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ABSTRACT

The application of thermal barrier coatings (TBCs) in spark ignition (SI) engines has
historically been avoided due to the knock penalty associated with higher surface temperatures
induced by the ceramic layer. However, advances in low thermal inertia coatings (i.e., temperature
swing coatings) that combine low thermal conductivity with low volumetric heat capacity can
prevent excessively high surface temperatures during the intake stroke and reduce or avoid knock
while improving performance and efficiency. This thesis experimentally evaluates the
effectiveness of these low thermal inertia coatings in a single-cylinder research engine

representative of modern SI engines.

First, four pistons coated with a novel, low thermal inertia material (called NC) and one
piston coated with commercially available gadolinium zirconate (GZO) were tested. An average
0.15 percentage point absolute thermal efficiency gain was observed with the thinnest NC coating.
This efficiency increase was enabled through spark advance, indicating that the piston surface
temperature was lower than the metal reference surface temperature early in the cycle (i.e., during
the intake stroke). Thicker NC coatings experienced a degradation in performance and efficiency
due to charge heating increasing the knock propensity. Simulated cold-start tests demonstrated that
the charge heating behavior observed with thicker coatings was beneficial for reducing unburned

hydrocarbons and particulate matter emissions.

Once the best performing piston was identified, intake and exhaust valves with GZO coated
combustion faces, backsides, and stems were installed to evaluate the effect of additional coated
surface area on performance. With both coated valves and a coated piston, the net thermal

efficiency increased by 0.20 percentage points, thus the valves contributed an average of 0.05
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percentage points over the coated piston. A staged valve removal was performed to determine the
contribution of each coated valve. It was found that the coated exhaust valve promoted knock and
higher exhaust temperature, whereas the coated intake valve encountered lower knock propensity

as heat transfer between the valve and incoming air was reduced.

Finally, a pseudo-durability test was performed to analyze the effect of naturally grown
thermal TBCs (i.e., combustion chamber deposits — CCDs) on low thermal inertia TBCs. A coated
piston and coated heat flux probe underwent a low-load operating condition for 62.5-hours to
promote CCD growth. Every 12.5-hours, the performance at a knock limited condition was
assessed and thermophysical property measurements on the heat flux probe were performed. Net
thermal efficiency increased by 0.4 percentage points after 12.5-hours, but further CCD growth
caused a dithering of efficiency between 12.5-hours and the baseline condition. The knock limited
spark advance was consistently retarded throughout this period. External property measurements
with the coated heat flux probe showed an improvement in the thermophysical properties of the

TBC/CCD layer.
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CHAPTER 1. INTRODUCTION

1.1 Overview of TBCs in Internal Combustion Engines

Increasing concerns over the effects of global climate change have driven the world governments
and organizations to reduce the output of greenhouse gas emissions. The road transportation sector
contributes approximately 15% of global CO; emissions [1]. This has generated significant interest
in electrifying passenger vehicles to eliminate tailpipe emissions. However, several challenges and
obstacles have persisted with this energy approach. Even though the battery electric vehicle (BEV)
itself produces no greenhouse gas emissions, the electricity required to charge the vehicle may be
generated through a variety of sources such as fossil fuels (oil, natural gas, coal, etc.) or renewable
sources (hydroelectric, geothermal, etc.), thus shifting the emissions burden from the vehicle to
the power station [2]. Further analysis of the regional breakdown in the energy used to generate
electricity across the United States shows wide state-by-state variety, illustrating a complicated
picture on the true-zero emission potential of BEVs [3]. When compounded with the high CO;
penalty associated with material extraction and battery production [4], life cycle assessments have
produced mixed results regarding the environmental impact of BEVs compared to internal

combustion engine (ICE) powered vehicles [5], [6], [7], [8], [9].

Even though electric vehicles will be important for achieving future transportation and
climate goals, the ICE will remain crucial for the transportation industry. This makes small,
incremental improvements still worthy of pursuit. Improvements in thermal management with the
intent of reducing heat transfer losses out of the cylinder have been the subject of research for
several decades. From a thermodynamic perspective, heat transfer losses constitute up to 25% of

the fuel energy input, thus any reduction in of those losses can increase system efficiency [10].



Though they were originally intended for gas turbine applications, researchers have identified
thermal barrier coatings (TBCs) as the appropriate technology to achieve this goal. The
TACOM/Cummings Adiabatic Engine program was the first major attempt to implement TBCs
within the ICE architecture. Even though a truly adiabatic engine was a thermodynamically
ambitious goal, the project successfully demonstrated that TBCs can enable significant enough

heat transfer reductions such that the forced coolant system could be removed [11].

The reduction in heat transfer losses through elevated surface temperatures from TBCs
introduced a charge heating effect. The calculated cylinder wall temperature of various coating
thicknesses in the Adiabatic Engine Program was significantly higher throughout the entire engine
cycle compared to the uninsulated surfaces, with thicker coatings maintaining higher surface
temperatures [11]. Although increasing the coating thickness could further reduce heat transfer
losses, higher surface temperatures heated the incoming air, reduced charge density, and decreased
the volumetric efficiency. Additionally, the elevated surface temperature changes the thermal
environment of the cylinder and the auto-ignition tendency of the fuel. In a gasoline fueled spark-
ignition (SI) engine, the research community has generally avoided TBC application due to these
factors. SI engines are knock-limited with low compression ratios and retarded combustion
phasing at high loads. Knock is highly sensitive to in-cylinder temperatures [12], thus an increase
in temperature from charge heating will increase the propensity for end-gas knock, potentially
damaging the engine and the coating. To compensate for any induced knock from the TBC, the
spark timing would have to be retarded, potentially surrendering the efficiency increase associated

with blocked heat transfer.

Due to the knock constraint, research on TBCs in SI is quite limited, but generally point to

thin coatings when a notable difference in performance between coated and uncoated



configurations was encountered. Wong et al. created a model to fundamentally study the effect of
thin ceramic coatings on combustion performance [13]. The authors first studied how thermal
efficiency changed with heat transfer by varying the wall temperature from 500 K, 700 K, and 900
K during each stroke of the cycle. Increasing the intake stroke wall temperature did not
significantly change the amount of heat transfer blocked and thermal efficiency deteriorated by
~0.8 percentage points. Increasing the wall temperature during the compression and expansion
stroke (with constant intake wall temperature) showed an increase in thermal efficiency by ~0.8
percentage points. This parametric study demonstrated that elevated surface temperatures are not
uniformly beneficial across all engine strokes. The authors then introduced various coatings with
different thermophysical properties and showed that the increase in thermal efficiency diminishes
and levels off after a certain thickness. Assanis and Mathur investigated thin plasma sprayed
coatings (less than 270-microns) on the cylinder head, valves, ports, piston, and liner of a 4-
cylinder spark ignition engine [14]. Across all operating conditions, the authors reported no
significant knock penalty. Part load operating conditions experienced notable reductions in brake
specific fuel consumption over the uncoated configuration, but performance at wide open throttle
was generally equal between coated and uncoated cases. Direct heat flux measurements of a metal-
based TBC showed no significant reduction in heat transfer compared to a baseline piston [15].
Measurements in a follow up study with an yttria stabilized zirconia coating showed no statistically
significant change in average heat flux [16]. Poola et al. used a 500-micron partially stabilized
zirconia coating on the cylinder head and piston of a two-stroke SI engine fueled with gasoline
and methanol [17]. Broad brake thermal efficiency improvements were recorded across multiple
speeds under part load conditions, but operating with gasoline at high loads presented a loss in

brake power and frequent knock due to charge heating. However, this detriment was advantageous



for methanol as the high latent heat of vaporization absorbed heat away from the walls, resulting
in charge cooling. When compounded with the high auto-ignition resistance of methanol compared
to gasoline, the ceramic coated engine fueled with methanol experienced no knock across all tested
operating conditions. Overall, the literature suggests that thin TBCs in SI engines have the potential
to increase in-cylinder efficiency but knock induced from charge heating is the primary obstacle

to successful application.

To prevent charge heating, low thermal inertia coatings (i.e., temperature swing coatings),
have been proposed. Thermal inertia quantifies a material’s ability to exchange heat with its

surroundings, and is represented as:

. \/@ (1)

where k is the thermal conductivity, p is the density, and C, is the specific heat of the TBC material.
Low thermal inertia coatings retain the low thermal conductivity necessary to block heat transfer
with low volumetric heat capacity (pC,) to prevent excess heat storage in the coating during the
intake stroke. Yan et al. used a 0D thermodynamic model coupled with a 1D surface temperature
solver to study the impacts of varying coating thermophysical properties and thickness on
performance in homogeneous charge compression ignition (HCCI) [20]. HCCI is a kinetically
driven combustion process that is largely controlled by the thermodynamic state of the cylinder,
thus any effect of blocked heat transfer is easily captured. Reducing thermal conductivity elevated
the peak surface temperature during combustion and the intake stroke. Reducing the volumetric
heat capacity decreased the surface temperature during the intake stroke, counteracting the charge
heating induced from low thermal conductivity. This combination of thermophysical properties

allow the surface temperature to dynamically change with gas temperature [19]. This concept is



illustrated in Figure 1, which compares the surface temperature behavior of three different coating
configurations: uncoated metal piston (green line), thick TBC (red line), and temperature swing
TBC (purple) [20]. The thick insulation incurs a significant charge heating penalty due to its high
surface temperature during the intake stroke, whereas the temperature swing insulation achieves a
dynamic temperature that allows the surface temperature to drop comparably to the metal piston
temperature during the intake stroke. Between the two TBCs, the temperature swing (i.e.,
difference between maximum and minimum surface temperature) is approximately equal during
combustion, which results in approximately the same amount of heat transfer reduction without a

significant volumetric efficiency penalty.
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Figure 1: Surface temperatures for baseline metal piston (green line), traditional TBC (red line), and
temperature swing insulation (purple line) [20].



In a premixed, kinetically controlled mode such as HCCI, experimental work has shown
the viability of low thermal inertia coatings. Powell et al. tested a 150-micron yttria stabilized
zirconia (YSZ) coated piston in a single-cylinder HCCI engine [21]. The authors also installed a
fast response heat flux probe coated with the same material and similar thickness (157-microns)
in the cylinder head to evaluate changes in heat flux on a crank-angle basis. With the fueling rate,
air-fuel ratio, and temperature kept constant between the baseline and coated configurations, the
authors recorded a 2.2-4.9 crank angle advancement in the heat release process, which was
indicative of more favorable conditions for fuel ignition due to lower heat transfer losses. This
corresponded to a ~2.5 percentage point increase in gross indicated thermal efficiency. The heat
flux probes confirmed the peak heat flux out of the cylinder was lower with the coated piston and
the surface temperature of the piston was able to achieve similar temperatures to that of the
uncoated piston during the intake stroke, indicating that the thin coating heaved like a low thermal
inertia coating and minimized charge heating. Further work with a YSZ coated piston featuring
structured porosity to further enhance its thermophysical properties also demonstrated further

improvement over a denser version of the coating [22].

Experiments focused on low thermal inertia coatings in SI engines are scarce and present
conflicting results. Despite recording a 100°C temperature swing and no volumetric efficiency
penalty, Chérel et al. saw no efficiency changes with a low thermal inertia coating applied on the
piston and cylinder head relative to a reference configuration [23]. Although no specific cause was
identified, the authors suggested that the higher surface temperatures increased the convective heat
transfer coefficient through lower thermal boundary thickness (which was hypothesized by
Woschni et al. and terms convection vive [24]), thus counteracting the reduction in temperature

difference and increasing heat transfer losses. Andrie et al. tested a novel low thermal inertia



coating applied on the piston and cylinder head of a spark ignition engine fueled with natural gas
[25]. At equivalent spark timings, the coating generated a 1.3 percentage point increase in brake
thermal efficiency over uncoated components. The authors reported a knock limit spark advance

(KLSA) extension during testing.

1.2 Overview of Combustion Chamber Deposits

SI engines already feature thermal insulators in the combustion chamber in the form of combustion
chamber deposits (CCDs). As opposed to manufactured coatings derived from a powder and
applied through a thermal spray process, CCDs are naturally grown over the course of engine
operation. In SI operation, the quenching of the flame against the walls of the combustion chamber
produce a narrow region in which hydrocarbons are not completely burned, during which addition
and substitutions reactions with radical species partially oxidizes the hydrocarbon species,
eventually leading to condensation and polymerization of these partially burned hydrocarbons

1261, [27].

The formation of CCDs is highly dependent on both fuel composition and surface
temperature. Cheng evaluated CCD formation tendency with isooctane and toluene blends,
showing that increased amounts of toluene increased CCD weight [28]. The addition of aromatic
compounds generally tend to increase CCD growth, whereas oxygenates such as methyl tert-butyl
ether have been shown to reduce CCD growth [28], [29]. Gasolines with detergent additives have
also been observed to increase CCD thickness relative to gasoline with no additives [30]. Lacey et
al. investigated two different fuel blends with vastly different aromatic contents [31]. The fuel with
a higher fraction of aromatics achieved a higher equilibrium thickness after a shorter period of

time.



Low temperature surfaces tend to accumulate thicker CCD. Cheng used a custom sampling
probe to accumulate CCD on a sample coupon at different locations in the combustion chamber to
evaluate the influence of surface temperature on CCD growth [32]. Surfaces with low surface
temperatures typically grew thicker CCD over a longer period of time compared to hotter surfaces.

A critical surface temperature of ~310°C was identified after which CCD growth was minimal.

Since CCD growth is a function of surface temperature, several operating parameters can
influence CCD growth rates. High coolant temperatures tend to stunt CCD growth, whereas leaner
and richer mixtures tend to promote CCD growth due to differences in chemical reactions [28].
Spark advance was found to have little influence on CCD magnitude since thermodynamic
conditions of the gas are changed and not the surface temperature or chemical state. By maintaining
a stoichiometric mixture, CCD growth decreased with increasing load before slightly increasing
again at the highest tested load due to soot deposits. Consequently, low load/speed operation is
more favorable for CCD formation, whereas high load/speed operation can remove CCD layers

due to high surface temperatures [33].

As thermal insulators, the benefits and drawbacks of CCDs are analogous to manufactured
TBCs. Giiralp et al. showed an advanced heat release rate over a 40-hour period due to CCD
growth in HCCI [34]. The CCD-driven combustion advancement in HCCI was a result of charge
heating and a reduction in compression and expansion stroke heat transfer, demonstrating that
CCDs have a similar impact on the HCCI combustion process as TBCs. Further analysis with heat
flux probes embedded in the cylinder head showed a reduction in local heat flux. Kalghatgi et al.
showed a reduction in specific fuel consumption in an SI engine with CCDs [35]. This benefit,
however, was counteracted by an increased knock tendency, which is another characteristic of

thermal insulation. Barnes and Stephenson found that CCDs can improve fuel consumption by an



average of 5%, but under knock limited conditions can retard ignition timing and harm fuel
consumption [36]. The thermophysical properties of CCDs are varied throughout the literature due
to fuel composition but are generally comparable to modern TBCs. Anderson et al. used an infrared
radiometer to obtain surface temperature measurements with an embedded fast response
thermocouple on the inner surface of the combustion chamber wall to experimentally determine
conductivity values between 0.38 and 0.8 W/m-K for CCDs generated with several fuel blends
[37]. Nishiwaki and Hafnan reported conductivity and diffusivity (ratio of conductivity and
volumetric heat capacity) values between 0.25 and 1.06 W/m-K and 2.3 and 7.5 x 10® m?%/s using
CCD thickness and surface and backside measurements derived from a radiation pulse [38]. Hayes
flashed a CCD with a heat flux pulse for 26 nanoseconds with a laser and compared the temperature
rise to the analytical solution of the one-dimensional heat transfer problem, calculating diffusivities

on a cylinder head between 0.593 and 2.160 x 10" m%/s [39].

In this thesis, experiments are performed on a SI engine to determine the in-cylinder and
system level implications of a novel low thermal inertia coating. First, spark timing sweeps were
performed at multiple operating conditions with several pistons of varying thickness and coating
materials to evaluate the impact of this novel material on efficiency, knock and emissions in a
single-cylinder research engine. Simulated cold-start tests were also performed to evaluate the
transient response of these coatings on exhaust temperature ramp-up and emissions characteristics.
Finally, a comprehensive durability study was performed to evaluate the impact of CCD growth

on a low thermal inertia coating and its implications on knock and emissions.



CHAPTER 2. EXPERIMENTAL SETUP

2.1 Engine Experimental Test Cell

Engine experiments were performed on a custom single-cylinder Ricardo Hydra block with a
prototype GM pent-roof head. The spark plug and direct injector were centrally mounted. Engine
geometric details can be found in Table 1. A schematic showing the engine test cell layout is

provided in Figure 2.

Table 1: Engine geometry and timings

Displacement Volume [cm?] 550
Compression Ratio 9.3

Bore [mm] 86.0
Stroke [mm] 94.6

Connecting Rod Length [mm)] 152.2

IVC/EVO [deg aTDC] -130/127
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Figure 2: Engine test cell layout

Fuel flow measurements were recorded with a Max Machinery piston flow meter. Air flow
was controlled and measured through an Alicat laminar flow element. Air, oil, and coolant
temperatures were maintained with PID controllers. NO,, 0,, CO, CO,, and uHC (unburned
hydrocarbons) were sampled through the exhaust plenum with a Horiba MEXA 7100 DEGR 5-
gas analyzer. Intake pressure was measured with a Kistler 4007D pressure transducer. Cylinder
pressure was redundantly measured with a Kistler 6115¢ spark plug and 6125c pressure
transducers. The intake and cylinder pressures were synchronized with a Kistler crank angle
encoder with 0.1 degree resolution. Additional details regarding instrumentation and uncertainty

can be found in Table 2.
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Table 2: Experimental instrumentation and uncertainty

Instrument Measurement Range Uncertainty
Alicat MCR WH-1000 Air flow 0-1000 SLPM + 0.4%
Max Machinery P213 Fuel flow 0.5 — 1800 cc/min +0.2%
K-type Thermocouple Temperature 75 -1200 K +0.75%
Kistler 6125¢ / 6115¢ Cylinder 0 - 100 bar +0.40/0.50
Pressure bar
Kistler 4007D Intake Pressure 0 - 5 bar + 0.05 bar
Horiba MEXA 7100 NO,, NO, 0—3500 ppm + 70 ppm
Horiba MEXA 7100 O, 0, 0—25% vol +0.5%
Horiba MEXA 7100 CO co 0-2% vol +0.02%
Horiba MEXA 7100 CO, Cco, 0-20% vol +0.20%
Horiba MEXA 7100 uHC uHC 0-10,000 ppm + 100 ppm

EPA Tier Il EEE certification gasoline was used in all testing. The charge was kept
stoichiometric across all operating conditions with an early intake stroke injection to allow time
for mixing. Fuel was pressurized to 100 bar with nitrogen through a hydraulic accumulator. A
custom LabVIEW program was used to record data and control the engine. At each operating
condition, 300 consecutive cycles were saved once the exhaust temperature was stabilized,
indicating that steady-state operation was achieved. Data was processed in a MATLAB script that

performs heat release analysis using the NASA polynomials for mixture properties [40].

Knock intensity was determined using the metric developed by Galloni in Equation (2)
[41]. The individual pressure traces (j) were passed through a high pass filter to isolate the
maximum absolute pressure oscillation (Pyp i ;). The early burn period, defined from spark crank
angle (Ogr) to the 50% burned mass crank angle (CA50) is compared to that of the late burn phase
from 50% mass burned crank angle to exhaust valve opening crank angle (Oy). This calculation

is performed for all 300 cycles (n.,,). The KLSA is defined by a knock intensity of 100%.
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Additional performance parameters are defined by Heywood [10]. Combustion efficiency
(Ncomp) €valuates the fuel energy released relative to the total fuel energy injected (myQpyy). The
unburned species mass measurements (m;) in the numerator are measured with the Horiba
emissions bench and @,y ; is the lower heating value of those respective species.

> m;Qruvy,i (3)

Neomp = 1=
com meLHV

Net fuel conversion efficiency (7 ) is the thermodynamic work (W) divided by the total
fuel energy that was injected into the cylinder. The subscript x refers to either indicated gross (ig),
which evaluated over the compression and expansion strokes, or indicated net (in) which is

evaluated over the entire cycle.

Wy “4)
mg Qruv

nf,x -

Thermal efficiency (1, ,) is the thermodynamic work divided by the total fuel energy
released. The equation incorporates combustion efficiency in the denominator to differentiate
between fuel injected into the cylinder and fuel energy between fuel injected into the cylinder and
fuel energy released. Like fuel conversion efficiency, the subscript x can be used for gross or net.

Wy (5)

Nethx =
MsQLuvNcomb
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Indicated specific emissions (IS) of a species x is the mass flow rate of the species (m,,) divided

by the indicated power (P;).

MMy (6)

2.2 Outline of Steady-State Testing

Spark timing sweeps at six operating conditions were performed to evaluate TBC performance. At
each operating condition, the spark timing was advanced in 3-degree increments until either the
maximum brake torque (MBT) or the KLSA was achieved. Four of the six operating conditions
were knock limited (KL). The load was defined by the target net indicated mean effective pressure
(IMEP,) at the end of each sweep. The conditions are summarized in Table 3.

Table 3: Experimental operating conditions for steady state testing

Speed [RPM] Load KL/ MBT

[bar]
1200 8 KL
1500 4 MIT
1500 8 KL
1500 12 KL
1800 8 KL
2200 8 MIT

2.3 Outline of Cold-Start Tests
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A cold-start schedule was programmed into LabVIEW to enable a repeatable testing regiment. The
schedule was primary focused on keeping unburned hydrocarbon emissions below the instrument
saturation point (12,000 ppm) and avoiding complete misfires. The first four cycles motor (i.e.,
compress and expand air with no fuel injected) before the first firing cycle. The spark timing
changed during the next six cycles to promote a suitable environment for complete combustion.
The engine was slightly throttled to 90 kPa at an engine speed of 1300 RPM. Each individual cold-

start test was 500 cycles long (46 seconds).
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Figure 3: Cold-start spark time schedule over the first 10 cycles. The spark timing (Gsr) change was to
ensure there were no complete misfires.

Particulate matter (PM) was recorded for each test through a Cambustion DMS500. This
differential mobility spectrometer flows charged soot particles between 5 and 1000 nm through a
classifier column where the particle’s charge to aerodynamic drag ratio determines where the
particle falls along the column [42]. Current measurements from electrometers along the column
quantify the particle number and concentration. A total of eight cold-start tests were performed

with each piston to generate a clear trend in emissions ensure repeatability. Coolant, oil, and air
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temperatures were maintained at 304 K, 314 K, and 298 K respectively, before the start of each

test to ensure uniformity.

2.4 Coated Components Tested

A total of five coated pistons were tested. The TBCs were applied on aftermarket flat-top,
hypereutectic pistons. Four pistons were coated with a novel, proprietary low thermal inertia
material (referred to as NC) and one with gadolinium zirconate (GZO). The NC coating is a
member of the LAMOX family characterized by low thermal conductivity and high coefficients
of thermal expansion. GZO has been identified as a substitute for YSZ due to its lower thermal
conductivity. GZO has been successfully tested in conventional diesel combustion [43] and
advanced combustion modes [44]. One of the NC-coated pistons had a catalytically active topcoat
applied (referred to as CCC). The seal coat was custom made using a commercial alkali binder and
CCC (Ce:CO:Cu = 5:5:1) composite powder. This seal coat was applied via air-brush and air dried
until fully cured. After the curing process, the thickness of the CCC topcoat was optically measured
to be approximately 11-microns. A Fischer MP20 Dualscope with an ETA3.3H nonferrous probe
was used to measure coating thickness. This nonferrous probe uses an energizing current to induce
eddy currents through the material, with the magnitude of the eddy current being a function of the
distance between the probe and aluminum substrate [45]. The instrument uncertainty was 0.5% of
the measurement. Ten measurements were averaged across different locations along the piston
surface. Total coating thicknesses are provided in Table 4. Note that the listed thicknesses include

a bond coat thickness of ~50 microns.
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Table 4: Coated piston thickness

Piston / Label Thickness
[nm]
Metal --
120 pum NC 128.7 £ 8.7
200 pm NC 192.5+12.2

200 pm NC w/ 214.4+£22.9
CCC
200 pm GZO 206.8 £12.2

375 um NC 375.9 +£28.0

The engine coolant jug was shimmed up according to the measured thickness to
compensate for differences in compression ratio. All coatings were sprayed with the air plasma
spray (APS) thermal spray process. Thermal conductivity, specific heat capacity, and density of

the baseline metal piston and TBCs are shown in Table 5.

Table 5: Thermophysical properties of baseline aluminum piston, NC, and GZO TBCs and the
catalytically active topcoat (CCC)

Thermophysical Property Baseline Aluminum NC GZ0 CCC
Piston

Thermal Conductivity [W/m/K] 100 0.59 0.95 0.30

Specific Heat Capacity [J/kg/K] 906 554 402 509

Density [kg/m’] 2700 2996 6250 2240
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Once the best performing piston was identified, valves coated with GZO on the front and
backsides were installed to evaluate the contribution of each valve to system performance. The
combustion face and backside of the intake and exhaust valves were coated with GZO because the
coefficient of thermal expansion closely matched the steel valves compared to the NC coating. The
coated valves are shown in Figure 4. All four valves were sprayed together and the thicknesses of
each coated section are listed in Table 6. Note that the listed thickness also include a bond coat

thickness of ~50 microns.

Figure 4: Gadolinium zirconate (GZO) coated combustion face, backside and stem of intake and exhaust
valves

Table 6: Total thicknesses of combustion face, backside, and stem of both intake and exhaust valves

Section of Baseline Aluminum

Valve Piston

18



Combustion 207.7+£17.7

Face
Backside 222.6 +18.9
Stem 131.3+11.2

2.5 Outline of Durability Test

To understand the impact of CCD growth on low thermal inertia coatings, a pseudo-durability test
was performed with a coated piston (200-micron NC piston) and coated heat flux probe (130-
microns of NC coating). The heat flux probe was made from 316 stainless steel from IR
Telemetrics. The material properties of the stainless steel body of the heat flux probe (i.e.,
uncoated) are listed in Table 6. The heat flux probe had two J-type thermocouple junctions that are
vapor deposited to allow for fast response temperature measurements. One junction was located
on the surface of the probe, and the other is set back 2-mm into the probe (xj,f,). The coated heat
flux probe thickness encompasses both TBC and CCD (), which builds during the test. On the
coated heat flux probe, the surface thermocouple junction measured the coating backside
temperature (Tps¢pc). An image of an uncoated heat flux probe and a schematic of the

thermocouple junctions and thicknesses are shown in Figure 5.

Table 7: Material properties for the stainless steel body of the heat flux probes.

Thermal conductivity [W/m/K] 16.2
Specific heat [J/kg/K] 490

Density [kg/m’] 8000
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Figure 5: IR Telemetrics heat flux probe with schematic showing the location of temperature
measurements.

First, the engine was run at a speed of 1500 RPM with a load of 4 bar IMEP,, to build up a
layer of CCD on both the piston and coated heat flux probe. Every 12.5 hours, the coated heat flux
probe was removed for thermal diffusivity and thermal conductivity measurements and a spark
timing sweep was performed to determine the KLSA at a speed of 1500 RPM with a load of 8 bar
IMEP.. Once an equilibrium thickness was achieved on the coated heat flux probe (i.e., CCD no
long grows), the engine was run at a speed of 2200 RPM with a load of 9 bar IMEP, in order to

remove the CCD layer. The EGABI1.3 ferrous probe with the Fischer MP20 Dualscope was used
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to measure the thickness of the TBC and CCD layer on the heat flux probe. A total of ten

measurements were performed. The probe also has an uncertainty of 0.5%.

Diffusivity measurements were performed with a custom-built radiation chamber. More
details on the construction and operation can be found in Reference [47]. The radiation chambers
used a blackbody graphite heating element and a motor driven chopping wheel with two clots to
impart a square wave radiative heat flux onto an uncoated and coated heat flux probe. Due to the
coating, there was an observable phase lag difference between the surface temperature
measurement of the uncoated heat flux probe and coating backside temperature measurement of
the coated heat flux probe. Figure 6 shows the phase lag (At) between the uncoated and coated

heat flux probes.

= Metal Surface
——TBC Backside
¢  Peak Matal Temp
& Peak TBC Temp

0 20 40 60 80 100 120
Time [ms]

Figure 6. Temperature measurements from the same junction of two heat flux probes, with the coated
probe experiencing a delayed response due to the presence of the coating.

Thermal diffusivity (a) was calculated using the correlation developed by Hopwood et al.
in Equation (7), where At is the time difference between clean and coated temperature peaks and

to is the equivalent 4-stroke engine speed [48].
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A thermocouple conditioner and amplifier from FusionDAQ was used for grounding and cold-
junction compensation of the voltage inputs from the heat flux probes. Temperatures were
measured in a custom LabVIEW program and processed in MATLAB. To reduce noise, several
temperature pulses were selected and normalized on the same time axis. The temperature swings
were averaged and passed through a low pass filter to smooth the signal. This process is
summarized in Figure 7. Temperature measurements at motor speeds of 320, 480, and 640 RPM

were recorded over a period of 5 minutes per test.
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Figure 7: Processing of temperature data using an ensemble averaging routine at a motor speed of 640
RPM.

A custom rig was developed to measure conductivity of the coated heat flux probe. A heat
gun blows hot air towards the surface of the probe while a Raytek infrared temperature sensor

measures the surface temperature. Figure 8 shows the conductivity rig with marked components.
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Figure 8: Conductivity rig with labelled components.

The heat flux probes and mount were sprayed with a layer of aerosol graphite to reduce the
reflectivity and increase the emissivity of the surface to near unity such that the IR sensor’s
measurements were as accurate as possible. Because the view area of the IR temperature sensor
was slightly larger than the targeted area, the temperature sensor was calibrated against the surface
temperature of an uncoated heat flux probe. Once the IR probe’s temperature measurement was
pegged to the uncoated heat flux probe’s surface temperature measurement, the coated heat flux
probe was tested within the calibrated temperature change. Conductivity was calculated using the

1D heat diffusion equation:

23



( BT) (o (k BT) (8)
P%¢e), = \ax \“ox

y
where 3—1 is the time-based temperature difference and % is the temperature change through the

material. The subscript y refers to either the coated or steel section of the heat flux probe (tbc or

hfp, respectively). Ideally, the conductivity would be calculated when equilibrium was achieved
throughout the entire heat flux probe, i.e., when % = 0. However, it was found that the temperature
of the heat flux probes continued to rise slowly even after a period of more than an hour by
experimenting with the conductivity rig. However, if % is constant, then analytical solution can

be found. Since the heat flux from the coating surface to coating backside was equal to the heat
flux from the coating backside to the backside temperature junction (set 2-mm back) at the

interface between the coating and metal, the following equation can be obtained:

1 oT k 9)
2 (P s (E)h Xt ﬁ(ﬂv,tbc = Tonsp )

ktbc -

Ts,tbc - Tb,tbc _ Xebe (a_T)
Xtbc 2Oftbc ot tbc

where T ;. is the coating surface temperature measured via IR temperature sensor and Tj, s 18
the heat flux probe backside temperature (measured from the junction 2-mm back from the probe
surface junction). TBC diffusivity (a;p.) was measured through the radiation chamber. This
conductivity measurement was intended to provide information regarding relative changes in TBC

conductivity due to CCD growth.
2.6 Uncertainty Analysis

Uncertainty analysis was performed according to the guidelines set up by Gainey et al [49]. A 95%

confidence interval was propagated using Equation (10). where 0z, is the sensitivity coefficient
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of z to x; (i.e. the partial derivative of z with respect to x;), oy, and o, are the uncertainty of x;
and z, respectively, Oxpx; is the covariance of the two variables x; and X;, 0peq is the measurement

uncertainty of z, and g, ;s 1s the instrument uncertainty of z. If z is calculated, the last two terms
in Equation (10) are omitted. If z is directly measured, the first two terms in Equation (10) are

omitted.

n n-1 n (10)
2 2 2 2 2
0; = § ainUxi + 2 § § ainaijO-xixj + O0zmeas + Oz instr
i=1

i=1 j=i+1

For the diffusivity test, the most significant source of uncertainty was the thickness
measurement. Because the heat flux probe diameter was smaller than the measuring probe
diameter, the standard deviation across the ten measurements was high. Since diffusivity was
calculated from phase lag (in seconds or milliseconds), additional uncertainty stems from the
encoder resolution. An optical encoder with a 0.1 crank angle resolution was used, which provided

a phase lag uncertainty of = 0.05 crank angle.

For the conductivity test, the thickness uncertainty was non-negligible, but the small
temperature difference between the temperature measurements produced uncertainties equal to or
greater than the calculated conductivity value. It was impractical to increase the temperatures
enough to lower the conductivity uncertainty below 1 W/m/K, with a required temperature
difference of 5 K shown in Figure 9. As will be shown in the results, the conductivity uncertainty

decreases as the temperature difference increased.
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Figure 9: Conductivity uncertainty vs. coating surface and backside temperature difference.
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CHAPTER 3. COATED PISTON RESULTS

The first sections (referred to as Thick Pistons) will analyze all pistons except the 120-micron NC
piston, since it was tested with a different batch of EPA Tier III gasoline with a slightly different
octane number. The results for the 120-micron NC piston are shown in the Thin Piston section

with its own metal baseline for fair comparison.

3.1 Thick Pistons: Speed Sweep — 8 bar

Net thermal efficiency, knock intensity, and combustion efficiency at 1200 RPM, 1800 RPM, and
2200 RPM are shown Figure 10. The performance behavior at 1200 RPM underscores the
challenges associated with TBCs in SI. At a CA50 of ~15 degrees after TDC, the 200-micron NC
piston achieved a net thermal efficiency of 36.38% =+ 0.21% compared to 36.27% + 0.21% of the
metal baseline. Thus, at the same spark timing, the TBC achieved an efficiency gain of 0.11% +
0.42%. However, the KLSA of the 200-micron NC piston had a 1.5 degree spark timing retard
compared to the metal baseline. Comparing the metal and 200-micron NC pistons at their
respective KLSA timings, the net thermal efficiencies were statistically identical 36.97% + 0.21%
and 36.95% =+ 0.21%, respectively, resulting in no overall efficiency improvement. The severity of
the knock penalty is further illustrated at 2200 RPM, where the 200-micron and 375-micron NC
piston almost reached the 100% knock intensity limit even though the metal piston and other

coated pistons were still well below the knock intensity limit.
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Figure 10: Net thermal efficiency, knock intensity, and combustion efficiency of the thick piston set at
1200 RPM, 1800 RPM, and 2200 RPM at 8 bar IMEP,. The black dashed line represents the KLSA limit.

The 200-micron NC w/ CCC piston closely matched the knocking behavior of the baseline
piston, despite the 200-micron NC piston experiencing a significant knock penalty. Since the only
difference between the two pistons was the surface layer, it was likely that the topcoat changed the
thermophysical properties of the coating system, which produced these different responses at the
tested operating conditions. Seal coats on top of TBCs have been shown to significantly impact
the conductivity and diffusivity of the overall coating system [50]. According to Table 5, the

thermophysical properties of the catalytically active topcoat are superior to both the NC and GZO
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coatings, suggesting that even a low thickness of ~10-microns was enough to decrease the thermal

inertia of the piston surface and improve the performance of the TBC.

The 200-micron GZO piston was the only TBC to achieve a comparable or slightly higher
net thermal efficiency than the metal baseline as the KLSA either matched or slightly advances
relative to the metal piston. At 1200 RPM, the 200-micron GZO piston matched the baseline net
thermal efficiency of 36.97% + 0.21%. At 1800 RPM and 2200 RPM, the 200-micron GZO piston
experienced a net thermal efficiency increase of 0.11% =+ 0.41% and 0.16% + 0.42% over the

baseline, respectively.

There was no significant change in combustion efficiency with the application of these
TBCs in these experiments. The 200-micron GZO piston was the only coated piston with a higher
combustion efficiency than the metal piston across multiple speeds. All other coated pistons were
not consistent and within the uncertainty bands of the metal baseline. The indicated specific
unburned hydrocarbon and CO emissions are provided in Figure 11. The unburned hydrocarbon
emissions decreased, and CO emissions increased with the application of these TBCs. It is unclear
why the emissions behaved this way, but the literature also shows mixed emissions results. Assanis
and Mathur recorded slightly higher CO emissions [14], whereas Moughal and Samuel showed
reductions in both unburned hydrocarbon and CO emissions in a two-stroke SI engine [51]. Chérel
showed that despite a ~1.3 percentage point increase in combustion efficiency, unburned
hydrocarbon emissions increased with TBCs [23]. Chérel specifically referenced the coating
porosity the source of higher unburned hydrocarbon emissions. Excessive porosity could behave
like a crevice storing fuel within the coating and releasing the fuel during the expansion stroke,

causing late stage oxidation and higher unburned hydrocarbons. However, the low porosity of the
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TBCs in this thesis (~10%) and the decline in unburned hydrocarbon emissions suggest that fuel

storage within the coating was not present during these experiments.
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Figure 11: Indicated specific unburned hydrocarbon (is uHC) and carbon monoxide (is CO) emissions at
1200 RPM, 1800 RPM, and 2200 RPM at 8 bar IMEP,.

It is also important to note that the catalytically active coating (200-micron NC w/ CCC
piston) did not achieve a statistically significant reduction in emissions compared to the other
coated pistons. Researchers have shown success with the application of catalytically active
coatings within the combustion chamber. Hu and Ladommatios demonstrated a 20% reduction in
unburned hydrocarbons with the application of a platinum-rhodium coating applied on the piston
crown [52]. Haenel et al. coated the cylinder head and pistons of a production 2.0 liter, 4-cylinder
SI engine with titanium dioxide and found a large reduction in unburned hydrocarbon emissions,
but no statistically significant change in CO emissions under stoichiometric conditions [53].
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Powell tested the CCC top layer on the surface of a YSZ piston and found a higher combustion
efficiency compared to normal YSZ in HCCI [54]. Considering that the CCC topcoat had been
shown to work successfully in HCCI, it is believed that the vastly different combustion mode was
the source of these differences. In HCCI, the combustion efficiency is nominally low because cold
regions in the cylinder never reach auto-ignition temperatures, causing high unburned hydrocarbon
and CO emissions. Thus, there is more opportunity to promote catalytic reactions when the
reductant is widely available. Additionally, oxygen is more readily available for catalytic reactions
under the globally lean operation of HCCI, whereas stoichiometric, direct injected SI has more

pronounced equivalence ratio stratification regardless of injection timing [55].

3.2 Thick Pistons: Load Sweep — 1500 RPM

Net thermal efficiency, knock intensity, and combustion efficiency versus CAS0 for the 4 bar, 8
bar and 12 bar IMEP, operating conditions are shown in Figure 12. The 4 bar IMEP, operating
condition does not have the knock intensity plot because it was not knock limited. The trends in
net thermal efficiency and knock intensity were similar to those observed during the speed sweep
in Figure 10. At the two knock limited conditions of 8 bar and 12 bar IMEP,, the 200-micron NC
and 375-micron NC pistons were severely knock limited and experienced a CA50 retard of 1.7
and 1.2 degrees relative to the baseline, respectively. In terms of net thermal efficiency, this was
an especially large penalty at 12 bar IMEP, where small changes in CA50 significantly impact
efficiency. Detailed efficiency numbers and heat release parameters are shown in Table 8 at KLSA
for the 1500 RPM, 12 bar IMEP, operating condition. The 200-micron NC and 375-micron NC
pistons required a spark timing retard of 1.3 degrees to maintain the same knock intensity as the
baseline metal, resulting in a decrease in gross and net thermal and fuel conversion efficiency.

However, the 200-micron GZO and 200-micron NC w/ CCC pistons closely matched the KLSA
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of the metal baseline, which allowed those two pistons to closely match or slightly exceed the

uncoated efficiency.
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Figure 12: Net thermal efficiency, knock intensity, and combustion efficiency of the thick piston set at 4
bar, 8 bar, and 12 bar IMEP, at an engine speed of 1500 RPM. The black dashed line represents the
KLSA limit. Note that 4 bar IMEP, does not have knock intensity because that operating condition was
not knock limited.

32



Table 8: Performance results of baseline and coated pistons at KLSA at 1500 RPM, 12 bar IMEP,.

Metal 200 pm NC 200 pm NC w/ 200 pm GZO 375 pm NC
CCC

Spark -6.9 -5.6 -6.7 -7.0 -5.6
Timing [deg
aTDC]
IMEPs [bar] | 11.8 £0.1 11.5+0.1 11.8+0.1 11.8+0.1 11.6 £0.1
Comb. Eff.] 96.5+0.1 96.8+0.1 96.6 = 0.1 96.6 = 0.1 96.8 £0.1
[Yo]
CA10 [deg]| 12.6+02 142+0.2 12.6 0.2 12.3+0.2 13.7+0.2
aTDC]
CAS50 [deg| 23.0+0.1 24.7+0.1 22.7+0.2 22.4+0.1 242 +0.1
aTDC]
CA90 [deg| 409+05 41.4+0.5 40.3£0.5 383+0.5 414+0.5
aTDC]
NTE [%] 364+0.2 358+0.2 36.4+0.2 36.7+£0.2 36.0+£0.2
GTE [%] 36.8+0.2 36.1+0.2 36.8+0.2 37.1+£0.2 36.5+0.2
NFCE [%] 349+0.2 344402 35.0£0.2 353+0.2 347+£0.2
GFCE [%] 353+0.2 34.8+0.2 353+0.2 35.6+0.2 351+0.2

At 4 bar IMEP;, the net thermal efficiency across all coated pistons were within uncertainty
at maximum brake torque timing (MBT). The combustion efficiency of the coated pistons at this
low load operating condition was notably lower than the uncoated baseline. This decline in
combustion efficiency was driven by high unburned hydrocarbon emissions. This is shown in
Figure 13 which displays the indicated specific unburned hydrocarbon emissions across the load
sweep. The coated pistons generated higher unburned hydrocarbon emissions than the metal
baseline at the lowest load of 4 bar IMEP,. At 8 bar and 12 bar IMEP,, the unburned hydrocarbon
emissions were either lower or roughly equal to the baseline. If the pores of the TBCs were
behaving like a crevice, higher unburned hydrocarbon emissions would be expected at higher loads

where the elevated cylinder pressure would force more fuel into the coating. However, it is unclear
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why the unburned hydrocarbon emissions were broadly higher than the baseline only at 4 bar

IMEP:.
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Figure 13: Indicated specific unburned hydrocarbon (is uHC) emissions at 4 bar, 8 bar, and 12 bar
IMEP, at an engine speed of 1500 RPM.

Exhaust temperature 4 bar, 8 bar and 12 bar IMEP, operating conditions are shown in
Figure 14. Surprisingly, the exhaust temperatures were generally lower with all coated pistons
except for the 375-micron NC piston. This result is contrary to simulation [56] and experimental
results [ 14] which have shown higher exhaust gas temperatures with TBCs. In this experiment, the
exhaust temperature was measured by a thermocouple mounted in the exhaust runner with its tip
pointed into the exhaust port. Since these coatings use low volumetric heat capacity to prevent
excess heat storage in the TBC, it is possible that the transient nature of the surface temperature
does not effectively increase exhaust gas temperature. Additionally, since this study focuses on
relatively thin coatings applied only to the piston, the coated surface area fraction may not be large

enough to produce a significant increase in exhaust temperature.
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Figure 14: Exhaust temperature at 4 bar, 8 bar, and 12 bar IMEP, at an engine speed 1500 RPM.

As it stands, without an increase in either efficiency or exhaust temperature, these results
imply that no heat transfer reduction was achieved in the 200-micron NC and 375-micron NC
pistons. Yet the increase in knock propensity demonstrated in these results indicate that the surface
temperature of the piston was elevated and charge heating occurred. Parallel thermodynamic
modelling work on the impact of low thermal inertia TBCs in SI demonstrated modest, but non-
negligible increases in efficiency and exhaust temperature (<1% relative efficiency gain, 10-15 K
exhaust temperature increase) [57]. While previous research has highlighted that this could result
from increased surface roughness of the TBC compared to a metal piston [58], the TBCs in this
work were polished such that their surface roughness was below 2 microns Ra (roughness
average). Additional phenomena such as convection vive or decreased flame quenching length can
not be easily confirmed through analysis of experimental data as they pertain to thermal boundary
layer effects. Additional imperfections in the TBC such as surface porosity could contribute to the
results shown here. Engine rebuild uncertainty is difficult to quantify and control, but in this study

where efficiency uncertainty is within three-tenths of a percentage point, the piston swap process
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could introduce some variability. However, the general spread of the presented results suggest that

this variability was minimized.

Since the air flow controller maintains the same air flow rate by changing the intake
pressure, charge heating could be observed by analyzing the intake pressure trace under firing
conditions. A crank resolved intake pressure trace at a spark timing of -3 degrees aTDC at 1500
RPM, 12 bar IMEP, is shown in Figure 15. Even though some of the intake pressure differences
can be characterized by instrument uncertainty, rebuild uncertainty, and day to day variation, the
results generally align with the knock observations from the experimental data. The 200-micron
NC piston experienced a slight increase in intake pressure, which suggests that with the same mass
of air entering the cylinder, charge heating elevated the intake pressure. The exception to this
behavior was the 375-micron NC piston, which had lower intake pressure compared to the
uncoated condition. But considering there was a knock penalty using this piston at all tested
operating conditions, it is likely that charge heating also occurred. The intake pressure traces of
the 200-micron NC w/ CCC piston closely matched the intake pressure trace of the uncoated
piston, and the 200-micron GZO piston had a slightly lower intake pressure. Considering that there

was no observable knock penalty with these two pistons, there was likely no charge heating.
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Figure 15: Average intake pressure vs. crank angle at a spark timing of -3 degrees aTDC at 1500 RPM,
12 bar IMEP,.

3.3 Thin Piston Results

The above results demonstrated a deterioration in the performance of the NC coating with
thicknesses greater than 200-microns. The excessive thickness contributes to charge heating during
the intake stroke, which increased knock propensity. However, an extremely thin coating may not
produce a temperature swing large enough to produce a statistically significant impact. The
penetrative depth of a coating is the thickness at which the temperature swing of a coating is
maximized without a bulk temperature shift [59]. Any additional thickness greater than the
penetrative depth contributes to charge heating as the sub-layers store heat rather than swing like
the layers close to the surface of the coatings. Penetrative depth is a function of the thermophysical
properties of the coating and the engine speed. At 1500 RPM, the penetrative depth of the NC
material is ~120-microns. Therefore, it is of interest to study the performance of a coating roughly
equal to the penetrative depth. Performance results of this thin piston are shown in Figure 16 and

Figure 17.
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Figure 16.: Net thermal efficiency, knock intensity, and combustion efficiency of the thin piston (120-
micron NC piston) at 1200 RPM, 1800 RPM, and 2200 RPM at 8 bar IMEP,. The black dashed line
represents the KLSA limit.
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Figure 17: Net thermal efficiency, knock intensity, and combustion efficiency of the thin piston (120-
micron NC piston) at 4 bar, 8 bar, and 12 bar IMEP, at an engine speed of 1500 RPM. The black dashed
line represents the KLSA limit. Note that 4 bar IMEP, does not have knock intensity because that
operating condition was not knock limited.

The 120-micron NC piston experienced a slight KLSA extension at knock limited operating
conditions, which allowed the net thermal efficiency to increase through further spark advance.
This implies that there was a charge cooling effect that effectively countered the increased knock
propensity induced by blocking heat transfer during combustion. The combustion efficiency was

also higher than the metal piston across all tested operating conditions. It is unclear what drove the
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increase in combustion efficiency compared to the other NC pistons. Figure 18 shows the intake
pressure trace under the same air flow rate under firing conditions. Similar to the 200-micron GZO
piston in Figure 15, the lower intake pressure implies the surface temperature of the coating cooled

below that of the metal piston.
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Figure 18: Average intake pressure vs. crank angle at a spark timing of -3 degrees aTDC at 1500 RPM,
12 bar IMEP,.

At 1200 RPM (Figure 16) at a CAS50 of ~15 degrees after TDC, the net thermal efficiency
of the 120-micron NC piston and metal baseline was 36.54% + 0.22% and 36.33% =+ 0.22%,
respectively. At this spark timing, the 120-micron NC piston produced an efficiency gain of 0.21%
+ 0.44%, which was higher than the 0.11% + 0.42% gain of the 200-micron piston in Figure 10.
When factoring in the advance in KLSA, the efficiency gain of the 120-micron NC piston was
0.30% =+ 0.44% compared to essentially zero efficiency change with the 200-micron piston. The
efficiency change remained higher at 2200 RPM, albeit with evidence of diminishing returns as
the total cycle time decreased. This agrees with previous studies showing a dependence on engine

speed with TBCs since heat transfer is time based [14], [60]. The sudden deterioration in efficiency
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from 120-microns to 200-microns indicates a significant penalty with increasing thickness past the

penetrative depth in SI, both from a knock and efficiency perspective.
3.4 Cold Start Results

The average particulate distributions from eight cold-start tests for each piston are provided in
Figure 19. The particulate distributions were cut off at 365 nm because there was no observable
soot formation past those diameters. Adding a TBC significantly reduces the number of fine
particles (diameters less than ~30 microns). The reduction in fine particles is particularly beneficial
from a human health perspective since small particles can easily penetrate the bloodstream [61].
PM formation in SI during cold-starts is primarily attributed to liquid pool fires on the combustion
chamber surfaces [62]-[64]. The low thermal inertia of the TBCs should allow a more rapid
increase in surface temperature to evaporate gasoline off the piston, minimizing pool fires and
reducing PM emissions. Note that this engine uses a centrally mounted direct injector, which
contributes to higher PM emissions compared to other fuel delivery systems, such as port-fuel

injection (PFI) [65].
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Figure 19: Average particulate distribution vs. particle diameter of eight cold-start tests.
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The particle concentration and mass median diameter (i.e., diameter at which 50% of the
mass is contained in smaller and larger particles) is shown in Table 9. Since there was no known
instrumentation uncertainty, the error was propagated with a 95% confidence interval using the
standard deviation of the eight cold-start tests. A plot of each individual test is provided in

APPENDIX A.

Table 9: Average particle concentration and mass median diameter of the metal baseline and coated
pistons during eight simulated cold-start tests.

Piston Particle Concentration [ng/cm?] Mass Median Diameter [nm]
Metal 31.4+£7.0 1452+1.9
120 um NC 33.9+6.2 140.9 £2.0
200 um NC 21.1+14 1354+3.2
200 pm NC w/ 35.0+£3.7 143.4+ 1.8
CCC
200 um GZO 314+33 143.8 £ 1.1
375 pm NC 19.0 + 3.1 149.1 £3.6

Compared to the metal piston, the particle concentration was unchanged or slightly higher
with the 120-micron NC, 200-micron NC w/ CCC, and 200-micron GZO pistons, despite the non-
negligible decrease in fine particles in Figure 19. Larger particles will contribute more to the
particle concentration, thus a small increase in the number of larger particles outweighed the
modest decrease in finer particles. In contrast, the 200-micron and 375-micron NC coatings
substantially reduced PM emissions. A possible explanation is that these coatings experience a
bulk shift in the surface temperature, which was evidenced by the retarded KLSA at the knock

limited operating conditions during steady-state testing. Thus, the elevated surface temperature of
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these coatings during the intake stroke allowed more fuel to evaporate off the piston surface during

the cold-start.

Exhaust temperature and unburned hydrocarbons are shown in Figure 20 and Figure 21,
respectively. The exhaust temperature ramp-up period was generally slower than the metal piston
for all coated pistons except the 200-micron GZO piston. However, the final exhaust temperature
at the end of the test was only 1 K higher for the 200-micron GZO piston versus the metal baseline.
There was a 15 K difference in exhaust temperature between the 200-micron NC w/ CCC piston
and metal baseline. The exhaust temperature results tend to agree with those recorded during the
steady state testing. The unburned hydrocarbon emissions were generally reduced with a coating,
which agrees with other results in the literature [66]. Except for the 200-micron NC piston, the
peak in unburned hydrocarbon emissions was lower and the final point was generally lower than
the metal baseline. The 200-micron NC piston produced more unburned hydrocarbon emissions
than the metal piston, but this is believed to be an outlier because the equivalence ratio was not as
well controlled as the other coated pistons. Except for the 200-micron piston, the trends in
unburned hydrocarbon emissions agree with the PM emission results in which the most significant
changes occurred with thicker pistons that encountered a charge heating effect. The unburned
hydrocarbon emissions for the individual cold-start tests for each piston are presented in

APPENDIX B.

43



900~

o]
(=]
o

-~
o
o

[&)]
o
o

Exhaust Temperature [K]
P ()]
o o
o o

300 E

Metal

120 um NC

200 um NC

200 um NC w/ CCC
200 um GZO

375 um NC

10

20 30 40
Time [s]
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Figure 21: Average unburned hydrocarbons during cold-start tests.

3.5 Discussion

The experiments presented thus far have showed that the novel NC material must be applied as a

thin coating to maximize its benefits in the combustion chamber. Increased knock propensity in SI

with TBCs is the result of two factors:

1. Open cycle charge heating elevating the IVC temperature of the incoming charge.
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2. Closed cycle heat transfer reduction during compression and combustion.

Both effects increase the pressure and temperature in the end-gas, increasing knock
propensity. The first factor can be addressed by using thin, low thermal inertia coatings such as the
120-micron NC piston. However, the closed cycle heat transfer reduction is more difficult to
address since the heat transfer reduction is the mechanism to increase efficiency with TBCs in SI
engines. A sufficient amount of open cycle cooling is necessary to counteract the knock penalty
induced by closed cycle heat transfer reduction. This was observed with the 120-micron NC, 200-
micron NC w/ CCC, and 200-micron GZO pistons. From a cold-start perspective, thicker coatings
produced favorable results, but this was accompanied by significant knock penalties under steady-

state conditions.

TBCs with thicknesses close to the material’s penetrative depth produced favorable results.
At 1500 RPM, the NC material has a penetrative depth of ~120-microns. Assuming the bond coat
was evenly applied at 50-microns across all pistons, the NC material thicknesses on the 120-micron
NC piston was 70-microns total, and thus generated the largest spark advance among all pistons
tested because the coating was too thin to store heat. However, because the thickness was well
below the penetrative depth, the surface temperature swing of the coating was not maximized.
Increasing the thickness to 200-microns and above was detrimental to efficiency and knock
intensity as the coatings stored excessive amounts of heat with no corresponding increase in

temperature swing. Thus, it is more favorable to apply a coating that is too thin than too thick.

The application of the CCC topcoat allowed some performance recovery by virtue of
lowering the thermal inertia of the composite coating. The CCC topcoat itself has a penetrative
depth of ~100-microns at 1500 RPM, and it is assumed that the penetrative depth of the composite

TBC (NC + CCC) is lower than NC by itself. With a lower penetrative depth and nearly equal
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thickness to the 200-micron NC piston according to Table 4, it would have been expected that the
CCC topcoat would elicit a knock penalty from charge heating similar to the 200-micron coating
with no topcoat, but the opposite was shown. Currently, there is no explanation for why, although
the uncertainty in the thickness measurement of the 200-micron NC w/ CCC piston in Table 4 calls
into question if the alkali binder in the CCC material was interfering in the measurements. The
alkali binder that was used was composed of lithium polyciliate, which is a salt composed of
negatively charge silicate and positively charger lithium. It is possible this ionic compound can
interfere with the eddy current measurements from the Dualscope ETA3.3H probe. Thus, the
thickness of the 200-micron NC w/ CCC piston could have been overestimated and the true
thickness is most likely lower. Further work should focus on the impact of topcoat materials, either

for sealing or catalytic purposes, on these low thermal inertia TBCs.

The penetrative depth of GZO is ~125-microns at 1500 RPM based on the material
properties listed in Table 5, thus the 200-micron GZO piston exceeded its penetrative depth by
~20-microns. However, the variability in measured conductivity throughout the literature [46]
implies that a range of ~100-microns to ~145-microns are possible penetrative depths. Based on
the experimental results, it can be inferred that the true penetrative depth of GZO was closer to the
latter. The 200-micron GZO piston demonstrated a maximum net thermal efficiency gain of 0.16%

+ 0.42%, whereas the 120-micron NC piston achieved a maximum gain of 0.30% =+ 0.44%.

It can be concluded that thin TBCs can take advantage of both heat transfer reduction and
KLSA extension in SI engines. However, thicker TBCs produced more favorable cold-start
performance from an emissions perspective. The 200-micron GZO piston was capable of

compromising between steady state and cold-start regimes, but the efficiency gains remain rather
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small and can be characterized by experimental uncertainty. From a materials science perspective,

research is ongoing with regards to improving thermophysical properties of these coatings.

Overall, this chapter provided insight into the challenges of TBCs in SI. Thin coatings can
take advantage of both heat transfer reducing and KLSA extension during steady state conditions.
Thicker coatings produced larger emissions during cold-start tests. Favorable performance
between both operating regimes was demonstrated with the 200-micron GZO piston, which
showed notable reductions in cold-start emissions with a slight KLSA advance at steady-state
conditions, but the 120-micron NC piston encountered the largest net thermal efficiency gains

under steady conditions.
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CHAPTER 4. IMPACT OF COATED VALVES

It has been established that small, but non-negligible efficiency increases are possible with thin,
low thermal inertia TBCs on the piston. However, the net thermal efficiency changes across all
tested pistons can be characterized by the experimental uncertainty. To enable larger efficiency
changes, either additional charge cooling measures must be established to enable more spark
advance or more surfaces must be coated with TBCs. In both cases, the intake and exhaust valves
are ideal components to coat since they contribute significantly to closed cycle surface area and
interact with the air during gas exchange. This chapter will study the contribution of intake and
exhaust valves with the backside and combustion faces coated (see Figure 4) and determine the
contribution of each coated valve. Four different coating configurations are listed in Table 10. The
coated piston was the 120-micron NC piston, which has already been characterized in the previous

chapter. Between tests, CCD growth was removed from the coating surfaces with oven cleaner.

Table 10: Testing configuration labels with coated components listed.

Configuration Coated Piston Coated Intake Coated Exhaust Valve
Label Valve
Metal X X X
All Coated v v
IV Only v v X
EV Only v X v

4.1 Coated Valves: Speed Sweep

48



Net thermal efficiency, knock intensity, and exhaust temperatures at 1200 RPM, 1800 RPM, and
2200 RPM are shown in Figure 22. The largest improvement in net thermal efficiency was
recorded when the coated surface area was maximized. Previously, the 120-micron NC piston
produced a slight KLSA advance of 1.5 degrees relative to is metal baseline (at 1200 RPM, 8 bar
IMEP, in Figure 16). The addition of coated valves in this study erased the spark advance as the
CAS50 was approximately even between the baseline and fully coated configuration. The absence
of a large knock penalty relative to the metal baseline in the fully coated configuration implies that

open cycle charge cooling countered knock derived from heat transfer reduction.
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Figure 22: CA50 vs. net thermal efficiency, knock intensity, and exhaust temperature of coated valve
configurations at 1200 RPM, 1800 RPM, and 2200 RPM at 8 bar IMEP,. The black dashed line
represents the KLSA.

Staged removal of each set of coated valves showed mixed performance results. Notably,
the absence of the coated intake valve generated a knock penalty in the exhaust valve only
configuration (labelled EV Only) at both 1800 RPM and 2200 RPM. At equivalent spark timings,
the coated exhaust valve configuration either matches or slightly exceeds the net thermal efficiency
of the metal reference, and the higher exhaust temperatures suggest that a heat transfer reduction
was achieved. However, the knock intensity limit was regularly exceeded at advanced spark

timings with the coated exhaust valve configuration, further limiting efficiency gains across the
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spark timing sweeps. Contrary to the exhaust valve arrangement, there was a less severe knock
penalty with coated intake valve configuration (labelled IV Only), which allowed spark advance
similar to the metal reference. The exhaust temperature of the coated intake valve configuration
generally matched the fully coated configuration, which indicates that the coated exhaust valve
was largely responsible for higher exhaust temperatures in the individual coated valve

arrangements.

In the fully coated configuration, knock intensity closely aligns with the metal baseline at
1200 RPM and 1800 RPM. At 1200 RPM, the CA50 was retarded by 0.5 degrees, and at 1800
RPM was advanced by 0.5 degrees. At 2200 RPM, however, the knock intensity clearly exceeds
the metal baseline and the 100% knock limit, indicating that the coatings are experiencing a bulk
shift in surface temperature rather than a dynamic temperature swing. At higher speeds, the
penetrative depth decreases since heat transfer is time-based and the temperature swing magnitude
declines. Thus, the coatings are likely to retain more heat at higher speeds. Interestingly, the fully
coated configuration did not experience the largest knock penalty at 2200 RPM despite having the
most coated surface area. Instead, the coated exhaust valve configuration had the largest knock
penalty, with the coated intake valve configuration falling in between the fully coated and coated

exhaust valve configuration.

4.2 Coated Valves: Load Sweep

Net thermal efficiency, knock intensity, and combustion efficiency versus CAS50 for the 4 bar, 8
bar and 12 bar IMEP, operating conditions are shown in. The 4 bar IMEP, operating condition
does not have the knock intensity plot because it was not knock limited. The spark timing sweep
at 4 bar IMEP; started at a spark timing of -15 degrees aTDC and was advanced until -33 degrees

aTDC. At retarded spark timings in the beginning of the sweep, the CA50 of the fully coated
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configuration was significantly advanced compared to the metal reference. As the spark timing
advanced, the CA50 difference between the metal and fully coated configuration diminished. The
fully coated configuration produced a net thermal efficiency increase of 0.31% =+ 0.72%. The
coated intake valve only configuration achieved a net thermal efficiency increase of 0.34% =+
0.74%, and the coated exhaust valve only configuration failed to achieve any efficiency benefit.
With the 120-micron NC piston by itself, a net thermal efficiency increase of 0.24% + 0.68% was
recorded in Figure 17. The extent of the performance degradation of the coated exhaust valve
configuration was realized at 12 bar IMEP,. Like the speed sweep, a slight efficiency benefit was
realized at advanced, non-knock limited spark timings, but the knock penalty at KLSA limited
further efficiency gains. At 12 bar IMEP;, this translated to a ~0.70 percentage point decrease in

net thermal efficiency.
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Figure 23: Net thermal efficiency, knock intensity, and combustion efficiency of the coated valve
configurations at 4 bar, 8 bar, and 12 bar IMEP, at an engine speed of 1500 RPM. The black dashed line
represents the KLSA limit. Note that 4 bar IMEP, does not have knock intensity because that operating
condition was not knock limited.

Table 10 presents a summary of the absolute efficiency changes at each coating
configuration’s KLSA with respect to the corresponding metal baseline. Uncertainty bands are not
provided for presentation purposes, but are in the range of £+ 0.75% at 4 bar IMEP,, + 0.42% at 8§
bar IMEP,, and + 0.36% at 12 bar IMEP,. The addition of coated intake and exhaust valves
generated the largest efficiency gain relative to the coated piston individually. Application of the

coated exhaust valve by itself generated consistent efficiency losses derived from retarded KLSA.
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When knock was not a consideration, the coated exhaust valve configuration generated very slight
increases in net thermal efficiency but was still lower than the coated piston by itself. On an
individual basis, the coated intake valve configuration demonstrated superior performance, but
still lagged slightly when both valves were installed. Overall, this suggests that the benefits and

drawbacks of each coated valve were not additive when combined.

Table 11: Absolute net thermal efficiency gain for the coated piston, coated piston with coated exhaust
valve, coated piston with coated intake valve, and coated piston with both coated valves at KLSA with
respect to each configuration's uncoated baseline.

Coated Piston Coated Exhaust Coated Intake Fully Coated

Only Valve + Coated  Valve + Coated
Piston Piston

1200 RPM, 8 0.30 -0.29 -0.16 0.10
bar IMEPx

1500 RPM, 4 0.24 0.01 0.34 0.31
bar IMEPx

1500 RPM, 8 0.08 -0.16 -0.03 0.18
bar IMEPx

1500 RPM, 12 0.10 -0.72 -0.15 0.18
bar IMEPx

1800 RPM, 8 0.07 -0.25 0.21 0.22
bar IMEPx

2200 RPM, 8 0.15 0.10 0.12 0.22
bar IMEPx

54



Table 12 shows the difference in spark timing at each configuration’s KLSA with respect
to the metal baseline KLSA at the knock-limiting operating conditions. Negative numbers indicate
a spark timing retard, whereas positive values indicate spark timing advances. The coated piston
by itself generates its efficiency gains through spark advance because of open cycle charge cooling.
The addition of coated valves, however, caused either no spark timing change or a spark timing
retard. Since the fully coated configuration did not derive an efficiency gain from a significant
KLSA change, it can be assumed that most of the change in net thermal efficiency was a product

of blocked heat transfer rather than open cycle charge cooling.

Table 12: Spark timing degree difference between each coating configuration’s KLSA with respect to their
own uncoated baseline. Negative numbers indicate a spark timing retard, and positive numbers indicate a
spark timing advance.

Coated Piston Coated Exhaust Coated Intake Fully Coated

Only Valve + Coated  Valve + Coated
Piston Piston

1200 RPM, 8 1.5 degrees -0.6 degrees 0.0 degrees 0.0 degrees
bar IMEPx

1500 RPM, 8 1.3 degrees -1.8 degrees -0.8 degrees -0.8 degrees
bar IMEPx

1500 RPM, 12 0.5 degrees -1.5 degrees -0.8 degrees -0.8 degrees
bar IMEPx

1800 RPM, 8 0.5 degrees -2.0 degrees -0.2 degrees 0.2 degrees
bar IMEPx

55



4.3 Discussion

As it stands, each coating configuration offers a different set of benefits. The coated exhaust valve
configuration experienced a retarded KLSA, countering efficiency gains at individual spark
timings at knock-limited conditions. However, the coated exhaust valve generated the highest
exhaust temperatures across all operating conditions, which is beneficial for turbocharging and
aftertreatment. The coated intake valve encountered a less severe KLSA retard, but efficiency gains
were limited to three out of the six operating conditions in Table 11. The increase in exhaust
temperature in the coated intake valve configuration was not as high as the exhaust valve only
configuration. However, the behavior of the two valves when installed together were not additive.
The fully coated configuration featured a knock penalty and exhaust temperature increase on the
order of the intake valve only configuration, but generated an efficiency gain larger than both
individual valves, likely due to the higher fraction of coated surface area in the combustion

chamber.

It is unclear why the behavior of each individual coated valve was not additive when
installed together. One obvious explanation for the mismatch between individual valve
configurations and the fully coated configuration is the change in discharge coefficient during gas
exchange. The combination of thickness and roughness on the valve backside can potentially
impact flow separation and motion during the intake and exhaust strokes. Similarly, the additional
thickness on the valve faces and backsides can effectively reduce the lift of the valve and change
the residual fraction or inlet conditions. Finally, there is the potential of fuel absorption in the
backside coatings during injection. The injection occurs early in the intake stroke while the intake
valve is opening. During an engine tear down, there was visual evidence of fuel impingement on

the backside of an intake valve, which is shown in Figure 24. Fuel absorption on the coated piston
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in the form of increased unburned hydrocarbons was not observed in these studies due to the low
injection pressure (100 bar), early injection timing, and low porosity coating (less than 10%), but
other authors have reported such behavior [23]. A well validated CFD model would be necessary

to evaluate these theories.

Figure 24: Fuel impingement on the backside of an intake valve (circled in red).

It can be inferred from this study that the coated intake valve has outsized importance over
the coated exhaust valve. Individually, the knock penalty reduction from the coated exhaust valve
to the coated intake valve was likely derived from the coated backside on the intake valve. The
purpose of the coated backsides and stems on the intake valves was to block heat transfer from the
combustion chamber from escaping into the air sitting on the valve during the closed cycle.
Similarly, the coated backsides on the exhaust valves were aimed at preventing heat transfer from
the escaping gases into the exhaust valve, thus lowering the component temperature and increasing
the exhaust gas temperature. The sensitivity of knock due to elevated exhaust valve surface
temperature has been well documents. A 3D CFD study performed by Robert et al. demonstrated

the tendency of end-gas auto-ignition to occur near the exhaust valve [67]. An experimental study
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done by Merola and Vaglieco on an optically accessible engine measured a large concentration of
radical species (OH and HCO) critical to auto-ignition and knock near the exhaust valves [68].
This study suggests that the coated backsides of the intake valve prevented excessive charge

heating and the coated backsides of the exhaust valve failed to lower the component temperature.

Of course, the presence of a coated backside and combustion face opens the possibility of
several coating combinations. The optimal coating configuration most likely requires a coated
intake valve, but it is an open question as to whether a fully coated exhaust valve is required. In
this study, both valves were sprayed with GZO to the same thickness. Thicknesses above the
penetrative depth of the material will not increase the surface temperature swing, instead storing
heat and promoting charge heating, whereas thicknesses less than the penetrative depth fail to
maximize the surface temperature swing. Because of the exhaust valve’s propensity to induce
knock, a coating significantly less than the penetrative depth should be applied on the combustion
face since the downside of a lower temperature swing is far more advantageous than the downside
of increased knock propensity. However, the intake valve combustion face could be coated to a
thickness close to the penetrative depth since heat transfer is unidirectional towards the port where
fresh air enters the cylinder. The backsides of both valves can be coated as thick as possible without
concern of charge heating since the goal would be to block as much heat from entering the valve.
In the case of the intake valve, blocking heat transfer to the air sitting on the backside of the valves
would reduce the gas’ IVC temperature, whereas the exhaust valve backside will increase exhaust

temperature through minimizing heat escaping into the valve.

Simulated cold-starts were not performed in this experimental campaign since the purpose
of these experiments was to develop a coating configuration for a 2021 Ford 2.3 Liter Ecoboost

multi-cylinder engine. In theory, the addition of coated surface on the valves and cylinder head
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will provide an improvement in emissions and exhaust temperature. On a production engine, the
data collected will be more relevant compared to those collected on the single-cylinder research

engine.

Another interesting result from this study was the relatively low net thermal efficiency
change from the addition of coated valves compared to the coated piston. In Table 11, the efficiency
change from the addition of coated valves relative to the coated piston was only ~0.05 percentage
points on average. Overall, the maximum possible efficiency change was ~0.30 percentage points
without the head coated, which was not possible for this single-cylinder research engine.
Thermodynamic analysis of low thermal inertia coatings was performed in parallel to the studies
presented in this thesis in order to understand the fundamental limitations of TBCs in SI [57]. Even
without the consideration of knock in the model, the study confirmed the experimental results
showing the efficiency increases are rather small. This is shown in Figure 25, which shows the net
fuel conversion efficiency vs. CA50 of various thicknesses of the NC coating on the piston, head,
and valve faces at the 1500 RPM, 8 bar IMEP, operating condition. In this thesis, the results
between net thermal and net fuel conversion efficiency followed the same trends across all coating

configurations. The maximum change in efficiency was ~0.25 percentage points.
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Figure 25: Net fuel conversion efficiency (NFCE) vs. CA50 at 1500 RPM, 8 bar IMEP, for the baseline
metal piston and 100-, 200-, and 300-micron NC coating applied on the piston, head and valve faces

[57].

Artificially deactivating heat transfer for 10 crank angle degrees in the model further
increased the net fuel conversion efficiency by 0.95 percentage points. As evidenced by the
experimental results, a spark retard due to increased knock propensity can significantly reduce or
eliminate this efficiency increase. Furthermore, some of the natural disadvantages of SI make it
difficult to extract meaningful efficiency increases through heat transfer reduction. Increasing the
compression ratio of the engine from 9.3 to 16 increased the net fuel conversion efficiency by 2.0
percentage points. In practice, a compression ratio of 16 is too high to run gasoline in SI engines.
Additionally, a surface temperature swing of ~100 K in stoichiometric operation where the gas
temperatures are high (~2600 K) is a relatively small reduction in temperature difference. This is
shown in Figure 26, which shows the temperature difference between the gas temperature and the
surface temperature of a 300-micron NC piston. Even though these factors limit the efficiency
increase associated with blocking heat transfer in SI, optimizing the coating material, coating
thickness, and location can still provide a modest and non-negligible benefit to efficiency, knock

and cold-start performance.
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Figure 26: Gas temperature minus piston surface temperature vs. crank angles for the metal baseline and
for a 300-micron NC coating applied to the piston, head, and valves [57].
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CHAPTER 5: ANALYSIS OF CCD GROWTH ON TBCS

The final topic of this thesis will analyze the effect of CCD growth on TBCs. As previously
mentioned, CCDs behave similarly to TBCs and will grow and decay throughout engine operation.
Thus, it is important to analyze the impact of these naturally grown deposits when considering

TBCs as a part of the overall engine system.

5.1 Thickness Measurements

A 130-micron NC coated heat flux probe was installed in the cylinder head with a 200-micron NC
coated piston. Over a period of 62.5 hours, CCD was grown on both the coated heat flux probe
and the coated piston. The thickness of the CCD layer on the coated heat flux probe is shown in
Table 13. The CCD layer on the coated heat flux probe reached an equilibrium thickness of 28.8
microns after 62.5 hours. After 3 hours of running at a high load and speed operating condition,
the CCD thickness was measured at 10.2 microns, effectively erasing 50 hours of growth in a 3-
hour period. At the end of the test, the CCD layer was wiped off the probe and the measured
thickness statistically matched the baseline TBC thickness. Since the measuring probe diameter
was larger than the sample surface, the uncertainty was large. Additionally, only a thin layer of
CCD was grown on the heat flux probe. The heat flux probe was slightly recessed in the cylinder.
In a similar study, Hoffman et al. captured approximately 25-microns of CCD growth in HCCI on

a heat flux probe coated with magnesium zirconate after 40-hours of running [69].

Table 13: Coated heat flux probe thickness after CCD accumulation (0 hours to 62.5 hours), CCD burn-
off (Post-burn-off) and thickness after wiping the coated heat flux probe clean of CCD.

Thickness [pm]

Baseline — 0 hours 130.0 6.1
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12.5 hours 140.5 £22.9

25 hours 149.1+5.6
37.5 hours 1529+ 7.2
50 hours 158.0+2.7
62.5 hours 158.8+9.2
Post burn-off 140.2 + 4.6
Wiped CCD 131.3+15.3

Thickness measurements on the piston crown are shown in Figure 27. Measurements were
recorded after 62.5 hours and after the burn-off phase. Note that these measurements include the
TBC layer below the CCD. As opposed to the coated heat flux probe, there was significant
deposition, with some areas measuring over 200-microns of CCD growth on the TBC surface.
Significant variation exists between different locations, with the exhaust side of the piston
exhibiting thicker CCDs than the intake side. Fuel was delivered in a centrally mounted direct
injector, but incoming intake air motion likely caused the fuel spray to impinge more fuel on the

exhaust side of the piston, creating an uneven distribution of CCDs on the piston surface.
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Location Total Total Thickness —
Thickness — Burn-off [pum] . —
62.5 hours 62.5 hours ‘
[nm]

A 259.1+ 264 2474133 X !

B 3607£225 3429+215

C 3436+£315 4394173

D 4318+ 195 4089+£590

E 464 8+ 535 38862690

F 3875+2090 3353+£58

G 4420+ 640 327 7+868

H 4343+154 378544

I 2602+ 208 261 6+£244

J 225051 2210+4.1

K 2256+32 2215£42

L 2806+195 2540£52

Figure 27: Coated piston thickness measurements with marked locations after CCD accumulation and
burn-off phases. The exhaust side of the piston is the left side and the intake side is the right side.

The burn-off period removed CCDs from the TBC surface, but some areas retained
relatively large thicknesses. Additionally, there was no observable pattern with regard to which
section of the piston experienced the largest removal of CCD. To verify the adhesion of the CCDs

to the piston surface, oven cleaner was used to forcibly clean the surface until the TBC was visible.
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Even though the original TBC surface of the piston was exposed on the intake side of the piston
right side, the exhaust side could not be completely cleaned as shown in Figure 28. A final note
regarding the piston crown images in Figure 27 and Figure 28 is that two dents are visible on the
intake side of the piston (right side). Those dents were created during an engine rebuild that
predated the start of this study where the timing belt was improperly timed, causing the valves to
contact the piston surface. Despite this, the TBC did not show any evidence of failure near the

dents or anywhere else on the surface.

Figure 28: Coated piston before the durability test (left image) and coated piston after the durability test
with CCDs forcibly removed. The exhaust side of the piston is the left side and the intake side is the right
side.

5.2 Conductivity Measurements

Conductivity values for the composite TBC/CCD layer on the coated heat flux probe are presented
in Table 14. Conductivity decreased until a steady state was reached after 25 hours of CCD growth
(CCD thickness was 20-microns). As previously mentioned, the uncertainty was large because the
temperatures across the heat flux probe were small. The decrease in conductivity uncertainty
generally aligns with Figure 9, where the increase in coating surface and backside temperature

difference decreased both the conductivity and its uncertainty. After completing the burn-off phase,
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the CCD layer was wiped from the coated heat flux probe and conductivity was measured again
to verity if the TBC conductivity returned to its initial value. The final conductivity of ~1.21 was
close to the initial ~1.31, but it is possible that CCD growth within the pores of the coating could

have affected the measurement.

Table 14: Conductivity measurements of the coated heat flux probe during CCD accumulation (0 to 62.5
hours), CCD burn-off (Post burn-off), and after wiping the coated heat flux probe of CCD (Wiped CCD)

Conductivity
[W/m/K]
Baseline — 0 1.3051 + 1.6472
hours

12.5 hours 1.1466 £ 0.9974
25 hours 0.9010 £+ 0.9894
37.5 hours 0.8606 + 0.5360
50 hours 0.9233 £ 0.5830
62.5 hours 0.9542 +0.7408
Post burn-off 1.0569 + 0.7408
Wiped CCD 1.2080 £+ 0.9232

With the baseline TBC and overall coating system conductivity known, the standalone
CCD conductivity can be calculated through a thermal resistance calculation [70]. Assuming a

uniform two-layer system, the CCD conductivity can be expressed as:

Xcep (11)

kcep =
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where R, is the contact resistance between the TBC and CCD layer, X¢cp, X1pc, and Xx;,¢ are the
thicknesses of the CCD, TBC, and total system, respectively, and k.cp, krgc, and kg, are the
conductivity of the CCD, TBC, and total system, respectively. The contact resistance term
compensates for interfacial features between the CCD and TBC layer, such as the open pores, but
is difficult to estimate. Assuming there was no contact resistance for simplicity, the CCD
conductivity from 12.5 hours to the post burn-off period is shown in Table 15, with the average
conductivity coming out to 0.3626 W/m/K. Despite the uncertainties in the measurement process
and assumption of no contact resistance, this value agrees with those presented in other works [37],
[38]. The calculations suggest that CCDs are superior insulators compared to manufactured TBC
since the CCD layer only contributes 18% of the total system thickness but yields 40% of the total
thermal resistance. Conductivity has an outsized important in determining TBC effectiveness [18].
The difficultly with considering CCDs as effective TBCs is that CCD growth is highly varied in
magnitude, and as the accumulation and burn-off phases demonstrated, significant amounts of

CCD can be grown and removed quite rapidly.

Table 15: CCD conductivity calculated through Equation (11), assuming negligible contact resistance
between TBC and CCD layers.

Conductivity Contribution to Total Thermal Resistance [%]
[W/m/K]
12.5 hours 0.4580 18.7
25 hours 0.2899 39.8
37.5 hours 0.2934 43.9
50 hours 0.3915 41.8
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62.5 hours 0.4311 40.2

Post burn-off 0.3087 249

5.3 Diffusivity Measurements

Diffusivity of the composite TBC/CCD layer of the coated heat flux probe is shown in Table 16.
Outside of the error bounds, the first 25 hours of CCD growth showed no statistically significant
variation in diffusivity during the first 20-microns of deposition. Hoffman also experienced these
inconclusive trends with low thickness CCD on a clean metal heat flux probe in HCCI, but the
diffusivity trends stabilized once the CCD thickness exceeded 30-microns [71]. This was attributed
to the non-uniform nature of CCD growth on the surface of the heat flux probe, with potential
pores and gaps allowing some radiation to directly hit the surface of the heat flux probe as opposed
to travelling through a uniform layer of coating. Thus, non-uniformities along the surface of the
heat flux probe could have caused this behavior. After 25 hours, the diffusivity consistently
decreased as CCD thickness increased, but the overall change was small. Similar to the
conductivity measurements, the diffusivity was measured after completely wiping the coated heat

flux probe clean of CCD and the final measurement closely matched the baseline measurement.

Table 16: Diffusivity measurements of the coated heat flux probe during CCD accumulation (0 to 62.5
hours), CCD burn-off (Post burn-off), and after wiping the coated heat flux probe of CCD (Wiped CCD).

Diffusivity
[mm?/s]
Baseline - 0 0.2101 £0.0216
hours
12.5 hours 0.1865 + 0.0595
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25 hours 0.2299 +£0.0193

37.5 hours 0.1972+£0.0193
50 hours 0.1770 £ 0.0078
62.5 hours 0.1610 £ 0.0187
Post burn-off 0.2220 £ 0.0169
Wiped CCD 0.2135+0.0494

The phase lag between the clean metal and coated heat flux probes are shown in Figure 29.
The motor speed refers to the speed at which the slotted chopping wheel was driven. The phase
lag between the uncoated and coated heat flux probes follows the same trend as diffusivity where
phase lag does not significantly change after 20-micron of CCD growth. After 20-microns of CCD
growth, the phase lag clearly increased as additional layers of CCD slowed the temperature
response of the coating backside temperature junction. This trend was consistent across the three

motor speeds.
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Figure 29: Phase lag vs. coated heat flux probe thickness between the clean and coated heat flux probes
across multiple motor speeds.
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Figure 30 shows the normalized temperature swing of the coating backside temperature at
a motor speed of 480 RPM across multiple CCD thicknesses. The peak temperature swing slightly
decreased as CCD thickness increased. Additionally, the temperature swing appeared slightly
elongated with increasing CCD thickness, indicating that there was some heat storage in the
coating. However, if the system thickness was exceeding the penetrative depth, the coating
backside temperature would show no temperature swing. When taken together with the
conductivity measurements, these results indicate that the TBC/CCD layer was not storing a

significant amount of additional heat.
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Figure 30: Normalized subsurface temperature of the coated heat flux probe with different thicknesses of
CCD at a motor speed of 480 RPM.

5.4 Engine Performance

A total of seven spark timing sweeps were performed. The air and fuel mass were kept constant
and stoichiometric to achieve an initial load of 7.5 IMEP, (gross indicated mean effective pressure)
at an initial spark timing of -9 degrees aTDC. Since the air flow controller maintained the same
flow rate through changes in intake pressure, charge heating could be observed by analyzing the

intake pressure trace in Figure 31. The first change in intake pressure was 1.5 kPa increase after
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12.5 hours, followed by statistically insignificant changes characterized by uncertainty. The overall
increase in intake pressure to maintain the same air flow rate indicated hotter combustion chamber
surfaces and charge heating. While there was no CCD thickness measurements for the piston crown
at each time interval, these results indicate that a significant portion of the CCD buildup occurred

within the first few hours of running.
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Figure 31: Average intake pressure vs. crank angle at an initial spark timing of -9 degrees aTDC during
CCD accumulation (0 hours to 62.5 hours) and CCD burn-off (Post-burn-off).

Exhaust temperature and knock intensity vs. CAS50 are presented in Figure 32. The growth of
CCDs resulted in hotter exhaust temperature and increased knock propensity. For each spark
timing sweep, the first three spark timings are the same (-9, -12, and -15 degrees aTDC), with the
earliest spark timing (indicated by the most advanced CAS50 in that sweep) representing the KLSA.
The knock limited CA50 was retarded by CCD growth, with a 4.2-degree shift in spark timing
from 0 hours to 62.5 hours. Interestingly, the burn-off phase almost returns the exhaust temperature
and knock intensity to the 12.5-hour mark, with the coated heat flux probe thickness at those two

points almost matching according to Table 13.
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Figure 32: CA50 vs. (a) exhaust temperature and (b) knock intensity during CCD accumulation (0 hours
to 62.5 hours) and CCD burn-off (Post-burn-off).

The retarded knock limited CA50 with increased CCD growth was expected since such behavior
has been previously reported in the literature [35]. The higher exhaust temperature also suggests
that the CCD layer was behaving similarly to a traditional, thick insulator prone to storing
excessive heat. Although the operating conditions in this study and Chapter 3 were slightly
different, it was hypothesized that the consistent decline in exhaust temperature with a low thermal
inertia coating was because the transient nature of the surface temperature was not capable of
effectively increasing the exhaust gas temperature. By that logic, the higher exhaust temperatures

seen CCD deposition in this study indicates that the surface temperature was transitioning from a
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dynamic temperature swing to a bulk temperature increased through increased charge heating.
Evidence from Figure 30, while small, suggests that the subsurface temperature swing was
dampening with thicker CCD, which is consistent with a material approaching its penetrative

depth.

Net thermal efficiency across all seven spark timing sweeps is shown in Figure 33. Net
thermal efficiency at KLSA is shown in Figure 34. The first 12.5 hours of CCD growth produced
the largest increase in efficiency, but further growth maintains a constant efficiency between the
baseline and 12.5-mark. The net thermal efficiency at KLSA declined as the spark timing was
retarded to maintain the knock intensity at 100%. After the burn-off phase, the efficiency did not
return to the equivalent heat flux probe thickness at 12.5-hours like knock intensity and exhaust

temperature in Figure 32, but did increase relative to the 62.5-hour mark before the burn-off phase.
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Figure 33: CA50 vs. net thermal efficiency during CCD accumulation (0 hours to 62.5 hours) and CCD
burn-off (Post-burn-off).
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Figure 34: Net thermal efficiency at KLSA during CCD accumulation (0 hours to 62.5 hours) and CCD
burn-off (Post-burn-off).

Multiple performance and emissions metrics at a spark timing of -15 degrees aTDC across
all sweeps are shown in Table 17. The efficiency gain was consistent across both fuel conversion
and thermal efficiency due to the lack of a significant change in combustion efficiency. With
constant air and fuel flow rates, the closed cycle load increased, indicating a higher work output
through blocked heat transfer. However, the results in Table 17 largely imply that apart from knock
and exhaust temperature in Figure 32, the largest changes in performance occurred after 12.5 hours
of deposition, and the performance emissions largely remained either unchanged or dithered
between the values measured at 0 hours and 12.5 hours. This dithering behavior was also seen in
unburned hydrocarbons, which is plotted against CA50 in Figure 35. After the large initial drop at

12.5 hours, continued CCD deposition does no harm or good relative to the 0-hour baseline.

Table 17: Performance and emissions characteristic at a spark timing of -15 degrees aTDC

Baseline 12.5 25 hours 375 50 hours 62.5 Post
— 0 hours hours hours hours  burn-off
Gross 38.39 + 3898+ 3875+ 3890+ 38.80+ 3888+ 38.55%+
Thermal 0.24 0.25 0.23 0.25 0.24 0.25 0.25
Efficiency
[Yo]
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Net 36.53 + 37.02+ 36.78+ 3688+ 36.72+ 36.85+ 36.56=+
Thermal 0.23 0.24 0.22 0.23 0.23 0.24 0.24
Efficiency

[Yo]
Net Fuel 35.07 £ 3556+ 3537+ 3539+ 3530+ 3541+ 35.14+

Conversion 0.22 0.23 0.21 0.23 0.22 0.23 0.23

Efficiency

[Yo]
Combustion 96.52 + 96.59+ 96.69+ 9649+ 96.66+ 96.61+ 96.64 +

Efficiency 0.14 0.17 0.14 0.14 0.13 0.15 0.16

[Yo]

CAS50 [deg 14.70 £+ 14.50 + 1470+ 1430+ 1440+ 1420+ 1490+
aTDC] 0.10 0.15 0.10 0.15 0.15 0.15 0.15
is uHC 436 3.99 + 4.07 + 421+ 418 4.09 + 411+

[g/kWhr] 0.58 0.25 0.25 0.25 0.25 0.25 0.26
is CO 12.84 + 13.16 + 11.88 + 1331+  12.05+ 12.63+ 12.64+
[g/kWhr] 1.45 0.75 1.06 1.38 1.10 1.22 0.90
is NOx 16.27 + 15.20 + 1642+ 1627+ 17.06 + 16.53+ 1635+
[g/kWhr] 0.23 0.17 0.18 0.16 0.17 0.20 0.23
IMEPg 7.85 + 7.94 + 7.92 + 7.95 + 7.94 + 7.96 + 791 +
[bar] 0.03 0.03 0.03 0.03 0.03 0.03 0.03
5 —8—o0hrs —&—50hrs
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Figure 35: CA50 vs. indicated specific unburned hydrocarbons (is uHC) during CCD accumulation (0

hours to 62.5 hours) and CCD burn-off (Post-burn-off).

Although there was a heat transfer reduction at 12.5-hours relative to the baseline, there

did not appear to be a consistent decline in heat transfer losses during the rest of the CCD

accumulation phase. A consistent increase in heat transfer losses caused by the high surface
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roughness of the CCD layer could explain the dithering in net thermal efficiency in Figure 33 and
Figure 34. A MetroPro OMP-0347 optical profilometer was available to quantify the roughness of
the piston through non-contact means, thus preserving the structural integrity of the CCD layer. In
principle, the device uses light to reconstruct the surface topography of the substrate [72].
Roughness average (RA) values for a single point on the clean and CCD covered piston are
reported as 0.718 and 1.901 microns, respectively. The baseline TBC was smooth since the surface
was polished. It should be noted that the roughness measurement with the optical profilometer was
performed on the intake side where less CCDs accumulated. Instrument limits prevented
measurements on the exhaust side, where large-scale roughness was visually significant. The raw

photos of the surfaces via optical profilometer are provided in Figure 36.
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Figure 36: Zoomed in photographs of the clean TBC piston and CCD covered piston after the burn-off
phase.

5.5 Discussion: Connecting Properties and Performance

External property measurements with the coated heat flux probe showed that the thermophysical
properties of the TBC/CCD system improved. Performance results showed an increase in
efficiency and exhaust temperature with a retarded KLSA, consistent with the behavior of a coating
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system with improved thermophysical properties. The net thermal efficiency at the 12.5-hour mark
increased by 0.11 + 0.47% over the baseline efficiency. Beyond 12.5-hours of CCD growth, the
required spark timing retard to achieve an equal knock intensity level further diminished the net
thermal efficiency such that no spark timing sweep improved the KLSA efficiency over the
baseline. This fact demonstrates that accumulating too much CCD is detrimental to performance,
despite the absolute improvement in the thermophysical properties of the coating system. It should
be noted that the goal of this study was to accumulate a significant amount of CCDs on the surface
of the piston to generate clear performance trends. Results with hundreds of microns of CCDs on
some locations of the piston are no representative of true CCD growth on production engines. In a
production setting, the driving style would dictate the amount of CCDs that accumulate, along
with the fuel properties. The goal of this section was not to explore the effects of various gasoline
blends on CCDs and therefore, choosing EPA certification gasoline was a logical decision.
However, it does introduce some uncertainty related to how the CCDs would have accumulate,

and even what their properties would have been, with other gasoline blends.
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CHAPTER 6: CONCLUSIONS

TBCs in spark ignition engines face a variety of challenges due to the knock limitations of the
architecture. This thesis demonstrates that low thermal inertia TBCs, characterized by a dynamic
temperature swing that allows the surface temperature of the coating to decrease during the intake
stroke and prevent charge heating, can enable an efficiency increase. Rather than targeting a direct
heat transfer reduction, thin low thermal inertia coatings can enable charge cooling in which the
intake air temperature is reduced, countering the knock onset effect of reduced heat transfer during
the closed cycle and enabling spark advance. Multiple coating thicknesses, materials, and
components were tested in a single-cylinder research engine to determine the best combination of

coatings for spark ignition engines. The following conclusions can be drawn from the experiments:

1. A novel low thermal inertia material (called NC) was found to be effective at a thickness
close to its penetrative depth. The thinnest coating (120-micron NC piston) produced the
largest efficiency gain across all operating conditions compared to the other coated pistons
with a maximum net thermal efficiency gain of 0.30% =+ 0.44%. This efficiency gain was
a result of blocking heat transfer during the closed cycle and charge cooling during the
open cycle, allowing the KLSA to advance further than the metal baseline.

2. Thicknesses beyond the material’s penetrative depth showed a degradation in efficiency
and required a KLSA retard to counteract severe knock.

3. Alow thermal inertia with a catalytically active topcoat produced no significant change in
emissions, but the improved thermophysical properties of the topcoat allowed the piston to
achieve match the knock behavior of the metal baseline compared to the same thickness

piston with no topcoat.
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A piston with gadolinium zirconate coating recorded a maximum absolute net thermal
efficiency gain of 0.16% =+ 0.42%. This was accompanied by no significant knock penalty,
thus demonstrating its potential as a temperature swing coating in a spark ignition engine.
A reduction in unburned hydrocarbon and particulate matter emissions were recorded
during simulated cold-starts with coated pistons that generated a charge heating penalty
during steady-state testing.

Applying a coating on the combustion face, backside, and stem of the intake and exhaust
valves with the 120-micron NC piston produced the largest average net thermal efficiency
benefit across all coating configurations, indicating that increasing the coated surface area
is beneficial for efficiency. A slight knock penalty of ~0.5 degrees in spark timing was
incurred relative to the metal baseline. Considering that the coated piston by itself
generated a spark advance, the efficiency increase was generated through heat transfer
reduction rather than producing more favorable combustion phasing.

A staged removal of the coated valves showed that the coated exhaust valve generated a
significant knock penalty that caused a KLSA retard. The coated intake valve by itself (with
the coated piston) generally matched the KLSA of the fully coated configuration, indicating
that the coated intake valves alleviated knock.

The coated exhaust valve produced the highest exhaust temperatures across all coating
configurations, implying that the coated exhaust valve was retaining excess heat.

A coated heat flux probe was installed in the single cylinder engine to accumulate CCD for
external property measurements. Approximately 30-microns of CCD were accumulated on

the surface of the coated heat flux probe.
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10.

11.

12.

The first 20-microns of CCD growth on the coated heat flux probe showed no clear trend
in diffusivity, but further CCD growth showed a slight decline. The conductivity decreased
as CCD was accumulated.

CCD conductivity was calculated using a thermal resistance network, with the average
value falling within the range of previously reported values.

Spark timing sweeps every 12.5 hours during the CCD accumulation phase showed a slight
increase in net thermal efficiency after 12.5-hours, but declined or remained constant
throughout the remainder of the 62.5-hour accumulation period. It was speculated that this
constant efficiency after 12.5-hours was due to the roughness of the CCD top-layer, which
increased the surface roughness and has been reported in the literature to contribute to
higher heat transfer losses. Optical profilometer measurements of the piston confirmed that

the roughness increased with CCDs.
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APPENDIX A
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Figure 37: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
metal baseline piston.
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Figure 38: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
120-micron NC piston.
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Figure 39: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
200-micron NC piston.
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Figure 40: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
200-micron NC w/ CCC piston.
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Figure 41: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
200-micron GZO piston.
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Figure 42: Particle count distribution vs. particle diameter of eight individual cold-start tests using the
375-micron NC piston.
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Figure 43: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
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Figure 44: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
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Figure 45: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
200-micron NC piston.
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Figure 46: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
200-micron NC w/ CCC piston.
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Figure 47: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
200-micron GZO piston.
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Figure 48: Unburned hydrocarbon emissions (uHC) during the eight individual cold-start tests using the
375-micron NC piston.
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