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ABSTRACT:

Numerous research activities in diesel engine field are directed towards
improvement of the engine efficiency through the thermally insulated combustion
chamber. This paper investigates the potential of coated pistons in reducing fuel
consumption and pollutant emissions of a 1.6 1 automotive diesel engine. After a
literary review on the state-of-the-art of the materials used as Thermal Barrier
Coatings (TBCs) in engine field, anodized aluminum has been selected as the most
promising one. In particular, it presents very low thermal conductivity and heat
capacity which ensure a high wall temperature swing property. Successively,
numerical analysis by utilizing a one-dimensional Computational Fluid Dynamics
(CFD) engine simulation code was carried out to investigate the potential of the
anodized aluminum as piston TBC. The simulations have highlighted the potential
of up to about 1% in Indicated Specific Fuel Consumption (ISFC) and 6% in heat
transfer reduction. To confirm the simulation results, the coated piston technology
has been experimentally evaluated on a prototype engine and compared with the
baseline aluminum pistons. Despite the promising potential for ISFC reduction
highlighted by the numerical simulation, the experimental campaign has indicated
a slight worsening of the engine efficiency (up to 2% at lower load and speed) due
to the slowdown of the combustion process. The primary cause of these
inefficiencies is attributed to the roughness of the coating.

KEYWORDS: Low Heat Rejection Engine, engine insulation, thermal barrier
coating, piston coating, diesel engine, engine efficiency.
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1 Introduction

In the current automotive industry scenario, where the CO» targets, set by the
new regulations, are becoming more and more demanding, the use of advanced
technologies, as thermal insulation, is getting realizable. The idea of the so-called
Low Heat Rejection Engines (LHRESs), namely engines with reduced in-cylinder
heat losses, is not new, but it was introduced in the 80’s to improve the internal
combustion engine efficiency. In the past, LHREs were realized by covering the
combustion chamber surfaces (i.e., pistons, valves, ports) with ceramic materials,
such as zirconia and silicon nitride, which present lower thermal conductivity than
the conventional metals, and thereby can operate at higher temperatures, insulating
the engine. Nevertheless, many research works were focused on this concept [1-8],
the final results were often inconclusive and contradictory, not facilitating the
market penetration of the technology. A crucial limitation for the traditional
ceramic coating was the reduction of the engine volumetric efficiency, caused by
the higher wall temperature during the entire engine cycle (including the intake
phase), and the relative performance deterioration [6,9]. Furthermore, increments
in pollutant emissions (especially NOx), due to the higher wall temperatures, were
assessed in many research works [5,10—12]. Many other authors found out that, due
to the higher wall temperatures, a shorter ignition delay occurs in LHREsS, causing
a decrease in the premixed combustion and a corresponding increase in the amount
of fuel burned during the late combustion phase [13—17]. Thus, since the heat
release shifted to late phase in the cycle, less useful work would be obtained from
the LHRE. In particular, many researchers [13,17—19] have discovered that using a
suitable retarded injection timing it is feasible to partially compensate the
detrimental effect of insulation on heat release rate and NOx emissions.

Another way to overcome these issues was recently proposed by Toyota [20—
23], introducing the wall “temperature swing” concept and developing an anodizing
aluminum with silica filler as Thermal Barrier Coating (TBC). Thanks to the low
thermal conductivity and heat capacity of the coating, the wall temperature is able
to follow the oscillations of the in-cylinder gas temperature, causing heat insulation
during the combustion and preventing the intake air heating. The main problems
derived from anodized aluminum coatings, and in general from other ceramic
coatings, are their higher surface roughness and porosity, which can slow down the
combustion and compromise the engine efficiency gains [15,20,24,25].

The objective of the present study was to investigate the effects of the TBC
technology applied on diesel engine pistons. In the first part of this article, the
thermos-physical characteristics of the traditional and the innovative TBCs are
reviewed and compared. Then, using a one-dimensional CFD numerical model, the
anodized aluminum material was selected as the most promising TBC for reducing
heat transfer and improving engine efficiency. In the last part of this research, the
selected coating was tested on a 1.6 liters, automotive diesel engine.



2 State-of-the-art of Thermal Barrier Coatings for engine
applications

A Thermal Barrier Coating (TBC) is a particular superficial coating able to
protect the metallic substrate against the thermal loads produced in high-
temperature applications, i.e., internal combustion engine and turbomachines.

Usually a TBC structure presents a thick ceramic layer called Top Coat (TC),
which has a very low thermal conductivity and so acts as a thermal insulator
element, and an intermediate metal alloy layer, called Bond Coat (BC), which is
thinner than the TC and it is used to reduce the difference of the linear Thermal
Expansion Coefficient (CTE) between the metal substrate and the ceramic part of
the coating.

The bond coat is usually made by a metallic Cobalt-based (CoNiCrAlY) or
Nickel-based (NiCoCrAlY) superalloy, which contain Chromium and Aluminum
elements, useful for the Thermally Grown Oxide (TGO) formation at the TC/BC
interface, and Yttrium to facilitate the adhesion of the TGO layer to the bond coat.

The top coat is often constituted by a ceramic material that is able to fulfill with
the following properties:

high melting point;

chemical stability (avoid reactions);

phase stability (avoid phase transformations);
low thermal conductivity;

low heat capacity;

good thermomechanical properties;

good adherence to the BC;

low sintering rate;

A S IR I

. toughness;
10. hardness and good resistant to erosion wear.

2.1 Traditional Thermal Barrier Coatings

In the automotive research, zirconia (ZrO;) has been the widest employed TC
material, in particular with an yttria content of about 7-8 wt.%, obtaining the so-
called Yttria Stabilized Zirconia (YSZ). Other materials, as the refractory mullite
and the pyrochlore, were taken into consideration by recent researches [26,27] as a
valid alternative to YSZ.

The characteristics of Yttria Stabilized Zirconia (YSZ) are: high fracture
toughness, low thermal conductivity, and relatively high CTE, closer to that of the
metallic substrate. Besides, YSZ cannot be used in the high temperature
applications, because of the destabilization of the material and the consequent
internal stress formation.

Mullite is an intermediate stable compound of alumina and silica with
stoichiometry 3A1,03:2S10,. In comparison with YSZ, mullite has a lower CTE
and a higher thermal conductivity. The very low CTE leads to a higher thermal



expansion mismatch with the metal substrate, but also allows to strongly reduce the
stresses due to the thermal gradient generated throughout the layer. In a diesel
engine, the latter feature is decisive because the coating thicknesses are greater and
the stresses generated can cause failures. However, the main reason that makes
mullite a very suitable alternative to YSZ is its superior resistance to creep, that is
the main cause of superficial traction tensions and damages of zirconia [28,29]. The
greater creep resistance gives to the mullite coatings a better thermal shock
resistance and a more prolonged thermal fatigue life than the YSZ in the operating
conditions of diesel engine components. The thermal properties of YSZ and mullite
are reported in Table 1.

[O"l(":] Thern[l{a;&ll ;(-)lnlg}};twlty SIEJe/cI;f;lj Ilée]at CTE [x10° K]
27 0.67 420 7.5
YSZ 727 0.58 547 9
1227 0.56 569 9.7
27 1.32 838 5.1
Mullite 727 1.32 1202 52
1227 1.34 1219 5.5

Table 1. Thermal properties of YSZ and mullite at three different temperatures [30].

2.2 Innovative Thermal Barrier Coatings & “Temperature
Swing”

Beyond the traditional ceramic thermal barrier coatings, new researches are
focused on new innovative materials able to exploit the so-called wall “temperature
swing” property.

In more detail, the convective heat flux Q from the in-cylinder gas through the
combustion chamber walls is calculated by Eq. 1:

Q= A4- hg ' (Tgas — Twan) (D

where, A is the combustion chamber surface, %, is the convective heat transfer
coefficient, Tgqs 1s the in-cylinder gas temperature and 7y is the wall temperature.

The so called “Temperature Swing” concept is a heat loss reduction technology
that reduces the temperature difference between in-cylinder gas and surrounding
walls, by quickly changing the wall temperature, following the transient gas
temperature. A sketch of gas and surface temperatures during the entire engine
cycle, for different combustion chamber wall materials is reported in Figure 1.
Three surface temperatures are plotted, corresponding to: a conventional wall
(metal), a conventional ceramic insulation wall (i.e., YSZ) and a “temperature
swing” insulation wall.



The surface temperatures for the metals commonly used for combustion
chamber (aluminum or iron alloy), which are characterized by high thermal
conductivity, remain almost constant during the entire engine cycle. Conventional
ceramic insulations present higher temperatures during the entire engine cycle,
including the intake stroke. This fact results in reducing heat transfer during the
combustion, but also in a decrease in the volumetric efficiency, deterioration in
power, increase in the working gas temperature and exhaust emissions.

In the case of “temperature swing” insulation, the surface temperature of the
coating, which is characterized not only by low thermal conductivity but also by
low heat capacity, is able to fluctuate following the in-cylinder gas temperature.
With this technology, not just the heat losses during the combustion and expansion
strokes can be reduced, thanks to the higher coating surface temperature, but also
the intake air heating and the volumetric efficiency decreasing are avoided, due to
the cooled coating temperature during the intake and compression phases.
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——Temperature Swing insulation coating
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Figure 1. Gas and wall temperature profiles during the engine cycle

Toyota [20-23] recently developed and proposed a new material, called Silica
Reinforced Porous anodized Aluminium (SiRPA), as piston TBC. The coating is
realized with the anodization of an aluminium alloy (Al-12% silicon), and is
characterized by a layer of aluminium oxide with a structure containing cylindrical
channels with diameters of nanometer size (10-30 nm) oriented perpendicular to the
surface and constituting the structure nanometer porosity. In the structure, silicon
crystals are also present, that disturb the nano-channel growth and constitute the
micrometer porosity (1-10 pm). Moreover, through a post-treatment, a surface
silica layer of a few microns is applied as a sealant, to prevent the penetration of the
hot in-cylinder gasses inside the channels [21, 22].

The high porous structure makes the coating density very low, which is a key
factor for thermal swing concept. As shown in Eq. 2 and 3, both the thermal



conductivity (4) and the volumetric specific heat capacity (c,) directly depend on
the material density (p).

A=p-C-k (2)

cp=p-C (3)

In these equations, 4 represents the thermal conductivity, p is the density, C is

the mass specific heat, x the thermal diffusivity and ¢, the volumetric specific heat

capacity [20]. The declared thermo-physical properties of SiRPA at 500 K are

reported in Table 2.

Bulk density 1.4+0.15 [g-cm™]
Volumetric specific heat capacity 1300+140 [kJ-m™-K1]
Thermal diffusivity 0.52 [mm?s7!']
Thermal conductivity 0.67+0.07 [W-m™- K]

Table 2. Thermo-physical properties of SiRPA at 500 K [21]

3 Simulation analysis on the potential of different Piston
Thermal Barrier Coatings

In the first stage of the research activity, engine cycle simulation has been
employed for assessing the potential of the thermal insulation technology, analyzing
different piston coating materials.

A one-dimensional (1D) CFD commercially available software, developed by
Gamma Technologies, GT-SUITE, was used for the simulations. The one-
dimensional Navier-Stokes equations (conservation of continuity, momentum, and
energy) are implemented in the simulation code [31]. A predictive multi-zone
combustion model, DIPulse [32], created by Gamma Technology, was adopted for
the burn rate prediction. A flow-based heat transfer model, developed by T. Morel
and R. Keribar [33] was used for the convective Heat Transfer Coefficient (HTC)
calculation. This model allows a more accurate estimation of the heat fluxes
distribution between the engine components than the traditional heat transfer
models (Woschni, Annand, etc.), as indicated in [33]. More in details, it is based on
the in-cylinder flow field, including swirl motion and turbulence, which is not
spatially uniform, so, it can address the complex Low Heat Rejection Engine issues.
Further details and a comparison between Flow and Woschni models can be found
in [34].

The 1D CFD engine model was directly coupled with an engine thermal model,
representing the engine structure. In this way, the temperature calculation of the
combustion chamber surfaces was possible. The thermal model approach is zero-
dimensional: the engine components (pistons, liners, head, valves, etc.) are
discretized in lumped thermal masses, characterized by their intensive properties
(mass, density, areas, thermal conductivity, specific heat, and temperature). The
model also takes into account the convection heat transfer between the structure,
the coolant, and the oil.

The main feature of the developed thermal model is the wall temperature
swings calculation through a transient heat conduction code. In particular, for low-



thermal-conductivity and low-heat-capacity materials, as the TBCs, the wall
temperature swings are much higher respect to those produced by the traditional
metal materials, therefore the transient effects cannot be neglected [4,35-37].

As mentioned above, the 1D CFD engine model and the 0D thermal model are
directly coupled within the GT-SUITE platform. Precisely, the convective HTCs
and the gas temperature, calculated with the engine model are directly used as
boundaries in the thermal model, vice versa, the surface temperatures (transient
within the engine cycle) are calculated with the thermal model and, then, are
imposed in the engine model as boundaries. The process is iterative until the two
models reach the convergence.

3.1 Case study

A turbocharged, direct injection, four-cylinder automotive diesel engine with
high/low pressures cooled EGR systems has been used in this work. The engine
version used in this research presents an electronic actuated Variable Geometry
Turbine (VGT), a common rail fuel injection system capable of 2000 bar injection
pressure, a chain-driven dual overhead camshaft. Engine block, cylinder head and
pistons are all made of aluminum alloy. Specifications of the test engine are
presented in Table 3.

Compression Ratio

Engine Type Direct-Injection Diesel
Configuration In-Line 4 Cylinders
Maximum Torque 320 Nm (at 2000 rpm)
Maximum Power 100 kW (at 4000 rpm)
Displacement 1598 cm®

16:1

Bore x Stroke

79.7 mm x 80.1 mm

Injection system

Common Rail

Turbocharging system

Variable Geometry Turbine (VGT)

Table 3. Test engine specifications.

Four different engine operating points have been selected for the numerical
analysis (engine speed [rpm] x BMEP [bar]): 1500x5, 2000x8, 2750x12, 2000x16.
Once the model has been validated with the experimental data, it was used to study
the effects of different Thermal Barrier Coatings applied on the entire piston
surface. Further details on the model validation can be found in [34].

Two different TBC materials were chosen for the analysis: one representing the
innovative Temperature Swing coatings (the anodized aluminum) and another
representing the traditional ceramic coatings (the Yttria-Partially Stabilized
Zirconia).



3.2 Simulation results

Literature values for the anodized aluminum and Y-PSZ properties are used in
this numerical study, as reported in Table 4. As described in Section 2.2, the
anodized aluminum is a particular coating obtained by the anodization of an
aluminum alloy and characterized by a very porous structure, due to the presence
of cylindrical nano-channels, oriented perpendicularly to the surface. Because of its
porosity, the material presents very low density, thermal conductivity and heat
capacity, which ensure high wall temperature swings. While, Y-PSZ is
characterized by higher thermal conductivity and heat capacity respect to the
anodized aluminum, which make the material less compliant with the temperature
swing technique.

The thickness of 100 pm resulted in the optimum compromise between the
insulation property during the combustion and the volumetric efficiency
deterioration, as illustrated in [20,36,38]. In particular, thinner coatings present
lower wall temperature peek, which lead to bad insulation effect, on the other hand,
thicker coatings show charge air heating and worsening in pumping losses due to
the higher wall temperature during the intake phase.

Anmpzed Y-PSZ,
aluminum
Density [kg'm?] 1400 5650
Volumetric specific heat 1300 3500
capacity [kJ]-m3-K!]
Thermal conductivity 0.67 1.4
[W-m'-K']
TBC thickness [um] 100 100

Table 4. Thermo-physical properties of anodized aluminum [21] and Y-PSZ [39] TBCs.

Figure 2 shows the piston wall temperature swings, resulting from the
simulations at 2000 rpm and 8 bar of BMEP.
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Figure 2. Piston wall temperature swings (anodized aluminum and Y-PSZ)

The anodized aluminum exhibits much greater wall temperature variations
within the engine cycle respect to both the baseline and Y-PSZ. Consequently, it
leads to heat loss reduction during combustion (thanks to the higher peak of wall
temperature near the TDCF), keeping constant the intake mass and volumetric
efficiency (thanks to the low wall temperature during the intake and compression
strokes). Vice versa, Y-PSZ produces lower wall temperature during the
combustion phase with respect to the anodized aluminum, because of its higher
conductivity. Moreover, Y-PSZ presents a higher temperature during the intake due
to its greater heat capacity in comparison with the anodized coating.

The potentialities in Heat Transfer and Indicated Specific Fuel Consumption
reductions of both coatings are shown in Figure 3. The indicated quantities are used,
rather than the brake ones, for excluding the effects of small friction variations.
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6

wv

3.85

N

In-cylinder Heat Transfer reduction
wl%]l s

1.04

o
00

o
H
|

ISFC reduction [%]
o
[e)]

o
N

0.12

1500x5 2000x8 2750x12 2000x16
Engine operating points [RPMXBMEP]

Figure 3. In-cylinder Heat Transfer reductions (top) and ISFC reductions (bottom) in case of
100pm anodized aluminum and Y-PSZ piston coatings.

The anodized aluminum TBC brings to more significant reductions in HT and
ISFC due to its higher surface temperature swings. This behavior is confirmed for
all the simulated operating points. However, the thermal insulation effect is more
elevated at the higher loads and speeds, because of the higher gas temperature
reached during the combustion in these points.

The simulations of two different materials as piston thermal barrier coatings
have revealed that anodized aluminum has a bigger impact in heat transfer and ISFC



reductions (respectively until 6% and 1%), due to the greater temperature swing
property of the material.

4 Experimental evaluation of the insulation performance

After the selection of the most promising piston coating through the numerical
simulations, an experimental campaign was performed to assess the insulation
potentialities in actual operating conditions.

4.1 Experimental apparatus

Experiments on the test engine (described in Section 3.1) were carried out at
the Energy Department laboratory of Politecnico di Torino. Figure 4 shows a
schematic diagram of the experimental setup.

[ ) —

IN Emi. (AMAI60)

I Intercooler

OUT Emi. (AMAI50)
Smoke Meter (4155)

poC
DPF

LP-EGR
Cooler

LP-EGR Valve

Figure 4. Engine test bench layout.

The engine was installed in a dynamic test bench equipped by a three-phase
asynchronous dynamometer with controlled cabin and intake air temperature
(25°C) and intake air humidity (50% RH).

The engine fuel consumption was measured by an AVL ® KMA 4000
continuous fuel mass flow meter; AVL ® AMA 160 was used for the measurement
of the engine-out and intake gas compositions (NO, NOx, HC, CO, CO; and O»)
while an AVL ® 415S smoke meter was utilized for the measurement of Filter
Smoke Number (FSN) of the engine-out gas. Pressure sensors and thermocouples
are also used in several points of the engine like intake and exhaust pipelines, EGR
lines, coolant, oil and fuel circuits. The engine cooling was ensured by a coolant to
water heat exchanger in which the mains water was modulated by a PI controlled
valve to target 90°C at the engine outlet. Similarly, the intercooler (see Figure 4)
between the compressor and the intake manifold was an air to water regulated heat
exchanger to target a pre-defined cooler outlet temperature.

Moreover, piezoelectric pressure transducers, mounted into the glow plug
housings, are employed for the measurement of the in-cylinder pressures, which



are, then, acquired and post-processed through AVL ® IndiCom software. Finally,
all the engine parameters were modified by a PC, connected to the ECU, using
ETAS ® INCA software.

The precisions and linearities of the instrumentations are reported in Table 5.

Variable to measure Sensors Precision/Linearity
Fuel mass flow AVL KMA 4000 0.1%
Torque Dynamometer 0.3% FSO (525 Nm)
Gas analysis AVL AMA 160 linearity 2%
FSN AVL 415S 0.005 FS\I:L;;S% meas.
In-cylinder pressure AVL GH13G linearity 0.3% FSO

Table S. Instrumentation precisions and linearities

Two different sets of pistons were evaluated: a conventional aluminum non-
insulated configuration (Baseline) and a fully insulated configuration (named,
Piston Full Coated — PFC), where the entire piston surface, including the cavity and
the crown, was covered with an anodized aluminum coating. The characteristics of
the tested TBC, reported in Table 6, are similar to those used for the simulations,
compatibly with the manufacturer’s specifications. Due to the high porosity of the
coating, its surface roughness was considerably higher than the original aluminum
(Ra 8 um vs. Ra 3.2 um). Figure 5 shows the front views of the two piston
configurations.

Material Anodized Aluminum
Thermal conductivity 0.9 [W-m™-K"]
Surface roughness (Ra) 8 [um]
TBC thickness 90 [pm]

Table 6. Thermo-physical properties of PFC.

Baseline (Aluminum) Piston Full Coated (PFC)

Figure 5. Front views of the two piston configurations, after the experimental campaign.



4.2 Tests description

For assessing the potential of the thermal insulation technology, two different
tests were performed, a Start of Injection (SOI) sweep and an Exhaust Gas
Recirculation (EGR) sweep. Each test was repeated for four different engine
operating points, covering middle-high speeds and loads of the engine: 1500x5,
2000x8, 2750x12, 2000x16 (engine speed [rpm] x BMEP [bar]). Moreover, each
test was repeated on different days to improve the robustness of the results.

The SOI test consists of a sweep of five values of Start of Injection (SOI),
depending on the operating point, while maintaining the other calibration
parameters (i.e., intake pressure, rail pressure) fixed. Moreover, the pilot injection
quantities and Exhaust Gas Recirculation (EGR) rate were set to zero to lower
uncertainties in the measurements.

The EGR test was performed to assess the engine insulation impact on the
combustion with high EGR rate. For all the operating points the SOI and the other
calibration parameters were kept constant, and a sweep of EGR rate was performed.
As far as the injection event is concerned, the pilot quantities were set to zero.

5 Results and discussion

5.1 Injection timing effects

The results of the SOI sweeps are shown in Figure 6. For sake of brevity, only
the results of the lower and the higher tested engine loads (1500x5 and 2000x16,
respectively) are reported. Average values over five tests performed in different
days are analyzed.

« Baseline « PFC ¢ Baseline « PFC

1500x5 $2000x16

ISFC [g/kWh]
ISFC [g/kWHh]

............ e
"""""" N .

SOI [CA] §§ TDCF SOl [CA] % TDCF

Figure 6. SOI sweep at 1500x5 (left), at 2000x16 (right). Average values over 5 tests performed in
different days.

Unexpectedly, the worse Indicated Specific Fuel Consumption (ISFC) were
obtained with the piston full coated configuration, especially at the lower load
where ISFC increments higher than 2% were obtained. At the higher load, the gap
between the two configurations is considerably smaller, below 1%. Moreover, the
optimum injection timings move closer to the Top Dead Center Firing (TDCF)
using the PFC configuration (better tolerance to the retarded injection).

In order to better understand the stated trend, a deeper analysis of the burn rates,
calculated from the acquired in-cylinder pressures, was carried out.

As shown in Figure 7, the PFC configuration exhibits a slowdown in the late
stage of combustion (during the mixing-controlled phase), probably due to the



interaction between the flame and the rough piston walls. In particular, as described
in [20], in case of high roughness surfaces, the mixture motion near the walls slows
down and its residence time in the piston bowl becomes longer. Consequently, high-
temperature gasses stay longer time near the piston surface, causing an increment
in the heat loss.
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Figure 7. Burn Rate (top) and Burned Fuel Fraction diagram (bottom) at 1500x5 (left) and 2000x16
(right) without EGR. (Difference = PFC - BASE).

The first stage of the combustion (premixed phase) seems to be not affected by
the TBC introduction, because in this phase there is still no interaction between the
mixture and the wall. However, an unperceivable increase in the burned fuel
fraction is found in this combustion stage with the PFC configuration, which can
be ascribed to the higher in-cylinder temperature before the start of combustion,
which can reduce the ignition delay of the mixture. For this reason, a faster-
premixed combustion phase can compensate for the adverse effect of a retarded
injection timing (better tolerance to the retarded injection).

The effects of the insulated piston on NOx and soot emissions are shown in
Figure 8. Piston coating technology does not seem to affect NOx emissions, while
soot emissions result increased. This trend could be explained by the different
flame-wall interactions of the two configurations, which can affect the soot
oxidation process.
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Figure 8. NOx (top) and SOOT (bottom) emissions as a function of the injection timing at 1500x5 (left)
and at 2000x16 (right). Average values over 5 tests performed in different days.

5.2 EGR effects

The Indicated Specific NOx emissions vs. Indicated Specific Fuel Consumption
(ISNOy/ISFC tradeoff curves), obtained with the EGR sweeps, are displayed in

Figure 9.
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Figure 9. EGR sweep at 1500x5 (left) and at 2000x16 (right). Average values over 5 tests performed in
different days.

Similarly to the SOI sweeps, the EGR sweeps show that the PFC configuration
presents higher Indicated Specific Fuel Consumption (ISFC) than the baseline,
reaching increment greater than 3% especially at lower load, speed and EGR rate.
While, at higher load and EGR rate, the differences are significantly reduced (below
1%). Moreover, the PFC seems to be more tolerant to the EGR at the lower load,
which can be explained through a more in-depth analysis of the burn rates,
presented in Figure 10.

Also with the EGR, the mixing-controlled phase of the combustion goes slower
with PFC configuration, caused by the interaction of the flame with the high-porous
coating wall. As above said, this could bring to heat loss increase near the wall and
indicated efficiency deterioration. On the other hand, the better EGR tolerance of
PFC can be due to the faster initial stage of combustion around TDCF (premixed



phase), where the burned fuel fraction of PFC seems to be slightly greater than that
of the baseline, which can be explained by the shorter ignition delay.
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Figure 10. Burn Rate (top) and Burned Fuel Fraction diagram (bottom) at 1500x5 (left) and at 2000x16
(right) with EGR. (Difference = PFC — BASE).

The trade-off NOx-SOOT, obtained through the EGR sweeps, are shown in
Figure 11. At lower load, the tradeoff is more advantageous for the baseline
configuration, because of its better combustion efficiency and more advantageous
soot oxidation process. Vice versa, at higher load, where the indicated efficiencies
and burn rates are comparable for both configurations, the tradeoff is slightly
advantageous for the PFC, especially at higher EGR rates. This trend can be
explained by the greater tolerance to the EGR, due to the reduction of the ignition
delay.

* Baseline « PFC + Baseline * PFC
2000x16

3 < SOI=11°BTDC
2 s 2
o o] 2
.E. 3 .§. I 6\9'?
° s 40
8 3
7 1500x5 8
P SOI=7.7°BTDC -
ISNOx [g/kWh] ISNOx [g/kWh]

Figure 11. NOy/SOOT tradeoff at 1500x5 (left) and at 2000x16 (right). Average values over 5 tests
performed in different days.



6 Conclusions

Low Heat Rejection concept adopted on a passenger car diesel engine was
assessed employing both the numerical simulation and the testing of a piston
thermal barrier coating on a prototype engine. The main findings can be
summarized as follows:

e Innovative TBCs (as anodized aluminum), characterized by low thermal
conductivity and low heat capacity, have potentialities in improving
fuel economy without any negative impact on pollutant emissions, due
to their greater wall temperature swing, compared with the traditional
ceramic TBCs (i.e. zirconia).

e The numerical simulation of the anodized aluminum as piston TBC
have shown about 240 K of wall temperature swing, leading to
approximately 4.7% in heat transfer reduction and 0.9% in indicated
efficiency improvement, at middle load/speed engine operating
condition (2000 rpm x 8 bar BMEP).

e The engine tests revealed that the worse indicated efficiency was
obtained with the coated configuration, especially at the lower load
where ISFC increments higher than 2% were obtained, while at the
higher load, the gap between the two configurations was considerably
reduced below 1%.

e The engine burn rates of coated configuration have shown shorter
ignition delays, causing a shorter premixed combustion and a
corresponding increase in the amount of fuel burned during the mixing
controlled and late combustion phases. This slow-down of the
combustion process was detrimental for combustion -efficiency,
overcoming the benefits obtained by a more adiabatic engine.

e The coated configuration resulted in a combustion process more tolerant
to both retarded injection and EGR, thanks to the shorter ignition delay.

e Moreover, the porosity and the surface roughness of the coating (Ra 8
pm of coating vs. Ry 3.2 um of aluminium) may have an effect in
increasing the heat transfer and slowing down the combustion.
However, these side effects cannot be captured with the 1D CFD engine
model.

e Finally, slight differences in pollutant emissions occurred: with the PFC
configuration, the soot resulted increased at the lower load, for the
detrimental effect of the flame-wall interaction on the particulate
oxidation process; while the NOx emissions were slightly reduced,
especially with EGR, for the diminished premixed combustion phase.
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