two emissions

[Barbosa, 2016]. For example, EGR decreases NOx emissions by reducing the peak

cylinder temperature but also causes an increase in PM due to the decrease in avail-

able oxygen and decrease in temperature.

To meet emission regulations, combustion control strategies need ultimately be

combined with exhaust aftertreatment strategies. Aftertreatment strategies include

the use of catalysts and filters to reduce or eliminate specific components in the

exhaust. The drawback of using aftertreatment strategies is the increase in back

pressure on the engine which results in a decrease in engine efficiency and increase in

fuel consumption.

2.4 Diesel Exhaust Aftertreatment

The typical CI engine relies on multiple catalysts and a filter to reduce engine-out

emissions to meet tailpipe emission regulations. This is unlike SI engines which are

capable of meeting tailpipe emissions regulations with the use of a single three-way
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catalyst. A typical exhaust setup for a CI engine will include a Diesel Oxidation

Catalyst (DOC) to reduce HC emissions, Selective Catalytic Reduction (SCR) cata-

lyst or Lean NOx Trap (LNT) to reduce NOx emissions, and Diesel Particulate Filter

(DPF) to reduce PM emissions. Figure 2.3 is the schematic for a 2015 6.7L Ford

F-150 Diesel pickup and is representative of the aftertreatment system used on the

majority of vehicles with a CI engine [Ford Motor Company, 2014].

Figure 2.3: Exhaust aftertreatment schematic for a 6.7L Ford F-150 Diesel pickup

Catalysts and filters are complex, expensive, and require multiple sensors for mon-

itoring and control. In addition to the increased cost and complexity, the addition

of aftertreatment systems increases the overall pressure drop from engine to tailpipe

and leads to an increase in back pressure on the engine. An increase in back pressure

leads directly to a reduction in engine efficiency, an increase in fuel consumption, and

an increase in CO2 production.
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2.4.1 Diesel Particulate Filter

One of the greatest challenges in the design of IC engines is effectively reducing PM

to meet emissions regulations. Engine control strategies have become insufficient at

reducing PM making aftertreatment strategies necessary. The addition of a DPF

to the aftertreatment system is an effective way of reducing tailpipe PM emissions,

however, the addition of a filter to the exhaust system increases the back pressure on

the engine.

The DPF is designed to trap up to micrometre sized particles and increase the

reactivity of these particles during DPF regeneration [Konstandopoulos et al., 2000].

Regeneration of the DPF can be accomplished via one of three primary methods; pas-

sive regeneration, active regeneration, and mixed passive-active regeneration [Chen

et al., 2014].

Passive regeneration uses a catalyst coated DPF where PM matter is oxidized on

the surface of the catalyst with NO2 [Kotrba et al., 2013]. The advantages of the

passive regeneration system are that it requires lower exhaust temperatures and is

independent of the engine functioning, thereby not requiring a complicated control

strategy. The disadvantages of the system are that it requires a catalyst coating and

a specific exhaust NO2/NOx ratio, requiring an upstream catalyst such as a DOC to

ensure a proper ratio [Kotrba et al., 2013].

Active regeneration requires high exhaust temperatures (> 550◦C) so that PM

oxidation occurs with oxygen available in the exhaust [Chen et al., 2014]. Because

Diesel engine exhaust temperatures rarely achieve the required temperature, various

strategies need to employed to increase the exhaust temperature. Strategies include

locating the DOC directly upstream of the DPF and increasing the HC in the exhaust,

either by direct injection or late post-injection in the cylinder, and having them oxidise

in the DOC, which creates heat that is transferred to the DPF for regeneration [Chen
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et al., 2014].

Mixed passive-active DPF regeneration is a blend of both the passive and active

strategies, using a catalysed DPF and locating a DOC directly upstream of the DPF

to oxidise HC and transfer heat to the DPF [Chen et al., 2014].

2.4.2 Selective Catalytic Reduction Catalyst

Reducing NOx emissions is often accomplished by the use of urea injection and a

SCR catalyst, normally containing either a Cu-zeolite catalyst, Fe-zeolite catalyst,

or a combination of both [Nishiyama et al., 2015]. There are advantages to using

either the Cu-zeolite or Fe-zeolite catalysts depending on the operating conditions,

for example Cu-zeolite has better conversion efficiency at temperatures below 350◦C

with the converse being true for temperatures above 350◦C [Cavataio et al., 2007].

For this reason a combined catalyst is often used to take advantage of the benefits

of both catalysts, where it has been shown that a Fe : Cu ratio of 2 : 1 provides an

optimal NOx conversion [Nishiyama et al., 2015].

Using NH3 (ammonia) as the reductant in the SCR allows NOx to be converted to

N2 [Nishiyama et al., 2015]. Three different reactions occur in the SCR to convert NOx

and include the Fast-SCR reaction which occurs most readily at low temperatures, and

the Standard-SCR and Slow-SCR reactions which occur at temperatures above 200◦C

and 275◦C , respectively. Each of the three reactions are shown below [Nishiyama

et al., 2015].

NO + NO2 +NH3 → 2N2 + 3H2O (Fast-SCR) (2.13)

4NO + 4NH3 +O2 → 4N2 + 6H2O (Standard-SCR) (2.14)

6NO2 + 8NH3 → 7N2 + 12H2O (Slow-SCR) (2.15)
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Due to the toxicity of ammonia, NH3, and the difficulties associated with its

handling, Diesel exhaust fluid (DEF) or urea is instead added to the exhaust stream

which decomposes at high temperatures after being injected into the exhaust stream,

and forms NH3 by the reactions listed below [Nishiyama et al., 2015].

CO(NH2)2 → NH3 +HCNO (2.16)

HCNO+ H2O → NH3 + CO2 (2.17)

2.4.3 Diesel Oxidation Catalyst

The primary function of the DOC is to oxidize CO, HC and portions of the NO

emissions. As the oxidation of NO is equilibrium limited, the DOC oxidizes only por-

tions of the NO to alter the NO/NO2 ratio in the exhaust to meet the downstream

requirements of the SCR or LNT [Watling et al., 2012; Russell and Epling, 2011].

Precious metals are the most commonly used catalysts in the DOC, typically plat-

inum or palladium [Russell and Epling, 2011]. Each provide different advantages and

disadvantages depending on the operating conditions of the engine and the exhaust

composition and temperature.

The reactions occurring in the DOC are not fully understood as species interac-

tions and the competition for available O2 causes numerous intermediary reactions.

Watling et al. [2012] have developed a model of the reaction kinetics occurring inside

the DOC that illustrates the complicated species interactions that occur [Watling

et al., 2012].

The light-off temperature of a catalyst is normally defined by the inlet gas tem-

perature at which the catalyst can convert 50% of the intended reactant, known as

the T50 point (although other points may be cited) [Martin et al., 1998]. The light-off
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temperature for the DOC is approximately 250◦C but depends on exhaust composi-

tion, the catalyst being used, and the construction of the DOC [Martin et al., 1998].

The importance of the light-off temperature is best exemplified by government legis-

lated test cycles, where it has been shown that 50% to 80% of emissions are produced

in the first 100 to 150 seconds prior to the catalyst reaching the light-off temperature

[Jeong and Kim, 1998; Shen et al., 1999; Cho et al., 1998]. Variables affecting the

light-off temperature of the DOC are the [Martin et al., 1998; Hayes et al., 2009]:

• composition of the catalyst

• age of the catalyst

• mass flow rate of exhaust gas

• exhaust gas temperature

• effective conductivity of the monolith

• flow maldistribution within the monolith

• bulk density of the monolith

• rate at which the inlet gas temperature increases

The complex interaction of all the variables involved in affecting the light-off

temperature of the catalyst make optimisation of the DOC difficult. Furthermore,

as the development of engines progresses, exhaust temperatures are becoming lower

leading to increased time before light-off is achieved [Bartley, 2015].

2.5 Catalyst Construction

This section details the construction and function of the DOC, providing a detailed

overview of the research that has focused on characterising the flow of exhaust through

the DOC.
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2.5.1 Monolith Geometry

DOC design requirements vary from vehicle to vehicle depending on the manufactur-

ers requirements and optimization goals. The most common type of catalyst support

structure used in the automotive industry is the honeycomb monolith. The monolith

is composed of small channels in a honeycomb-like pattern running axially with the

flow of the exhaust, as shown in Figure 2.4. The shape of the channels can vary

depending on the requirements and benefits of each of the shapes. The cell geometry

affects the mass and strength of the substrate, the heat and mass transfer character-

istics, and flow resistance [Goralski and Chanko, 2001].

Figure 2.4: DOC showing the interior honeycomb like structure

Square, triangular, and hexagonal cells are the most common cell structures, how-

ever the final cell geometry is produced by the application of the washcoat to the

monolith. Numerous studies have shown that the washcoat is not applied uniformly

onto the substrate, rounding the corners of the cell and having a significant effect

on the performance of the monolith [Hayes et al., 2009; Goralski and Chanko, 2001].

Goralski and Chanko performed a series of tests to determine the optimal cell geom-

etry with washcoat applied and found that the hexagonal cells tend to have a higher

conversion efficiency while each of the channel geometries showed a similar maximum

effective loading [Goralski and Chanko, 2001]. Furthermore, they showed that hexag-

onal and square channels would show a similar pressure drop for exhaust flow rates

typical of those seen in automobiles [Goralski and Chanko, 2001].
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2.5.2 Flow Distribution

The flow through the DOC is complex and finding an optimal overall geometry diffi-

cult. The DOC can be broken into five sections and are shown in Figure 2.5; the inlet

pipe (1), the inlet cone (2), the body (3), the outlet cone (4), and the outlet pipe (5).

Figure 2.5: Schematic of the components that make up the DOC (axisymmetric)

The inlet and outlet pipes are the exhaust pipes that connect the DOC to the

engine and the tailpipe, respectively. The inlet cone is an expansion cone (axisym-

metric conical diffuser) that increases the diameter from that of the inlet pipe to that

of the monolith. The body is composed of the honeycomb structure containing the

catalyst, known as the monolith. The outlet cone is a compression cone (axisymmet-

ric contraction) that decreases the diameter from the diameter of the body back to

the diameter of the exhaust pipe.

2.5.3 Inlet/Outlet Flow

As the flow enters the inlet diffusers upstream of the monolith, the flow becomes even

more turbulent and non-uniform as it expands with the increasing pipe diameter,

resulting in a flow maldistribution over the radial profile of the DOC [Litto et al.,

2016; Cho et al., 1998]. The flow through a diffuser is affected by three parameters: the

half angle of the diffuser, the diffuser length to width ratio, and the turbulence of the

flow into the diffuser, while the Reynolds number of the inlet flow was found to have
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no effect for turbulent flow [Fox and Kline, 1962]. Fox and Kline [1962] demonstrated

the relationlship between the diffuser half angle and the length to width ratios [Fox

and Kline, 1962].

Fox and Kline [1962] were able to demonstrate that with increasing diffuser angle

there exists a threshold where stall occurs. The greater the increase in half angle

above the transition results in more fluid undergoing stall leading to larger degrees

of turbulence. The stalled fluid along the walls creates a blockage that forces the

flow to detour around the blockage and at sufficiently large amounts of stall a jet is

created through the centre of the diffuser [Kline and Johnston, 1986]. The resulting

flow maldistribution leads to the following negative effects [Cho et al., 1998; Jeong

and Kim, 1998; Martin et al., 1998]:

• poor catalyst conversion efficiency

• premature ageing of the catalyst

• increased time to reach catalyst light-off

• increased pressure drop across the DOC

The flow maldistribution is often characterized by the flow uniformity index, γ,

given by,

γ = 1− 1

2n

n∑
i=1

√
(ui − ū)2

ū
(2.18)

where ui is the local flow velocity of the ith area, ū is the average velocity, and n is

the total number of areas being considered [Cho et al., 1998]. Flow uniformity index

values range from 0.7 to 0.98 for most catalytic converters, with values under 0.8

being considered poor [Cho et al., 1998].
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Increasing the flow uniformity has been the subject of ongoing research and typ-

ically involves optimizing the inlet geometry. Replacing a portion of the monolith

channels with a 3 mm thick ceramic insulating ring positioned at a radial distance

from the centre of the monolith, as shown in Figure 2.6, in numerical simulations re-

sulted in an increased flow uniformity [Litto et al., 2016]. The insulation ring showed

a reduction in pressure drop across the DOC, despite decrease in flow area, as well as

improving the light-off characteristics of the catalyst [Litto et al., 2016].

Figure 2.6: Positioning of the insulation ring inside the monolith of the DOC

Simulations showed that the decrease in pressure drop was due to a reduction in

the turbulence in the inlet cone resulting in increased flow to the peripheral regions

of the monolith [Litto et al., 2016]. Furthermore, as the flow exits the monolith, it is

recompressed in the outlet cone causing increased fluid shear and turbulence. As the

insulation ring helps to increase the flow uniformity, the shear during recompression

in the outlet cone is reduced, decreasing the turbulence and ultimately the pressure

drop [Litto et al., 2016].

2.5.4 Pressure Drop

The pressure drop across the DOC is the product of two major contributors; the

resistance of exhaust gases passing through the small channels of the monolith, caused

by fluid shear along the walls of the channel, and turbulence occurring in the inlet
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and outlet cones, due to the sudden expansion and contraction of the exhaust gases.

The pressure drop due to shear along the walls of the monolith is proportional to the

fluid velocity, increasing as the velocity increases [Karvounis and Assanis, 1993].

It is common for numerical simulations to approximate the flow through the mono-

lith as being fully-developed laminar flow over its entire length and to ignore turbu-

lence. Turbulence in the monolith is primarily the result of three sources; turbulence

originating upstream of the monolith in the diffuser, turbulence created by the channel

walls at the entrance to the monolith, and turbulence caused by the surface roughness

along the length of the channel walls [Holmgren and Andersson, 1998].

When laminar flow through the monolith channel is assumed, the flow through

the monolith is Hagen-Poiseuille flow and the pressure drop in the channels of the

monolith is the result of viscous forces [Ozhan et al., 2014] and the pressure drop,

ΔP , can be approximated by Poiseuille’s law,

ΔP =
8μLcQ̇c

πDc
4 (2.19)

where Lc and Dc is the monolith channel length and hydraulic diameter, respectively,

μ is the fluid viscosity, and Q̇c is the average volumetric flow rate in a single channel

[Ozhan et al., 2014].

However, the pressure drop across the DOC is affected by turbulence in the inlet

diffuser and outlet nozzle. Turbulence models commonly used to simulate flow across

the DOC include the k-ε model [Karvounis and Assanis, 1993; Holmgren et al., 1997;

Hayes et al., 2012] and the k-ω model [Litto et al., 2016].

To reduce the computational requirements of modeling the flow through each of the

monolith channels, the monolith is modeled as a porous region consisting of strictly

laminar flow [Karvounis and Assanis, 1993]. The assumption of laminar flow in the
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monolith is not entirely valid as turbulence has been found to persist beyond the

entrance of the monolith, however the effect on the pressure drop across the monolith

has been shown to be very small [Cornejo et al., 2017]. The Forcheimer’s modified

formulation of Darcy’s equation is included as a source term, 	S, in the conservation

of momentum equation and is given by,

	S =

(
μ

α
+

ρC2|	v|
2

)
	v (2.20)

where μ is the dynamic viscosity, 1/α and C2 are the viscous and inertial resistance

factors. With the flow through the monolith being assumed laminar, the inertial

resistance factor is set to zero as turbulence is not present. The viscous factor can be

found either theoretically or empirically by either calculating the pressure drop using

Equation 2.19 or by using experimental pressure drop data. Knowing the pressure

drop, the viscous resistance factor can be related to the source term by simplifying

the momentum equation to yield [ANSYS, Inc., 2006]

ΔP = −S · L = −μ

α
	v · L (2.21)

where L is the length of the channel.

To simulate the unidirectional flow through the monolith, the viscous resistance

terms in the radial direction are set to a minimum of three orders of magnitude larger

than the axial direction [Karvounis and Assanis, 1993].
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2.5.5 Monolith Temperature

The radial temperature profile of the monolith is affected by the exhaust gas temper-

ature, the effective conductivity of the monolith, the exhaust composition, and the

flow uniformity. Reactions occurring along the surface of the monolith channels which

contain the catalyst are limited by two factors; the rate of reaction and the rate of

mass transfer [Karvounis and Assanis, 1993]. While the monolith is initially at ambi-

ent temperature, the conversion rate of the catalyst is limited by the rate of reaction.

Once the exhaust gases have sufficiently heated the monolith, the rate limiting factor

in the conversion rate switches from rate of reaction to rate of mass transfer. Due to

the difficulty in determining the exact temperature in which this switch occurs, the

light-off temperature is often used as an approximation of this switch.

A number of factors can affect the ability for the catalyst to reach light-off, includ-

ing the exhaust temperature and the flow uniformity. The exhaust gas temperature

has a large affect on the time required for the catalyst to reach light-off and as auto-

motive exhaust temperatures become lower, there is evidence that vehicles are unable

to meet emissions standards due to their inabiliy to reach light-off in a reasonable

time [Bartley, 2015]. The exhaust composition can also play a role in the time re-

quired to reach light-off, as certain molecules inhibit the ability of reactants to react

on the catalyst, leading to a decrease in conversion efficiency and an increase in the

light-off temperature [Bartley, 2015].

The radial temperature profile of the monolith is affected by the effective con-

ductivity of the monolith and the flow uniformity. The effective conductivity of the

monolith can be approximated using the electrical resistances analogy [Hayes et al.,

2009]. When the monolith construction is changed, for example by adding an insu-

lation ring, as discussed in Section 2.5.3, the effective conductivity causes a change

in the radial temperature profile [Hayes et al., 2009]. The insulation ring results in a
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decrease in time required to reach light-off as the insulation ring maintains the heat

in the central region of the monolith and at low load (as is typical during vehicle

warm-up) the majority of the exhaust gases are directed through the central region

of the monolith [Litto et al., 2016] due to the effect of a jet being created in the inlet

diffuser (see Section 2.5.2. As the central region of the monolith heats up faster and

the majority of the flow passes through the central region, emissions can be reduced.
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Chapter 3

Experimental Setup

This Chapter details the experimental setup used and includes a detailed explanation

of the Diesel engine along with modifications, the engine dynamometer, the exhaust

setup, the geometry and assembly of the DOC, and the sensors used for data collection.

3.1 Experimental Setup

The primary objective of the experiment was to characterize the flow of exhaust

gas as it passed through the DOC and to determine the heating characteristics of

the DOC. The DOC is connected to a stock Cummins 4-cylinder Diesel engine (see

Section 3.2) and a Tornado centrifugal fan with 6.5 HP electric motor, giving the

option of directing hot exhaust gas from the engine or cold air from the blower

through the DOC. By opening or closing the correct configuration of valves, as shown

in Figures 3.1 and 3.2, the gas passing through the DOC can be easily switched

between hot from the engine or cold from the blower.

The hot exhaust gas can be bypassed around the DOC allowing the engine to reach

steady state operation with a constant exhaust temperature prior to directing the gas

through the DOC. After passing through the DOC, the exhaust gasses pass through

a muffler and then are exhausted into an open exhaust conduit drawing exhaust in

at slightly lower pressure than the ambient room pressure, as shown in Figure 3.2.
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Figure 3.1: Exhaust bypass setup

Figure 3.2: Schematic of the experimental setup

3.2 Engine Specifications

A stock Cummins 4-cylinder QSB4.5 (Tier 3) Diesel engine is used for the tests. The

engine specifications are outlined in Table 3.1 and the engine is shown in Figure 3.3.

Changes to the stock engine included a custom air intake (see Section 3.2.1), the addi-

tion of a liquid-cooled intercooler (see Section 3.2.2), and a flat-plate heat exchanger

for engine cooling (see Section 3.2.3).
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Table 3.1: Engine Specifications

Orientation In-Line
Cylinders 4-Cylinder
Displacement 4.5 L
Horsepower 109-170 hp (81-127 kW)
Torque 360-460 ft-lb (488-624 kW)
Aspiration Turbocharged

Figure 3.3: Cummins 4-cylinder QSB4.5 (Tier 3) Diesel Engine

3.2.1 Air Intake

The air intake is constructed from a 0.61 m (2’) long pipe, 0.10 m (4”) in diameter,

connected upstream of the engine turbocharger. The inlet to the pipe had the edges

rounded to minimize turbulence at the intake of the pipe, as shown in Figure 3.4.

The inlet tube is outfitted with a stock Ford automotive digital hot film mass flow

(HFM) sensor (AFLS-166), also known as a Mass Air Flow (MAF) sensor, located

0.30 m (12”) (approximately 3 diameters) from the entrance of the inlet tube.

The HFM sensor located in the air intake is a thermal flow meter containing a

heated surface running parallel with the air flow direction. The heated surface expe-
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Figure 3.4: Custom air intake with HFM sensor

riences a temperature gradient in the direction of the air flow, proportional to the air

flow rate [Stone, 2012]. Temperature resistors are located just upstream and down-

stream of the heating strip and as air passes over the sensor it creates a temperature

differential between the two strips, a larger temperature differential is the result of a

smaller flow rate as the air passing is exposed to the heating strip for a longer time

allowing a greater overall heat transfer from the strip to the air. The sensor was

externally calibrated giving the relationship between the volumetric flow rate of air,

Q̇, (in cfm) at 20◦C as,

Q̇ = 1.6169f 2.7551 (3.1)

where f is the sensor output frequency (in Hz).
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3.2.2 Air Intake Temperature Control

The intake air was maintained at a constant temperature using a liquid cooled in-

tercooler, as shown in Figure 3.5a, located downstream of the engine turbocharger.

The liquid cooled intercooler was equipped with an OMEGA CNi8 series PID con-

troller, shown in Figure 3.5b, allowing the intake air temperature to be maintained

at 35 ± 3◦C by controlling the mass flow of water into the intercooler, using an

OMEGA electronically controlled proportioning valve.

(a) Intake air intercooler (b) OMEGA proportioning valve

Figure 3.5: Air intake temperature control system

3.2.3 Engine Temperature Control

The engine temperature was controlled by the stock engine controller. Engine coolant

was circulated through an Alfa Laval CB100-24L flat plate heat exchanger and main-

tained the engine coolant temperature between 80◦C and 85◦C, shown in Figure 3.6.

A constant flow of cold water at ∼10◦C is supplied from an external source and is

used as the counterflow fluid to the engine coolant.
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Figure 3.6: CB100-24L flat plate heat exchanger

3.3 Dynamometer

The engine is connected to a Dyne Systems 1014 W passive eddy current dynamome-

ter. Engine speed is controlled by the stock engine controller and the dynamometer

controller maintains the user specified back torque on the engine. The engine is ca-

pable of producing a maximum torque of 625 Nm (460 ft-lbs) at 1900 rpm while the

dynamometer is capable of producing a maximum back torque of 710 Nm (525 ft-lbs)

at 2500 rpm. Figure 3.7 shows the torque curve for the dynamometer [Dyne Systems,

2014].

3.4 Exhaust Setup

The exhaust setup consisted of a 0.06 m (2.5”) diameter flex pipe leading from the

exhaust side of the turbocharger to a 0.08 m (3”) diameter straight pipe where it

passes through a series of valves allowing the gases to bypass the DOC, if required

(see Section 3.1). The exhaust would then pass through a 1 m (3.25’) length of

straight pipe intended to induce fully developed flow prior to entering the DOC.
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Figure 3.7: Dyne Systems 1014 W Torque/Power Curves

Figure 3.8 illustrates the components that form the DOC and includes the inlet

diffuser, an internally insulated 0.20 m (8”) diameter length of pipe containing the

DOC monolith (shaded region), and an outlet nozzle (the construction of the DOC

is further explained in Section 3.5.

The exhaust flow from the outlet nozzle is exhausted via a 1 m (3.25’) length

of 0.05 m (2”) straight pipe and leads to a section of 0.06 m (2.5”) flex pipe. The

flex pipe connected to a muffler before exhausting to a central exhaust system. It is

known that both the diffuser angle, θDiffuser, and nozzle angle, θNozzle, affect the flow of

exhaust gases into the monolith and result in a change in the pressure drop across the

DOC. An increase in the diffuser angle results in more exhaust passing through the

central core of the DOC [Hayes et al., 2012; Kline and Johnston, 1986]. The impact

of the diffuser and nozzle angles on pressure drop is not explored in this study and

the angles are kept constant.
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Figure 3.8: DOC dimensions with monolith represented by the shaded area

3.5 Diesel Oxidation Catalyst

The DOC is composed of an 0.20 m (8”) diameter stainless steel pipe with the mono-

lith located inside. The monolith is composed of a ceramic substrate constructed

of square cells in a honeycomb like manner (channels running longitudinally with

the flow) and a cell density of 0.62 cells/mm2 (400 cpsi). Figure 3.9 illustrates the

DOC assembly with a layer of Pyrotek expanding insulation between the monolith

and pipe, 8 mm in thickness, which both reduces the energy lost from the DOC and

ensures the monolith remains centered inside the DOC.

Four monoliths are used for testing with similar construction with the exception

that three of the monoliths contain an insulation ring, each of a different diameter.

The insulation ring is a ceramic material injected into the square channels of the

monolith creating a ring approximately 5 mm in thickness. The diameters of the

insulation rings are specified in Table 3.2 and Figure 3.9 illustrates the location of

the insulation ring.

A typical automotive DOC will contain a catalyst applied to the monolith by
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Figure 3.9: Structure of the DOC (shown in cross section)

Table 3.2: Inside and outside diameters of monolith insulation rings

DOC Description ID (mm) OD (mm)
1 No Insulation Ring N/A N/A
2 Small Insulation Ring 41 ± 2 46 ± 2
3 Medium Insulation Ring 70 ± 2 75 ± 2
4 Large Insulation Ring 99 ± 2 104 ± 2

submersing the monolith in a liquid containing the catalyst, known as the washcoat,

which is then cured onto the monolith. None of the four monolith have had a washcoat

applied as the flow characteristics through the monolith are the parameters of interest

and not the reaction kinetics, therefore no active catalyst is present. The DOC

construction (without diffuser/nozzle) is shown in Figure 3.9.

3.6 Sensors

Exhaust composition is determined using NOxCANt ECM sensors, shown in Fig-

ure 3.10a, and includes a NOx sensor, NH3 sensor, and O2 sensor. The sensors are

located 0.30 m, 0.35 m, and 0.40 m upstream of the entrance to the diffuser, respec-

tively. The ECM sensors are connected via an ECM CAN line, shown in Figure 3.10b,

to the computer for data collection using Kvaser Leaf Light HS.
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(a) ECM Sensors (b) ECM DAQ Boxes

Figure 3.10: ECM sensors for NOx, NH3, and %O2

Engine data is collected using a Cummins INLINE 6 Data Link Adapter, shown

in Figure 3.11, allowing the computer to access the stock engine control module and

download the engine parameters in real time to the computer. Data is collected using

INLINE 6, commercial software distributed by Cummins.

Figure 3.11: INLINE 6 Data Link Adapter from Cummins

The thermocouple used are OMEGA 20G K-Type thermocouples and are con-

nected to a NI9213 analog input module and read by the computer using LabVIEW.

Eleven thermocouples are located at known radial locations across the downstream

side of the monolith, as shown in Figure 3.12. The radial distance of each ther-

mocouple is the same for all of the transient tests (outlined in Table 3.3) allowing

comparison of the heating characteristics for each of the 4 DOC configurations tested

(see Section 3.5) . Locations of the thermocouples are placed directly on either side
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of the insulation as well as midway between the insulation rings (if they were to all be

superimposed onto the same monolith). There are also three thermocouples located

in the exhaust piping; one thermocouple is located immediately downstream of the

exhaust manifold, one 0.15 m upstream of the entrance to the diffuser, and one 0.15 m

downstream of the exit to the diffuser, as shown in Figure 3.13.

Figure 3.12: Locations of thermocouples in the monolith (shown in cross section)

Table 3.3: Radial location of thermocouples in monolith

Radial Location
Thermocouple (mm)

1 0
2 18
3 22
4 28
5 34
6 40
7 43
8 47
9 53
10 71
11 90
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The differential pressure sensor is a stock automotive pressure sensor with a linear

relationship between the voltage output and a change in pressure. The pressure taps

are located 0.15 m upstream and downstream of the DOC, as shown in Figure 3.13.

The pressure sensor is calibrated to give the following relationship between the output

voltage, V out, (in Volts) and the differential pressure, ΔP, (in kPa),

ΔP = 2.7185V out − 6.9283 (3.2)

The output voltage from the pressure sensor is collected via a NI9205 analog input

module and collected by a computer using the commercial software LabVIEW. The

sampling rate for all of the variables was set to 1 Hz as the time constant of the DOC

temperature is much longer than 1 Hz allowing the dynamic response of the DOC to

be easily captured.

Figure 3.13: Exhaust setup showing the sensors and data acquisition equipment

3.7 Operating Points

Engine operating points were selected to span the engines operating range by varying

both the speed and load. The operating points are outlined in Table 3.4. Engine speed
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Figure 3.14: DAQ Box used for the thermocouples and pressure sensor

was controlled using the stock engine controller while a back torque was applied via

the dynamometer in torque mode. Uncertainty in the engine speed is a product of the

engine controllers response to internal changes in conditions and the inability to select

a precise engine speed as speed input into the stock engine controller is only allowed

in 10 rpm increments, giving the ability to only select an engine speed to within

± 10 rpm of the desired speed. Uncertainty in the dynamometer torque is assumed

to be ± 1.36 Nm (1 ft-lbs) as the dynamometer is highly responsive to disturbances

in loading and testing is being done at with the engine operating at steady state.

3.8 Post Processing and Output Calculations

In this section, details of how the measured data are post processed are given. Some

of the parameters can be calculated directly from the data while others are estimated

using iterative methods.
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Table 3.4: Experimental operating points (± is based on maximum deviation)

Point Engine Speed (rpm) Dyno Torque (ft-lbs) Exhaust Flow (g/s)
1 1000 ± 18 50 ± 1 32.1 ± 2.5
2 1000 ± 50 100 ± 1 32.8 ± 3.9
3 1500 ± 13 50 ± 1 53.9 ± 9.3
4 1500 ± 12 100 ± 1 59.0 ± 9.2
5 1500 ± 13 200 ± 1 79.5 ± 20.6
6 2000 ± 4 450 ± 1 114.5 ± 18.0
7 2000 ± 24 50 ± 1 89.5 ± 4.8
8 2000 ± 5 100 ± 1 106.3 ± 18.9
9 2000 ± 24 200 ± 1 157.3 ± 45.5
10 1950 ± 235 450 ± 1 176.0 ± 25.5
11 2500 ± 18 50 ± 1 136.1 ± 13.9
12 2500 ± 14 100 ± 1 179.8 ± 34.0
13 2500 ± 12 200 ± 1 209.7 ± 9.2
14 2500 ± 32 275 ± 1 207.0 ± 8.9

3.8.1 Intake Air Mass Flow Rate

The mass flow of air into the engine is estimated from the measured volumetric flow

of air into the engine (as measured by the HFM sensor). The mass flow rate of air

can be used to determine an estimate of the engine fuel consumption and exhaust

mass flow rate. Measuring the exhaust flow rate directly is difficult as the exhaust

gas temperatures are high and the presence of contaminants easily fouls sensors.

To determine the mass flow rate of air into the engine, the density of the air at

the HFM sensor, ρ2, is needed and can be determined by iterating between the ideal

gas law and the Bernoulli equation, rearranged to give,

ρ2 = ρ1
P2

P1

T1

T2

(3.3)

ρ2 =
2(P1 − P2)

V2
2 (3.4)
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where P1, T1, and ρ1 are the atmospheric air pressure, temperature, and den-

sity,respectively, and P2, T2, and ρ2 are the air pressure, temperature, and density,

respectively, at the HFM sensor inside the air intake. The velocity of air at the HFM

sensor, V2, is calculated using the volumetric flow rate and cross-sectional area. The

form of the Bernoulli equation assumes incompressible flow and as the velocity of the

air at the HFM sensor is less than 1/10th the speed of sound, the error introduced

is known to be small [Yunus and Cimbala, 2006]. The atmospheric pressure, P1, and

temperature, T1 are measured at the beginning of each test and the temperature in

the intake was assumed to be the same as the atmospheric temperature, as expan-

sion effects are assumed to be minimal. The velocity of air into the intake, V1, is

approximated to be zero (large reservoir assumption).

3.8.2 Exhaust Mass Flow Rate

The mass flow rate of exhaust was estimated using the sum of the intake air mass

flow rate and the mass flow rate of fuel into the engine. The flow rate of exhaust is

difficult to measure directly as the conditions in the exhaust are not conducive to mass

flow sensors since the exhaust contains large amounts of particulate, which rapidly

foul the sensor, and the high temperature which affect the material properties of the

sensor. The mass flow rate of fuel into the engine can be be estimated by using the

intake air mass flow rate and finding the difference in oxygen concentration between

the exhaust and atmosphere.

The exhaust oxygen concentration is measured by the ECM sensors, located in the

exhaust pipe just upstream of the DOC, while the atmospheric oxygen concentration

is assumed to be 20%. Furthermore, combustion is assumed to be stoichiometric and

the fuel is assumed to be composed solely C12H23. The mass flow rate of the exhaust

is then estimated by,
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ṁexhaust = ṁair,in

[
1 +

(
YO2,in

− YO2,exhaust

)(
17.75

molO2

molC12H23

)
MO2

MC12H23

]
(3.5)

where YO2,in is the molar atmospheric oxygen concentration, YO2,exhaust is the molar

exhaust oxygen concentration, 17.75 molO2/molC12H23 is the molar ratio of oxygen to

fuel in stoichiometric combustion of C12H23.

Many assumptions were made in determining the mass flow rate of exhaust and

to validate the results of the calculation, an engine test was performed measuring the

intake air flow rate via the HFM sensor while the mass flow rate of fuel was measured

by placing the fuel tank on a scale and measuring its weight over time. Figure 3.15

illustrates the mass flow rates of fuel and air, showing that the mass flow rate of air

into the engine is one to two orders of magnitude larger, depending on the operating

point, suggesting that error introduced into the calculation of the mass flow rate of

fuel is small compared to the overall mass flow rate of exhaust. Furthermore, as the

fuel consumption is nearly identical between each of the four DOC configurations

for a given operating point, the error introduced will be similar allowing comparison

between the DOC configurations.

3.9 Engine Facility Setup

This section details additions to the engine facility that will be used for future exper-

imental testing.

3.9.1 Ammonia Injection

An ammonia injection system was added to the Diesel exhaust setup for future SCR

catalyst testing and ammonia sensor testing. The setup consist of a reservoir contain-

ing 30% aqueous ammonia (although any concentration could be used). Compressed
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Figure 3.15: Comparison of engine fuel and air consumption

air flows into the bottom of the reservoir and flows upwards through the aqueous

ammonia. Desorption of ammonia from the water to the air stream results in an in-

crease in gaseous ammonia. The flow of air and ammonia is then exhausted from the

reservoir to the Diesel exhaust stream. Figure 3.16 illustrates the ammonia injection

system setup.

To confirm the sufficiency of the ammonia injection system, a series of tests were

performed to determine the ability of the ammonia injection system to reach suffi-

ciently high levels of ammonia in the exhaust stream. Figure 3.17 shows the ammonia

concentration in the exhaust stream as measured by the ECM NH3 sensor (see Sec-

tion 3.6). The test was performed with a flow rate of 207 ± 9 g/s, corresponding to

an engine operating point of 2500 rpm and 373 Nm (275 ft-lbs). The initial volume

of 30% aqueous ammonia in the reservoir was 278 mL and compressed air was used

in place of nitrogen.
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Figure 3.16: Schematic of the ammonia injection system

Figure 3.17: Ammonia concentration in the exhaust stream

Figure 3.17 illustrates that the ammonia injection system is easily capable of

delivering the required 300 ppm of ammonia to the exhaust stream. With the addition

of a controller, using the ammonia concentration in the exhaust as the reference and

the nitrogen regulator regulating the flow into the reservoir, as the actuator.
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Chapter 4

Simulation Setup

This Chapter details the setup used to simulate the flow through the Diesel Oxidation

Catalyst using ANSYS software Fluent 16.2

4.1 Simulation Setup

ANSYS Fluent 16.2 was used to simulate the flow of exhaust gas through the DOC

and the heat transfer from the system using a two-dimensional axisymmetic model.

The DOC was modeled and meshed using ANSYS ICEM CFD. The monolith is

composed of square channels approximately 0.81 mm2 seperated by cordierite walls

approximately 1 mm in thickness. To simplify the model, the exhaust flow through

the DOC is assumed to be:

• a variable density ideal gas

• incompressible for the purpose of flow modeling

• steady state such that flow pulsations are ignored

• premixed such that diffusion is ignored
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4.2 Geometry and Meshing

The geometry of the model is shown in Figures 4.1 and 4.2 with dimensions listed in

Table 4.1. All four of the DOC insulation rings were combined into a single model,

leaving only the boundary conditions to be altered to give each of the different models.

This ensured an identical mesh for each of the four simulations.

Table 4.1: Dimensions of DOC as illustrated in Figures 4.1 and 4.2

Dimension Length (mm)
A 225
B 75
C 105
D 75
E 220
F 35
G 20
H 95
I 20
J 3
K 12
L 3
M 12
N 3
O 37
P 5

Figure 4.1: Axisymmetric model used for numerical model of DOC
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Figure 4.2: Detailed geometry of porous zone (see Figure 4.1)

The geometry is broken into a series of blocks for meshing. Along the horizontal

axis the mesh is broken into five blocks, corresponding to each of the regions labelled

A through E in Figure 4.1. Along the vertical axis the mesh is broken into eight

blocks corresponding to each of the regions labelled I through P in Figure 4.2. The

mesh is sized to obtain a maximum mesh sizing of 0.5 mm within the monolith of the

DOC (region C) while the mesh inside the inlet and outlet pipe (regions A and E) is

sized proportionally to the monolith and ensures that the elements remain the same

size regardless of the vertical location, resulting in elements that are evenly spaced

along both the vertical and horizontal axes. The mesh sizes are outlined in Table 4.2.

4.2.1 Material Properties

The material properties for each of the components of the DOC are listed in Table 4.3.

As the material properties are not known accurately, they were adjusted slightly to

improve the fit between the numerical analysis and experimental results. The shell

of the DOC is constructed from 1/32” stainless steel (SS310), the insulation between

the shell and monolith is 3/16” Pyrotek R© IR-3, the monolith is cordierite, and the

insulation ring is created by injecting ceramic into the channels of the monolith.
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Figure 4.3: DOC meshing using ANSYS ICEM to create structured mesh

Table 4.2: Mesh sizing by component

Dimension Nodes Max Mesh Size (mm) Min Mesh Size
A 751 0.30 0.30
B 164 0.49 0.30
C 211 0.51 0.51
D 164 0.48 0.29
E 734 0.30 0.30
I 41 0.50 0.19
J 7 0.50 0.19
K 25 0.50 0.18
L 7 0.50 0.18
M 25 0.50 0.18
N 7 0.50 0.18
O 75 0.50 0.19
P 11 0.50 0.18

4.3 Heat Transfer

The heat transfer from the DOC to the surroundings was modeled using a natural

convection model. The wall was constructed of stainless steel (SS310), an overall heat

transfer coefficient of 15 W/(m-K) was used along with a free stream temperature of

305 K. Radiation from the DOC was ignored as it was assumed to be small.
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Table 4.3: DOC material properties

Material Density Specific Heat Thermal Conductivity Viscosity
(kg/m3) (J/(kg-K)) (W/(m-K)) (kg/(m-s))

Exhaust 0.650 1050 0.06 3.00E-05
SS310 7750 520 18 N/A
Pyrotek 115 900 0.15 N/A
Ceramic 480 1200 0.2 N/A
Cordierite 2300 850 1.8 N/A

4.4 Turbulence

A SST k-omega turbulence model with production limiter was used to model the

flow through the system. The recommended Fluent model constants were used in the

simulation and are listed in Table 4.4.

Table 4.4: SST k-omega turbulent flow parameters

Constant Value
α∗∞ 1.0
α∞ 0.52
β∗

∞ 0.09
a1 0.31
βi,1 0.075
βi,2 0.0828
σk,1 1.176
σk,2 1.0
σω,1 2.0
σω,2 1.168
Prt 0.85
Prθ 0.85
Clim 10.0

The inlet turbulence levels were specified using an inlet and outlet turbulent in-

tensity of 5% with backflow hydraulic diameters of 70 mm and 40 mm, based on the

actual diameters of the inlet and outlet, respectively.
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4.5 Porous Zone

To model the flow through the monolith, a porous model is used in Fluent by in-

cluding a source term in the momentum equation [Mladenov et al., 2010; ANSYS,

Inc., 2006]. The equation used by Fluent is the Forcheimer modified formulation of

Darcy’s equation, given by Equation 2.20. Because the flow through the monolith

is assumed to be laminar, the inertial resistance factor is set to zero. The method

used to estimate the viscous resistance factor is explained in Section 4.6. To impose

unidirectional flow in the monolith, the viscous resistance factor in the radial direc-

tion is set to a minimum of three orders of magnitude larger than the axial direction

[Karvounis and Assanis, 1993].

The heat transfer in the monolith is calculated using a homogeneous energy model.

The homogeneous model uses the effective thermal conductivity, keff, which is calcu-

lated automatically by the software for a homogeneous porous region by,

keff = εkf + (1− ε)ks (4.1)

where ε is the porosity and can be found to be 0.75 for a cordierite monolith [Hayes

et al., 2009], kf is the thermal conductivity of the fluid and ks is the thermal conduc-

tivity of the solid. As the monolith is not a homogeneous porous region, the effective

thermal conductivity can be calculated using [Hayes et al., 2009],

keff =

[
1−√

ε+

√
ε

1−√
ε+ (ks/kf)

√
ε

]
ks (4.2)

and the required thermal conductivity of the solid can be solved for using Equation 4.1

to give the required keff when inputed into the homogeneous model.
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4.6 Viscous Resistance Factors

The Fluent User’s Guide [ANSYS, Inc., 2006] provides a empirical means of deter-

mining the inertial and viscous resistance terms using the pressure drop as a function

of fluid velocity obtained from experimental data. The velocity of the fluid through

the monolith, 	v is plotted as a function of the pressure drop across the monolith,

ΔP . Figure 4.4 shows the trend between the exhaust velocity with the pressure drop.

Fitting the data with a second order polynomial gives ΔP = 311v2 + 134v.

Figure 4.4: Trend used to calculate the inertial and viscous resistance factors

The pressure drop can be related to the source term by simplifying the momentum

equation to yield [ANSYS, Inc., 2006],

ΔP = −S · L = −
(
μ

α
+

ρC2|	v|
2

)
	v · L

By comparing ΔP = 311v2+134v to Equation 2.21, one can see that the viscous and
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inertial resistance terms can be calculated by observing the following relationships

[ANSYS, Inc., 2006],

134v =
μ

α
vL (4.3)

311v2 =
ρC2

2
v2L (4.4)

however it is typically assumed that the inertial resistance factor should be zero (see

Section 2.5.4). Because the experimental results include the pressure drop due to

turbulence in the inlet diffuser and outlet nozzle, and viscous effects from the inlet

and outlet pipes, the inertial resistance factor won’t be zero as the flow is not strictly

laminar in these sections. To correct for the location of the pressure differential

sensors, pressure drop data was collected for the DOC with no monolith with the

results being subtracted from the DOC containing a monolith. Figure 4.5 shows

the results of subtracting the two pressure drop results and indicates a linear trend

between the fluid velocity and pressure drop.

The linear trend between the fluid velocity and pressure drop suggests that the

assumption of negligible inertial resistance in the monolith is valid. Because the

removal of the monolith has a greater effect on the system then just removing the

viscous resistance due to the monolith, the results are not exact but provide an

estimate. Using Equation 2.21 and setting the inertial resistance factor to zero, the

viscous resistance can be found to be 2.2(10)8m−2. Using this value for the viscous

resistance, the numerical analysis returns a pressure drop of 24.6 kPa, larger than

the experimental pressure drop of approximately 12.4 ± 0.4 kPa, giving a relative

difference between the experimental simulation pressure differential of 50%.

The pressure drop across the monolith can be calculated using Poisseuille’s law,
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Figure 4.5: Trend used to calculate the viscous resistance factor

Equation 2.19. Combining Equation 2.19 and Equation 2.21 and using the average

velocity of exhaust passing through the monolith, the viscous resistance factor can be

found to be 2.2(10)7m−2. This value for the viscous resistance factor gives a differen-

tial pressure across the DOC of 18.9 kPa compared to the experimental differential

pressure of 12.4 ± 0.4 kPa. A relative difference of 34% between the simulation and

experimental pressure differential is much larger than desired however attempts to

increase the accuracy of the pressure drop resulted in abnormal flows through the

DOC and negatively affected the temperature profile.

The difference in pressure drop between the numerical model and the experimental

results can be attributed to the complex flows in the inlet diffuser not being accurately

captured by the numerical model. Furthermore, the monolith is being approximated

as a porous region and this approximation is likely to introduce error that could

reduce the accuracy of the model. To increase the accuracy of the model, more

complex models need to be employed to determine the flow characteristics through
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the square channels of the monolith.

4.7 Mesh Dependency

To validate the results of the numerical analysis, a mesh dependency was performed

to ensure that the mesh size was sufficiently fine so as to not introduce any significant

error. The pressure differential across the DOC was found at increasing degrees of

freedoms. Figure 4.6 illustrates that the solution converges when the number of

elements exceeds 50000.

Figure 4.6: Mesh dependency results showing convergence of the solution

This model will be using in Chapter 6 to predict the steady state pressure drop

across the DOC, the steady state temperature profile of the monolith, and the tran-

sient temperature response of the monolith. The results will be compared to the

experimental results to validate the model and to provide further evidence to support

the experimental results.
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Chapter 5

Experimental Flow Characterization

This Chapter details the flow characteristics through the Diesel Oxidation Catalyst

and the temperature characteristics of the Diesel Oxidation Catalyst during heating

and cooling.

5.1 Steady State Pressure Drop

Engine tests were carried out to determine what effect adding an insulation ring to

the monolith of the DOC would have on the overall pressure drop and the radial

temperature profile. It is hypothesized that the insulation ring decreases the pressure

drop by reducing the turbulence in the inlet diffuser and outlet nozzle while main-

taining a higher temperature in the monolith leading to faster light-off. The greatest

reduction in pressure drop is expected for the insulation ring diameter similar to the

inlet diameter of the diffuser which aids in maintaining a jet passing through the

central portion of the DOC and limiting the turbulence in the inlet diffuser. The

pressure drop across the DOC is measured for each of the four DOCs described in

Section 3.5 and at each of the operating points listed in Section 3.7.

Steady state operation is achieved when the exhaust temperature downstream of

the DOC reaches a constant value ±1◦C. The differential pressure across the DOC is

sampled at 1 Hz with the pressure drop calculated as the mean over the subsequent
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10 seconds. Each test is repeated six times for each of the 14 operating points and for

each of the four DOCs. Since the engine speed can not be precisely controlled and the

stock engine controller makes continuous adjustments, the pressure drop is plotted as

a function of the exhaust volumetric flow rate. The uncertainty in the pressure drop

and flow rate are calculated using a t-distribution with a 95% confidence interval.

Figure 5.1: Pressure drop for each of the four DOCs connected to the Diesel engine

Figure 5.1 indicates that any effect the insulation ring may have on the overall

pressure drop across the DOC is too small to be statistically significant. Pulsations

in the exhaust flow, created by the opening and closing of the exhaust valves and con-

tinuous changes made by the stock engine controller mask any differences in pressure

drop between the various insulation ring sizes.

To eliminate the instabilities caused by the engine, a blower was connected in

place of the Diesel engine. A pitot tube is installed upstream of the DOC to measure

the flow rate of air and the blower is operated at a constant flow rate of 215 ± 4 cfm.

Each of the four insulation rings were tested to determine whether the cold flow tests

using the blower would demonstrate any difference in pressure drop.
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The effect of the insulation ring on the pressure drop across the DOC for the blower

tests is shown in Figure 5.2. Any difference in pressure drop between the various sizes

of insulation ring in the DOC is smaller than the uncertainty in the pressure drop.

The effect of the insulation ring on the pressure drop remains inconclusive as neither

the engine nor blower tests indicated any statistically significant difference in pressure

drop.

Figure 5.2: Cold flow pressure drop results for each of the four DOCs

5.2 Steady State Temperature Profile

The temperature profile across the DOC is obtained by inserting thermocouples into

the exhaust downstream of the DOC and feeding them upwards into the monolith

to a depth of approximately 1 cm, at known radial locations in the monolith (see

Section 3.6. The tests were performed for each of the 14 operating points and each

of the four DOCs.

Figure 5.3 shows that the radial temperature profile during steady state operation

is symmetric with the highest temperatures towards the centre of the DOC and lowest

temperatures along the exterior wall of the DOC as expected. Figure 6.3d indicates
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that the temperature around the centre of the DOC with the large insulation ring

tends to plateau rather then having a defined peak, suggesting that the insulation

ring acts to retain energy at the centre of the DOC.

(a) No Insulation Ring

(b) Small Ring at r = 20.5-23 mm
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(c) Medium Ring at r = 32.5-35 mm

(d) Large Ring at r = 49.5-52 mm

Figure 5.3: Radial temperature profile of the downstream side of the DOC monolith

The maximum temperature achieved by the DOC during steady state testing is

shown in Figure 5.4. Each of the four DOCs containing different sized insulation rings
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show no noticeable difference in maximum temperature at any of the 14 operating

points.
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Figure 5.4: Maximum DOC temperature at steady state

The results from the steady state tests indicate the temperature in the DOC

demonstrates a symmetrical pattern about the centre of the DOC. Transient temper-

ature tests are reliant on the symmetry of the temperature profile as the thermocou-

ples were located solely on one half of the DOC to maximize the points at which the

temperature is measured as the number of thermocouples that can be inserted into

the DOC is limited.
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5.3 Transient Temperature Profile

The temperature profile of each of the four DOCs is recorded as a function of time

for each of the 14 operating points. The temperature of the DOC is recorded on the

downstream side of the monolith at 11 radial locations, located along one half of the

DOC. The thermocouples are inserted approximately 1 cm into the monolith at known

radial locations, as described in Section 3.6, so that the thermocouple’s locations are

the same for all of the tests. The steady state tests in Section 6.1.4 indicated that

the temperature profile is symmetric and it is assumed that a symmetric profile will

occur for the transient tests, allowing all thermocouples to be placed on one half of

the DOC.
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(b) Small Ring at r = 20.5-23 mm
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Figure 5.5: Radial temperature profile of monolith at 1500 rpm and 50 ft-lbs (68 Nm)

The temperature profile in Figure 5.5a demonstrates the expected heating trend

of the monolith with the thermocouple at the centre of the monolith heating fastest

and reaching the highest steady state temperature. The greater the radial distance

from the centre of the monolith the slower the heating and the lower the steady state

temperature.

The DOCs containing an insulation ring show a different heating profile and the

thermocouples located directly adjacent to the insulation ring showing the greatest

difference. The thermocouples located directly next to the insulation ring show a

slower rate of heating as shown in Figures 5.5b through 5.5d and Table 5.1 lists the

thermocouples that are located adjacent to the insulation ring. Despite the slower

rate of heating for the thermocouples adjacent to the insulation ring, the steady state

temperature remains the same as if there were no insulation ring.

The decreased rate of heating is further demonstrated in Figure 5.6. Figure 5.6a
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Table 5.1: List of thermocouples located next to the insulation ring

DOC Configuration Thermocouple
Small Insulation Ring (Figure 5.3b) 2 and 3
Medium Insulation Ring (Figure 5.3c) 5 and 6
Large Insulation Ring (Figure 6.3d) 9 and 10

shows that the rate of DOC heating does not decrease uniformly from the centre of

the DOC to the wall of the DOC but rather the rate of heating occurs fastest at

the centre of the DOC and approximately 30 mm from the centre of the DOC. This

suggests that there is a larger flow rate of exhaust passing through these two locations

of the DOC and increasing the amount of available energy. The increased flow rate at

approximately 30 mm corresponds to the inlet diameter of the diffuser and is likely a

result of the turbulent flow into the monolith.
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(b) Small Ring at r = 20.5-23 mm
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68

0 20 40 60 80

Radial Position (mm)

275

300

325

350

375

400

425

450

T
em

pe
ra

tu
re

 (
K

)

t=50
t=45
t=40
t=35
t=30
t=25
t=20
t=15
t=10
t=5
t=1

(d) Large Ring at r = 49.5-52 mm

Figure 5.6: Radial temperature profile of DOC during heat up for 50 seconds

5.4 DOC Energy Absorption

To determine the effect of the insulation ring on the energy absorbed by the DOC,

the energy absorbed by each of the four DOCs was found for each of the 14 operating

points. The energy absorbed by the DOC, Ė, is given by,

E =

∫ t

0

Cp(T )ṁΔTdt (5.1)

where Cp(T ) is the temperature dependent specific heat capacity of the exhaust, ṁ

is the mass flow rate of exhaust through the DOC, ΔT is the temperature difference

between the exhaust measured upstream and downstream of the DOC, and t is the

time. For a discrete system, the energy absorbed can be calculated by,
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E =
t∑
0

Cp(T )ṁΔTΔt (5.2)

where Δt is the sampling step size. The specific heat capacity of the exhaust is

approximated using the specific heat of air and calculated using the following [Cengel

and Boles, 2011],

Cp(T ) = a+ bT + cT 2 + dT 3 (kJ/(kmol-K)) (5.3)

where the coefficients in Equation 5.3 are given as [Cengel and Boles, 2011]:

Table 5.2: Coefficients used to calculate Cp(T )

Coefficient Value
a 28.11
b 0.1967(10)−2

c 0.4802(10)−5

d −1.966(10)−9

Energy transfer from the DOC to the surroundings is calculated by determining

the rate of energy absorption by the DOC at steady state since the energy absorbed

by the DOC at steady state is equal to the energy lost to the surroundings. To

calculate the energy transfer to the surroundings during the transient phase, a linear

interpolation is used to give an approximate rate of energy transfer. Because the rate

of energy transfer to the surroundings is not linear with temperature, some degree

of error is introduced, but because the rate of heating is approximately the same for

each of the four DOCs for the same operating point, the relative difference between

the DOCs can be compared.
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(b) Small Ring at r = 20.5-23 mm
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(c) Medium Ring at r = 32.5-35 mm
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Figure 5.7: Energy absorption of the four DOCs
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The cumulative energy absorbed by each of the four DOC configurations and the

cumulative estimate of energy lost to the surroundings is shown in Figure 5.7. The

energy absorbed by the DOC at steady state is linear as the energy transferred to

the surroundings remains constant for a constant temperature differential. Figure 5.8

shows the energy absorbed by each of the four DOC configurations for each of the 14

operating points. The DOC containing no insulation ring absorbs less energy than

the three DOC configurations containing insulation rings. This is expected as the

insulation ring increases the overall mass of the DOC and subsequently the overall

heat capacity of the DOC.
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Figure 5.8: Energy absorbed by DOC from cold start to steady state

Figure 5.4 shows the maximum temperature achieved by each of the four DOC

configurations at each of the 14 operating points. Each of the four DOC configurations

show no significant difference at any of the operating points. This is expected since the

maximum temperature of the DOC is a product of the exhaust temperature, however

the total energy absorbed by the DOC and the time required to reach the maximum

temperature are both expected to increase with the addition of the insulation ring.
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Figure 5.9a indicates that the time to reach 95% of the steady state temperature

is greater for the three DOC configurations containing an insulation ring. Further-

more, Figures 5.9b through 5.9d illustrate that the time required to reach 85%, 75%,

and 50% the steady state temperature are even greater for the DOC configurations

containing insulation rings. The delay in heating of the DOC is likely to negatively

affect the light-off characteristics of the DOC.
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(a) Time required for DOC to reach 95% of steady state temperature
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(b) Time required for DOC to reach 85% of steady state temperature
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(c) Time required for DOC to reach 75% of steady state temperature
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(d) Time required for DOC to reach 50% of steady state temperature

Figure 5.9: Comparison of the heat up time of the DOC

Increasing the time to reach light-off increases the amount of NOx, CO, and HC

being emitted to the atmosphere during cold start. However, it is hypothesized that

the insulation ring tends to direct greater amounts of the exhaust flow through the

central region of the DOC increasing the rate of heating for the core of the DOC.

This in turn decreases the time required to reach light-off as the majority of the

emissions will be converted in the central portion of the DOC with only a fraction of

the exhaust passing through the radial portions of the DOC. This effect needs to be

further explored to fully determine whether the insulation ring increases or decreases

the time required to achieve light-off using a monolith with a washcoat and active

catalyst.
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5.5 Experimental Limitations

The experimental setup demonstrated a number of drawbacks that limited the conclu-

sions that could be formed and will be outlined for future work along with suggested

changes. By improving the current experimental setup, future work will be able to

draw more definitive conclusions.

The exhaust bypass described in Section 3.4 allows the engine to be warmed to

steady state without heating the DOC. When the engine reaches steady state the

exhaust valve to the DOC can be opened and the bypass closed. The intended

purpose is to creating a step input in the exhaust gas temperature passing through

the DOC. The valves were only partially capable of isolating heat transfer to the DOC

as under high temperatures (600 K) and high exhaust flow rates (200 g/s) the valves

would not seal completely. Although this had little effect on steady state testing, the

uncertainty in the transient test results was adversely affected. Valves used for the

exhaust bypass should be intended for high temperature application but also be able

to handle large variations in temperature (300 K to 600 K).

Pulsations in the exhaust gas occurring due to the opening and closing of the

exhaust valves and automatic changes made by the stock engine controller increases

the uncertainty in the exhaust gas flow rate. In order to reduce the pulsations it has

been suggested that multiple blank catalysts can be used upstream to dampen the

pulsations or a hot flow bench with a constant flow rate can be used in place of the

engine.
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Chapter 6

Simulation Based Flow Characterization

This Chapter details the results of the numerical analysis to define the flow character-

istics through the Diesel Oxidation Catalyst, including the pressure drop and heating

characteristics. Both steady state and transient numerical models are discussed.

6.1 Steady State Numerical Model

The addition of an insulation ring to the monolith of the DOC is examined to de-

termine if there exists a difference in the overall pressure drop across the DOC and

whether the temperature profile is affected. By reducing the pressure drop across

the DOC the back pressure on the engine can be reduced leading to increased engine

efficiency.

6.1.1 Steady State Setup

The model is setup using an exhaust flow rate of 175 g/s, similar to the exhaust flow

rate from the Cummins QSB4.5 Diesel engine at 1500 rpm and 610 N/m (450 ft-

lbs) (see Section 3.2). The pulsations that occur in the exhaust due to the opening

and closing of the exhaust valves are ignored to simplify the numerical model. The

monolith is modeled as a porous region with axial flow being imposed by setting

the viscous resistance value in the radial direction to a minimum of three orders of
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magnitude larger than the viscous resistance value in the axial direction, as described

in Section 4.

The pressure drop across the DOC is calculated by taking the difference of the

pressure 150 mm upstream of the diffuser inlet to the pressure 150 mm downstream of

the nozzle exit. The locations are similar to the location of the pressure transducers

in the experimental setup (see Section 3.6).

6.1.2 Mass Flow Profile

The mass flow profile in the monolith was calculated using the velocity profile from

the numerical model, the cross-sectional flow area for each of the DOC configurations,

and the exhaust density assuming incompressible flow. Incompressible flow is widely

accepted in modeling of exhaust gases in the DOC as the velocity of the exhaust

gases do not exceed 1/20th of the speed of sound [Ozhan et al., 2014], acoustic waves

have little effect on the overall flow [Chakravarthy et al., 2003], and local pressure

fluctuations do not exceed 1/10th of the absolute pressure [Holmgren et al., 1997].

The velocity profile of the exhaust is shown in Figure 6.1 where the locations of zero

velocity coincide with the locations of the insulation rings.

The velocity profile shows a slight increase in the velocity at the centre of the

monolith, with a pronounced increase for the medium sized insulation ring and a

lesser increase for the small insulation ring. The addition of the medium insulation

ring to the monolith appears to direct larger amounts of exhaust through the centre

of the monolith. The large insulation ring shows little difference to the monolith with

no insulation ring, which is likely a result of being larger in diameter than the jet that

is created in the inlet diffuser (see Section 2.5.3) decreasing its effect on the exhaust

flow through the DOC.



79

Figure 6.1: Velocity profile of exhaust gases passing through the monolith

6.1.3 Pressure Drop

The pressure drop results for each of the four DOC configurations are taken from the

numerical analysis and shown in Figure 6.2. The results indicate that the addition

of an insulation ring to the monolith increases the overall pressure drop across the

DOC. The increase in pressure drop is expected as the insulation ring decreases the

cross-sectional flow area while the overall mass flow rate remains constant. This

leads to an increase in the viscous resistance due to the increase in fluid velocity and

a corresponding increase in pressure drop.

The large insulation ring shows a slightly lower pressure drop than the medium

insulation ring despite the smaller flow area. This is likely due to a lower flow rate

through the channels in the radial portion of the monolith, as shown in Figure 6.1,

further indicating that the diameter of the large insulation ring is larger than the jet

formed in the inlet diffuser limiting its ability to affect the flow.
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Figure 6.2: Pressure drop across the DOC for each of the DOC configurations

6.1.4 Steady State Temperature Profile

The temperature profile was found 1 cm upstream from the downstream face of the

monolith, similar to the location of the thermocouples in the experimental tests,

allowing the results to be easily compared (see Section 3.6). The parameters used in

the numerical analysis are found in Chapter 4.

The steady state temperature profile was plotted along with the experimental

temperature data for the operating point of 1950 rpm and 200 ft-lbs, which produces

an exhaust flow rate of 0.18 ± 0.03 kg/s, similar to the flow rate of 0.175 kg/s used

by the numerical model. Figure 6.3 illustrates the ability of the numerical model to

accurately predict the temperature profile of the monolith.
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(a) No Insulation Ring

(b) Small Ring at r = 20.5-23 mm
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(c) Medium Ring at r = 32.5-35 mm

(d) Large Ring at r = 49.5-52 mm

Figure 6.3: Radial temperature profile of the downstream side of the DOC monolith

Comparing the steady state temperature profiles of the four DOC configurations,

shown in Figure 6.4, it can be seen that the insulation ring increases the temperature

of the monolith 50 to 75 mm from the centre of the monolith without decreasing the

temperature at the centre of the DOC. The higher temperature in the radial portions

of the DOC due to the addition of the insulation ring illustrates the ability of the
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insulation ring to reduce the heat transfer from the DOC. Reducing the heat transfer

from the DOC and maintaining a higher temperature towards the centre of monolith

will help improve the light-off characteristics of the DOC during low load operation

or periods of time when the engine is turned off for short time intervals. With

vehicles automatically stopping the engine whenever the vehicle stops, maintaining

the catalyst above the light-off for longer will decrease the overall emissions produced.

Figure 6.4: Monolith temperature profile for each of the four DOC configurations

6.2 Transient Numerical Model

The heating characteristics of the DOC were examined by developing a numerical

model with a step in the temperature input. This section details the time-dependent

temperature input and the ability of the numerical model to predict the DOC tem-

perature response.

6.2.1 Temperature Input

The setup of the numerical analysis used the same parameters as the steady state

analysis with the exception of the inlet temperature, which was varied using a user-
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defined variable input temperature. The following sigmoidal function was used,

Tinlet =

⎧⎪⎪⎨
⎪⎪⎩
288 K + 300 K 1

1+2.2−t+5 t ≤ 20 s

590 K t > 20 s

(6.1)

where Tinlet is the exhaust inlet temperature in Kelvin and t is the time step in

seconds. The inlet temperature starts at 303 K and increases to 590 K in the first

20 time steps and then remains constant at 590 K for the remaining time steps, as

shown in Figure 6.5, and is compared with the experimental step in inlet temperature

measured just upstream of the DOC for the operating point 1950 rpm and 450 ft-lbs

for a flow rate of 176.0 ± 25.5 g/s (see Section 3.6).

Figure 6.5: Inlet temperature of the exhaust gas used in the numerical analysis

6.2.2 Transient Model Validation

The heating characteristics predicted by the numerical model for each of the four DOC

configurations are shown in Figures 6.6. The heating profile demonstrates that the

DOC undergoes the highest rate of temperature increase at the centre of the monolith

with the rate of heating decaying with increasing radial distance. The insulating ring

reduces the rate of heating adjacent to the ring and shown in Figures 6.6b to 6.6d. The
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decreased rate of heating next to the insulation ring is expected as the flow directly

adjacent to the insulation is reduced (as shown in Figure 6.1) and the thermal capacity

of the ceramic ring is higher than the remainder of the monolith requiring a greater

amount of energy to reach steady state.

The numerical model is generally able to predict the heating characteristics of the

monolith, showing the same steady state temperature and approximately the same

heating profile as the experimental results. The numerical model however underes-

timates the time required for the monolith to reach the steady state temperature,

showing a much faster rate of heating than the experimental data. As the numerical

model shows a similar profile to the experimental data, the discrepancy is likely due

to incorrectly estimating one of the following parameters:

• bulk density of the monolith

• heat capacity of the exhaust

• thermal conductivity of the exhaust

The material properties of the monolith, as listed in Table 4.3, were commonly ac-

cepted values for DOC modeling. Improving the numerical model could be accom-

plished by confirming and correcting the values of the material properties used in the

numerical model.
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(a) No Insulation Ring

(b) Small Ring at r = 20.5-23 mm
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(c) Medium Ring at r = 32.5-35 mm

(d) Large Ring at r = 49.5-52 mm

Figure 6.6: Heating characteristics of the DOC monolith

Overall, the ability of the numerical model to predict the transient temperature of

the monolith is sufficient for a simple model of the DOC. The ability to use commer-

cial software to obtain good results allows for the optimization of the DOC without

requiring each DOC to be tested experimentally.
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6.2.3 DOC Heating Characteristics

The heating characteristics of each of the four DOC configurations is important in

understanding the effect the insulation ring has on the light-off characteristics. The

heating characteristics of the four DOC configurations are shown in Figure 6.7, com-

paring the temperature of each of the four DOC configurations at 5 s, 10 s, 15 s, and

20 s after the beginning of the step in inlet temperature described in Section 6.2.1.

The addition of an insulation ring shows a reduced temperature adjacent to and

within the insulation ring due to the higher heat capacity of the ceramic requiring a

greater amount of time for the insulation ring to reach the same temperature as the

remainder of the monolith. Despite this decrease in temperature it is interesting to

note that the remainder of the monolith heats at a greater rate if an insulation ring

is present, which can be seen in both Figures 6.7b and 6.7c.

An increase in the rate of heating due to the addition of an insulating ring occurs

at both the centre and radial portions of the DOC. The center of the DOC containing

any of the three sizes of insulation ring reaches a temperature of approximately 4 K

higher than the DOC containing no insulation ring after 10 s of heating (shown in

Figure 6.7b) while the radial portion of the DOC reaches a temperature of up to 20 K

higher after 15 s of heating (Figure 6.7c).

The steady state temperature of the DOC is approximately the same with a small

increase in temperature in the radial portion of the DOC, as discussed in Section 6.1.4.

The temperature of the ceramic ring and the channels directly adjacent however

require a much longer time to reach steady state, which is expected due to the higher

heat capacity of the ceramic ring and the decreased flow adjacent to the ceramic ring

as discussed in Section 6.1.2. The overall ability of the insulation ring to reduce the

light-off time of the monolith when both the increase in heating of the centre and

radial portions of the monolith is combined with the decrease in temperature next to
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the ceramic ring are combined needs to be further examined.

(a) t = 5 s

(b) t = 10 s
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(c) t = 15 s

(d) t = 20 s

Figure 6.7: Comparison of the heating characteristics of the four DOC configurations

6.3 Assumptions and Limitations

The numerical model is based on assumptions that allow it to be applied easily. These

simplifications however limit the conditions to which the model can be applied.
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A limiting assumption used in the numerical model is that the material properties

of the DOC and the exhaust gas were considered constant. This decreases the accu-

racy of the transient numerical model where the temperature varies between 300 and

600 K resulting in material properties that can change by up to 30%. As the material

properties were selected for temperatures between 500 and 600 K, it is important to

understand that the results will be adversely affected by error introduced in assuming

constant properties.

The material properties are estimated using data found in the literature and ap-

proximating the exhaust gases from a Diesel engine as air at the desired temperature.

Determining the exact properties of the monolith is difficult as it is constructed of

extruded cordierite for which the material properties can vary depending on the man-

ufacturing conditions.

The model uses a standard k-omega SST turbulence model and assumes that the

flow through the monolith is laminar. The accuracy of the turbulence model in the

inlet diffuser is currently assumed to be sufficient, however the effects of turbulence

have an effect on the pressure drop and temperature profile in the monolith. De-

termining the accuracy of the turbulence model and the validity of the laminar flow

assumption will further add to the accuracy of the numerical model.

Finally, the monolith in the numerical model does not contain a washcoat or active

catalyst. This allows for optimization of the flow through the catalyst by separating

the effects of the geometry from chemical reactions but limits the numerical model.

Furthermore, the chemical reactions have the ability to change the flow characteristics

by increasing or decreasing the pressure drop as the the exhaust chemical composition

changes.
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Chapter 7

Conclusions

Conclusions for experimental and numerical results are presented here along with

recommendations for future work is detailed.

7.1 Pressure Drop

The experimental results were unable to show a statistically significant difference in

pressure drop between the DOC without an insulation ring and the DOC configu-

rations containing an insulation ring. Due to the variability of the results, caused

primarily from the pulsations in the exhaust flow, the uncertainty in the pressure

drop was large while the expected differences are expected to be small, as was shown

with the numerical model which indicated a difference of only 1 kPa.

The numerical model was only able to calculate a pressure drop to within 30%

of the experimental pressure drop. The pressure drop is dependent on the viscous

resistance factor as well as the density and viscosity of the exhaust gas. The viscous

resistance was calculated analytically from Poisseuille’s law and provided the best

estimate of the viscous resistance. Despite a larger pressure drop than the experi-

mental results, the numerical model demonstrated that the addition of an insulation

ring tended to increase the pressure drop and captured the same trend as the exper-

iment. The pressure drop was not directly proportional to the decrease in flow area
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with the large insulation ring showing a lower pressure drop than the medium insu-

lation ring. This is likely due to the lower flow rate through the individual channels

in the radial portions of the monolith.

7.2 Temperature Profile

The steady state temperature profile of the DOC was found experimentally and

showed a symmetrical profile across the monolith. The steady state temperature

showed a decaying temperature profile with the highest temperature found at the

centre of the monolith and the lowest temperature at the wall of the DOC. This is

expected as the highest flow rate of exhaust gases per unit area is expected at the

centre of the monolith and the heat is dissipated at the wall of the DOC. The exper-

imental results indicate that the time required for the monolith to reach its steady

state temperature is increased with the addition of an insulation ring. This has the

potential of increasing the time required by the DOC to reach light-off, increasing the

pollutants emitted.

The numerical model showed a similar profile to the experimental results further

validating the model. The numerical model showed a similar decay in temperature

from the centre of the monolith to the DOC walls, with an increased drop in the

temperature close to the DOC wall. Although the experimental tests indicated that

the addition of an insulation ring increased the time for the DOC to reach steady state,

the numerical model indicated that although true, the increase in time is associated

with the increased time for the ceramic ring to heat to steady state with the remainder

of the monolith heating faster. The benefit of the insulation ring to reducing the time

required for the DOC to reach light-off needs to be determined as there is a decrease

in temperature directly adjacent to the insulation ring which has the potential of

offsetting the benefits.
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The experimental transient temperature profile showed a non-uniform rate of heat-

ing with two maximums between the centre of the monolith and the wall of the DOC.

The first peak was at the centre of the monolith while the second peak was approx-

imately 30 mm from the centre. The second peak corresponds approximately to the

radius of the inlet to the diffuser and is likely the result of flow maldistribution caused

by the inlet diffuser. The addition of the insulation ring results in a drop in heating

rate adjacent to the insulation ring with the temperature recovering as the monolith

reaches steady state.

The transient numerical model showed similarities to the experimental results

apart from the differences in the rate of heating. The rate of heating in the numerical

model was greater than the experimental results showed and is likely the result of

underestimating the bulk density of the monolith or the heat capacity of the exhaust.

7.3 Insulation Ring

Under the current experimental setup, the results showed no statistical difference in

pressure drop between the DOC configurations as the variation in the data associated

with the setup, primarily from pulsations in the exhaust flow, was greater than the

expected difference in pressure drop. The numerical model indicates that the expected

difference in pressure drop between the DOC configurations is approximately 1 kPa,

with the addition of an insulation ring increasing the pressure drop.

The numerical model indicates the ability of the insulation ring to maintain the

heat within the monolith and decrease the time required to reach light-off. The

increased time for the DOC to reach steady state shown in the experimental tests is

shown by the numerical model to be a result of the insulation ring requiring a greater

time to reach steady state. Although the numerical model indicates that the majority

of the monolith heats faster with the addition of an insulation ring, the area directly
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adjacent to the insulation ring shows a slower rate of heating. The combined effect

of the slower heating adjacent to the insulation ring and the increased rate of heating

throughout the remainder of the monolith needs to be determined.

7.4 Future Work

• Testing of the four DOC configurations on an improved experimental setup that

eliminates the pressure fluctuations in the exhaust flow to determine the effect

of adding an insulation ring on the pressure drop.

• Determine whether the insulation ring decreases the time required for the DOC

to reach light-off by measuring the exhaust composition after a step in inlet

temperature downstream of the DOC.

• Investigate the differences between various DOC geometries, including the angle

of the inlet diffuser and outlet nozzle.

• Demonstrate that numerical models of the DOC without an active catalyst is a

valid simplification for DOC flow optimization.

• Improvement of the numerical model to the effects of turbulence in the inlet

diffuser and verification of the laminar flow assumption in the monolith.

• Testing of the DOC with an active catalyst to determine the validity of using

models containing no catalyst to characterize the flow of exhaust gases through

the DOC.
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Appendix A

CFD Background

A description of the differential equations, constants, and solution methods used by

ANSYS Fluent.

A.1 Turbulent Flow

Modeling of the DOC has become an increasingly popular area of research for two rea-

sons: computers have become capable of solving complex flows in reasonable lengths

of time and flow optimization through the DOC is becoming a requirement to meet

emissions regulations. As the maximum velocity in the DOC gives a Mach number

of approximately 0.3, the flow can be considered to be incompressible. Numerical

analysis of the flow involves solving the continuity and momentum equations, given

as (respectively),

∂ui

∂xj

= 0 (A.1)

∂ui

∂t
+ uj

∂ui

∂xj

= −1

ρ

∂p

∂xi

+ ν
∂2ui

∂xj∂xj

(A.2)

Because solving Equation A.2 at every scale is not feasible for most turbulent flows
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with the current processing power of computers, Reynolds averaging is applied to

Equation A.2. This is possible because at the smallest scales, turbulence is con-

sidered to be ergodic rather then deterministic. Through averaging, the smallest

scales can be eliminated without affecting the results of the overall bulk motion of

the fluid. Reynolds averaging of Equation A.2 gives the Reynolds Averaged Navier

Stokes (RANS) equation as [Andersson et al., 2012],

∂ūi

∂t
+ ūj

∂ūi

∂xj

= −1

ρ

∂

∂xj

[
p̄δij + μ

(
∂ūi

∂xj

+
∂ūj

∂xi

)
− ρui

′ui
′
]

(A.3)

where ū is the time-average velocity, u′ is the fluctuating component of the veloc-

ity, μ is the dynamic viscosity, p̄ is the time-average velocity, and δ is the Kronecker

delta [Deissler, 1998]. The Reynolds stresses, given by −ρui
′uj

′, introduces additional

unknowns into the equation leading to the closure problem, a result of having more

unknowns then equations. To find a solution to the problem, the Reynolds stresses

need to be modeled. The most common method to close the equations is through

the Boussinesq hypothesis, which postulates that the terms comprising the Reynolds

stresses are proportional to the mean velocity components [Andersson et al., 2012].

The Boussinesq hypothesis suggest that the Reynolds stresses can be modeled using

turbulent viscosity, as the momentum associated with the turbulence components is

diffusive [Andersson et al., 2012]. The Boussinesq approximation is given by [Ander-

sson et al., 2012],

−ui
′uj

′ = νT

(
∂ūi

∂xj

+
∂ūj

∂xi

)
− 2

3
kTδij (A.4)

where kT is half the trace of the Reynolds stress tensor, kT = 1
2
ui

′uj
′ [Andersson
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et al., 2012]. Finally, the kinematic turbulent viscosity needs to be specified to close

the equations and determine a solution, the two-equation Shear-Stress Transport

(SST) k − ω turbulence model expresses the dynamic turbulent viscosity in terms

of the turbulent kinetic energy, k, and the specific dissipation rate, ω [Warsi, 2005].

Two equation models are able to calculate both k and the length scale of the flows

[Wilcox, 2010]. For the k − ω model, k is computed directly while the length scale

calculates ω which is related to the length scale, l, by ω = k/l2, known as the

vorticity scale [Andersson et al., 2012; Wilcox, 2010]. This gives two-equation models

the advantage of modeling turbulent flows without requiring prior information about

the flow [Wilcox, 2010]. The SST portion of the equation builds from the standard

k− ω model to blend the benefits obtained in using the k− ω model for calculations

close to the wall with the benefits of the k − ε model in the free stream regions

[Andersson et al., 2012]. Effectively, the k−ω model dominates the near-wall regions

while the k − ε model dominates the freestream areas [Andersson et al., 2012]. The

SST k − ω model is given by the following two equations,

∂

∂t
(ρk) +

∂

∂xi

(ρkui) =
∂

∂xj

[(
μ+

μT

σk

)
∂k

∂xj

]
+Gk − Yk + Sk (A.5)

∂

∂t
(ρω) +

∂

∂xi

(ρωui) =
∂

∂xj

[(
μ+

μT

σk

)
∂ω

∂xj

]
+Gω − Yω +Dω + Sω (A.6)

where σk and σω are the turbulent Prantl numbers, μT is the turbulent viscosity, Gk

is the production of turbulent kinetic energy, Gω is the production of the specific

dissipation rate, Yk is the dissipation of turbulent kinetic energy, Yω is the dissipation

of the specific dissipation rate, Dω is the cross-diffusion term, and Sk and Sω are

user-defined source terms.



108

A.1.1 Production of Turbulent Kinetic Energy, Gk

The production of turbulent kinetic energy, Gk, needs to be calculated to satisfy

Equation A.5. The production of Gk can be calculated by the following,

Gk = −ρui
′uj

′∂uj

∂xi

(A.7)

where −ρui
′uj

′ is the Reynolds stresses as discussed in Section A.1. The Boussinesq

hypothesis postulates that the Reynolds stresses are proportional to the mean veloc-

ities and that the transport of momentum is a diffusive process [Andersson et al.,

2012]. Calculating Gk in a manner consistent with the Boussinesq hypothesis gives

the following [Warsi, 2005],

Gk = μtS
2 (A.8)

where S is the modulus of the mean rate-of-strain tensor, defined as,

S ≡ √
2SijSij (A.9)

Sij =
1

2

(
∂uj

∂xi

+
∂ui

∂xj

)
(A.10)

A.1.2 Production of Specific Dissipation Rate, Gω

The production of ω is given by,
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Gω =
α

νt
Gk (A.11)

where α is given by,

α =
α∞
α∗

(
α0 +Ret/Rω

1 +Ret/Rω

)
(A.12)

The variables that make up Equation A.12 are given as,

α∗ = α∗∞

(
α∗

0 +Ret/Rk

1 +Ret/Rk

)
(A.13)

Ret =
ρk

μω
(A.14)

α0
∗ =

βi

3
(A.15)

α∞ = Flα∞,1 + (1− Fl)α∞,2 (A.16)

α∞,1 =
βi,1

β∞
∗ − κ2

σω,1

√
β∞

∗ (A.17)

α∞,2 =
βi,1

β∞
∗ − κ2

σω,2

√
β∞

∗ (A.18)

where Rk = 6, βi = 0.072, κ = 0.41, σω,1 = 2, σω,2 = 1.168, β∞,1 = 0.075, β∞,2 =

0.0828, and β∞
∗ = 0.09.

A.1.3 Dissipation of Turbulent Kinetic Energy, Yk

The dissipation of turbulent kinetic energy, Yk, is calculated by



110

Yk = ρβ∗kω (A.19)

where,

β∗ = βi
∗[1 + ζ∗F (Mt)] (A.20)

βi
∗ = β∞

∗
(
4/15 + (Ret/Rβ)

4

1 + (Ret/Rβ)4

)
(A.21)

where ζ∗ = 1.5, Rβ = 8, β∞
∗ = 0.09, and F (Mt) is the compressibility function and

is discussed in Section A.1.6.

A.1.4 Dissipation of Specific Dissipation Rate, Yω

The dissipation of specific dissipation rate, ω, is calculated by,

Yω = ρβω2 (A.22)

where,
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β = βi

[
1− β∗

i

βi

ζ∗F (Mt)

]
(A.23)

βi = Flβi,1 + (1− Fl)βi,2 (A.24)

Fl = tanh(φ4
l ) (A.25)

φl = min

[
max

( √
k

0.09ωy
,
500μ

ρy2ω

)
,

4ρk

σω,2Dω
+y2

]
(A.26)

Dω
+ = max

[
2ρ

1

σω,2

1

ω

∂k

∂xj

∂ω

∂xj

, 10−10

]
(A.27)

A.1.5 Compressibility Function, F (Mt)

The compressibility function used in Equations A.19 and A.22 is calculated by the

following,

F (Mt) =

⎧⎪⎪⎨
⎪⎪⎩
0 Mt ≤ Mt0

Mt
2 −Mt0

2 Mt > Mt0

(A.28)

where,

Mt
2 ≡ 2k

a2
(A.29)

Mt0 = 0.25 (A.30)

a =
√

γRT (A.31)



112

A.1.6 Cross-Diffusion, Dω

The SST k − ω model blends the benefits of the k-ω model with the k-ε model. The

k-ω is susceptible to the freestream value of ω, and to reduce the sensitivity the

cross-diffusion term is added [Wilcox, 2010]. The cross-diffusion term is given as,

Dω = 2(1− Fl)ρ
1

ωσω,2

∂k

∂xj

∂ω

∂xj

(A.32)

A.2 Porous Flow

Flow through the monolith is normally simulated as flow through a porous zone. This

is accomplished by adding a source term to the momentum equation, which is based

on Forchheimer’s modified formulation of Darcy’s equation [Mladenov et al., 2010],

and is given as,

	S =

(
μ

α
+

ρC2|	u|
2

)
	u (A.33)

where 1/α and C2 are the viscous and inertial resistance factors. The viscous and

inertial resistance factors can be easily calculated for a packed bed reactor using

Ergun’s formula [Mladenov et al., 2010], given as,

C2 =
3.5

dm

(1− ε)

ε3
(A.34)

α =
dm

2

150

ε3

(1− ε)2
(A.35)

The validity of these equations is not well understood for use with the honeycomb
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structure of the monolith. Empirical methods of determining the viscous and inertial

terms are discussed in Section 4.6.

A.3 Heat Transfer

Exhaust gases exit the engine at between 400 K and 650 K, requiring the heat transfer

from the DOC to the surroundings to be modeled to obtain accurate results. Heat

transfer from the system is given by [Warsi, 2005],

∂

∂t
(ρE) +∇ · (	u(ρE + p)) = ∇ ·

(
keff∇T −

∑
j

hj
	Jj + (¯̄τeff · 	u)

)
+ Sh (A.36)

where keff is the effective conductivity and is equal to the sum of the heat transfer

coefficient, k, and the turbulent heat transfer coefficient, kt. The turbulent heat

transfer coefficient can be approximated by the ratio of the product of the fluid

specific heat, cp, and turbulent viscosity, μt, to the turbulent Prandtl number, Prt.

The effective thermal conductivity is then given by,

keff = k +
cpμt

Prt
(A.37)

The energy, E, in Equation A.36 is defined as,

E = h− p

ρ
+

u2

2
(A.38)

and for incompressible flows the pressure work and kinetic energy terms are not

included in the simulation so that,
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E = h =
∑
j

Yjhj (A.39)

hj =

∫ T

Tref

cp,jdT (A.40)

where hj is the enthalpy of species j, Yj is the mole fraction of species j, cp,j is the

specific heat of species j, and Tref is the reference temperature.
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Appendix B

Uncertainty

A description of the method used to calculate uncertainty in the experimental results.

B.1 Theory

The error is defined as the difference between the true value and the measured value

[Moffat, 1988]. Since the true value is almost never known, the uncertainty in the

experimental value is calculated using standard statistical methods, where the mea-

sured value is used as a basis for defining a range in which the actual value may fall.

The range represents the likelihood of containing the actual value with the probability

typically being called the confidence level [Moffat, 1988].

For any measurement using any measurement system, the uncertainty is a com-

bination of the bias and precision uncertainty. The bias uncertainty is the accuracy

of the measurement device or the maximum expected error introduced by the device

within a given confidence interval. the desired value and is usually small in com-

parison to the precision uncertainty where the precision uncertainty is the result of

random error components that affect the measurement of the desired value, for exam-

ple random changes in environmental conditions that result in an inability to exactly

replicate the results from one test to the next [Moffat, 1988].

The precision uncertainty represents the random error components beyond the
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error of the measuring device. For a measured variable, Xi, the precision uncertainty,

δXi, is calculated using the following,

δXi = t
Sx√
N

(B.1)

where t is the corresponding Student’s t-distribution statistic, Sx is the sample stan-

dard deviation, and N is the number of samples [Moffat, 1988].

The overall uncertainty is calculated as the as the root sum of squares of the bias

and precision uncertainty. In cases where the precision uncertainty is a minimum

of an order of magnitude larger than the bias uncertainty, the overall uncertainty is

taken simply as the precision uncertainty.

Using measured variables to further calculate parameters results in a need to

propagate the uncertainty through the calculations. When the calculation involves a

single measured variable, the uncertainty in the calculated variable, RXi
, is calculated

by [Moffat, 1988],

δRXi
=

∂R

∂Xi

δXi (B.2)

For calculations involving multiple independent measured variables, the overall

uncertainty, δR, is calculated by [Moffat, 1988],

δR =

[ N∑
i=1

(
∂R

∂Xi

δXi

)2] 1
2

(B.3)

where the contribution in uncertainty of each measured variable, δXi, contributes to

the overall uncertainty [Moffat, 1988].


