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ABSTRACT

Combustion chamber deposits, CCD, have been shawrninftuence the
operational range of homogeneous charge compreggidgion, HCCI. CCD insulate the
combustion chamber during the intake and compressitookes, preserving enough
charge temperature to shift the HCCI operationafieato lower loads where the HCCI
fuel economy benefit over traditional spark-ignitedmbustion is at a maximum.
However, the drive cycle dependent CCD accumulaiwhburn-off creates uncontrolled
shifting of the HCCI operability range, which mii&t mitigated in a practical multi-mode
engine. ldeally, the beneficial shift of HCCI opwa to lower loads provided by CCD
could be obtained while avoiding uncontrolled shgtof the operational range.

To provide fundamental insight into CCD properti€&CD thermal diffusivity
was non-destructively measured during HCCI combustin-situ firing), during engine
motoring (in-situ motoring) and in a specially dgsd radiation chamber (ex-situ). The
diffusivity measurement methodology utilized theapé lag in sub-CCD temperature
signals and the one dimensional heat diffusion ®&guiaComparisons of the CCD
diffusivity values determined from the different aserement environments allowed the
separation of several thermal and morphological @G&racteristics.

The interaction of fuel with the CCD morphology wakown to have no
significant impact on the diffusivity of CCD accutated on the cylinder head. CCD less
than thirty micrometers were spatially sparse aodtained line-of-sight pathways
though which the ex-situ radiation could pass amel in-situ convection could not.

Thicker CCD exhibited differential sensitivity tadiation and convection heat transfer

XVii



modes, which was utilized to quantify the effectpaosity of the CCD through a novel
radiation penetration factor.

The impact of thermal barrier coatings on CCD aadaton and HCCI
operability was assessed by testing a piston cagitbdnagnesium zirconate, MgZr. The
radiation penetration factor determined the MgZatew to have 2.5 times the effective
porosity of CCD. Reductions in CCD accumulationuiesl from the elevated surface
temperature of the MgZr. In addition, reduced ayin head CCD accumulation was
speculatively attributed to interaction between sh&face roughness of the MgZr piston

and the fuel spray. Overall, the HCCI operabilibiftsdue to CCD accumulation was
reduced by the MgZr piston.

Xviii



CHAPTER 1

INTRODUCTION, MOTIVATION AND OBJECTIVES

Worldwide oil consumption is projected to incre&§86 by 2020 due, in part, to
increasing demand of developing countries [1], [2Jese forecasts of increased demand
for the ever dwindling natural resource continuaihspire researchers to pursue
efficiency gains to help ration the world’s oil gy Additional research impetus is
supplied by the ever increasing Corporate Averagel Economy (CAFE) regulations,
which force the development and incorporation of nechnology by auto suppliers in
order to achieve the government mandated fuel engrargets [3].

Dual mode engines which incorporate both Homogesédharge Compression
Ignition, HCCI, and spark ignition, Sl, representesearch area aimed at achieving
greater fuel economy [4]. HCCI promises to deliftegl economy improvements at low
load operation where conventional Sl engines argcpéarly inefficient. Though HCCI
technology shows promise, many challenges remaitaipeng to the practical control
and load range expansion of the HCCI combustiomedb]-[7].

Thermal management is of paramount importance HC&I engine due to the
lack of a direct control over mixture ignition. igon of the HCCI charge is thermo-
kinetically driven [8], which remains the subjedt aurrent research efforts [9], [10].
Complete understanding of in-cylinder conditionsnirthe time of charge induction is

necessary to predict the state of the fuel/air gdauring the compression process. This



accurate assessment of charge conditions allowth#mmo-kinetic ignition timing to be
forecasted and HCCI combustion to be controlled.

The influence of combustion chamber deposits, C©@D, the combustion
chamber’s thermal environment, the subsequent shithe HCCI operability range to
lower loads due to CCD formation, and the sensytiaf the CCD layer to differing
engine operational conditions have been establifhidd [12], [13]. However, relatively
little is known about the thermophysical propertegsthe HCCI CCD and how those
properties cause the observed changes in HCCI cstiohuTo obtain successful HCCI
combustion management over the diverse operatiosasients of an engine, the issues
created by CCD must be understood and controlléis ihvestigation will study the
thermophysical properties of both HCCI CCD and ottieermal barrier coatings and

determine their impact on HCCI combustion.

1.1 Homogeneous Charge Compression Ignition Background

Conventional spark ignition, Sl, engines rely oanie propagation through a
homogenous mixture of fuel and air. Because splgs require a finite range of fuel-
air mixtures for proper ignition, conventional Sbncepts utilize a homogeneous,
stoichiometric mixture and control load with analke throttle. The intake throttle limits
the pressure of the intake air below that of thenkrcase during part load operation,
which creates pumping losses throughout the gataexe strokes. (While these
limitations restrict the thermal efficiency of camtional Sl engines, modern direct
injection spark ignition, DISI, engine concepts éiaeduced these losses.) S| emissions
are easily kept to modern cleanliness standardsaviaree way catalyst, making Sl
combustion a mainstay for personal transportatespie its efficiency limitations.

Compression ignition, Cl, combustion strategiefizas high compression ratios

to heat the intake air charge to a point wherectep fuel burns as it atomizes. The



traditional CI concept does not rely upon a spauik ffor ignition and can therefore vary
the fuel input to change load (instead of usingnéake throttle). The higher compression
ratio, lean operation and the lack of a throttletdbute to CI combustion having a higher
thermal efficiency than conventional S| engineswideer, this thermal efficiency benefit
comes at a price. The stratified nature of the/éiretharge leads to lean, stoichiometric,
and rich regions during the combustion process. @i result is a particulate-NO
emissions tradeoff that remains, at the currenttjire, unsolved on a production level
[14]. Thus, to meet current stringent emissionsul&gpns requires an increasingly
complicated combination of expensive aftertreatnaenices.

HCCI is commonly viewed as a marriage between Gl &b combustion
technologies and represents an attempt to have cake and eat it too. HCCI combines
the high compression ratio, lean operation androtitad intake of a Cl engine with the
premixed charge of a conventional S| engine toeahhigh efficiency combustion with
low emissions [15]. These advantages make HCCltaactve concept, but they cannot
be obtained without difficulty. The advantages deféiciencies of the HCCI concept will

be detailed in the following sections.

1.1.1 Benefits of Homogeneous Charge Compression Ignition

HCCI combustion can provide many benefits over lmthventional Sl and CI.
While its limitations, which will be covered in threext section, prevent it from being a
standalone engine concept, it provides some suimtanprovements: wide open throttle
operation, lean combustion, high compression ratigid burn rates and low soot and

NO, emissions.



Wide Open Throttle Operation

HCCI combustion has a distinct efficiency advantager conventional Sl
combustion due to its wide open throttle operatif8s. the load is decreased in a
conventional Sl engine, the intake throttle cloaed reduces the amount of air drawn
into the cylinder. This allows the fuel quantity be decreased while maintaining a
mixture which is spark ignitable. However, at lightd conditions, the intake throttle
closes far enough to drop the intake manifold presselow the pressure of the crank
case. Because of this adverse pressure gradiengntfine must work to force the piston
down during intake, creating what is known as purgposs [16]. Combustion concepts
where equivalence ratio can be varied to alter aald the use of intake throttles and

their associated pumping losses.

Lean Equivalence Ratios

The lean operation of HCCI combustion has a sigaifi contribution to its high
efficiency [16]. The expansion process is commanbdeled as isentropic with the ratio
of the working fluid’s specific heaty, being used as the isentropic exponent. As the
cylinder mixture becomes leaner, the value daficreases toward 1.4 (the valueydfor
pure air). As the isentropic exponent is increasieel,amount of work produced via the
expansion process increases. This lean operatpesents a benefit over traditional S

combustion where the mixture’s equivalence ratifixesd at stoichiometric.

High Compression Ratio

With flame propagation combustion, i.e. SI comhstithe flame travels across
the combustion chamber further compressing andrgetite unburned gases beyond the
effect of geometric compression. If the fuel-airxtare in the end gas region reaches a

high enough thermal state before the flame arrittes,end gas ignites on its own or



knocks. Knock causes extreme pressure rise rattpaak pressure values which can
damage the engine components. The compressiors i@ticonventional Sl engines are
limited to avoid this phenomenon. HCCI engines, &éesv, are not burdened by a knock
constraint on their compression ratios and, sineédonversion efficiency increases with
increasing compression ratio [16], HCCI engineslizeaan efficiency benefit over

conventional Sl engines.

Rapid Burn Rates

Constant volume combustion, CV, is characterizednbiantaneous heat release
at top dead center and has a higher efficiency Itkoéim limited pressure, LP, and constant
pressure, CP, combustion methods [16]. SI comhudtieat release is controlled by
flame propagation and is therefore best approxithbtethe LP combustion model. The
discernable combustion duration allows the pistrégin moving downward thereby
reducing the peak cylinder pressure and the cyfitdemcy.

The bulk of compression ignition, Cl, combustiortws while the piston is in its
downward motion, being resisted by a constant fofdeerefore, CI combustion is
approximated by the CP model and has the lowestiesfty of the three models at the
same compression ratio and Cl gains its advantage over Sl when peak cylinder
pressure is used as the constraining factor. Pgrofirpeak pressure, the CP cycle
produces more work than the LP and CV cycles. reigul illustrates these points.

With HCCI, the homogenous mixture ignites at midtipocations within the
cylinder simultaneously whenever local conditioms favorable to ignition [17]. HCCI
combustion occurs as a rapid sequence of autagnitvhich cascades through the
cylinder contents [18]. Thus, HCCI represents a stavards the CV model from the LP
model. Therefore, the HCCI combustion method enjaykigher efficiency per unit

compression ratio than both the Cl and SI combnstiethods.



50

1 ——CV
45 \\ —a—CP
40 - ——LP
x Experimental
35 t&x

30

25

20

Pressure [bar]

15 A

10 -

Figure 1-1 - Comparison of ideal cycles<(1.3, CR = 7.0)

Emissions Benefits

The lean nature of the HCCI fuel-air charge alsml¢eto reduced N(formation
[20], [21], [22]. The lean conditions translatelda combustion temperatures, preventing
the formation of NQvia the Zeldovich mechanism [16], [19]. The staachetric nature
of the fuel-air charge in conventional SI combustieads to relatively high combustion
temperatures, resulting in high N@roduction via the Zeldovich mechanism. As the
mixture is expanded and the charge temperatureedees, the chemistry of the reverse
molecular reactions freeze and a net formation Ok Kesults. A similar phenomenon
occurs in the stoichiometric regions of the hetermpus Cl charge where combustion
temperatures reach levels that activate the Zettlomechanism. Thus, the low NO
formation of HCCI combustion provides an advantager both conventional SI and CI.

HCCI combustion produces significantly less so@ntiCl. The heterogeneous

fuel-air mixture utilized in CI combustion contairish regions in which soot is formed



due to the partial oxidation and then condensationydrocarbon, HC, molecules [16].
The lean, homogenous nature of the HCCI chargeresshat its soot emissions remain

low when compared to CI [23].

1.1.2 Detriments of HCCI

The efficiency and emissions advantages that HC@iviges come with
shortcomings. This section will cover the detringeahd challenges provided by HCCI:
ignition control, load limitations, and higher hgdarbon and carbon monoxide

emissions than some combustion concepts.

Ignition Control

There is no direct control of the ignition processan HCCI engine. With ClI
combustion, the timing and duration of the fuekatjon event can be altered to instigate
ignition as desired. In SI combustion, the spankirtg can be altered to obtain control
over ignition. HCCI utilizes extremely early injean timings to obtain homogeneity of
the lean fuel-air mixture. Therefore, the CI stggteannot be employed because it would
compromise the mixture homogeneity. Additionallye fean nature of the homogeneous
mixture renders spark plugs an ineffective ignitisource. Thus, controlling HCCI
ignition poses a problem to researchers becauselasgteuser input to the HCCI
combustion process is hundreds of crank angle dsedpefore ignition is desired. With no
external input, HCCI ignition is controlled by tlebemical kinetics of the auto ignition
process. The chemical kinetics can be characteribedugh the Arrhenius rate
expression [19], which is temperature dependentisTthe important factors for HCCI

auto ignition are charge temperature history, egjaivce ratio and mixing.



Load Limitations

Because the contents of the entire cylinder autdagrearly simultaneously with
HCCI, the burn rates and associated rate of presge can quickly exceed the limits of
present engine materials. Thus, a maximum loadt Irmist be established to avoid
excessive peak pressures and rates of pressurg2dbeEfforts have been made to
expand the operability range of HCCI combustion levfavoiding excessive rates of
pressure rise through thermal stratification of tharge, compositional stratification of
the charge, and active control of intake and cddEmperatures [25], [26], [28]-[35].

In order to obtain the required thermal energy wtoaignite the lean
homogeneous mixture, HCCI engines often rely omeaquantities of exhaust gas
recirculation, EGR. However, as the load is desedathe thermal energy within the
EGR decreases and the new fuel-air charge canrtainothe necessary amount of
thermal energy to promote auto ignition. This méstondition establishes a low load

limit for HCCI operation [27].

Emissions Shortcomings

HCCI suffers from increased hydrocarbon, HC, andb@a monoxide, CO,
emissions compared to conventional SI combustidh M/ith HCCI, a thermal boundary
layer region exists near the cylinder walls whemmpgeratures remain low due to heat
transfer with the cylinder walls [35]. Within thiegion, temperatures can be low enough
that the chemical kinetics of the mixture neveivaté. This prevents combustion in the
thermal boundary layer and results in CO unburn€derhissions which exceed that of

conventional SI combustion [16], [35].



1.1.3 Thermal Influences on Homogeneous Charge Comprefsiition

Since HCCI does not utilize a user input as thggat for autoignition, the
temperature history of the fuel/air mixture mustdbaesely monitored to ensure proper
combustion phasing. Phasing too advanced may teadaterial failures while phasing
too retarded will lead to misfire. Intake temperatuand the temperature of the
combustion walls have significant impacts upon témperature history of the fuel/air
mixture and have therefore been a subject of recesgarch efforts to extend the

operational range of HCCI [28] - [33].

The Effect of Intake Temperature

Changing the intake air temperature alters thentakrenergy available to the
fuel-air mixture and therefore has a significarfeeff on the chemical reactions which
control the early stages of HCCI combustion via Andhenius rate expression [8], [18],
[19]. It has been shown that intake temperature lmimncreased to maintain constant
burn rates while leaning out the fuel-air mixtudé].

A study on the combined effects of intake air terapge, compression ratio and
coolant temperature on the start of heat releaselG&€I combustion concluded that
HCCI ignition is more sensitive to changes in imtalemperature than changes in
equivalence ratio at the same compression ratip [Bligher intake temperatures allow
HCCI operation over a wider equivalence ratio raage can help extend that range for a
large variation of speed [38].

Chang et al [39] showed that intake charge tempeyaaffects the cylinder
mixture’s core gas temperature and thus the ignitiming of the mixture, see Figure
1-2. Altering the intake charge temperature camdesl to control the peak burn rate by

controlling the net heat release rate of the HC&lume shown in Figure 1-3 [36] - [39].
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Effect of Wall/Coolant Temperature

Coolant temperature can also be used for burnc@ié&ol in HCCI combustion
[31], [33], [37], [39]. Chang et al [39] utilizedtarations in coolant temperature to induce
variances in cylinder wall temperature. Althougialiet al [37] noted that the start of heat

release “becomes earlier” with higher coolant terapees, Figure 1-4 and Figure 1-5
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[39] show that the impact of coolant temperaturgh@nin-cylinder gas temperature and

the net heat release rate occurs after combuséisiégun.
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Comparing the Effects of Coolant and Intake Temipesa

It was found that HCCI burn rates respond in angjeo fashion to changes in wall

temperature than changes in intake temperature5°& thange in coolant temperature

11



produced the same net mean effective pressuretivarighat required an intake
temperature change of 40°C [39].

Further investigation [3%howed that the effect of coolant temperature ol€HC
combustion differed from that of intake temperatufealysis of individual cycles
showed that changes in burn duration during a svedéaptake temperature depended
solely on the point of ignition, Figure 1-6. Theentd of combustion duration versus
ignition for a coolant temperature sweep saw aritiaddl change in duration beyond
what solely an advance of ignition would dictatente the weaker’Reorrelation for that
duration versus ignition trend, Figure 1-7. Thideef was attributed to the coolant
temperature varying the size of the near-wall tl@rinoundary layer and thereby
influencing the near wall burn (50-90% mass fractmrn) more than the core gas burn

(10-50% mass fraction burn).
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1.2  Combustion Chamber Deposit Background

A large body of work has been devoted to the stfdyCD. The majority of this
work deals with CCD formation in Sl and CI enginesile work with HCCI CCD has
seemingly just begun. Discrepancies arise whendibminant influence of CCD is
discussed. Many researchers believe CCD predontynhate a thermally insulative
effect on combustion while others contest thatphgsical properties of the CCD layer’s
microstructure play the larger role. A systematipagation of these different CCD

properties will be necessary to end this debate.

1.2.1 Combustion Chamber Deposit Formation

There is general agreement that the formation oDd€ a condensation of
partially burned fuel and oil on the combustion mobar surfaces. Composition of the
combustion charge and the temperature of the chasustaces are therefore important

parameters for CCD accumulation. However, the dantithermophysical property of
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CCD (the property which most strongly controls #igect of CCD on combustion)
remains unproven.

The temperature dependence of CCD formation has $teelied for conventional
combustion modes [40], [41] and [42]. CCD growtltreased at lower combustion
chamber wall temperatures and decreased as thebehamall temperature rose. The
independent studies defined a threshold combust@mber wall temperature of 310-
320°C above which no further CCD accumulated. Thacept of a threshold wall
temperature was in agreement with the stabilizadiotine CCD layer thickness noted by
several researchers [12], [13], [41], and [42].these studies, the CCD accumulation
halted once its insulating effect elevated the Gfibace temperature to the point where
the rate of CCD deposition equaled that of CCD #mffn

Several researchers argue the shortsightednessewing CCD as purely a
thermal insulator [44], [45], [46]. They suggesattthoth the surface roughness and
porosity of the CCD layer interact with the fuet-anixture during combustion. Their
claim is that these CCD morphological propertigsrdiocal mixing characteristics and

thereby affect combustion.

1.2.2 Influence of Combustion Chamber Deposits on Homegaa Charge
Compression Ignition

Spark ignition engines generally experience annactaquirement increase, ORI,
with increased deposit growth. Because the CCPBrlaglps prevent heat loss from the
combustion chamber, the end gas regions become prmore to engine knock. Since
HCCI combustion utilizes compression triggered mition, the insulating effect of the
CCD layer makes HCCI combustion more robust. Gurdl@] and [13], showed that
CCD cause HCCI ignition to advance and the combuagtiuration to decrease, Figure

1-8.
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The accumulation of a CCD layer yielded a largecrélase in combustion
duration than would be attributed to a mere advamea®mbustion phasing, Figure 1-9.
This effect is similar to the aforementioned impactcoolant temperature changes

presented earlier in Figure 1-7, i.e. CCD affe@rngall burning to a greater extent than
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a simple change to the core gas temperature anthef compression. Recent work has
reinforced the impact of wall temperatures on tharmstratification throughout the
chamber [47]. Thus, CCD accumulation has the piatletdt impact both HCCI ignition

and burn duration.

Effect of Combustion Chamber Deposits on Heat Teans

Guralp [13] also showed that, as CCD thicknessemsed over time, in-situ
thermocouple measurements became insulated. Téugating effect materialized as a
reduction in measured temperature and heat flumrapanied by a phasing retard of
those signals, Figure 1-10. Although the peak matzeous heat transfer was reduced
and retarded, the cumulative heat loss measurezhdt location for the entire cycle

changed very little due to CCD formation, correlgtivell with the work of Ishii [43].
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However, there was a significant shift in the phgsof the heat loss with the
presence of CCD, Figure 1-11 [13]. The CCD layes slaown to reduce heat loss during

compression which led to advanced ignition and éidieat release rates (refer back to
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Figure 1-8). Heat was only momentarily held in thamber by the CCD layer, allowing
for more robust late burn and an increase in hieat during the expansion stroke.
However, cumulative heat loss remained the samb aid without CCD. Thus, the

phasing of the heat loss caused by the diffusieftthe CCD layer changed the HCCI

combustion characteristics.
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(CCD present) HCCI combustion chamber [13]

Impact of Combustion Chamber Deposits on Homogen&harge Compression
Ignition Operability Limits

The aforementioned alterations to the phasing amdtidn of the HCCI burn
characteristics caused by CCD accumulation altéredbperability range of a practical
HCCI engine. Guralp et al [13] showed that CCD fation advanced ignition and
created a more rapid rate of heat release, shiftiagentire HCCI load regime towards
lower loads, Figure 1-12. In their work, the higlad limitation was defined by a pressure
rise rate of 50bar/msec, which is the thresholdcfeation of an audible ringing noise
[24]. The low load limit was defined by a coefficient wdriation, COV, in indicated
mean effective pressure, IMEP, of 3%. This CCD-edushift in operation range

represented the HCCI operational variability asstec with CCD.
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1.2.3 Combustion Chamber Deposit Properties

Attempts have been made to measure and calculatprtperties of CCD. The
fragility of the CCD layer renders many well estshéd techniques for characterizing
properties of a substance ineffective. (Some of tthditional techniques for thermal
property evaluation will be covered later in thiscdment.) Several novel methods have
been developed to circumvent this problem. NishiWaR] used laser radiometry in a
specialized chamber attached to a motoring enginder these conditions, diffusivities
on the order of 1.2x10- 2.8x10° m?/s for and S| engine and 2.0x16 3.4x10° m%s for
a diesel engine were derived from measurement<Cai thickness and penetration time.
Their simplification of one dimensional, unsteadsat flow is expressed in Equation

(1.1) wheresis CCD thickness andis penetration time.

a=%r (1.1)

Thermal conductivities were calculated through tmative application of one
dimensional heat conduction. The sub CCD tempezattend was measured and the
CCD surface temperature was inferred by a radiaomé&enductivity values were tried

by guess with the measured thickness, diffusityd deposit wall interface temperature
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until the error between calculated CCD surface tmefpre and measured CCD surface
temperature was minimized. Values of conductivéiyged from 1.06 — 1.24 W/(mK) in
and Sl engine and from 1.14 — 1.84 W/(mK) in a @iengine. The main fault with this
methodology was the fact that CCD properties wegasured at motoring conditions and
not subjected to levels of heat flux that represemibustion.

Hopwood et al [49] developed a technique to meadiffasivity in-situ which
relied upon measurements of both the CCD thickiaessthe phase delay of the sub-
CCD peak temperature measured at the combustionbgravall. Hopwood determined
that the diffusivity of the CCD layew, could be given by Equation (1.2) wherés the
deposit thicknesdy represents the cycle period for the 4-stroke engiyctle, andit is
the delay in the peak temperature signal due t@siepuildup. Diffusivities for an Sl
engine were reported as 0.85 — 4.2%ff/s with “significant variation between tests”.

a:(iﬁh_ﬁ)jzt_o

At 6 e (1.2)

While the Hopwood methodology provides a measureCGD properties at
combustion conditions, the in-situ measurements safgiect to many thermal and
morphological effects at the same time. Not onky thre thermal properties of the CCD
layer insulating the heat flux probes, creatindhage lag, and reducing peak temperature,
but the porous nature of the deposits may be piryid dynamic effect by absorbing and
releasing fuel droplets and vapor [44]-[46]. Theditaneous effects of both the thermal
and fuel-CCD morphological interactions may be oeifg the determination of the
CCD layer’s effective thermal properties. Separatbthese effects will be necessary for
full understanding of the CCD effect on combustion.

The methodology of Hopwood was adopted at the Usityeof Michigan for the
in-situ determination of the thermal diffusivity tgfe CCD layer [11]-[13]. Guralp noted

that the effect of increased burn rates due tath&ance in combustion must be negated
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by intake temperature compensation to determinértigeeffect of CCD on combustion,
Figure 1-13. Once heat release rates were matohadan phasing, the remaining effects
seen in the sub-CCD temperature measurements wer® «CCD properties.

CCD diffusivities were calculated at a variety d€Q thicknesses for locations on
the cylinder head and piston surfaces. Two distitrends emerged. One trend
corresponded to the piston measurements and ther dth the cylinder head
measurements, Figure 1-14 [13]. The distinct sejparaf these two trends based on the
area of the chamber where the CCD accumulated ttrdisuged to differences in CCD
morphology between the locations. Again, this dsséie need to separate and quantify

the individual properties of CCD layers to fullyderstand their impact on combustion.
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1.3  Thermal Barrier Coatings

Thermal barrier coatings have been used in thetwaie industry on turbine
blades and combustor parts to increase the tenperegsistance of those components.
Some studies [50], [52] and [53], arfthve indicated that application of thin ceramic
coatings with select thermophysical properties icaprove emissions and reduce heat
loss without reducing volumetric efficiency.

Since CCD accumulation is sensitive to the chamial temperatures, the
thickness of the CCD layer becomes drive-cycle ddpet. CCD accumulation and
subsequent burn-off introduces variability througiiicontrolled shifting of the HCCI
operability map. The larger the operability shiéween clean and conditioned chamber
states, the harder the HCCI engine will be to a@nffhus, HCCI combustion would
benefit from the consistent wall temperature thmtapplied thermal barrier coating can
provide. The thermal barrier coating could elevite combustion chamber surface
temperatures and limit CCD growth, effectively redhg the shift in operability

introduced by CCD accumulation. However, the thérana morphological properties of
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HCCI CCD must be determined so that a TBC can Isggded for use in the HCCI

engine.

1.3.1 Thermal Barrier Coatings Applied to Engines

Assanis [50] sprayed thin TBC (0.13mm on the pisianparticular) on an Sl
engine and noticed improvements in brake speaifed €onsumption (BSFC) of around
5% during part load operation. The TBC retrofitemtlyine also produced brake torque
output between eight and eighteen percent highgtishawed minimal deposit formation
over 40 hours of testing.

Similar results were seen in a diesel engine [B1D.5mm coating resulted in
generally improved performance especially at lowmn, which was attributed to a
reduction in heat loss. Thermal efficiency gainsl0% were noted. Thicker TBC were
also tested, but resulted in diminished performaosmpared to the baseline metal
engine.

Emission results vary based upon the specific engimd coating configuration.
However, some researchers are in general agreetma&n{TBC have the potential to

reduce unburned hydrocarbon emissions [52], [53].

1.3.2 Determining the Properties of Thermal Barrier Quasdi

There are well established techniques for detengitie properties of TBC. In
the majority of cases, the TBC materials are ousblzonstruction and can be subjected
to a variety of classic methods for determininggsdy, density, and heat capacitance.
Thermal diffusivity can be calculated by a varieify methods including: the flash
method, the 8 method and the photoacoustic method. And, onceditfiesivity of a
TBC is known, conductivity is a simple multiplicati of diffusivity by both coating

density and heat capacitance.
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Taylor performed a comparison of the various prypedetermination
methodologies [55]. The laser flashp,3and photoacoustic techniques all yielded
accurate diffusivity results within their specifisdtup conditions. The laser flash method
shows a particular advantage when testing thermmgdepties at elevated temperatures.
However, the flash technique relies critically oeasurements of the coating thickness
while the other methods do not.

This section outlines established methods for deteng the thermal properties
of a TBC. The effective application of TBC to a HIG&hgine requires the design of the
TBC to closely duplicate the properties of CCD. $hthe TBC might provide the
operational shift created by CCD without their @ssi®d the operational variability.
Ideally, the selected method for determining TBGparties would also be applicable to
testing CCD to preserve a basis of comparison letwesults. Although the methods

presented here work well for TBC, they are inagtile to fragile CCD.
Flash Method

The flash method was establish by Parker et al [&&] has grown in popularity
to account for nearly half of all TBC diffusivityatculations. The method involves
subjecting one face of a TBC sample, which is tlaiymnsulated, to a very quick pulse
of heat energy and measuring the temperature chamdghe opposite face. (The front
surfaces of the samples were coated with camplaekhb increase energy absorption.)
Diffusivity, a, could then be calculated through Equation (M8)relL is the thickness
of the sample, antd; is the time necessary for the backside surfacpeeature to reach
half of its maximum value.

L2

a =138
t
Ty,

(1.3)

23



This method works under the following conditions The heat exposure time is
negligibly short compared to the sample’s thermfilision time, which is a function of
sample thickness. ii.) The heat is applied unifgrnd the specimen surface. iii.) The
sample is adiabatic after exposure to the heatsaamd while the measurement is being
made. iv.) The sample is homogenous.

If the amount of energy absorbed by the front faicthe specimenQ, is known,
then the product of the densipy, and the heat capacity of the mater@al,are given by

Equation (1.4) wher&y is the maximum temperature of the specimen’s rnedace [56].

Q
LT, (1.4)

pC=
Then the sample’s conductiviti, can be found from Equation (1.5).

K=apC (1.5)

The method established by Parker [56] has sincen betilized by other
researchers [57], [58], [59] who constructed lgsgise apparati for measuring thermal
properties of insulated substances at high tempest These researchers agree that
Parker’'s technique is adequate for diffusivity meaments made at less than 1500K
sample temperature.

The use of calorimeters for determination of santpat capacities was more
widely utilized than measurements of total heatirtp the sample and subsequent use of
Equations (1.4) and (1.5). Density was determinmead wariety of methods from cross
sectional image analysis to simple volume and nmasasurements. However, both of

these methodologies cannot be implemented withglé CCD coating.

3-Omega Method

The 3» method was developed to determine conductivitgliefectric solids as

thin as tens of microns [61]. A thin line of metahs deposited on the surface of the
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specimen and a current at angular frequancyas passed through the metal line and
heated the sample at». As the temperature of the pure metal line waseiased, the
resistance increased and had a small alternatimpaoent that oscillated &w. When
this resistance oscillation was multiplied with threginal current, it resulted in a small
oscillation of voltage across the line &b. The slope of the in-phase temperature
fluctuation versus the logarithm of the heater dieacy gave the thermal conductivity.
Unfortunately, this method requires the depositbmetal onto the surface of the
specimen, rendering it inadequate for use with Cdfiie to the fragility of the CCD

microstructure.

Photoacoustic Method

As a specimen is subjected to chopped monochrorigiitan acoustic signal is
produced. If the sample is thermally insulated plated in a chamber with a sensitive
microphone, the analog signal can be applied tmad amplifier and the output will be
recorded as a function of the incident light [62]he observed acoustic signal
corresponds to the periodic heat flow from thedstdithe surrounding gas. The boundary
layer of air nearest the specimen’s surface cancdmsidered a vibratory piston,
responding to the periodic heat flow and produding periodic pressure fluctuations
picked up by the microphone. Rosencwaig determihatl the photoacoustic signal is
governed by the thermal diffusion length of theidsolhe diffusivity of the sample is
determined from the phase lag between the heatsaund the acoustic wave [55].

Again, this method cannot be applied to CCD. Thecspen needs to be placed
on a thermally insulated substrate and the remo/&CD from our combustion parts

would destroy the morphology of the layer.

25



1.3.3 Effects of Morphology on Thermal Properties of That Barrier Coatings

There is a general agreement that TBC thermal piiepeare dependent on the
morphology of the layer. Conductivity, in particyldas a direct dependence upon the
porosity and crack geometry of the layer's morpgl{s5], [63] - [66]. In fact, not only
is pore density an important parameter in detertiwneof the layer’'s conductivity, but
orientation of the cracks, pores and pore shapelegy a significant rolgs5] - [67].

Cracks which run perpendicular to the directiorneét flux reduce conductivity.
Sevostianov concluded that the overall porosityplka secondary role and that the pores
can be idealized as cracks. Effective properties lma expressed in crack parameters
(density and orientation) and porosity would plagoarectional role for porosities under
15% [66].

Conductivity values can increase significantly doéneating[55]. The sintering
of interlamellar cracks and minor changes in tlystat lattice account for this increase in
conductivity [63]. Zhang tested eliminated phasmdformation as a possible cause for
conductivity increase by not exceeding the phasestormation temperature during the
heating process. Thus, the conductivity increase attiibuted to the evolution of pores
due to sintering [64].

Careful examination of TBC before and after beingpjscted to HCCI
combustion will be necessary to ensure completenstahding of and noted combustion
phenomena. If the properties of the TBC are foumdhdve changed during a specific

round of testing, that effect will have to be taketo account.

1.4  Project Motivation and Objectives

Two issues, which are critical to the commercigblmation of HCCI, provide
motivation for research aimed at developing a c@&mgnsive understanding of the effect

of thermal boundary conditions, CCD and artificfT®C on HCCI combustion: (i) The
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expansion of the HCCI operational range in a duadienDI gasoline engine is desired,
particularly the low-load limit where the fuel ea@my benefit over normal Sl operation
is at a maximum. (ii) Solutions for the robust mgeraent of the operational variability
imposed by CCD accumulation and burn-off in a pcattHCCI engine must be

generated.

1.4.1 Characterization of Combustion Chamber Deposits

This work aims to provide further insight into threechanisms responsible for the
effect of CCD on HCCI burn-rates through detailaatdg of CCD thermal and physical
properties both in the engine environment (in-ségl in a specially constructed thermal
radiation chamber (ex-situ) [60].

The radiation chamber was designed to provide adestructive environment for
guantification of CCD and TBC thermal diffusivitiedue to lack of an established
technigque which was applicable to both TBC and ¢&@). While the radiation chamber
has been constructed and initial testing has eskedal the feasibility of ex-situ diffusivity
measurements, this work will develop the ex-siticidation methodology and evaluate
the accuracy of the ex-situ diffusivity measurentechnique.

Diffusivity values measured in the radiation chamlyéll be compared to
diffusivities obtained within the engine to promate understanding of the mechanisms
responsible for the observed effects of CCD on HEC&@hbustion. In particular, the
comparison will isolate any morphological impactfoél absorption/desorption into the

pores of the CCD layer from the purely thermal eiffef the CCD layer.

1.4.2 Assess the Impact of Thermal Barrier Coatings omKigstion Chamber Deposit
Accumulation and Homogeneous Charge CompressiatidigiOperability

A portion of this research will evaluate the potaindf thermal barrier coatings to

minimize the uncontrolled shifting of the HCCI ogbkility domain due to CCD
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formation and subsequent burn-off. The HCCI engiiston top will be covered with a
ceramic layer. Then, engine experiments will be loioled with an ex-situ investigation
of TBC properties to provide comprehensive insighd the magnitude and nature of the
TBC’s impact on HCCI combustion. In addition, thmpact of the TBC on CCD

accumulation will be explored.
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CHAPTER 2

HCCI EXPERIMENTAL APPARATUS AND PROCESSING METHODOL OGY

Testing with an HCCI engine is a significant pantiof this work. The following
chapter serves to familiarize the reader with tl@CHexperimental apparatus and the

associated data processing methodology.

2.1  Engine Apparatus

The engine utilized for this investigation was pd®d by General Motors as part
of the General Motors — University of Michigan Gudibrative Research Lab. The crank
case used was a Ricardo L850 Hydra. The jug, hwek, piston and cylinder head
components are based on the GM 2.2 liter four dglirQuad 4 engine. Table 2idts the
dimensions and specifications for the major engioeponents where 0°CA is at TDC
compression.

Figure 2.1 shows the aluminum head and piston tmethis investigation. The
head is a four valve pent-roof configuration withcentral spark plug, side injector,
pressure transducer access and two instrumentaiots, H1 and H2, which can
accommodate heat flux probes for this investigatidme aluminum piston is a shallow
bowl type with a substantial squish region betwten piston and head probe location

H1.
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Engine 4 valve single cylinder
Bore / Stroke 86.0 / 94.6mm
Displacement 0.5495 liter
Connecting Rod Length 152.2 mm
Piston Pin Offset 0.8mm
Compression Ratio 12.5
IVO /IVC 346° ATDC / 128 BTDC*

Main EVO / EVC 130 ATDC / 352 BTDC*

2"“EVO / EVC

326 BTDC / 189 BTDC*

Injector Type

Bosch 7?Bpray Cone
Angle with 20 Offset

Table 2.1 — HCCI engine specifications

Figure 2-1 — The HCCI piston and cylinder head

e 5
. ~ r]

A schematic of the engine and its associated sstes)s is shown in Figure 2-2

[39]. This remainder of this section outlines thaimfeatures of these sub-systems.
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Figure 2-2 — Schematic of the engine sub-syste®is [3

Intake Air System

Compressed shop air was controlled with a pneunmagalator to atmospheric
pressure for engine operational. The air passenigir aFox Thermal Instruments FT2
flowmeter, which provided the mass air flow meameats for this investigation. The
accuracy of the meter is defined as +/-0.1% ofrdaling or +/-0.2% of full scale [70].
For this investigation, the error in air flow i@/ g/s.

The air was then routed into a plenum to dampessprre oscillations. The air
was heated inside the intake plenum to providentaké temperature of 90°C by means
of flexible silicone heaters wrapped around thenpie. The air temperature was
controlled by Omega PID controllers utilizing artaike temperature measured in the
runner.

The intake runner divides into two discrete stre&msupply air to both the intake

valves. A swirl control butterfly valve is locaté&u one of the runner streams to control
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the relative amounts of air flow going through edolake port, altering the swirl
conditions in the chamber. For this investigatithe, swirl control valve, SCV, was set to

fully open.

Exhaust System

An additional lobe on the exhaust cam profile, shomw Figure 2-3, was utilized
in combination with a fixed back pressure of 1.0%aprovide hot internal residual and
supply the thermal energy necessary for HCCI commrus The back pressure was
obtained through adjustment of a gate valve plasedthe downstream side of the
oscillation dampening exhaust plenum.

Figure 2-4 shows the valve lift profiles obtaineanfi this hardware and illustrates
the secondary exhaust lift, which allows interredidual to be re-breathed with the help
of elevated exhaust backpressure. The backpredsuces exhaust gases into the
chamber through the open exhaust valves duringthke stroke.

An ETAS LA4 Lambda Meter is installed in the exhiaplenum to provide real-
time air to fuel ratio measurements. The deviceagable of measuring air to fuel ratios
in the range of 0.7 - 32.767 with an accuracy el.58 or Q concentrations from O-
24.41% with a 2ms response time [71].

An unheated external exhaust gas recirculation la@mches from the exhaust
after the plenum but before the backpressure diing@ate valve to transport pressurize
exhaust gases back to the intake stream. Althdugimtluction of cool exhaust residuals
through the intake stream is a useful to for lingtpressure rise rates during combustion,

no external exhaust gas recirculation was uselisnstudy.
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Figure 2-3 — Additional lobe of the rebreathe exdtaam
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. Exhaust J:
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Crank Angle [deq]
Figure 2-4 — HCCI valve profiles
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Ignition System

The HCCI operation scheme for this engine utilizedarge quantity of hot
internal residual from the exhaust rebreathe vableeme. The use of rebreathed residual
necessitated the utilization of a spark for thetffew cycles until the internal residual
became hot enough to sustain combustion when caahbuith the heated intake stream.
The spark timing and dwell were controlled with (F@ESC setpoint controller provided

by General Motors. For the purpose of this invedian, the spark was left on during all
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testing. The use of spark during HCCI combustios leen previously shown to have no

measureable impact on combustion within the opkinabange of interest [13].

Fuel System

The fuel vaporizer shown in Figure 2-2 is utilizexl evaporate the fuel mass
before induction into the intake plenum during Yulpremixed charge preparation.
However, for this investigation the fuel was detee to the combustion chamber by
means of direct injection. As shown in Table 2l tnjector used in the study was a
single nozzle Bosch with a 70° cone angle and ao#f8et from the body axis to the
center of the spray cone. This offset was necestizyto the side mounting location of
the injector within the cylinder head. Figure 2Hows a schematic of the spray trajectory

relative to the piston and cylinder head [13].

Heat flux sensor #2
Pressure transducer

Piston bowl

Tangential
Port

SCV (straight)
Port

o

Figure 2-5 — Direct injection spray trajectory stiaic [13]
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The fuel is pressurized with nitrogen to 10.5MPa @ bladder accumulator
system designed by Lee [70]. The injection timing duration are controlled by the GM

PCESC setpoint controller and the Bosch driver.

Test Fuel

The fuel used during the HCCI engine experiments avaontrolled research fuel
intended to represent 87 octane, non-oxygenateoligasn a repeatable manner. The
RD3-87 fuel was manufactured by Chevron-Phillipghte specifications listed in Table
2.2.

Note that this fuel is completely free of detergenwhich is not a realistic
representation of commercial gasoline. The majooitycommercially available fuels
contain solvents to maintain proper fuel flow thghuinjectors. Techron, a solvent
manufactured by Chevron-Phillips, was used in acentration of 0.1lounce/gallon of

fuel to replicate commercial levels of solvent asgline.

Specific Gravity 0.7373
Carbon [wt%] 85.56
Hydrogen [wt%] 13.64
Oxygen [wt%] 0.0
Molecular Weight 13.9242
Hydrogen Type [Vol. %] Aromatics 22.5
Olefins 4.1
Saturates 73.4
Research Octane Number 90.8
Motor Octane Number 83.4
Antiknock Index 87.1
Low Heating Value (net) 44.37 MJ/kg
High Heating Value (gross) 47.26 MJ/Kg
Stoichiometric A/F 14.6415

Table 2.2 — Specifications for the RD3-87 test gaso
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Dynamometer

The dynamometer used was a MICRO-DYN35 hydraulicatiyometer built by
the Electro-Mechanical Associates. The dynamometedd either motor or fire the
engine by controlling the pressure differentialossra low inertia pump mounted to the

engine flywheel.

External Oil and Coolant

The test cell is equipped with stand alone oil endlant systems. These systems
maintain oil and coolant at a temperature of 95¢& @mega PID controllers which
receive temperature feedback from the associatéd $treams. Each system consists of
heaters, controllers and heat exchangers, whiclraidihe temperature of the working

fluid with cold water from the building.

Emissions

Emissions measurements are taken from the exhderstmp with a HORIBA
MEXA-7100DEGR exhaust gas analyzer, Figure 2-6sTWystem measures CO, £0
O,, HC and NQ. The exhaust measurements are used in several wapsovide raw
emissions data, to calculate combustion efficierand to calculate lambda. The
calculation methodologies for combustion efficieraryd lambda are in accordance with
the GM Automotive Test Code Book [73].

The accuracies of the respective HORIBA analyzezsaa follows [74]: CO and
CO, are measured by HORIBA AIA-722 non-dispersive andéd detectors with
respective ranges of 2.0vol% and 20.0vol%. Thesdtanhcertainty of these analyzers is
+/-1.0% of full scale, which equates to uncertastof +/-0.02vol% and +/-0.2vol% for
CO and CQ respectively. @is measured by a MPA-720 magnophneumatic detector

with a range of 25vol%. The uncertainty of this lgmer is specified as +/-1.0% of full
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scale, which translates to an @certainty of +/-0.25 vol%. HC are measured byAx F
725A flame ionization detector, FID, with a range5600 ppmC. The stated uncertainty
of the FID is +/-1.0% of the full range, giving th&C measurement an uncertainty of
60ppmC. The NQis measured by a CLA-720MA chemiluminescence detewsith a
range of 400ppm. The uncertainty of the ,N&halyzer is +/-2.0% of full scale, which

provides a N@uncertainty of +/-8ppm.

Figure 2-6 — HORIBA MEXA-7100DEGR emissions bench
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2.2 Heat Flux Probes

The crank angle resolved heat flux probes aredheesdesign as implemented in
previous studies at the University of Michigan F13], [39], [69], [79]. The heat flux
probes have two coaxial J-type thermocouple junst@nd are constructed by Medtherm
Corporation, Figure 2-7. One thermocouple junci®rmreated by a vacuum deposited
plating of constantan over a thin wire of iron,atieg a measurement surface flush with
the combustion chamber. The second or backsiddigimavhich is not shown in the

figure, is located 4mm behind this surface junctiemabling heat flux calculations.

Heat Flux Sensor

~ Heat Flux Sensor
Section A-A

First Thermocouple
i Element (wire)

Vacuum Deposited
Plating

Inner Insulation

Quter Insulation

| second Thermocouple
Element (tube)

Zoom of Section A-A
Figure 2-7 — Heat flux probe schematic
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The temperature measurement surface of the heatpitabe has very little
thermal inertia and a measured response time sfttes 10 microseconds [75]. At the
engine speeds utilized for this study and a measeme resolution of 0.5CA, the data
acquisition acquires a measurement approximategryed40 microseconds. Thus, the
response time of the heat flux probes is four tinf@ster than the measurement
resolution. Additionally, Guralp [13] showed thdtet 10 microsecond temperature
response time was more than adequate to measureB8%tep change in temperature
within one measurement step (0.5 CA at 2000rpnt) {iegs than 2% error [80].

The accuracy of the heat flux probes is controlbgdISA standards for J-type
thermocouples [80], which are met by the MedtherampGration during the heat flux
probe manufacturing process. The specified maxiremor for J-type thermocouples is
2.2°C or 0.75%, whichever is greater. Since the t@aiperatures of the HCCI engine do
not exceed 150°C for the operating conditions &f $kudy [13], the error of the heat flux

probes is assumed to be 2.2°C or ~1.5% of the eghéemperature values.
2.3  Deposit Thickness Measurement

Accurate and non-destructive measurement of CCbDkiless is vital to the
proposed research goals. The thickness is usdtidadetermination of CCD diffusivity
and will be great importance in comparing CCD acalation with and without thermal
barrier coatings. Based on the work of Hopwood [d8¢ Guralp [11]-[13], a Fischer
Dualscope MP20 [76] was used to measure the CGQIRrtbss.

For ferrous substrates, the Dualscope utilizes aZGprobe, which measures
the strength of a magnetic field induced on thessabe material beneath the sample of
interest. The strength of this field depends ondistance between the probe and the
substrate, allowing determination of the samplekiiess. The accuracy of this probe was

specified as +/-0.28n for materials measuring 04 and +/-0.5% for materials
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measuring 50-5Q0m [76]. This ferrous probe is used to measure CQMd &BC
thicknesses on the steel heat flux probes.
For nonferrous substrates, the Dualscope utilizESA3.3H eddy current probe.

As the nonferrous probe is brought near a condeidibstrate, the alternating magnetic
field establishes an eddy current on the subssraetface. The distance from the
conductive substrate influences the magnitude ef étddy currents. The non-ferrous
probe has specified accuracies of +/-Qu@5for materials measuring 040 and +/-
0.5% for materials measuring 50-800 [76]. The non-ferrous probe is utilized to

measure CCD and TBC thicknesses on the aluminutonpand cylinder head.

24 Data Acquisition Systems

There are two separate data acquisition systenfigedtito collect the various
signals during engine operation. While some signals be collected temporally, others

must be collected on a crank angle basis.

2.4.1 Time Averaged Data

Signals used to characterize the HCCI operatingtpmi calculate emissions are
taken on a time average basis. The time averaggdlsiinclude: intake and exhaust
manifold pressures, intake and exhaust temperataosgant and oil temperatures, air
flow, fuel flow, equivalence ratio, and exhaust esiopns measurements. All of these
signals are received and saved by a LabVIEW dajaisition program that samples at

1Hz. Each data point records the average of 108emnive measurements.

2.4.2 Crank Angle Based Data

Several signals must be measured on a crank aegtdved basis to obtain the

desired measurement resolution and link the tiramgtof each measurement point to a
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specific crank angle and, therefore, a specifiarengolume. The cylinder pressure and
heat flux probe signals are all taken at 0.5CA Itggm by al4 bit AVL Indiset utilizing
IndiCom 2.0 software.

Cylinder pressure is measured by a Kistler 6125&z@ielectric pressure
transducer which is guarded from thermal shock Bgrae shield. The sensor produces a
charge signal that is sent through an AVL Micro Mr/here the signal is converted to a
voltage. The Kistler 6125A has a range of 0-250 Bamever, the sensor was calibrated
for a more applicable 0-50 bar range using a Kispleasistatic Calibrator - Type 6907B.
The calibration determined the sensitivity and dirity of the 6125A sensor to be
15.56pC/bar and +/-0.05%, respectively [77].

The heat flux probes measure the surface and lelctesmperatures in millivolts,

requiring amplification by an AVL IFEM before beirsgnt to the data acquisition, DAQ.

2.5 Heat Release Analysis

The general approach used for heat release anatysisrs that of the project
sponsor, General Motors R&D. This approach wasdasethe work of Gatowski [78]
and has been previously employed in investigatipn€hang and Guralp [11]-[13], [39],
[69], [79].

The basic concept of the HCCI heat release analy#ie treatment of the control
volume during the closed portion of the cycle asirgle homogenous zone. This
assumption allows the chemical heat release t@bated with the internal energy, work,

heat loss and mass flow of the control volume asvshn Equation 2.1.

dQchem — dUcv dch dQIoss dm
= + T Zha 2.1)

dt dt dt

Since the valves are closed during the portiorhefdycle for which this analysis

is applied, the mass flow term equals zero. Fursieplification of Equation 2.1
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transforms the internal energy and work terms @xpressions utilizing the cylinder wide
gamma as shown in Equation 2.2.

dQchem — 1 VdP + Pd_V +dQ|oss 29
dt y-1 dt (2.2)

a7
The ratio of specific heatg, used is this analysis is calculated from the dweti
Institute of Standards and Technology JANAF tablased on the cylinder composition.
For this analysis, the residual mass is estimayeal tbmbination of the ideal gas law and
a partial pressure analysis, Equation 2.3 wheresthscriptlVC denotes intake valve

closing,int denotes intake anbesqua iS the exhaust temperature.

rnr il = PresiduaJVIVC — VIVC [P - rT‘ntRTintj 23
esdu 1V
RTresiduaJ RTresiduaJ V|vc (2-3)

The heat loss term of Equation 2.2 was calculatadguthe HCCI heat transfer
correlation developed for this engine by Chang .[T8]order to apply this model, the

heat loss term must be expressed as Equation 2.4

dQ.. _ ., .dT
dat hA dt (2.4)

Chang’s correlation is an adaptation of the Wosttaait transfer correlation and

utilizes Equations 2.5 and 2.6.

N(t) = Aecaing L) PO T (1) Vygpea (1) 2.5)
- CVT
Viuned (t) = Clsp + KZF?—V(P - I:)motor) (2.6)

rer

These variables have the following units: h [Vt L [m], P [kPa], T [K], v [m/s], S
[m/s], Vg [m%], T; [K], V. [m°] and R [kPa]. The constants are;£2.28 and

C,=0.00324 m/s-K. The scaling constamfaing IS used to ensure that the integrated heat
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release matches the energy content of the fuelalasilated from the fuel mass and the

lower heating value of the RD3-87. AkaiingVvalue of 11.1 is common for this study.

2.6  Temperature and Heat Flux

The heat flux probes mentioned earlier provide krangle resolved signals,
which are routed out of the engine and into arbime. The ice box serves as a 0°C cold
junction where the thermocouple signals are treom@t from the iron and constantan
wires to copper before being sent to the DAQ fdtage amplification.

The heat flux probe voltage signals have a spunmaisre as the original signals
were in millivolts. Rather than filter the datagthigh frequency noise is removed by
application of a Fourier transform. The transfosnapplied to each individual cycle.

The voltages are converted to temperature and ibeage found. A separate
array is constructed which contains the waveform tloé temperature signal by
subtracting the average from the temperature &t e@nk angle. A Fourier transform is
then completed using the Fourier coefficieAtsandB, the angular velocityp, and the

harmonic numbem, in Equation 2.7.

T(t) =T, + 3. [A, cogdnat) + B, sin(nat)] -

n=1
Chang [69] determined an appropriate harmonic numime temperature trace
reconstruction without CCD accumulation is 40.

The surface temperaturds, can then be used with the temperature of the
backside junction]g, to compute the instantaneous heat flux througi eglinder head
probe with Equation 2.8, whekeis the conductivity of the heat flux probe (57 Wk
ando is the 4mm distance between the front and backsiaetions. Note that the first

term on the right hand side is the steady heat dlixen by the difference between
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average surface and backside temperatures whiles¢lsend term is the unsteady

contribution.

)= 5T -To)

kY D2{A Joodnes) -sinfnt)]+ B [eodnt) +sinfnea)]

n=1

(2.8)
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CHAPTER 3

THE DYNAMIC RADIATION CHAMBER

During in-situ testing, the combustion chamber gam® subject to the thermal
impact of CCD while experiencing contact with th€ @ morphology. The thermal
properties of the CCD layer insulate the heat fhmbes, creating a phase lag and
reducing the measured sub-CCD peak temperatui@ddition, the porous nature of the
deposits may provide an additional effect by abisgrland releasing fuel droplets and
vapor as porosity has been shown to wield a smnti impact on the properties of
thermal barrier coatings [55], [63]-[67]. In order isolate the thermal diffusivity from
these morphological effects, the CCD must be testemd more controlled environment
than the engine can provide.

Ex-situ techniques for determining a material’sfudifvity such as the flash, 3-
omega, and photoacoustic methods [56]-[59], [632] kIl necessitate the removal of the
CCD from the combustion chamber parts. Due to ttagility of the CCD layer, removal
from the combustion parts destroys the morpholdgye layer, eliminating the basis of
comparison between the ex-situ and in-situ diffisgikesults. Thus, in order to maintain
the integrity of the CCD layer and perform conkdll ex-situ testing for thermal

properties, a new device and methodology were etdé0].
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3.1 Radiation Chamber Overview

Throughout this investigation, ex-situ diffusivitgsting was conducted within a
radiation chamber, which was previously designed].[8Vhile the construction of the
device was not the subject of this work, a briekrmiew of the chamber’s design,
capabilities and its diffusivity measurement prplei are included here to assist
discussion in future chapters.

The radiation chamber utilizes a 22kW transforneepower a graphite heating
element, which serves as a blackbody emitter capafipproducing heat flux in the 0.25—
1.0 MW/nf range as previously measured during HCCI combu$tia]- [13], [39], [69],
[79]. The graphite element is enclosed within arertinatmosphere to prevent
oxidation/ablation of the graphite [81] and [82]hel design of the graphite element’'s
resistive path limits the electrical current flowdarestricts the graphite temperature to
~2000°C to avoid the formation of poisonous cyanaggs [83] and [84].

Following CCD accumulation, the heat flux probes @moved from the cylinder
head of the in-situ environment and installed ie thall of the radiation chamber
orthogonal to the graphite emitter. A rotating whe#h radial cutouts is positioned
between the graphite element and the temperatuesurement probes such that the
probes are exposed to a pulsed step input of heat Figure 3.1 and Figure 3.2. To
ensure the structural stability of this choppingeeih ex-situ measurement runs are
limited to a total time of ~90 seconds dependingttua desired wheel rpm. This time
includes a 30-40 second element warm up periodgtwisi followed by the collection of
data from the impingement of 400 consecutive Heatgulses on the CCD coated probes

at the rate of two pulses per chopping wheel reiaiu

46



Cooled Chamber

Graphite Heater

Fotating
Slotted Disk

Inert Atmosphere ACCESS “Or
Coated Prohes

Figure 3.1 — Sectional schematic of the radiatizancber
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Figure 3.2 — Creation of a pulsed heat flux soutaea chopping wheel

Figure 3.3 shows the conceptual response of thpdeature probe to the pulsed
heat flux. The shape of the temperature respomseg are based upon results found by
[60] and [86}[87]. To provide the highest level of comparisonm-situ tests, the ex-situ
heat flux and diffusivity calculations utilize tsame methodology [49]. This diffusivity
measurement methodology compares the temperatgpernse of the clean probe to that
of the CCD covered probe, utilizing the sub-CCD kpdeamperature phase lag in
conjunction with the thickness of the CCD layerd&termine the thermal diffusivity of

the CCD.
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Figure 3.3 — Conceptual response of the probesitamperature to a pulsed heat flux
source when clean and coated with CCD

The design of the radiation chamber allows theiex&GCD thermal diffusivity to
be compared to the CCD diffusivity determined dgrim-situ engine operation. The ex-
situ and in-situ testing are differentiated by threeasurement environments. Comparison
of in-situ and ex-situ diffusivity values permitsetimpacts of the differing environmental

factors to be separated from the thermal propeofigise CCD layer.

3.2 Improvements to the Radiation Chamber Data Processg

A portion of this work was spent refining the ekisidata processing
methodology. This section addresses the procesHinge temperature signals via a
Fourier transform with an automated harmonic nundmection process designed to
protect the ex-situ results from operator bias.

As mentioned earlier, a Fourier transform is agbb@d the temperature trace is
then reconstructed using the inverse Fourier udtiggation 2.7, which has been
reproduced for convenience here as Equation 3,dr@presents the average temperature
over the measurement period, &nd B, are the Fourier coefficientsy is the angular

velocity, t is time and n is the harmonic number.

N
T(t) = Ty + Z [4,, cos(nwt) + B,sin(nwt)] 3.1)

n=1
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Chang [69] found an optimized harmonic number of@ldin-situ testing, which
worked well for reconstructing the sharp featurethe clean ex-situ temperature traces.
However, due to the attenuated temperature swiklgsamoth features of temperature
traces which are insulated from the heat flux pldgeCCD or any thermal barrier, a
harmonic number of 40 replicates too much of theéesired experimental noise.

To determine the best harmonic number for the se/éfourier reconstruction of
the sub-CCD temperature traces, the normalizeduassum of squares has been utilized
to indicate the degree of fit at each harmonic nermBquation 3.2 shows the calculation
of the residual sum of squares,.g3or the reconstruction of a temperature tracerahe
Traw IS the raw temperature data anghufer is the temperature via the inverse Fourier

reconstruction.

2
SSerr = E (Trawi - TFourierl-) (3.2)
- .

Figure 3.4 shows a sample trend of normalized wasidum of squares as the
temperature trace is reconstructed using variousndr@c numbers. The harmonic
number which correlates to the maximum changedpesbf the residual sum of squares
represents the minimum harmonic number necessagh@ve an adequate temperature
reconstruction, Figure 3.5. Increasing the harmamumber beyond this yields ever
diminishing returns in terms of degree of fit amcreases the amount of noise

reintroduced in the temperature reconstruction.
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Figure 3.4 — Normalized residual sum of squares flamperature trace reconstructed
with various harmonic numbers illustrating the aédic harmonic selection process
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Figure 3.5 — Peak portion of a temperature tracenstructed with various harmonic
numbers where a harmonic number of four was auioallgtselected
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3.3  Dynamic Radiation Chamber Accuracy Evaluation

To evaluate the accuracy of the ex-situ device mmethodology, wafers were
constructed from alumina, 6061-T6 aluminum, andazium for installation over the
fast response cylinder head temperature probes insgdsitu studies [11]-[13], [39],
[69], [79]. Accepted values of 6061-T6 aluminumfasivity range by source from 4.84 -
6.9x10° m?s [89]-[91], while the alumina and zirconium waferave supplier dictated
diffusivity ranges of 0.93-1.08xT0and 0.7-1.2x1® m?s, respectively [88]. These
diffusivity values overlap with the range of CCDffdsivities previously calculated
during HCCI engine studies [11] and with CCD diffuses calculated during motored
laser radiometry experiments for a spark ignitingiee [48].

The thermal properties of porous, flame sprayednthak barrier coatings have
been shown to depend on the porosity fraction dubd gas permeability of the porosity
[92] and the differences between the thermal ptagsenf the substrate and the material
occupying the pores [93]-[95]. The ceramic samp¥ese machined from monoliths to
minimize the complications imposed by material jgdso

Multiple thicknesses of each wafer type were camcséd to analyze the impact of
specimen thickness on measurement accuracy. Thersvafere installed over the
temperature measurement junction of the heat fiwbgs via screws in the mounting
sleeve surrounding the heat flux probe, Figure 3.6.

During installation, heat sink grease [96] was gggbbetween the wafer and the
probe surface to minimize contact resistance. Garage, application of the heat sink
grease increased the measured thickness of tladl@astvafer by two micrometers, Table
3.1. The thicknesses and standard deviations gispléor each wafer in Table 3.1 were

calculated from twelve measurements using the Rapks
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Figure 3.6 — Photograph of a zirconium wafer poigednstallation over the heat flux
probe and via screws on the probe mounting sleeve

Thickness/Std
Dev [Um]
Material| Plain | Grease
544/10 | 541/14
1029/17]1024/21
1595/8 | 1593/19
2174/12]2179/12
104/4 108/8
168/8 | 172/12
225/10 | 224/15
277/15 | 282/17
104/2 109/7
167/6 | 169/11
223/9 | 224/15
274/11 | 279/16
Table 3.1 — Wafer thicknesses and standard demgmtie measured by the Fischer

Dualscope both with and without high conductivigahsink grease between the wafer
and the probe surface

Zirconium | Aluminum

Alumina

3.3.1 The Impact of a Non-Instantaneous Heat Flux PulsE)aSitu Diffusivity

Figure 3.7shows diffusivity results produced by three thicdses of aluminum

wafer. Three data points are displayed for eactemtdickness at each chopping wheel
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rpm. Each of these data points is the average @fd€usivities individually calculated
from the sub-wafer temperature delay of 400 cortsexineat flux pulses. These initial
tests with aluminum wafers yielded diffusivity eklted accuracies which were thickness
dependent, and the thinnest wafer specimens erpedethe greatest error from the
expected value.

During these initial tests, the accuracy of thinwarfers suffered due to the non-
instantaneous delivery of the heat flux pulse. grephite emitter was not a point source
emitter of heat flux. As such, the wafer covereoberwas exposed to a ramp up in view
factor as the radial cutout of the chopping wheatigally exposed the probe to a greater
percentage of element area. More importantly, tioedg also experienced a ramp down
in view factor as the chopping wheel gradually cedea greater percentage of the

graphite element at the end of the pulse eventr&ig.8.

Calculated Diffusivities for Aluminum
Wafers of Various Thicknesses

810° ‘ ‘ ‘ ‘
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Figure 3.7 — Diffusivities for aluminum wafers ainous thicknesses at different
chopping disk speeds where the differing waferdareted by their respective
thicknesses in micrometers
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Figure 3.8 — Schematic of the non-instantaneousfleapulse (left) produced by the
ramp up and ramp down in radiation view factor egreed by the measurement probe
as the chopping wheel uncovered and subsequentlyeeed the line of sight to the
graphite element (right)

To quantify the impact of the non-instantaneousimrgadf the heat flux pulse, a
COSMOS finite element model of the heat flux probeunting sleeve and installed
aluminum wafer was created, Figure 3.9. For thisl@hocontact resistance between the
various thicknesses of aluminum wafer and the teatpee measurement surface of the
heat flux probe was neglected. The cooling provioedhe radiation chamber walls was
modeled by holding both the outer cylindrical famed angular sealing seat of the
mounting sleeve at a constant temperature of 5SDA€.use of a constant temperature on
these surfaces was justified by the fact that theled wall of the radiation chamber
comprised a much larger thermal mass than the pitsbé and the selected surfaces
were in contact with the wall. Additionally, 50°Caw the mean probe temperature
experimentally measured during these initial stsidie

The surface of the aluminum wafer was subjectdaettt flux profiles of varying
shapes each having a peak magnitude consistentewjterimental measurements, 0.4
MW/m?. The three different heat flux profiles utilized the COSMOS model and their

subsequent impact on the response of a bare heatpfbbe (“clean”) and a probe
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covered by an aluminum wafer of 308 (“500”) are displayed in Figure 3.10. A true
square wave heat flux pulse was used as a conhité the subsequent heat flux profiles
had ramping view factors whose time duration match€A and 10CA of the chopping

wheels rotation at 300rpm.

Figure 3.9 — The COSMOS finite element model crkafethe heat flux probe, mounting
sleeve and installed aluminum wafer
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Figure 3.10 — The heat flux profiles utilized irrt@OSMOS finite element model and
the subsequent response of the heat flux probe Wbignclean and coated with a pod
aluminum wafer

Both the clean and sub-wafer temperature profitk&maced with increasing heat
flux ramp duration. The clean temperature profddsanced 3.6 and 6.1ms for heat flux
profiles with 5CA and 10CA ramps, respectively. Hwer, the respective sub-wafer
temperatures advanced only 1.4 and 2.2ms. Thetresisl an increasing phase delay
between the clean and sub-wafer temperature pgofiteducing progressively lower
wafer diffusivity values as the heat flux ramp timas increased.

Although the absolute advances in phasing causedhéyramped heat flux
profiles were small, 2.2 and 3.9ms for the 5CA a0GA ramps, respectively, they were
large compared to the phase delay of theu®Ovafer when utilizing the square wave
heat flux pulse, 0.85ms. The magnitude of diffugiveductions calculated from the sub-
wafer phase delays with the 5CA and 10CA duratiomps applied to the heat flux
profiles were 260% and 460%, respectively. Theeeftre impact of a non-instantaneous
heat flux pulse accounted for the absolute leveradr experimentally observed with the
500um aluminum wafer.

Thicker aluminum wafers were also tested with ti@SMOS model utilizing the

same heat flux pulse profiles shown in Figure 3Tk sub-wafer temperature profiles
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predicted by the COSMOS model for aluminum waféckihesses of 500 and 1506

are shown in Figure 3.11.

COSMOS Results
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Figure 3.11 — The heat flux probe temperature l@®firedicted by the COSMOS model
for aluminum wafer thicknesses of 300 and 150Qm with heat flux pulse profiles of
various shape

The sub-wafer temperature profile of 1H0® aluminum wafer also experienced
an increase in phasing advance from 1.1 to 1.9ntiseagdiew factor induced ramp time of
the heat flux profile increased from 5CA to 10Céspectively. When combined with the
aforementioned advance in the response of the gesre to ramped heat flux profiles,
the phase delay associated with the m®0aluminum wafer increased by 2.5ms for the
5CA ramp and 4.2ms for the 10CA heat flux rampshil®these changes to the absolute
phase delay of the 150 wafer are greater than those experienced byafend wafer,
the ideal phase delay of the 1p@® aluminum wafer, as determined by the COSMOS
model with an ideal square wave heat flux profilas 14.5ms, seventeen times that of
the 50Qum wafer. Accordingly, the diffusivity reductions sagiated with the non-
instantaneous nature of the heat flux pulses wighit50um wafer were only 17% and

30%, respectively, for the 5CA and 10CA heat flarmps. Thus, COSMOS modeling of
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the non-instantaneous heat flux pulse has matdmeexperimental behavior of Figure
3.7 in both the absolute level of diffusivity undexdiction and the trend of decreasing
diffusivity error with increasing wafer thickness.

To minimize the impact of the non-instantaneous fiea pulse on the ex-situ
results, the radial cutouts of the chopping wheeteatripled in size and the wheel was
spun at three times the previous speeds, Figug& 3BHis hardware alteration maintained
the heat flux pulse duration while reducing theetidomain duration of the view factor

ramp up and ramp down process. All ex-situ testemgprted in the subsequent sections

of this work utilized this upgraded hardware.

10CAramp 10CAramp
@ 200rpm @ 600rpm

Heat Flux

Time

Figure 3.12 — Impact of increasing the radial cte@nd speed of the chopping wheel by
a factor of three on the heat flux pulse profile

3.3.2 Impact of Sample Thickness and Chopping Wheel Spadex-Situ Diffusivity

The five different thicknesses of 6061-T6 aluminymoduce an average

diffusivity value of 4.7x18 m%s, three percent less than the lower bound oétipected
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range (4.84x1® m?s) and twenty percent less than the mean of tipeated range
(5.87x10° mP/s) . Figure 3.13 shows the calculated diffusigitfer all five aluminum
wafer thicknesses. The ex-situ diffusivity valueghibit no dependence on sample
thickness. Each data point in Figure 3.13 reprasémt average of 400 individually
calculated diffusivity values. There are three 4flse data points displayed for each
wafer thickness at each chopping disk speed. Treage of the ~38000 diffusivity
values calculated with the aluminum wafers has bgletted as horizontal line and

shown relative to the mean of the expected range.
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Figure 3.13 — Diffusivities for aluminum waferswarious thicknesses at different
chopping disk speeds

Higher rotational speeds equate to shorter heat #xposure times and
temperature swings of lower amplitude. The re@afiatness of the temperature profile
for short heat flux pulse durations hampers thectiein of a maximum temperature,

Figure 3.14. In addition, increasing wafer thicls)as any one speed further reduces the
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sub-wafer temperature swing, Figure 3.15. Thus,someements with thick samples at

high speed are avoided as selection of a maximopeeature becomes difficult.
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Figure 3.14 — Normalized temperature traces oéarcprobe and a probe covered with a
500um aluminum wafer at various chopping disk speeaasg(in)
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Figure 3.15 — Normalized temperature trace foreartlprobe and sub-wafer temperature
traces for various aluminum wafer thicknessesarstant chopping disk speed of 600
rpm exhibiting the loss of amplitude for large #rnesses
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3.3.3 Impact of Radiation Transparency on Ex-Situ Diffitsi

Initial tests with the alumina and zirconium wafeggealed a partial transparency
of these materials to the radiative heat flux. $hb-wafer temperature profile shown in
Figure 3.16 had no measurable phase delay reladivihe clean temperature signal.
Additionally, the heat flux profiles of clean andier covered probes exhibited nearly
identical phasing, Figure 3.16. Other researchease hnoted the semi-transparent
behavior of similar ceramics [96]-[99].

Pores within a ceramic layer can significantly iattee heat transfer behavior of a
coating by absorbing the transmitted radiation aoting as internal radiation sources,
increasing the total heat transfer through theiegafl00]. However, the monolithic
construction of the calibration wafers used in gtisdy minimizes the included porosity.
In addition, internal radiation within a ceramicyd® has been proven minimal at
temperatures below 400°C by [100] and [101]. Tharstlie temperature ranges of this
work, the ex-situ radiation pulse transfers heegatly through the wafer sample without
graphite, and the influence of porous absorptiahrarradiation is negligible.

Application of a graphite aerosol [100] to the sed of the ceramic wafers
created an opaque layer which minimized transmissiod reflection of the incident
radiation. Figure 3.16 shows sub-wafer temperaanceheat flux traces with the graphite
aerosol applied. A clear phase delay is now prasdmth the sub-wafer temperature and
heat flux profiles suggesting that transmissionlteen reduced.

The mean sub-wafer temperature increased by 7r8f€ 78.2 to 85.7°C due to
graphite application, creating the higher peak hesatsfer exhibited by the “sub-wafer
with graphite” heat flux trace in Figure 3.16. Whderamics have been shown to exhibit
a decrease in reflectivity as temperatures incrbagend 1300K [100] and [102], the ex-
situ environment kept the ceramic temperatures wd@@K, well below the 1300K

temperature threshold. Therefore, the 33% incr@asdsorbed radiation with graphite
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applied was attributed to reduced reflectivity la# teramic surface due to the graphite

application and not to changes in the optical prioge of the ceramic itself.
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Figure 3.16 — Temperature profiles (left) and Hieat profiles (right) of a clean probe
and a probe covered with a ceramic wafer exhibitiagsparency to the radiation source
and minimization of that transparency via the aggtion of aerosol graphite

The influence of aerosol graphite on the resporisa bare heat flux probe (a
probe without a wafer covering the junction) wasoatested. Figure 3.17 shows the
measured temperature traces for a bare heat flbxepand a probe coated with aerosol
graphite. The graphite coated probe experiencedrgel temperature swing due to
increased radiation absorption of the probe surfélte phasing change was measured
due to the graphite application indicating that thleasing of the graphite coated
temperature trace is within 2 of the phasing of the bare temperature tracee (Th
temporal resolution for a chopping wheel speed 480tpm with 0.1CA resolution is
12us.) For the comparison shown in Figure 3.16 andutinout this work, the traces
named “clean” denote the response of a heat flokemwith aerosol graphite applied to
its surface but without a calibration wafer, CCDtloermal barrier coating covering the

temperature measurement junction.
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Figure 3.17 — Normalized temperature profiles dapgcthe influence of graphite aerosol
on the response of a clean heat flux probe

The application of the graphite to the surface ofbare heat flux probe
accumulates an average thickness ofi@8vith a standard deviation of Qu&é from a
sample of twelve Dualscope thickness measuremekdslitionally, the impact of
graphite application on the measured wafer thickeeds shown in Table 3.2. The
average thicknesses and standard deviations desplfoy each wafer are from twelve
Dualscope thickness measurements. On averagepplieadion of graphite to the wafer

surface addsBn to the measured wafer thickness.
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Thickness/Standard Deviation [Um]
Material| Plain | Grease | Grease and Graphite
€ 544/10 | 541/14 551/12
2 [1029/17]1024/21 1039/21
€ | 1595/8 | 1593/19 1595/21
< 2174/12|2179/12 2174/14
£ 104/4 108/8 108/9
2 168/8 | 172/12 172/11
§ 225/10 | 224/15 228/17
N 277/15 | 282/17 279/16
© 104/2 109/7 109/8
E 167/6 | 169/11 170/12
23 223/9 | 224/15 227/16
274/11 | 279/16 282/17

Table 3.2 — The impact of heat sink grease sub-larye graphite surface treatment on
installed wafer thicknesses as measured by thééfigaualscope

3.3.4 Ex-Situ Diffusivity Accuracy with Ceramic Materials

The alumina and zirconium wafers were fabricateth wiominal thicknesses of
100, 150, 200, and 2hf. The sub-wafer temperature traces for like wtfmknesses at
the same speed are compared in Figure 3.18. Adithusivity of the wafer material
decreases, the sub-wafer temperature swing desraaselimits the ability to ascertain
the peak temperature. Thus, materials with lowdfusivities have a lower speed
threshold for accurate measurements.

The diffusivities obtained for all three wafer nradés are shown in Figure 3.19.
The different shapes and colors of the points @tbtor any one material correspond to
different wafer thicknesses. (There are five thedses of aluminum wafer and four
thicknesses each for alumina and zirconium.) Eamhtplotted is obtained from 400
individual diffusivity values calculated from 408cuential temperature traces.

The average diffusivities of each material are sh@s horizontal dashed lines

and were computed from the individual pulse diffitgés at all thicknesses and all
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speeds. For comparison purposes, the solid linesv she mean diffusivity of the

expected range for each material.
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Figure 3.18 — Clean and sub-wafer temperaturegrimedike thicknesses of alumina and
zirconium ceramic at a constant chopping disk spé&d0 rpm
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Figure 3.19 — Diffusivities for all thicknessestbé three wafer materials and their

sample averages (black dashed lines) relativeetonan of the expected diffusivity
range for each material (solid green lines)
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The ex-situ diffusivity values show no trend witangple thickness for any
material tested. The radiation chamber underpredibe average diffusivities for
aluminum, alumina and zirconium. The sample averdiffeisivity for zirconium is
0.80x10° m?/s which is fourteen percent greater than the lob@md of the expected
range (0.70x18 m%s) but sixteen percent lower than the mean ofetkgected range
(0.95x10° m?/s). The alumina results fared worse on a comparatasis due to the
relatively narrow range of expected value for therana wafers. The sample average
diffusivity value, 6.4x16 m?s, is thirty one percent below the lower boundttoé
expected range (9.3xfam%s) and thirty six percent below the mean of thpeeted
range (1.0x18 m?s). Figure 3.20 illustrates the comparison of faenple averages
calculated from the radiation chamber with the exge diffusivity values. The error bars
on the radiation chamber results represent thelatdrdeviation of the ~38000 individual
diffusivities calculated for each material whileetarror bars on the expected data depict

the extremes of the expected value range for eatérral.
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Figure 3.20 — Ex-situ diffusivities and their standi deviations compared to the mean
expected values and the range of expected valuyg®wasled by various texts
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While the heat sink grease promotes consistentacbrdt the wafer-probe
interface and minimizes air gaps, the conductiatythe thermal grease is only 0.75
W/mK [96], which is less than the conductivity fat the wafer materials [88]. Thus, the
thin layer of grease beneath each wafaqun{2on average) increases the measured

temperature phase lag and creates a consistemsiditfy underprediction for all wafers.

3.3.5 Accuracy Evaluation Conclusions

A thermal radiation chamber has been developed tler non destructive
determination of CCD thermal diffusivity. To demtniage the accuracy of the device and
methodology, wafers of various thicknesses wergidated from materials of known
thermal properties and installed over the surfeceperature measurement junction of a
heat flux probe. Measures were taken to minimizgtaa resistance, surface reflection,
and radiation transparency of the calibration maler

The thickest calibration wafers yielded smalleradséts during sweeps of heat
flux pulse duration due to the increasing diffigulh ascertaining the peak temperatures
as the heat flux impulse durations were shorterigkewise, materials of lower
diffusivity reduce the temperature swing measuredelath the material and limit the
sample size during pulse duration sweeps.

With these tendencies as guidelines for data dadlecthe diffusivities calculated
by the device and methodology proved to be indepeindf material thickness. The
wafer diffusivities exhibited a slight but consisteinderprediction for all three materials
tested. Residual contact resistance remaining afiplication of the heat flux grease at
the wafer-probe junction increases the measuregdeature phase lag, decreasing the

diffusivities of all the calibration wafers.
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CHAPTER 4

THERMAL DIFFUSIVITY OF COMBUSTION CHAMBER DEPOSITS

The improvements to the dynamic radiation chamber&asurement technique
and the establishment of its accuracy in the presschapter allow confident collection of
ex-situ CCD diffusivity data for various sampledknesses during a passive conditioning
cycle. The environmental differences between thsiexand in-situ setups can then be
exploited to examine the impact of CCD morphologytlee diffusivity of CCD through a

comparison of the ex-situ and in-situ diffusivitglues.

4.1  Analysis of Combustion Chamber Deposit Accumulation

A passive conditioning cycle was conducted by alhgathe engine to operate at
a single point within the HCCI operational space&n(ty,., 20:1 A/F, WOT, 90°C fiake
95°C Toii and Teooian) With the RD3-87 reference fuel described in Cha@t This passive
operation allows analysis of CCD accumulated owee t which have not been subjected
to the drive cycle dependent impact of burn-off aé@ccumulation.

During the passive conditioning cycle, the cylintherad heat flux probes were
periodically removed and tested within the radiatahamber to determine the ex-situ
diffusivity. Table 4.1 shows the points of stoppalgeing the passive conditioning cycle
and the corresponding CCD thicknesses on eachdeylinead probe as measured by the

Fischer Dualscope. Twelve thickness measurements algained in a circular pattern
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on the probe area immediately surrounding the nreasent surface and averaged. The
standard deviation of these measurements is gieoteel in Table 4.1.

Obtaining thickness measurements directly on thmpézature measurement
surfaces of the cylinder head heat flux probes wwtntionally avoided to protect this
crucial portion of CCD morphology from contact witie Fischer Dualscope. However,
the thicknesses averaged from the immediately soding area of the probe housing
have low standard deviations, providing sufficieahfidence that the CCD thickness at

the measurement junction has been accurately mpszb

Engine | Probe | Combustion Chamber Deposit
Run Time|Location| Thickness |Std. Dev.|Std. Dev.

[hours] [um] [um] [%]
10 H1 24 4 17
10 H2 23 3 13
14 H1 28 5 18
14 H2 25 4 16
18 H1 29 3 10
18 H2 27 2 7
22 H1 31 4 13
22 H2 31 3 10
26 H1 33 4 12
26 H2 41 6 15
30 H1 40 5 13
30 H2 48 3 6
33 H1 42 3 7
33 H2 64 5 8
35 H1 50 3 6
35 H2 66 6 9

Table 4.1 — CCD thicknesses and standard deviadibtiee various stopping points of the
passive conditioning cycle

Figure 4.1 and Figure 4.2 show the CCD accumulaéibeach of the stopping
points within the passive conditioning cycle. Tingial stage of CCD growth (through
~30um) generates a visually sparse CCD layer with rooodules protruding from the

surface. This protruding topography is yellow-browncolor when compared to the
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typically grey-black CCD and can most clearly bersen the 25, 27, and fin photos
within Figure 4.2.

Figure 4.1 — Thickness progression on cylinder Hesat flux probe #1

CCD accumulation is denoted “sparse” for thicknedses than 3dm due to the
visibility of the temperature measurement surfabeough the CCD layer. The
temperature measurement surface is the smalléisé aoncentric circles shown in Figure
4.1 and Figure 4.2. In addition, for CCD thickneskss than 30m, the fluorescent light
source used to illuminate the CCD surface for ptatohic purposes reflects back to the

camera from the steel of the probe body and mogrdleeve. These observations are
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gualitative indications that line-of-sight pathwagisist, which pass directly through the

CCD layer for CCD thicknesses less than p80Q

Figure 42 Thickness progression on cylinder Hesat flux probe #2

The temperature measurement surfaces of the cylindad heat flux probes
become completely obstructed from the camera vigwdiween 30 and f0n of CCD
accumulation. CCD thicknesses greater thapndGare black in color with very few

yellow colored topographical features, starkly casting the appearance of CCD layers

less than 30m in thickness.
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The gaps between CCD clumps give CCD layers oftles 3Qum (“thin” CCD
layers) their sparse appearance. However, the atdrbviations of the CCD thickness
measurements shown in Table dr& insensitive to CCD thickness for the entiregyeaaf
CCD thickness accumulation. This fact illustrateat tthe sparse nature of CCD layers
less than 30m in thickness does not impact the Fisher Dualsecopasurements. If the
gaps were larger than the Dualscope’s probe tgDialscope would slip into these gaps
during some of the multiple thickness measuremengking the standard deviation of
the thickness measurements very large for the eslyadistributed CCD of less than
30um. Instead, the Dualscope probe spans the gape @E€D layer during the thickness
measurement process, see Figure 4.3. The physioahdions of the Dualscope probe
tip provide a maximum width for the gaps in thent@CD layer. Accordingly, the gaps
which provide a line-of-sight through the CCD layar CCD thicknesses less thanud0

are assuredly less than 0.050” (1.27mm) in width.

Probe Mounting Sleeve CCD “particles” initially

form on surface but leave gaps

Temperature
Measurement Surface

Fischer Dualscope
[ measures a thickness that is
insensitive to the CCD gaps

Figure 4.3 — Sectional schematic of the CCD coegdidder head heat flux probe
illustrating gaps in CCD during initial accumulatio
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4.2  Ex-situ and In-situ Diffusivities of Combustion Chanber Deposits

The ex-situ radiation chamber has been specifiagligned to duplicate the in-
situ environment in the magnitude of duration of tieat flux to which the CCD coated
probes are exposed. If the in-situ impact of CCpugely thermal, then the ex-situ and
in-situ diffusivities will be the same. This sectiwill introduce both the ex-situ and in-

situ diffusivity results, both their similaritiesa differences.

4.2.1 Ex-situ Combustion Chamber Deposit Diffusivity

At each of the stopping points during the passmeddioning cycle, the cylinder
head heat flux probes were tested in the radiativember to determine the ex-situ
diffusivity of the CCD. Figure 4.4 shows the exustliffusivity trend versus thickness on
a linear scale. Each data point is an average 00 2ffusivity values each calculated
from an individual heat flux pulse. The ex-situfddivity data was taken in sets of 400
pulses at six different heat flux pulse duratiooreéting different amplitude temperature
swings beneath the CCD). The vertical error bgpsesent the standard deviation of the
2400 individual pulses at each CCD thickness wihigehorizontal error bars represent a
standard deviation of the twelve thickness measenésn taken with the Fisher
Dualscope.

Progressing toward thinner CCD from the right alding ex-situ data trend, the
measured sub-CCD temperature phase lags for CCplesmuickly drop orders of
magnitude from 2xI® seconds for 40m CCD to 4x1C seconds for 28m CCD.
Temporal measurement resolution for the radiatilnter ranges from 2.1x10
seconds per measurement at a chopping wheel sp& opm to 1.2x18 seconds per
measurement at 1400 rpm. Thus, for CCD samplestt@ss3@um, the measured phase
lag of the CCD is close to the measurement reswiuwdf the radiation chamber, creating

large standard deviations in the diffusivity values
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CCD Diffusivity versus Thickness
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Figure 4.4 — Ex-situ CCD diffusivity values exhibg sensitivity to CCD thicknesses
less than thirty micrometers

A power law trend line has been fit through theadsmilar to the method utilized
by Guralp [11], [13] Initially, this trend appears to describe the data well, but when
viewed on a log scale, Figure 4.5, shortcomingsisffit become obvious.

Because the ex-situ diffusivity values span neéosly orders of magnitude, the
regression calculation used to determine the pdtvisrmore sensitive to the accuracy of
the higher order diffusivity values. Residual vawan be large on a percentage basis for
the lower order diffusivity values (at large CChc#tnesses) and still add little to the sum
squared of residuals in the overall regressionutation. To avoid this quagmire, two

separate fits have been employed in Figure 4.6.
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CCD Diffusivity versus Thickness
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Figure 4.5 — Ex-situ CCD diffusivity plotted onaglscale to illustrate the shortcomings
of a single power law fit
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Figure 4.6 — Comparison of single and piecewisedsalescribing ex-situ CCD
diffusivity
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4.2.2 In-Situ Combustion Chamber Deposit Diffusivity

The ex-situ diffusivity values for CCD of lower thkinesses are orders of

magnitude higher than those seen in-situ by previmsearchers [11]49], whose

calculated diffusivities fell between 0.8 - 4.5¥16/s. This investigation also measured

in-situ diffusivity at each stopping point duriniget passive conditioning cycle. During

the in-situ measurements, the engine was operaitbdreduced intake temperature to

counteract the phasing advance caused by CCD adationy Figure 4.7. By removing

the advance in combustion caused by CCD accumnldtibecomes a certainty that any

remaining phase delay seen in the sub-CCD temperdtaces is due only to the

insulating effect of the CCD. This compensatiornteque was previously employed by

[11], [13], and allows the utilization of the afomentioned diffusivity calculation

methodology and calculation of in-situ CCD diffusywia Equation 1.2.

Rate of Heat Release [J/ICA]
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-
=]

=

Clean (Tint=90 C)
Conditioned (Tint=90 C)

| 1

10 15 20 25 30

Crank Angle
Figure 4.7 — Intakéemperature compensation technique developed bglGét al. [13]

The in-situ trend of CCD diffusivity taken at tieesompensated firing points is

shown in Figure 4.8. The temperature phasing démyeach probe at each CCD
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thickness was calculated by comparing the temperanaces recorded with a clean
combustion chamber to the temperature traces redodiiring intake temperature
compensated operation before each stopping pagmbp€rature traces from two hundred
consecutive engine cycles are recorded for botlelta and CCD coated cases.

While the engine combustion at each stopping poad phased to be equivalent
to that of the clean chamber for the ensemble geepaessure trace, the ensemble based
compensation does not guarantee that the heatdragech probe is subjected to at each
individual cycle is identical for the clean and CCDated cases. Instead of calculating
diffusivities based on the phasing difference betwedividual clean and CCD coated
temperature traces, the ensemble averages of ¢#am eind CCD coated temperature

traces are utilized. Therefore, the in-situ CCDiudilvity error bars are omitted. This

technigue has been previously employed by Guradh [a13].

CCD Diffusivity versus Thickness
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Figure 4.8 —Diffusivities calculated from ex-sitadain-situ (firing) testing
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The ex-situ and in-situ firing diffusivity trendseadivergent for CCD thicknesses

less than 40m. The divergence of the two data sets is notedl&d the assumption of

the diffusivity calculation methodology because tiedavior is apparent in the measured

temperature and calculated heat flux traces, Figge
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The ex-situ temperature and heat flux traces umdargignificant transformation
in both shape and phase delay that initiates betwee 3um and 4Qim cases. Ex-situ
temperature traces for CCD less thamrB0qualitatively exhibit no temperature phase
delay in the maximum of the temperature signal.tRerthinnest case (), the in-situ
firing temperature trace experiences a phase d#l2y29ms while no phase delay was
measured ex-situ. The 2.29ms phase delay expedentsitu should easily be
measurable with the worst-case ex-situ temporaluésn of 2Jus (corresponding to 0.1
CA resolution at a chopping wheel speed of 800 rpm)

Through analysis of the measured temperature trélcesdivergence of the ex-
situ and in-situ diffusivity trends has been proveen be a physical phenomenon.
However, the ex-situ and in-situ measurement sdtaps several differences which must
be investigated as possible sources of the diverdjffasivity trends. The factors to be
investigated in the subsequent sections are: tteeaiction of compressed air with the
CCD morphology, the interaction of fuel with the B@norphology and the impact of

differing heat transfer modes on CCD diffusivity.

4.3  The Effect of Compressed Air on Combustion ChambebDeposit Diffusivity

One difference between the ex-situ and in-situ Brpntal setups is the role of
compressed air. In-situ CCD are exposed to a caspdeair environment on the order of
40 bar during firing engine operation while theiatidn chamber exposes the CCD to
nitrogen at slightly more than atmospheric pressBesearchers have shown the impact
of material porosity on effective thermal propestdue to the differences between the
substrate material and the substance occupyingdhes [93] - [95]. Additionally, gas is
known to permeate the porosity of thermal barrieatimgs [92]. Based on these

precedents, the porous morphology of the CCD caolatain trapped compressed air
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during the in-situ experiments while only contagitow pressure gas during ex-situ
testing, providing an opportunity for dissimilaffdsivity results.

Equation 4.1 [93telates the effective thermal conductivity of aque substance,
ke, with porosity fraction®?, whereks is the conductivity of the substrate material gnis

the conductivity of the material filling the pores.
— P (1-®)
k. =k, K (4.1)

Woodside’s equation was used in conjunction withpeoperties at both 1 bar and
40 bar from the Chemical Engineer’'s Handbf®4] to generate trends of conductivity
versus porosity fraction, Figure 4.10. The abscdutestrate conductivity value for HCCI
CCD is unknown and was therefore approximated fitoenvork of Nishiwaki [48].
However, this assumed CCD conductivity value mectignges the y-intercept of the
conductivity trend. Woodside’s equation produceves which are self similar in shape
whose endpoints are fixed by the specified condiliets of the two constituents.

Two different CCD substrate conductivity values atdized in Figure 4.10, 0.2
and 2.0 W/(mK). Regardless of the value utilized@&D conductivity in the correlation,
filling the CCD porosity with 40 bar compressed @hther than atmospheric air has a
maximum of 2.0% impact on the effective CCD conolitgt at 99% porosity. However,
for more realistic porosity fractions of less tiaB0, the impact of compressed air alters
CCD conductivity values less than a single percent.

At first glance, this result may appear contradicto the work of Rtzer-Scheibe
and Schulz who noted as much as a 10% change icoti@uctivity of yttria stabilized
zirconium coatings at different pressures [10Bpwever, their experiments tested
ceramic samples at a much higher temperature, C1@0fd altered the pressure from a
vacuum to lbar of argon gas. Thus, their resufteatea change from evacuated pores to
pores filled with argon at high temperature ratthem two positive pressures with the

same substance at a relatively low temperature.
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CCD Conductivity vs Porosity
(Pores Filled with Air)
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Figure 4.10 — The influence of air filled CCD padtg®n effective CCD conductivity
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The effective conductivities from Figure 4.10 warsed in conjunction with
Equation 4.20 generate trends of effective CCD diffusividy, versus porosity fraction,
®, wherep, andC, are the density and heat capacitance of thellmgfthe pores angs
andC; are the density and heat capacitance of the C®Btrsue, Figure 4.11. The heat
capacitance and density for atmospheric and 4@ibavere taken from [104] while the
value forpCs was calculated from a CCD diffusivity value of 2107 m%s (a value
which is within the diffusivity ranges of [11], [#&nd [49] as well as the ex-situ results)
and the assumed valueskgfp mentioned above.

ke
"~ (@p,C, + (1 — D)pyCy) (4.2)

e
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CCD Diffusivity vs Porosity
(Pores Filled with Air)
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Figure 4.11 — The influence of CCD porosity on effifee CCD diffusivity

As with effective conductivity, the effective CQIffusivity is virtually unaltered
by the use of compressed air rather than atmosphemwithin the pores. The diffusivity
was altered by a maximum of 0.7% across the erdirge of porosity fraction. Thus, the
pressure differences between the in-situ and exrsgasurement environments did not

create the significant differences between the mredsin-situ and ex-situ diffusivity

values.
4.4  The Impact of Fuel on Combustion Chamber Deposit Diusivity

A second point of difference between the in-situd ax-situ measurement
environments is the presence of fuel in-situ. to-snotoring operation is devoid of fuel,
which allows comparisons between in-situ firing anesitu motoring to indicate the
impact of fuel interaction with the CCD morphologg diffusivities calculated in-situ.
The impact of fuel can be successfully isolatediyy comparison because differences in

compression between the motoring and firing in-siperation fall within the range of
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pressures examined in the preceding section, andftite will wield no influence on the
comparison of motoring and firing in-situ diffusiés.

Figure 4.12 displays the sub-CCD temperature arad thex profiles for select
thicknesses from the in-situ motoring and in-sitin§y data sets. Both in-situ data sets
experience trend-wise similarity in the sub-CCD penature and heat flux response

across the entire CCD thickness spectrum.
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Figure 4.12 — In-situ motoring and in-situ firirgnperature and heat flux traces for
select CCD thicknesses
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As with the in-situ firing operation, the in-situotoring diffusivities were
calculated from ensemble average temperature ttages during clean operation and
subsequent CCD coated operation. The ensemble gegemaere calculated from 200
individual temperature traces measured during cutse cycles. Figure 4.13 and Figure
4.14 show the diffusivities calculated during iftusnotoring operation relative to the ex-
situ and in-situ firing diffusivity values on logdmmic and linear scales, respectively. The
motoring and firing in-situ data sets are overlagpand have power function fits which
converge for CCD thicknesses greater than prd5 Quantitatively, the difference
between the in-situ firing and motoring data avesd.7%. The maximum difference
between the data sets occurs for the thinnest @&Si2d and has a magnitude of 20%.
The in-situ data, with motoring and firing pointsnebined into one data set, produces a
trend which splits the difference between the motpand firing trends, and is shown in

Figure 4.15. The error bars have been removed Figowe 4.15 for visual clarity.
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Figure 4.13 — In-situ motoring, in-situ firing aed-situ diffusivities plotted on a log
scale and illustrating the similarity of in-situ todng and firing data
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CCD Diffusivity versus Thickness
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Figure 4.14 — In-situ motoring, in-situ firing aed-situ diffusivities plotted on a linear
scale and zoomed to highlight the similarity ofitis motoring and firing data
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Figure 4.15 — In-situ (all) trend produced throwgimbining both in-situ data sets
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With less than an eight percent difference betwbemmotoring and firing in-situ
data, it can be safely stated that the fuel intevaavith CCD morphology does not wield
a significant impact on CCD diffusivity on the aylier head probes. Therefore, the
difference between diffusivities determined ex-sitwl in-situ cannot be attributed to the

presence of fuel in-situ.

4.5  The Impact of Heat Transfer Mode on Combustion Charber Deposit

Thermal Diffusivity

The last significant disparity between the in-stud ex-situ environments is the
heat transfer mode used to deliver the heat flugepto the cylinder head probes. The ex-
situ environment utilizes radiation to deliver theat flux while in-situ relies on
convection and conduction. Differences betweerntinfging and motoring heat transfer
modes are assumed to be of little consequence @ @fiusivity on the cylinder head

probes due to the aforementioned similarity ofrtcalculated diffusivities.

4.5.1 Peak Temperature Phase Delay Analysis

In order to facilitate a more productive discussiegarding the impact of heat
transfer mode on CCD diffusivity it becomes usédulake a step backward in processing
from the diffusivity values. Figure 4.16 shows timeasured peak temperature phase
delays used to calculate the previously shown exesid in-situ diffusivities. In the time
domain, the temperature phase delay has a stnoegy Icorrelation to CCD thickness. As
with the diffusivities calculated from these phaistays, the firing and motoring in-situ
data have linear which overlap. As discussed imptlegious section, the two in-situ data

sets are taken together and fit with a single t@sndhown in Figure 4.17.
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CCD Phase Lag Times versus Thickness CCD Phase Lag Times versus Thickness
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Figure 4.16 — In-situ firing, in-situ motoring aed-situ peak temperature phase lag times
shown at full scale and zoomed for clarity
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Figure 4.17 — In-situ and ex-situ peak temperapinase lag times with the in-situ
motoring and firing data taken together as a sidgla set

A portion of the ex-situ phase lag data has a fitremd with CCD thickness. This
linear portion of the data begins between 3mM0which is the same region of CCD
thickness where the ex-situ diffusivity trend waded to have changed significantly. The
linear portion of the ex-situ data is very similaslope but shifted from to the two in-situ
trends. The in-situ trend is y=2.16E-4(x)-2.99E+8l a&x-situ linear trend is y=2.02E-
4(x)-5.67E-3, where y is sub-CCD phase delay irosds and x is CCD thickness in
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micrometers. However, the ex-situ data is non-lire@aCCD thicknesses less tharnu8@
While the analysis of CCD peak temperature phas®yds similar to that of the CCD
diffusivities, the linear nature of the phasingtie better facilitates comparisons in heat

flux mode response of the CCD.

4 5.2 Partial Transparency of Combustion Chamber DeptsiEadiation Heat Flux

Semi-transparent response of other substancestextsitu radiation pulse has
been addressed by this work in earlier chaptersin@calibration testing, the impact of
transparency was mitigated through the applicatibra graphite aerosol spray to the
surface of the calibration wafers. The aerosol ysppsainitially wet when applied and
quickly dries. Due to concerns that this wet-whepl@d aerosol spray could wick into
any interconnected porosity network within the CGDd alter diffusivity values
measured later during the accumulation processyraphite was applied to the CCD
during the passive conditioning. However, due ® significant difference between ex-
situ and in-situ measurements at low CCD thickregsadditional HCCI operation was
conducted to accumulate a CCD layer within the 80m thickness range which
exhibited the nonlinear peak temperature phaseydélais additional round of CCD
accumulation provided ex-situ measurement pointsviach the ex-situ CCD diffusivity
could be determined first without, and then subeatly with, graphite applied to the
surface.

Figure 4.18 shows a comparison of ex-situ tempegadand heat flux traces with
and without graphite applied to the CCD surfacee Hpplied graphite induces an
increase in sub-CCD temperature phase delay imadgcat partial transparency of the
CCD to the ex-situ radiation pulse. A correspondimgse shift is also apparent in the

rise and fall of the heat flux trace. The cumulkatheat fluxes for these two cases are
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within 2.5%, indicating that any change in absanptexperienced by the CCD due to the

application of graphite is minimal.
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Figure 4.18 — Impact of graphite applied to CCOfare on sub-CCD temperature and
heat flux

The magnitude of the phase delay increase is seadparent when the open and
closed diamonds of Figure 4.19 are compared. Minirgi the transparency of CCD to
the ex-situ radiation source by applying graphtethiie surface has provided a shift
towards the in-situ phase delay trend. The apphicadf graphite increased the phase
delay of the 2dm CCD sample by 3&, an increase of 81%, while thep@® CCD
sample saw its phase delay increase bysy/&n increase of 90%. Thus, the shift in
phasing created by minimizing CCD transparency 6$ constant in magnitude or
percentage for this limited sample.

The shift in temperature phasing created via gtephpplication reduced the
diffusivities of the 2im and 2Gim CCD samples by nearly two orders of magnitude
(factors of 82 and 87, respectively), but still slaet provide the full shift necessary to
match these ex-situ points to the in-situ resdlte diffusivity reductions can be seen in

Figure 4.20.
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CCD Phase Lag Times versus Thickness
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Figure 4.19 — The increase in sub-CCD temperathasg@delay caused by minimizing
CCD radiation transparency with graphite
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Figure 4.20 — The shift in ex-situ diffusivity caasby minimizing radiation transparency
through the application of graphite to the CCD acef
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The impact of transparency on sub-CCD temperatinase delay and CCD
diffusivity was not constant for the two pointstexb and may be a function of CCD
thickness. However, with the limited graphite cdadiata, it is difficult to fully quantify
the impact of partial radiation transparency ondkesitu results. In the absence of more
results, the impact of transparency was assumée & time constant whose magnitude
was set to the average of the two points testgds.5Mhis time constant was added to the
ex-situ CCD temperature phase lag across the €b@i@ thickness spectrum, producing
a shift in the sub-CCD temperature phase and C@Dsdiity trends which are shown in
Figure 4.21 and Figure 4.22, respectively. While #pplication of graphite provides
additional temperature phase delay indicating tinahsparency plays a role in the
difference between ex-situ and in-situ resultssitclear that other factors are still

influencing the ex-situ results.
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Figure 4.21 — Temperature phase lag with constapact of transparency applied to ex-
situ results
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CCD Diffusivity versus Thickness

10" ¢ : :
; ® Ex-Situ
102 L A |n-Situ Firing
\‘ L' In-Situ Motoring
10° \ € Ex-Situ Trans Comp
N@ \ = EXx-situ Trend >40 pm |
£ 10° ‘\‘ == Ex-Situ Trend <40 pm ||
> ’ ". —e—n-Situ Trend (All)
2 0] L § ]
> g \ 3
o 10° L $ \\ ]
: .
. 7 m ,
10°® ! ! ! ! ! ! !

10 20 30 40 50 60 70 8 90
CCD Thickness [ pm]

Figure 4.22 — CCD diffusivities illustrating the fpact of the transparency compensating
temperature phasing shift on the ex-situ results

4.5.3 Penetration of Radiation into the Morphology of Gmstion Chamber Deposits

The discussion presented earlier in this chapiézed Figure 4.3 and surmised
that gaps between the initial clumps of CCD weralsmnough to not influence the
measured CCD thickness. However, these gaps padme of sight directly through
the CCD to the temperature measurement surfacbkeoheat flux probes as shown in
Figure 4.23.

The insensitivity of sub-CCD temperature phaseyd&laCCD thickness for CCD
less than 30m indicates that a portion of the radiation pulsmgirates through the
porosity network in a line-of-sight fashion dirgctto the temperature measurement
surface. Contrarily, the in-situ results reportheage delay for these same CCD layers.
This confirms that the length scale of the conwecturrents within the chamber is larger

than the maximum gap width of 1.27mm as previows{ermined from the physical
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dimensions of the Fischer Dualscope. Thus, becdlisein-situ convection cannot
penetrate into the gaps, the CCD appear as awalid

Convection is driven by flow and temperature gratiievhich have both been
shown to have length scales large enough to ptop#metration into the CCD gaps
through the experimental findings of other researslj105], [L06]. The investigation of
Dronniou and Dec focused on HCCI thermal stratiftca and revealed cold pockets
within the combustion chamber near TDC on the madlier scale [105]. Funk et al.
determined that mixing lengths within a combustabramber were greater than 4.0mm

although they suggested that mixing could occurrdtmthe scale of ~1.0mm [106].

/| —
4mmmmm= | Gaps in CCD formation
Temperature allow some radiative
Measurement.< = | heat flux through to the
Surface measurement junction
% l 3 by line-of-sight
C——
C—
\. l

Figure 4.23 — Influence of initial CCD gaps on edin pulse

As CCD continue to accumulate, some of the linsight pathways, which
previously extended straight to the temperature soreanent surface, have now been
blocked, Figure 4.24. The measured ex-situ sub-G@mperature traces and their
corresponding sub-CCD temperature phasing remaansitive to the increased CCD
accumulation through thicknesses of g80) indicating that some gaps in CCD formation
continue to provide direct pathways for radiatiorréach the temperature measurement
surface. Although some of the line-of-sight pathsvap longer extend directly through
the CCD to the temperature measurement surfacg sthieprovide avenues which allow

some of the ex-situ radiation to penetrate pathefway through the CCD thickness.
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Some radiation
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Surface

Some radiation
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Figure 4.24 — CCD accumulation schematic for thedges less than ~3@ illustrating
the continued impact of the sparse CCD distribution

il

The change in ex-situ sub-CCD temperature phasey dedhavior that occurs at
CCD thicknesses between 30 andud0in Figure 4.16 can be attributed to the
elimination of all gaps which provide a direct pdtimough the entire thickness of the
CCD. Qualitative examination of Figure 4.1 and ed.2 reinforce this conclusion as
the circular outline of the temperature measurersarnface is no longer visible in this
range. Additionally, the ex-situ sub-CCD temperatphase delay becomes sensitive to
CCD accumulation in this thickness range and beténear relationship with CCD
thickness. With the elimination of these line-aftgi pathways directly to the
measurement surface, all of the ex-situ radiatiafsg now passes through some

thickness of CCD before reaching the measuremefacgy Figure 4.25.

Some radiation
penetrates into CCD
but no line-of-sight

through entire

thickness of CCD

Temperature
Measurement -<
Surface

Some radiation
is stopped at
\_ CCD surface

Figure 4.25 — CCD accumulation schematic for thedges from 30-40n where the
entire temperature measurement surface is nowaoate CCD

ik Ijn

94



As CCD accumulate to thicknesses greater thgmGsome ex-situ radiation
finds the gaps in the surface of the CCD layer pedetrates partially through the
thickness, Figure 4.26. Due to the linear naturthefex-situ temperature phase delay in
this CCD thickness range, shown in Figure 4.16,dfiect of radiation penetration is

assumed to be constant versus thicknesses.

( C—
4 —
— Some radiation
—/ penetrates into CCD
Temperature
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Surface < — Some radiation
is stopped at
— CCD surface
\_ <4

Figure 4.26 — CCD accumulation schematic for thedges >40m exhibiting the
penetration of radiation into the porosity of th€[®

To quantify the penetration of the ex-situ heax fwlse into the porosity network
of CCD, the linear portion (>30n) of the transparency compensated ex-situ phdag de
data is shifted to match the in-situ phase delaydr The average thickness separating
the ex-situ data from the in-situ trend was fouadé 13m. The shifted ex-situ phase
delay curve is shown in Figure 4.27 and the impdcthifting the curve on the ex-situ
diffusivity trend in shown in Figure 4.28. This #hestablishes the penetration of the

radiation pulse into a relatively thick, full coagre CCD layer at 18n.
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Figure 4.27 — Shifting the ex-situ phase delay edovquantify the penetration of
radiation into the CCD
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Figure 4.28 — Effect of Shifting the Ex-Situ Ph&ssay on the Ex-Situ Diffusivity Data

The length units accompanying this radiation pextietn shift can be misleading.
The 13im shift of the ex-situ phase delay data encompagsesmpact of both the

number of pores present on the surface of the C@&Dtlze depth of those pores, which,
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taken together, represent the effective porositytttd CCD layer. The radiation
penetration shift signifies the thickness of CCDoa# phase lag has been negated by the
penetration of radiation into the effective porgsiff the CCD during ex-situ testing.
Deeming this shift a “radiation penetration facterid tracking it for both CCD and
thermal barrier coatings gives an indication of éffective porosity of each substance as
seen by the combustion chamber gases. In add#ioce the radiation penetration factor
was determined by comparing the CCD response tatranl relative to convection, it
lends itself toward application in the diesel costimn industry both as an indicator of
CCD porosity and in quantifying the amount of réidia heat transfer present in-situ.

The shape of the ex-situ sub-CCD temperature ppasend was unaltered by the
application of the constant radiation penetratiactdr. The radiation penetration factor
only compensates the ex-situ data for the penetratf radiation into a CCD layer
having no line-of-sight pathways directly to thenfeerature measurement surface. It is
the sparse nature of the CCD accumulation thatigesvthese line-of-sight pathways and
creates the nonlinear shape in the ex-situ sub-@kd3e delay trend for CCD less than
30um. Compensating for the varying temperature measemeé surface area exposed
directly to the ex-situ radiation pulse during timtial stages of CCD accumulation
(<30um) has the potential to linearize this portion lod £x-situ trend, but is beyond the

scope of this work.

4.6  CCD Diffusivity Conclusions and Contributions

The ex-situ diffusivity data was shown to shiftngs in the CCD thickness range
of 30-40 micrometers. The ex-situ and in-situ CCEalp temperature phase delay and
diffusivity data sets were found to differ signdiatly for CCD thinner than 30n.

Analytical investigation showed that CCD diffusivitvas not influenced by the

pressure differences between the in-situ and exesitzironments. Because compressed
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air was proven a non-factor in the determinatio€@D diffusivity, in-situ firing and in-
situ motoring operation differ only by the preseontéuel.

In-situ firing and motoring results differed by awerage of 7%, proving that
there was virtually no impact of fuel on CCD dififuisy for the cylinder head probe
samples tested. However, it is important to notd these two probe locations are not
significantly wetted by the fuel spray. CCD in th@wl, which are exposed directly to the
fuel spray and subsequent fuel wetting/pooling, reaibit different characteristics.
Furthermore, the similarity of the in-situ firingné motoring diffusivities provides
evidence that radiation is not a significant sounfe heat transfer during HCCI
combustion.

CCD exhibited a partial transparency to the ex-giadiation pulse, but
minimization of this effect through the applicatioh a graphite opacity layer did not
fully eliminate the differences between ex-situ amgitu diffusivity values. The impact
of transparency was assumed constant for this wWidrk. transparency impact could not
be conclusively proven constant due to the smatipda size and limited CCD thickness
range of those samples.

The CCD allow penetration of the ex-situ radiatipnlse due line-of-sight
pathways in their accumulated structure. Thesewaath were provided by both the
porosity of the CCD layer and gaps in the spars&ridution of CCD during
accumulation.

During initial CCD accumulation, the pathways arapg can extend straight to
the temperature measurement junction of the heat grobe, reducing ex-situ phase
delays and creating high ex-situ diffusivities ©€CD less than 30 micrometers. The
convection heat transfer which dominates motoriorgdations and HCCI firing operation
cannot penetrate into these pathways and simplingeg on the CCD surface. Thus, the
in-situ heat flux must traverse the entire thiclshne$ the CCD layer while the ex-situ

radiation heat flux experiences the resistancatbéea reduced thickness of CCD or no
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CCD depending on the area coverage of CCD on thpdrature measurement surface.
This results in longer sub-CCD phase delays intitin ex-situ and the accompanying
disparity in diffusivity results. Determining theatial coverage of the CCD on the
temperature measurement surface during the istizges of CCD accumulation could be
used to eliminate the difference between ex-sitliiarsitu results for this range of CCD

thickness, but is beyond the scope of this study.

As CCD accumulation continues pastpudf) the temperature measurement
surface becomes completely covered with CCD. Is thickness regime, the line-of-
sight pathways penetrate only part way into the GRibkness. This again allows some
of the radiation pulse to experience the thermsilstance of only a portion of the CCD
thickness, but now all of the radiation pulse eigreres at least some resistance due to
the CCD.

The radiation penetration factor was developeduantjfy the impact radiation
penetration into a CCD layer with full spatial coage of the temperature measurement
surface. The factor is calculated by shifting tlxesgu sub-CCD phase delay trend to
match the in-situ trend. The CCD formed during ttisdy had a radiation penetration
factor of 13 micrometers.

The radiation penetration factor encompasses tineébau of exposed pores and
the depth of those pores and can be viewed as fantieé porosity measurement.
Because the radiation penetration factor is geadray comparing the CCD response to
radiation versus convection, it becomes a usefull ttw quantify the relative amounts of
each heat transfer mode in combustion conceptdigsel which experience significant
radiation heat transfer [16]. Additionally, compuayi radiation penetration factors
between CCD formed under different operating comalt or with different fuels can
provide substantial insight into the formation b&ba and morphology of the CCD
layers. The factor can also be used as a basofaparing the porosity of CCD to that

of different thermal barrier coatings.
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CHAPTER 5

DIFFUSIVITY OF THE MAGNESIUM ZIRCONATE

THERMAL BARRIER COATING

The thermal properties of flame sprayed ceramias difficult to quantify.
Vendors release a wealth of information about thessate material and little of the final
construct. The final properties of the coating dependent upon several application
variables (amount of coating applied per spray pasgle of the spray gun to the object,
translational speed of each pass, etc). This chapllefocus on determining the thermal
diffusivity of the flame sprayed thermal barrieratiog, TBC, to allow comparisons
between the TBC and CCD. Later chapters of thisstigation will address the impacts
of the TBC on HCCI combustion and CCD accumulation.

Flame sprayed TBC are known to undergo changdsetothermal properties due
to heat cycling and subsequent sintering/densificatof the coating [107]-[109].
However, the temperatures necessary to influeneesttucture of a zirconium-based
TBC are above 1100°C, and the TBC must be expasttbse temperatures for a period
of hours [107], [108]. The magnesium zirconate, Wgdating used in this study neither
reaches the 1100°C threshold temperature nor sadtaat temperature for appropriate
time periods to succumb to sintering effects.

The MgZr coating was composed of 76% Zirconium @wudth 24% Magnesium
Oxide infused to stabilize the crystalline struetufhe MgZr was chosen for its low
conductivity value, ~1.5 W/(m-K) [110]. A TBC thinkss of 100m was selected based

on the piston CCD thicknesses observed in prewous [12]. To avoid complications
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arising from the extreme difference in thermal exgpan coefficients between the
substrate material and the MgZr coating, apBGstress relief coating of a nickel alloy
was applied beneath the MgZr. The nickel alloy w&86 nickel with the balance
composed of aluminum, chrome and yttrium and h#éigeemal conductivity value near
60W/(m-K).

In order to quantify the thermal properties of fimal MgZr coating, a heat flux
probe was coated with both the {5® MgZr and nickel alloy stress relief layer used on
the piston. The total thickness of the MgZr-Ni doast measured 210n. Additionally,

a second heat flux probe was coated with just thkehstress relief layer so that the
properties of the nickel layer could be calculated the relative impact of the nickel
layer on the final construct studied. The thicknesthe nickel alloy layer was measured

to be 6Qum. The MgZr-Ni and Ni alloy probes are shown indfig5.1.

Figure 5.1 — Heat flux probes coated with MgZr vathickel sub-layer (left) and the
nickel layer alone (right)

5.1 Radiation Transparency of the Magnesium Zirconate ©ating

Figure 5.2 shows the ex-situ temperature and h@atraces for the MgZr coated
heat flux probe. No measurable sub-TBC phase delgyesent, suggesting that the

MgZr layer is semi-transparent and therefore alfmithe radiation pulse to pass directly
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through the sample. The semi-transparent behaviainoilar zirconium coatings has

been noted by other researchers [97]-[99].
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Figure 5.2 — Sub-MgZr temperature and heat flufileexhibiting radiation
transparency

Graphite aerosol was applied to the surface of NlgZr heat flux probe to
mitigate the transparency effect. Figure 5.3 shtvessub-MgZr temperature and heat
flux traces with graphite applied to the surfacedigtinct phase delay is now present in
the temperature trace, which can be used to cédcthe diffusivity of the conglomerate
MgZr-Ni coating.

The ex-situ diffusivity of the MgZr-Ni coating wasalculated, Figure 5.4. Each
MgZr data point represents the average of 400 iddally calculated diffusivities. There
are three data points plotted for each choppingelvéigeed. The conglomerate MgZr-Ni
diffusivity is similar to that of monolithic zircoam and is greater than any CCD

diffusivity calculated from the cylinder head prshe-situ from this work and in [11].
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Figure 5.3 — Sub-MgZr temperature and heat fluXilesowith graphite applied to
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Figure 5.4 — MgZr ex-situ diffusivity calculateding the combined thickness of both the

MgZr and Ni alloy coatings
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5.2  Removing the Impact of the Nickel Alloy Stress Redif Layer

To isolate the properties of the MgZr, the heax flwobe coated with only the
nickel alloy was tested ex-situ with graphite apglito its surface, Figure 5.5. The
measured temperature phase delay induced by tlkelraioy is approximately one

percent of the total phase delay measured for th&rNli conglomerate and is therefore

negligible.
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Figure 5.5 — Sub-nickel alloy temperature and faattraces illustrating the negligible
impact of the nickel alloy stress relief layer o sub-TBC phased delay

Subtraction of the nickel alloy’s @@ thickness from the total thickness of the
MgZr-Ni conglomerate effectively removed the impadft the nickel layer from the
diffusivity analysis. This thickness subtractiomoguced an isolated MgZr diffusivity
trend, “MgZr 15Qum” in Figure 5.6, lower than that of the MgZr-Nirglomerate.

To further validate the negligible impact of thekel alloy layer on the calculated
MgZr diffusivity, both the temperature phase dedayl the thickness of the nickel layer
were removed from the overall phase delay and tieis& of the MgZr-Ni conglomerate
during diffusivity calculations, respectively. Thesults of this exercise are represented

by the “MgZr phased” trend in Figure 5.6. The Mgdiffusivity produced with this
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technique was within a percent of the MgZr diffutsivcalculated without accounting for
the phase delay impact of the nickel alloy. Thisreise proved that simply subtracting
the nickel thickness from the conglomerate thicknefectively isolated the diffusivity
of the MgZr layer. Overall, the average ex-situ Mgiffusivity when isolated from the

nickel sub-layer was determined to be 5.7%h0s.
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Figure 5.6 — Isolation of the MgZr diffusivity bgmoving the impact of the nickel alloy
sub-layer

5.3  The Impact of Fuel on Magnesium Zirconate Diffusiviy

Flame sprayed coatings are considered a seriesenlapping splats [101] with
gas permeable porosity [92]. However, the previchapter analytically eliminated the
penetration of the porosity network by air of preses varying from 1-40bar as a cause
for the discrepancies between ex-situ and in-sitiwgivities. With the elimination of
compressed air effects, the presence of fuel duimgy operation is the only factor

remaining that differentiates the in-situ firingdamotoring conditions.
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MgZr diffusivities were calculated during both iitesfiring and in-situ motoring
operation. To maintain consistency with the ex-sésults, aerosol graphite was applied
to the MgZr prior to the in-situ testing. The respe of a clean cylinder head heat flux
probe was then compared to that of the graphitéedoslgZr coated probe prior to any
CCD accumulation. Combustion phasing was matchedhf® clean probe and MgZr
probe in-situ cases on an ensemble basis. Howdwerglean heat flux probe and the
MgZr coated probe could not occupy the same looatithin the combustion chamber at
the same time. Therefore, the clean and MgZr coptelle data used to determine the
temperature phase delay of the MgZr were from s@pd200 cycle measurements. For
these reasons, the temperature traces utilizethéom-situ diffusivity calculations were
ensemble averages of 200 individual cycle tempezdtaces.

A comparison of the diffusivities collected durinthe three diffusivity
measurement methods is shown in Figure 5.7. ThatexMgZr diffusivity is the average
of the diffusivities calculated from 8400 individlya heat flux pulses and the
corresponding error bar represents their standawdation. The in-situ results are
singular diffusivity values calculated from enseenbVeraged temperature traces, so their
error bars have been omitted. The firing and mogpm-situ diffusivity values are 47%
and 48% of the ex-situ diffusivity value, respeetju

Due to the similarity of in-situ firing and in-sitonotoring MgZr diffusivities, it
can be concluded that the interaction of fuel Wit MgZr coating does not impact the
in-situ MgZr diffusivity. Fuel interactions with éhdMgZr morphology are removed from

culpability for the difference between ex-situ anéitu diffusivities.
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Figure 5.7 — MgZr diffusivities determined during @tu, in-situ firing and in-situ
motoring operation showing the close agreement éatwhe two in-situ results
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5.4  Penetration of Radiation Heat Flux into the Magnesim Zirconate Coating

A factor which could create the discrepancy betweesitu and in-situ results is
the penetration of the ex-situ radiation pulse ithe MgZr coating, as previously
discovered for CCD. Conceptually, the MgZr coatingrphology is similar to the CCD
layer. Figure 5.8 displays a theoretical sketcthefMgZr coating with graphite applied
to its surface. The flame spray process deposytsrdaof sputtered ceramic material
which build upon each other to create the finatioga

As with thick CCD, the MgZr layer contains poroswich allows a portion of
the radiation pulse to penetrate into the MgZr iogatAccordingly, a portion of the
radiative heat flux experiences the delay of the@eMgZr thickness, and some radiation

traverses a lesser MgZr thickness. The porosigwalllight and radiation to penetrate,
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but the convective heat transfer experienced in-sénnot, creating the discrepancy
between ex-situ and in-situ diffusivities.

The aerosol graphite applied to minimize radiati@msparency is represented in
Figure 5.8 as a thin layer of particles coatingttital surface area of the MgZr layer. The
total surface area is the cross sectional areheofayer and the additional surface area
provided by the accessible pores. The conceptpa¢sentation of the aerosol graphite as
particles of much smaller size than the MgZr pdyoss reinforced by the minimal
influence of the graphite coating on the measusedpée thickness, as presented earlier
in this work. Even if the graphite were to paridill the pores of the MgZr layer, the
conductivity of graphite powder is orders of magdé greater than the MgZr (ranging
from 161-209 W/mK [111] and [112]), and the thickseof the graphite is orders of
magnitude less than the MgZr thickness. Thus, taplgte would only negligibly impact

the measured temperature phase delay.

Some radiation
penetrates into MgZr

Temperature Some radiation
Measurement < is stopped at
Surface MgZr surface

Graphite Removes
Transparency

Figure 5.8 — Conceptual diagram of the MgZr coatilugtrating the penetration of
radiation into the surface porosity

With CCD, a radiation penetration factor was foundtransposing the ex-situ
phase delay data onto the in-situ trendline of phdslay versus thickness. Similarly,
subtracting 3gm from the MgZr thickness allows the ex-situ diffuty results to

coincide with the in-situ average. This establisties MgZr radiation penetration factor
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as 3zm. However, there are only one ex-situ and twoitin-gdata points for the MgZr

study, an admittedly small sample.

5.5 Porosity of the Magnesium Zirconate Coating

The 32um radiation penetration factor for MgZr is 2.5 tert@gher than the 16n
factor calculated for CCD. The radiation penetratifactor represents the sample
thickness which has been negated by penetratidineofadiation pulse into the effective
porosity of the coating. If the depth of the CCDdavigZr pores is the same, then the
ratio of the two radiation penetration factors shdhat the MgZr has 2.5 times more of
those pores present. Conversely, if the quantityasés on the MgZr and CCD surfaces
is the same, then the line-of-sight depth of theZMgores must be 2.5 times greater.
These two scenarios use the radiation penetratiotorf to define constraints on the
possibilities for the porosity of the MgZr and CCD. this manner, the ratio of the
radiation penetration factors is an effective measi the relative impact of porosity for

the two materials.

5.6  Conclusions and Contributions from the Magnesium Ziconate Diffusivity

Determination

It was determined that the nickel alloy stressefdlyer has a negligible impact
on the sub-TBC temperature phasing. The nickekti@ss was subtracted from that of
the MgZr-Ni conglomerate to determine the thermtdlisivity of just the MgZr.

MgZr was found to be partially transparent to thes#u radiation pulse.
Application of a graphite opacity layer minimizdaettransparency and allowed an ex-
situ diffusivity determination.

The ex-situ MgZr diffusivity value was approximatélice the magnitude of the

values determined in-situ. In-situ motoring anehfirMgZr diffusivities were within one
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percent of each other showing that fuel-MgZr intéca plays a negligible role in MgZr
diffusivity determination.

Due to the flame spray process, MgZr has line-glitspathways, which allow
some of the radiation pulse to penetrate into tlgZiMhickness and increase the MgZr
diffusivity value by reducing the sub-MgZr phasdage The radiation penetration factor
for MgZr was determined to be @&, nearly 2.5 times that of CCD. This implies that

MgZr has an effective porosity 2.5 greater than CCD
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CHAPTER 6

THE IMPACT OF A MAGNESIUM ZIRCONATE COATED PISTON

ON CCD ACCUMULATION AND HCCI OPERATION

The ability of accumulated CCD to act as a therbwrier and impact HCCI
operability limits has been previously establistigé] and [13]. The CCD provided a
downward shift in the load-based HCCI operatioagge and allowed the utilization of
HCCI combustion at low load points where the rglagfficiency benefits of HCCI were
at a maximum over the use of a severely throtdemchiometric, spark-ignited charge.

Since CCD accumulation is dependent upon combustbamber wall
temperature [115], altering the wall temperatureouigh the application of a thermal
barrier coating should impact subsequent CCD actation, and, in turn, affect the
difference in operability limits between clean acahditioned chamber states. If the
difference in operability maps between clean andditioned chamber states can be
reduced through the utilization of a thermal bardeating, TBC, then the variability
induced by CCD has effectively been reduced.

This investigation utilizes a piston coated withflame sprayed magnesium
zirconate, MgZr, thermal barrier coating in an e to mitigate the operational
variability caused by CCD accumulation. The prapsrbf this coating were studied in
the previous chapter.

Before the coating and the nickel alloy stressefelayer were applied, an

additional 15¢im was machined from the piston to maintain compoessatio and
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preserve the basis of comparison between the basaletal piston and the MgZr coated

piston. Figure 6.1 shows the HCCI piston with thgaviland nickel alloy layers applied.

Figure 6.1 — Piston coated with 308 MgZr and an intermediate nickel alloy layer for
stress relief

6.1 Impact of a Magnesium Zirconate Coated Piston on Qubustion Chamber

Deposit Accumulation

Both the metal and MgZr coated pistons were subjetd a cycle of passive
conditioning. At the onset of these conditioningnguthe HCCI operability range was
established with all combustion chamber componelgan. Subsequently, the engine
described in Chapter 2 was operated at a consgemaiting condition (11mg fuel, wide
open throttle, 20:1 air:fuel,cdoiant= Toil = 95°C, Thake= 90 °C) and CCD were allowed to
accumulate. The passive conditioning was continuatll the combustion advance
associated with increasing CCD accumulation ceasBge point where CCD
accumulation halted is herein referred to as thenddgioned” chamber state. The

operability range was then re-established withfalig conditioned chamber.

6.1.1 Combustion Chamber Deposit Accumulation on theoRist

The engine was disassembled at the culminationach ¢est to map the CCD

accumulation. This accumulation is shown in Fig6r2. The thicknesses shown are
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averages of twelve Dualscope measurements at eaation. In the case of the MgZr
coated piston, the MgZr coating thickness was firapped with the Dualscope and then
subtracted from measurements taken at the conoludithe passive conditioning cycle
to determine the CCD thicknesses.

The qualitative distribution of CCD on the pistasn similar regardless of the
piston used. The large flat surfaces on the penpbéthe piston, the “squish” region,
form deposits that are thin compared to those enbitwl. The CCD on the squish region
of the MgZr piston are grey in appearance rathan the typically black CCD seen with
a metal piston. The bowl deposits in the MgZr aageblack with brown color appearing
on high spots in the CCD topography and on the ssgadges of flakes in the CCD
layer.

In both cases, the bowl experiences thick CCD actation with large gradients
in thicknesses in the area of spray impingemertte (3pray strikes the piston from the
center of the left side in this view and progressewnward and to the right across the
bowl.) The impingement leaves a spray jet shap@erthick bowl CCD and by eroding

away some CCD.

Metal Piston

I MgZr Piston
| “fﬁr‘ LT

30
/1470 j4g . 220% 12
Gilgse 3

Figure 6.2 — CCD accumulation on metal and MgZtgpis due to passive conditioning
(thicknesses in micrometers)

113



The thick CCD accumulation in the piston bowl isda the presence of a liquid
fuel layer. The presence of liquid fuel layers hagn directly correlated to rapid CCD
formation by Campbell et al [113]. Where liquid ffug present, thick CCD can form
from either liquid phase auto-oxidation, for termgiares <350°C, or from supercritical
pyrolysis, for temperatures >425°C [114].

Quantitatively, the two pistons show distinct diffieces in CCD accumulation.
The metal piston has thicknesses on the order €60Rf on the periphery while the
majority of the bowl surface has 100-200 of CCD accumulation. This is in stark
contrast to the MgZr piston, which accumulates ~36%s CCD on the periphery, 10-
30um, and a far greater CCD thickness in the bowl-29Qum.

The periphery “squish” surfaces of the MgZr pistexperienced lower CCD
accumulation due to increased surface temperatorgded by the reduced conductivity
and diffusivity of the MgZr relative to aluminumoFmore on the impact of increased
surface temperature and its propensity to reduc® @C€cumulation see the work of
Cheng [115] and Nakic [41].

Differences in fuel spray dynamics are speculatedause the disparity in CCD
thickness between the two piston bowls. Surfacesigr has been shown to affect local
flows and mixing [45], [46]. The MgZr coating hagpesed porosity and surface
roughness, which can alter the pooling effect gbinging fuel. The roughness of the
MgZr slows the fuel momentum as the spray travetisesbowl. The exposed porosity
has the potential to trap a greater quantity ol thean what would have wetted the
surface of the smooth metal piston. Thus, the Mgdreriences greater fuel pooling than

the metal piston, providing a pathway to greateDGQftowth.

114



6.1.2 Combustion Chamber Deposit Accumulation on ther@@dr Head

The head side CCD accumulation was also affecteth&yMgZr piston, Figure
6.3. For these photos, the exhaust ports are olefthend the injector is on the right for
each case. The CCD thicknesses are an averageslwEtualscope measurements and
are shown in micrometers. The thicknesses in blackted slightly off each picture
represent CCD thicknesses on features which aoethiet plane of the picture. The labels
“H1” and “H2” denoted the locations of the two ayier head heat flux probes.

While cylinder head CCD thicknesses on the extrexteust side (left) and the
beach-like region near the injector are similarween the two cases, all other
measurement areas show reduced CCD accumulatiotiodoperation with the MgZr
piston. In many instances the reduction of CCDkméss was ~50% and is attributed to
the altered fuel dynamics caused by the roughnefseoMgZr piston. With more fuel
slowed by the MgZr surface roughness and trappetianporosity of the MgZr piston
bowl, the charge equivalence ratio near the cytifdad is leaner, producing less CCD
accumulation. For more information regarding thituence of charge equivalence ratio
on CCD accumulation see the work of Cheng [40].

As with the piston CCD comparison, the CCD accunedlan the head are greyer
in appearance with the MgZr piston than those farmath the metal piston. This
difference in color is due to the light penetratimehavior of thin CCD as noted earlier in

this work.
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Head Using Metal Piston Head Using MgZr Piston

- 260

Figure 6.3 — CCD accumulation on the head of thelegstion chamber due to passive
conditioning tests with metal and MgZr pistons ¢kmesses in micrometers)

6.1.3 Combustion Chamber Deposit Accumulation on thertdr Head Heat Flux
Probes

CCD thicknesses for the head heat flux probes éacat H1 and H2 are shown in
Figure 6.4. As with the cylinder head CCD thickresssHead Probe Location #1
experiences reduced CCD accumulation during passivelitioning with the MgZr
piston. The CCD accumulated on Head Probe #1 vdpérating with the MgZr piston
are qualitatively similar to CCD of like thickneascumulated with a metal piston. The
outline of the temperature measurement surfacesiisle through the CCD layer, and the

CCD have a grey appearance with yellow-brown togplgical features.
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Head Probe Location #1
Metal Piston MgZr Piston

Head Probe Location #2
Metal Piston MgZr Piston & Probe

Figure 6.4 — CCD accumulation on the head héat[ﬂobes after passive conditioning
tests with metal and MgZr pistons

During operation with the MgZr piston, Head ProRemsas coated with 1%0n of
MgZr and 5@m of the stress relieving nickel alloy. Therefot@o thicknesses are
reported at this location for the MgZr case: theDQ@ickness on the MgZr probe and the
CCD thickness on the surrounding mounting sleev® MgZr coating applied to Head
Probe Location #2 reduced the CCD accumulation 3% @elative to the surrounding
mounting sleeve because of the elevated surfagestetture of the MgZr.

Quialitatively, the 5idm CCD on the mounting sleeve at Head Probe Locatibn

exhibit a greyish appearance with distinct, yellorgwn topographical features, while
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CCD of this thickness regime formed with a metatqn are black in color with a
smoother topography. This discrepancy in appearanggests that CCD formed during
operation with a MgZr piston were formed from diffat conditions, reinforcing the
hypothesis that the charge is leaner near thedsiihead due to the surface roughness of
the MgZr piston. Additional testing will be neceisséo prove this hypothesis, which is

beyond the scope of this study.

6.2 Impact of the Magnesium Zirconate Coated Piston oHCCI Operation

The MgZr piston affects the CCD accumulation asged with passive
conditioning throughout the combustion chamber. sThthe MgZr piston has the
potential to create differences in the HCCI opdiigtiange. This section will assess the
ability of the MgZr coated piston to reduce the H@@erational variability imposed by

CCD accumulation.

6.2.1 Impact of the Magnesium Zirconate Piston on the Bastion Phasing Variability
Induced by Combustion Chamber Deposit Accumulation

Figure 6.5 shows the advance in heat release assdavith passive conditioning
runs with both the baseline metal combustion charahd with the MgZr coated piston.
The MgZr piston reduces the operational time nexgs®r the combustion chamber to
reach its fully conditioned state from 33 hours2 hours. Meanwhile, the amount of
combustion advance experienced by the engine dwamglitioning was reduced by
~39% from 7.5 CA to 4.6 CA.

The rate of phasing change serves as an indicafidime engine’s sensitivity to
the conditioning process. Mitigating the rate omtmstion phasing change associated
with CCD accumulation is important to stable HC@emation in a practical engine. With
a 7.5 CA advance over 33 hours, the metal chambsrrate of phasing change of

0.23CA/hour. The MgZr piston slightly reduces théde of change to 0.21CA/hour.
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While this reduction is slight, the impact of thegEt piston is in the direction of
additional operational stability. Combine this withe reduction of CCD induced
combustion phasing advance and the MgZr pistongwdliat thermal barrier coatings

have the potential to reduce the variability crddby CCD in a practical multi-mode

engine.
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Figure 6.5 — Influence of MgZr piston on net hedéase during passive conditioning

Although the MgZr piston creates an advance in agtiobn phasing, the
interaction of the MgZr porosity with the fuel sprancreases the combustion duration,
Figure 6.6. The midpoint of the mass fraction bi@A50, is not impacted by the MgZr
piston beyond the influence of advancing ignitiaming, CA10. However, the
combustion duration, CA10-90, is increased by thgZMpiston relative to the metal

piston.
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Figure 6.6 — Combustion phasing versus ignitioft)(End burn duration versus
combustion phasing (right) illustrating the incre&s CA50-90 burn duration due to the
MgZr piston

Other researchers have implicated the interactiofuel with the porosity of
coated combustion chamber parts as the causeifomtirease in combustion duration
[45], [46], while analysis earlier in this studyshahown that fuel and compressed air
interactions with the MgZr porosity do not wieldluence over MgZr diffusivity values.
However, the heat flux probe sued for that analyss located on the cylinder head.
Therefore, it can only be concluded that any adgmrmlesorption interactions between
fuel and the MgZr porosity are not present on §imder head.

Evidence does suggest that significant interachetween the fuel and MgZzr
occurs on the piston. The increased fuel poolinthiwi MgZr the bowl caused by
interactions between the DI fuel spray and theasarfroughness/porosity of the MgZr
coating leads to increased CCD accumulation withenMgZr piston bowl. Additionally
CCD thicknesses on the cylinder head due are relddeeng operation with the MgZr
piston. These facts suggest a stratification ofivadence ratio within the combustion
chamber due to the surface roughness of the Mgatopi The compositional
stratification of the charge extends the burn danatluring operation with the MgZr

piston in accordance with the findings of [29] 484].
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6.2.2 Impact of the Magnesium Zirconate Piston on HCCéfbility Limits

HCCI operability is limited at high loads by extremressure rise rates. The rate
of pressure rise within the cylinder creates presswaves which, at moderate intensity,
create unwanted acoustic noise and, at higherdecetate pressure waves which can
damage the engine components [24]. For this inyattin, the high load limit is set at a
pressure rise rate of 50bar/msec.

The low load limit of HCCI combustion is created &yack of thermal energy
within the combustion chamber. Thermal energy deddto the cylinder by heating the
intake air to 90°C and inducing internal residuals-40% supplied by the rebreathing
exhaust cams. In spite of these efforts, the aoefft of variance in the engine’s
indicated mean effective pressure, G@¥, eventually reaches levels noticeable by a
consumer as load is decreased. For this invegiigate low load limit is established at
COVivep = 3.0.

The shift in operability range created through élseumulation of CCD can be a
useful in extending the range of high efficiency G®iGcombustion towards low load
points of interest in fuel economy evaluation cgcleigure 6.7 shows the impact of the
MgZr piston on the HCCI operability range relatigea full metal combustion chamber
in both clean and conditioned states.

The MgZr piston, prior to CCD accumulation, shifte® HCCI operability range
toward lower loads and captures much of the loafl ghined through passive CCD
accumulation in a full metal chamber. As CCD acclateuduring operation with the
MgZr piston, the HCCI operability range shifts watls lower than those which are
attainable with a conditioned metal piston.

The reduced variability offered by the MgZr pistenqualitatively illustrated by
the large overlap of its clean and conditioned apiity ranges. The area of overlap is

greater with the MgZr piston than with an all metambustion chamber.
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Figure 6.7 — HCCI operability range comparisonrfeatal and MgZr pistons in clean and
fully conditioned chamber states

6.3  Conclusions and Contributions of the Magnesium Zironate Piston Testing

6.3.1 The Impact of a Magnesium Zirconate Coated Pisto@ombustion Chamber
Deposit Accumulation

The MgZr piston experienced reduced CCD accumulabo the periphery

compared to its metal counterpart. However, CCihepiston bowl were thicker for the
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MgZr piston. The MgZr surface roughness and opaogity were speculated to impact
the fuel spray during DI spray impingement and ease the amount of fuel pooling
within the bowl, creating the measured increadsoml CCD thickness.

Head side CCD accumulation was also reduced dunegation with the MgZr
piston. This reduction was attributed to the atlgpeston bowl fuel dynamics due to the
MgZr surface roughness. Theoretically, the incréafsel pooling in the piston bowl
created equivalence ratio stratification within #tfearge. The charge near the cylinder
head was leaner with the MgZr piston than with atamgiston, reducing CCD
accumulation on the cylinder head.

The MgZr coating on heat flux probe location #2vyed a 65% reduction in
CCD accumulation. The %ifn CCD accumulated on the head probe sleeve aidoc#2
during operation with the MgZr piston had similaratjtative features to CCD of ~gfh
formed during operation with a metal piston, pravigdfurther evidence of a different

head side CCD accumulation process due to the MigZon.

6.3.2 The Impact of Magnesium Zirconate Coated PistoRGICI Operation

Installation of the MgZr piston into a clean comiims chamber shifts the HCCI
operability range to lower loads, nearly fully asotng for the difference in operability
created by a conditioned metal chamber. The shiftambustion phasing experienced
during MgZr piston conditioning was 39% less th&e shift in combustion during
conditioning of a full metal combustion chamber. dddition, the rate of combustion
phasing change due to CCD accumulation was slightlyced during operation with the
MgZr piston. Thus, when compared to operation véthmetal combustion chamber
components, utilization of the MgZr piston redudbd operational variability of, and

increased operational stability during, CCD accuanah.
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HCCI combustion duration was extended beyond thpagh of combustion
phasing by the MgZr piston. Increased fuel poolitpin the piston bowl was created by
the increased surface roughness and exposed goaisthe MgZr piston. The fuel
pooling within the bowl leaned the remaining pamsoof the charge and induced

equivalence ratio stratification, which, in turtended the combustion duration.
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CHAPTER 7

CONCLUSIONS, CONTRIBUTIONS AND

RECOMMENDATIONS FOR FUTURE WORK

This investigation began with refinements to thes#x radiation chamber
hardware and methodology. Subsequently, an accuaasgssment of the radiation
chamber was conducted with materials of known ditfity.

The thermal diffusivity of CCD formed during HCClbmbustion was then
determined in-situ and ex-situ. The impacts of 40€ID interactions, CCD radiation
transparency, compressed air within CCD porositg the penetration of radiation into
CCD were all characterized by their ability to ughce in-situ and ex-situ CCD
diffusivity.

A similar characterization was conducted for a #asprayed magnesium
zirconate thermal barrier coating and led to comgpas between the magnesium
zirconate and CCD. The ability of thermal barrigratings to limit the combustion
variability associated with CCD accumulation waslgtd through a passive conditioning
cycle with magnesium zirconate applied to the pisithe impact of the MgZr piston on
HCCI operability and CCD accumulation were alsedeined.

This chapter will summarize the conclusions andtrdoutions of this research

and then supply recommendations for future work.
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7.1  Summary of Conclusions

7.1.1 Radiation Chamber Development

* The accuracy of the radiation chamber methodology @valuated by testing wafers
with known thermal properties.
o The diffusivities calculated by the ex-situ raddatichamber were independent of
sample thickness.
0 Ex-situ diffusivities exhibited a slight but con®st underprediction for all
thicknesses of all materials tested. This undeiptied was attributed to contact

resistance at the interface of the sample ancetheérature measurement surface.

7.1.2 Combustion Chamber Deposit Thermal Diffusivity

* A comparison of diffusivities calculated during sita motoring and in-situ firing
operation showed that fuel-CCD interactions had ealigible impact on CCD
diffusivity for CCD accumulated on the cylinder ddaeat flux probes.

* CCD exhibited a partial transparency to the ex4sitliation pulse.

* CCD allowed penetration of the ex-situ radiatiohspudue line-of-sight pathways in
their accumulated structure. These pathways wereiged by both the porosity of
the CCD layer and the sparse nature of CCD dunittigli accumulation.

o For CCD thicknesses less thanp8Q the sparse nature of initial CCD
accumulation allowed radiation to penetrate stfaigh the temperature
measurement junction of the heat flux probe. Thizdpced low ex-situ phase
delays and high ex-situ diffusivities.

» The in-situ convection heat transfer could not pexe into these pathways,
which created the stark difference between ex-aitd in-situ diffusivity

results for CCD less than @th. The difference between ex-situ and in-situ
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results confirmed that radiation is not a significheat transfer mode in HCCI
combustion.

o For CCD thicknesses > ffh, the line-of-sight pathways penetrated only part
way into the CCD thickness via open porosity. Thamne of the radiation pulse
experienced the thermal resistance of only a porod the CCD thickness,
reducing measured sub-CCD temperature phasing aecdeasing ex-situ
diffusivities.

0 A radiation penetration factor was defined as thiekhess of material whose
insulating impact had been negated by radiationefpation. This factor was
calculated by shifting the ex-situ phase delay eéhéoin-situ phase delay trend for
CCD thicknesses > 30m. The radiation penetration factor represents the
effective porosity of the CCD surface.

» The radiation penetration factor for CCD wagd83

7.1.3 Characterization of the Magnesium Zirconate Thefaatier Coating

* The nickel alloy stress relief layer beneath theZMpgad a negligible effect on the
sub-TBC temperature phasing. The nickel thickneas subtracted from that of the
MgZr-Ni conglomerate to isolate the thermal diffusi of the MgZr.

* MgZr exhibited transparency to the ex-situ radiaiolse.

* In-situ motoring and in-situ firing MgZr diffusivi#s were within one percent, which
proved that fuel-MgZr interaction had a negligilmtepact on the diffusivity of the
MgZr coated probe mounted in the cylinder head.

 MgZr porosity was assumed to supply line-of-sigtdthgvays into the MgZr
thickness. The pathways allowed penetration ofrddation pulse into the MgZr
thickness and increased the ex-situ diffusivityueaby reducing the sub-MgZr phase

delay.
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o The radiation penetration factor of MgZr was defesd to be 3@m. Thus, the

MgZr had 2.5 times the effective porosity of CCD.

7.1.4 The Impact of a Magnesium Zirconate Coated Pisto@@mbustion Chamber
Deposit Accumulation

* The low thermal conductivity and diffusivity of thglgZr coating reduced CCD
accumulation on the piston periphery compared édtiseline metal piston due to the
elevated surface temperature of the MgZr coating.

o The MgZr coating on the heat flux probe at locat#h provided a 65%
reduction in CCD accumulation due to this effect.

» The surface roughness of the MgZr piston was speaito interact with the DI fuel
spray during bowl impingement, resulting in incezh$uel pooling within the piston
bowl and producing greater CCD accumulation in MgZr bowl than in the
aluminum piston bowl.

» CCD accumulation on the cylinder head was reducethg operation with the MgZr
piston due to the altered fuel dynamics attributedhe surface roughness of the
MgZr coating.

0 It was reasoned that increased fuel pooling inMig&r piston bowl leaned the
remaining charge, producing the reduced CCD accatioul on the cylinder

head.

7.1.5 Impact of a Magnesium Zirconate Coated Piston o€ HOperation

* Installation of the MgZr coated piston into a clesmmbustion chamber shifted the
HCCI operability range to lower loads and accounted much of the shift in
operability created by fully conditioning a metalmnber.

* The shift in combustion phasing experienced dugogditioning with the MgZr

piston was 39% less than the shift experienced anthluminum piston.
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o The rate of combustion phasing change due to CGDraglation was reduced
during operation with the MgZr piston, adding te tbperational stability of a
practical engine.

* The increase in burn duration beyond the impacbaofibustion phasing during MgZr
piston operation further supported the hypothdsas porosity induced fuel pooling in

the MgZr bowl produced charge stratification.

7.2 Summary of Contributions

This work has developed the methodology and evadutite accuracy of an ex-
situ technique for non-destructive diffusivity detenation. The radiation chamber is
especially useful when studying fragile coatingsg ICCD, and flame sprayed ceramics,
whose properties are a function of several apjptinatariables.

Fuel-morphology interactions do not have a sigaificimpact on the thermal
diffusivity of cylinder head CCD. Additionally, cgmnessed air was eliminated as an
influence on CCD diffusivity over the range of meses and temperatures experienced
during HCCI operation. These results imply thatgsgy does not have an influence
beyond its impact on TBC thermal properties sinypiifj the selection of a TBC to act as
a CCD surrogate.

CCD were found to have a partial transparency thatmn heat flux. This
information is also useful in the selection of atequate CCD surrogate as many TBC
exhibit transparency to radiation.

The impact of the initially sparse CCD accumulatpmocess was noted for the
first time as all previous CCD diffusivity resulteere measured under the influence of in-
situ convection heat transfer. In-situ convectiod ot penetrate through the gaps in
CCD accumulation to the temperature measuremefacgyrso all previous results were

oblivious to the sparse area coverage of the CQis 3parse formation behavior led to
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significant insensitivity of the sub-CCD temperatyrthase delay to the ex-situ radiation
pulse and created the nonlinear portion of theitexghase delay versus CCD thickness
trend. The fact that in-situ results are insensitiv the porosity and line-of-sight avenues
within the CCD layer shows that radiation is naignificant heat transfer mechanism in
HCCI combustion.

The radiation penetration factor was developed aseasure of the effective
porosity of the CCD or coating in question. Thetdads not a direct measure of porosity,
but rather a measure of the total impact of theosgd pores. The radiation penetration
factor can only be determined by comparing thearese of the substance to radiation
and convection heat transfer modes, and therefepegsents a newly-developed, unique
capability.

Comparing the radiation penetration factors of peative TBC to CCD will
allow for a more intelligent TBC selection/desigrogess. In addition, determination of
the radiation penetration factor for substancekraiwn porosity could calibrate this
factor and result in absolute measurements of ifeeporosity for coatings.

Speculation surrounding the impact of MgZr surfaseghness on fuel pooling
and charge stratification implicated TBC surfaceigltness as an important design
consideration. The charge stratification hypothess supported by the impact of the
MgZr piston on CCD accumulation throughout the castion chamber and the increase
of HCCI burn duration beyond the influence of comstimn phasing during MgZr piston
operation. Therefore, it can be reasoned that B€ 3urface roughness influenced both
the final conditioned state of the chamber andagherational variability imposed by the
conditioning process.

Overall, thermal barrier coatings were shown tovjote a useful shift in the HCCI
operating regime toward lower loads where the fmdnomy benefit of HCCI over

traditional spark ignition combustion is at a maxim Additionally, the MgZr coated
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showed the potential of TBC to reduced the opematiovariability imposed by CCD

accumulation.

7.3 Recommendations for Future Work

The thermal properties of CCD subjected to fuel twegtpooling may be
impacted by the fuel. Current diffusivity testingsvconducted with CCD accumulated
on the cylinder head, which were not directly wetthsy fuel. Ex-situ testing with CCD
wetted with fuel could shed insight into this pdiahbehavior. Additionally, testing of
CCD from the piston bowl could shed light on thiggntial effect.

The sparse nature of initial CCD accumulation can duantified with a
luminosity study. As CCD accumulate, in-situ andséx diffusivity measurements
should be taken in the manner described in thidystdowever, while removed from the
chamber, the CCD covered probes could be bombadbged light source of known
intensity. The luminosity reflecting back from theel temperature measurement surface
through the CCD could then be quantified and coegbdo a clean baseline probe. The
sparse CCD accumulation could thereby be represease a spatial coverage area
fraction. Additionally, this testing could quantifhe line-of-sight penetration depth of
various substances.

Further investigation into the impacts of TBC sagaoughness on fuel pooling
and subsequent charge stratification/leaning shdeldconducted. A piston with the
MgZr coating applied only to the periphery shouédsubjected to a passive conditioning
study. Comparing the subsequent CCD accumulatidroparability ranges of that piston
to the full coverage MgZr results of this work witerify the impact of the MgZr
roughness on fuel pooling and charge stratificatassive conditioning of the current
MgZr piston with a fully premixed injection strategould also provide a valuable

comparison to isolate the impact of coating surfacgihness on fuel pooling and charge
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stratification. Additionally, optical studies coul# used to quantify the stratification of
the fuel charge associated with pistons of diffesemface roughness.

Developing an ex-situ test for CCD and TBC conduigti will significantly
improve the selection of an appropriate TBC to asta CCD surrogate. Thermal
conductivity has been shown to have a significanact on the TBC surface temperature
swing seen by the combustion gases [13]. In additibe conductivity value could be
used to pinpoint the porosity fraction of the cogtithrough use of the Woodside
correlation [93].

The penetration of ex-situ radiation into the CGer may pose a significant
challenge to conductivity measurements as the stotiertion of the sample will be
subsurface. Therefore, determining the CCD surfangerature optically by measuring
the emitted radiation from the CCD sample couldcbeplicated. If the line-of-sight
pathways that allow radiation penetration into faenple also allow radiation to emit
from within the depth of the sample, radiation geastéon may have a significant impact

on the infrared detection of material surface terajpee.
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