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HIGHLIGHTS

® The effect of surface roughness has been assessed in a spark-ignited engine.

® Some effect of the surface roughness on the combustion has been observed.

® In general, the combustion rate is reduced as the roughness is increased.

® The gain in HT with smart coatings is very limited while the knock tendency rises.

ARTICLE INFO ABSTRACT

This paper presents a numerical methodology based on Computational Fluid Dynamics (CFD) simulations to
understand the physics of heat losses through the cylinder walls coated with different materials, taking into
account other important factors such as surface roughness and near wall flow velocity in a turbocharged spark-
ignited (SI) engine. Engine closed cycle simulations have been performed to estimate the thermodynamic evo-
lution of the charge inside the cylinder and therefore, to evaluate the effect of roughness on heat transfer and
combustion at real operating conditions. The model has been validated by using experimental data for two
different steady-state operation conditions of a fully instrumented engine. In general, the maximum rate of heat
release is reduced as the roughness is increased. Observed trends indicate that the heat transfer variation is
mainly caused by changes in the combustion process due to the surface roughness, rather than to the effects of
the coating material properties/characteristics (the increase of the effective contact area, porosity, etc.). Lastly,
the comparison between uncoated and coated engine have shown that maximal gains around 5% in heat loss
could be achieved, with very limited efficiency improvement, whereas the knock tendency increases.

Keywords:
Spark-ignited engine
CFD modelling
Insulation coatings
Heat transfer

Knock

1. Introduction

Spark-ignited (SI) engines are becoming the focus of current re-
search in internal combustion engines (ICE). In view of the current
socio-political restrictions and market demands, automotive manu-
facturers are allocating a large amount of resources in R&D to further
develop SI engines. Specifically, in terms of their efficiency, since they
are still one step behind Diesel engines.

As happened with Diesel engines a couple of decades ago, strategies
such as turbocharging, the increase of the compression ratio or exhaust
gases dilution are being applied in order to improve the power engine
output, while reducing greenhouse gas emissions (CO,) of modern SI
engines. Although these strategies allow a certain degree of
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improvement, the new enhanced thermodynamic conditions inside the
chamber lead to an increase in knock propensity [1], thus compro-
mising the engine reliability and durability.

Despite many in depth studies over the last years [2], knocking
combustion still appears to be the main bottleneck that prevents
achieving higher thermal efficiency in SI engines. Other solutions,
namely the Miller cycle or stratified charge mixtures, have shown clear
advantages for reducing knocking [3,4]. The Miller cycle, for example,
aims at reducing the effective compression ratio by means of an early
intake valve closing (IVC) without causing excessive efficiency losses.
This method allows to minimizing pumping losses at low loads whereas
the gross indicated efficiency is deteriorated due to the lack of turbu-
lence that compromises the burning rate [5]. The charge stratification,
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on the other hand, allows keeping —or even improving— efficiency
levels while controlling the knock appearance by enhancing the
burning velocity at the spark plug location. However, an increased
cycle-to-cycle variability (CCV) was observed in several studies due to
the complexity of reproducing the exact local mixture properties be-
tween two consecutive cycles [6].

Most recent studies focus on decreasing the air-fuel ratio by mini-
mizing the fuel amount at every engine cycle. Operating under these
lean conditions allows at least a priori increasing the thermal efficiency
when burning rates remain comparable to those achieved in stoichio-
metric conditions. Nonetheless, excessive diluted blends near the spark
plug increase the number of misfiring cycles, while conditioning the
burning rate drastically and therefore raising the CCV [7].

In this situation, the use of additives to enhance the burning velocity
and stability appears as a promising path worth exploring [8]. For in-
stance, the addition of hydrogen (H,), which is produced in situ on-
board the vehicle by electrolysis of water, has been shown to be an
alternative to improve engine performance, due to its faster and cleaner
burning characteristics [9,10].

Furthermore, reducing the heat transfer (HT) through the chamber
walls is still a hot topic today [11-13]. Although the use of ceramic
insulation coatings brings about a notable HT decrease that may lead to
an improved cycle efficiency, the negative HT flow —heat from walls to
gas— heats up the intake fresh gases during the exchange process. This
results in a significant deterioration of the volumetric efficiency that in
turn conditions the efficiency levels [14]. Nevertheless, some authors
[15,16] claim that ”smart” insulation coatings — smart understood as a
particular configuration of both material and geometric features— imi-
tate the temperature swing along the engine cycle, thereby reducing
thermal losses during the combustion, while keeping the surface tem-
perature low enough to maintain the volumetric efficiency [17].

Toyota Central R&D Labs Inc. conducted relevant investigations on
this topic considering both SI and Diesel engines [16-19]. In all these
works, they show that materials with low conductivity and thermal
capacitance applied to the piston surface can help to reduce HT during
combustion, thereby improving thermal efficiency. However, multiple
discrepancies among the papers question the validity of their conclu-
sions. In particular, it has been demonstrated that the technique used
for measuring the surface temperature —Laser-Induced Phosphoresce
[20]— systematically overestimates traditional thermocouple mea-
surements and simulation results [21]. In addition, some of the con-
clusions of Toyota’s papers disagree with most of the investigations
carried out to date. From Heywoods’s classical work [22] to more re-
cent studies performed by Rakopoulos, Chang, Kikusato et al. [23-25],
the maximum temperature swing, and thus the gain in HT, is sig-
nificantly lower than the values published by Toyota.

In view of these contradictory discussions, the main objective of this
paper is to assess the suitability of advanced coating insulations of in-
cylinder parts to reduce the heat losses and to quantify the impact of
this technology on the indicated efficiency of a turbocharged SI engine
operating under lean conditions with H, additive. In order to achieve
this target a computational methodology for the evaluation of the heat
losses in the combustion system with coating insulation has been de-
veloped to further understand the physics of heat losses through the
cylinder walls coated with different materials, taking into account other
important factors such as surface roughness and near wall flow velocity.

In the following sections of this paper, the methodology, its vali-
dation and the obtained results are presented. In Section 2, the meth-
odology followed in this research work is described in detail. Section 3
is dedicated to the validation of the previous methodology considering
two real engine operating conditions and paying special attention to the
kinetic mechanism features (ignition delay and laminar flame speed).
Section 4 discusses the results obtained with the outlined method by
varying the wall roughness for both an uncoated engine with a standard
aluminium block and a coated one. Finally, Section 5 summarizes the
main conclusions drawn from this study.
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Fig. 1. Chain of 3D simulations to evaluate the impact of the roughness and
coating.

2. Methodology

A new methodology has been defined on the basis of a
Computational Fluid Dynamics (CFD) model. This is schematically
summarized in Fig. 1 in order to clarify the modelling approach and the
link between the various simulation steps.

First, the gas exchange process (GEP) is simulated using a calcula-
tion domain that includes the complete cylinder, as well as the intake
and exhaust ports. The GEP starts at exhaust valve opening (EVO) with
zero velocity and uniformly-distributed initial conditions of pressure,
temperature, turbulence and species concentration across the whole
domain.

Once the GEP has been calculated, closed cycle simulations may be
performed starting from the resulting flow conditions at IVC.

For the closed cycle simulations two different engine configurations
are used: the conventional uncoated engine (without coating insula-
tion) and a modified engine with a coating layer in both piston and
cylinder head surfaces. Both configurations are based on the reference
engine configuration described in Table 1. The coating layer has 100
um thickness and is formed of a material characterized by a con-
ductivity (k) of 1.5 Wm™ K ~! and a thermal capacitance of (pc) 3500
kJ m 3K ™. The calculations are performed for both engine config-
urations at two real operation conditions defined in Table 2, and taking
into account three levels of coated surface roughness, in addition to the
smooth surface case. Therefore, the combination of all variations, op-
erating points and surface features, has resulted in 16 simulations
summarized in the same Table 2. In all these tests, the quantity of H, is
expressed in volumetric fraction with respect to the air flow rate at the
intake manifold.

Since the impact of negative heat loss (due to the wall to gas
heating) on volumetric efficiency is not significant according to con-
clusions drawn from a preliminary analysis using 0D/1D modelling
with the aforementioned coating material, in this study the initial
conditions at IVC have been considered equal in all cases.
Consequently, this study supposes that the negative heat transfer during
the intake stroke is equal in both engine configurations.

In both engine configurations, a surface temperature swing caused
by the cyclic intermittency of combustion has been imposed as
boundary condition on the piston and cylinder head, since this is one of
the most interesting features obtained with this kind of insulation ma-
terials. The temperature swing has been calculated with a 1D HTM

Table 1

Main specifications of the engine.
Engine type SI engine
Number of cylinders [-] 1
Bore [mm] 75.0
Stroke [mm] 93.0
Compression ratio [-] 14:1

Number of valves [-] 2 intake and 2 exhaust
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Table 2
Values of the main parameters used in each of the sixteen numerical simula-
tions.

Operating point #1 #2
Configuration Uncoated Coated Uncoated Coated
Engine speed [rpm] 2500 3000

IMEP [bar] 9 13

Intake pressure [bar] 1.465 2.032

Spark advance [cad aTDC] —20.0 —-21.5

Start of injection [cad aTDC] —290.0 -290.0

| 2 2

H, [%] 4 3

R, (surface roughness) [wm] 0,6,14,40 0,6,14,40

(Heat Transfer Model) described later, using as input variables the gas
conditions (temperature and convective heat transfer coefficient) cal-
culated by means of CFD. Fig. 1 shows a schematic view of the con-
nection between the 1D and 3D calculations. The calculations with
combustion performed for the smooth uncoated engine points yielded
new gas temperature and convective heat transfer coefficient profiles,
which were used to calculate again the temperature swing and compare
it with the previous one. Results indicated less than 1.4 K of maximum
difference between both profiles after the first iteration, thereby con-
firming the good estimation of the wall temperatures.

The model has been validated by comparing the in-cylinder pressure
trace measured at IFP Energies nouvelles (IFPEN) laboratories for the
uncoated engine in the two operation conditions displayed in Table 2.
Prior to the model validation, the kinetic mechanism of the utilized
surrogate has been validated in terms of flame speed and auto-ignition
delay with experimental data available in the literature.

Finally, the evaluation of the impact of coating roughness has been
performed through the analysis of the Rate of Heat Release (RoHR),
several thermodynamic in-cylinder conditions, the heat transfer across
the chamber walls, the knock tendency and both combustion and in-
dicated efficiencies.

2.1. CFD model set-up

This section describes the numerical model used to analyze the
impact of the surface roughness on the combustion process. Key aspects
of the virtual model, specifically those related to the combustion and
spark ignition simulation, are detailed.

The engine calculations performed in this research have been per-
formed with the commercial CFD code CONVERGE v2.3 [26], which is
based on the finite-volume method. A second-order central difference
scheme has been used for spatial discretization and a first-order scheme
for temporal discretization.

In-cylinder turbulence was modelled using the Unsteady Reynolds-
Averaged Navier Stokes (URANS) based re-normalized group (RNG) k-€
model [27] coupled with the wall heat transfer model developed by
O’Rourke and Amsden [28]. The Redlich-Kwong equation [29] was
selected as the equation of state for calculating the compressible flow
properties. Pressure-velocity coupling was achieved by using a modified
Pressure Implicit with Splitting of Operators (PISO) method [30].

The computational domain shown in Fig. 2 was created from the
real engine geometry provided by IFPEN and it includes the complete
single cylinder geometry and the intake/exhaust ports for full cycle
calculations. The cut-cell Cartesian method available in the code was
used to generate a hexahedral mesh with a base size of 2 mm. The cell
size was reduced to 0.5mm at the walls of the combustion chamber
ports and valves regions to improve boundary layer prediction. More-
over, the mesh size in the chamber was decreased to 1 mm, and in the
region of the spark plug to 0.125 mm to resolve both the spark and the
developing primary flame kernel. An adaptive mesh refinement (AMR)
was also activated to increase grid resolution (up to 0.5 mm minimum

Applied Thermal Engineering 148 (2019) 674-683

Fig. 2. A schematic of the computational domain and mesh characteristics,
including intake and exhaust pipes/valves and combustion chamber.

cell size) based on the velocity and temperature sub-grid scales of
1ms~ ! and 2.5K, respectively. Previous RANS [31-33] and large eddy
simulations (LES) studies [34,35] have demonstrated that this mesh
configuration is sufficient for simulating the flame propagation and
knocking combustion in SI combustion. The peak cell count in the si-
mulations reached 1.5 million approximately.

For combustion modelling, the SAGE detailed chemistry solver [36]
was employed along with a multi-zone (MZ) approach, with bins of 5K
in temperature and 0.05 in equivalence ratio [37]. Although it does not
use an explicit turbulent combustion closure [38,39], it has been de-
monstrated in previous studies [40] that the SAGE-MZ model performs
well for simulations of lean gasoline combustion in the context of
RANS. The chemical mechanism was based on a Primary Reference Fuel
(PRF) of iso-octane and an adapted reaction mechanism with 73 species
and 296 reactions specifically developed for SI engine simulations [41].
The incipient spark kernel was modelled by adding a volumetric source
for the energy equation, a sphere of radius 0.5 mm in the spark gap at
spark timing. The amount of energy transferred to the fluid was fixed as
60 mJ uniformly distributed along a L-type profile [42].

Wall temperatures were assumed to be constant and estimated by
1D modelling for the GEP simulation [43]. Instantaneous temperature
and pressure measurements at intake/exhaust manifolds were used as
inflow/outflow boundaries placed at the end of the intake and exhaust
ports. Subsequently, the thermodynamic conditions obtained from the
GEP simulation were considered as initialization values for the closed
cycle calculations. In this case, the temperature swing of the chamber
walls was considered and it was calculated linking the CFD model with
the 1D heat transfer model explained below. As example, the tem-
perature swings considered for both engine configurations at the op-
erating Point #2 are shown in Fig. 3.

Finally, the effect of the surface roughness was simulated by mod-
ifying the law-of-the-wall according to Cebeci & Cousteix [44] who
proposed a mean velocity modified by a roughness length parameter
(Ry) to account for the shift of the intercept due to roughness effects.

2.2. 1D heat transfer model

This section briefly describes the theoretical background used as
basis to evaluate the heat losses when adding an insulation on the in-
ternal walls of the combustion chamber.

As in the theoretical problem proposed by Bejan and Kraus [45],
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Fig. 3. Temperature swing profiles for 3000 rpm - 13 bar cases using aluminium
and 100 pm of coating material.

some hypotheses are made in order to solve the instantaneous heat
transfer through the solid surfaces of the combustion chamber.

® The calculation domain is a semi-infinite solid; the heat transfer
flow is one-dimensional.

® The solid consists of one material with constant properties (k, p and
c).

o The heat transfer coefficient between the gas and the solid surface is
constant.

Taking into account these hypotheses, the boundary condition on
the gas side of the solid surface is
oT

T) =~k

q = h(Tg_ ax

(€)]
where T represents the solid temperature at the interface and T is the
solid temperature at any point of the solid.

And the unsteady one-dimensional heat conduction equation is
solved in the semi-infinite solid by

T (x, t) 0°T(x, t)
=a
ot ox?

x=0

(2

where « is thermal diffusivity.

3. Validation

Engine modelling still remains one of the most challenging topics
for the automotive industry due to the amount of physical mechanisms
involved and their inherent complexity. Therefore, the validation of the
numerical results is a crucial step to ensure a set of solutions re-
presentative of the real in-cylinder processes. Hence, the main targets of
this section are:

® To check the suitability of the kinetic mechanism used for the sur-
rogate oxidation.

e To quantify the effects of H, addition in this mechanism.

e To validate the numerical model in real engine steady-state opera-
tion conditions.

3.1. Kinetic mechanism validation

The objective of this section is to check the suitability of the kinetic
mechanism for reproducing both the flame speed and the auto-ignition
delay of the fuel used for testing the engine, also with H, addition.

With this purpose, homogeneous reactor calculations with the se-
lected chemical kinetic mechanism have been performed to obtain the
laminar flame speed and the auto-ignition delay of different air/fuel
mixtures. Then, the calculated results have been compared with
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Fig. 4. Validation of the laminar flame speed of iso-octane/air mixture versus
equivalence ratio at 298 K and 1 atm (top). Impact of H, addition on laminar
flame speed at 1000 K, 10 atm and 10% of EGR (bottom).

experimental data available in the literature.

The plot at the top of Fig. 4 displays the comparison between the
calculated laminar flame speeds of surrogate/air blends at ambient
temperature (298 K) and standard pressure conditions (1 atm) and the
measured data. For this comparison, no-dilution with either exhaust gas
recirculation (EGR) or H, is used. The flame speed is plotted against the
equivalence ratio in order to check the suitability of the kinetic me-
chanism to predict the trends of the experimental data available in the
literature.

The results show that the flame speeds are well reproduced for low
equivalence ratios (¢ < 1.1 or 1 > 0.9), but the mechanism is not sui-
table for assessing rich iso-octane blends (¢ > 1.1 or 4 < 0.9).

On the other side, Fig. 4 (bottom) shows results of a sensitivity study
considering hydrogen addition. The objectives of this analysis are to
evaluate the impact of H, addition on the laminar flame speed and also
to determine the sensitivity of this additive in using the mechanism
selected for this work. With this purpose, the flame speed has been
calculated at 1000 K, 10 atm, 10% of EGR and two levels of H, con-
centration (0 and 6%).

As expected, results reveal that the flame speed increases when the
hydrogen is mixed with the air/fuel mixture, following the same trends
observed in the literature review.

An analogous study has been performed in order to validate the
suitability of the kinetic mechanism to predict the auto-ignition delay in
stoichiometric mixtures, so that could help to predict abnormal
knocking combustion. In this case, the comparison with the experi-
ments has been done at 50 bar without EGR. A wide sweep of mixture
temperatures has been considered. Results plotted in Fig. 5 (top) show
that the chosen mechanism reproduces quite well auto-ignition delays
in the whole range of temperatures considered.

Fig. 5 (bottom) shows again a comparative analysis to evaluate the
impact of H, addition on the ignition delay. In this case, the same
conditions as in the previous graph were considered and an additional
case with a 4% of H, was calculated. As can be seen, hydrogen addition
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Fig. 5. Validation of the homogeneous ignition delay of stoichiometric iso-oc-
tane/air mixture versus temperature at 50 bar (top). Impact of H, addition on
auto-ignition delay in stoichiometric iso-octane/air mixture at 50 bar (bottom).

helps to delay auto-ignition at lower temperatures but it reduces this
delay as the temperature increases.

3.2. Model validation

The validation of the complete numerical model was performed for
the uncoated engine and the two operation points described in Section
2. The measured data were obtained from tests with the real uncoated
engine. Numerical results were validated by a direct comparison be-
tween calculated and measured in-cylinder pressure traces.

Fig. 6 shows the comparison in terms of pressure traces between
simulations and measurements at the two conditions considered for the
validation: 2500 rpm - 9 bar (#1) at the top, 3000 rpm — 13 bar (#2) at
the bottom. In general, the calculations present a very good agreement
with experiments for both operating points as is shown by the collapse
of the numerical results with the measurements trace for almost the
whole cycle in both cases. A slight difference can be observed only in
the expansion stroke phase.

4. Results and discussion

In this section, the results obtained from the parametric study de-
scribed in Section 2 are presented and discussed. First, a parametric
study is performed considering a roughness sweep for the surfaces of
both piston and cylinder head in the uncoated engine. Then, the same
procedure was applied to the coated engine configuration in order to
check if the presence of coating has some impact with respect to the
previously observed trends. Finally, a comparison between the results
with both engine configurations is discussed with the purpose of
quantifying possible gains in terms of heat insulation and thermal ef-
ficiency.

4.1. Uncoated engine

In order to identify the effect of the surface roughness on the
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Fig. 6. Results of the model validation. Pressure traces are compared at
2500 rpm — 9 bar (top) and 3000 rpm — 13 bar (bottom).

combustion, Fig. 7 shows the Rate of Heat Release (RoHR) obtained for
the four different levels of surface roughness at both operation condi-
tions considered. The difference between the smooth case and the rough
ones is also displayed in the bottom plots of Fig. 7 to quantify the im-
pact of the surface roughness on combustion.

Slight differences are appreciated with reasonable values of surface
roughness (in the range between 0 and 14 um). The peak value of the
RoHR tends to decrease as the roughness rises at both operating con-
ditions. Moreover, this parameter reach the lower values at 40 um of
surface roughness.

Since the observed differences can condition other engine outputs in
a significant way, an analysis of the effect of roughness on both in-
cylinder pressure and temperature is graphically shown in the plots of
Fig. 8, respectively. In this case only Point #1 is included since both
operation conditions show very similar trends.

Fig. 8 (top) shows that the maximum in-cylinder pressure decreases
as the roughness increases. This trend can be explained by the burning
rate lowering remarked in the Fig. 7. In addition, even not being
showed in Fig. 8, the effect is slightly higher for the operating point at
high speed and load. In-cylinder pressure is reduced as much as 1 bar at
2500 rpm - 9 bar, while the reduction at 3000 rpm — 13 bar is nearly
2.5 bar.

Similar comments can be remarked for the in-cylinder temperature
evolution shown in the Fig. 8. The maximum value also decreases as the
roughness is increased. Moreover, the impact is more evident at high
engine speed/load (30K versus 43 K).

Fig. 9 shows the heat transfer (HT) across the different surfaces of
the chamber (piston, liner, cylinder head and total) for the four levels of
roughness considered. As in Fig. 7, the percentage differences among
the smooth-surfaces and the three rough-surfaces configurations are
also plotted for getting a better quantification of the effects.

The results in Fig. 9 show that the impact trends are quite similar in
both cases. HT decreases as the roughness is increased at both operation
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Fig. 7. Results of roughness study. RoHR traces are compared at 2500 rpm — 9 bar (left) and 3000 rpm — 13 bar (right) operating conditions. The percentage
difference between the smooth case and the three other ones is also included at bottom.
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conditions. The current results would indicate that the HT differences
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Fig. 10 shows the impact trends of roughness on combustion and
indicated efficiency at the two operation conditions considered. Results
show that there is no effect of surface roughness on the combustion
efficiency since its maximum does not exceed 0.1%. However, indicated

Fig. 10. Results of roughness study. Indicated efficiency trends are plotted at
2500 rpm — 9 bar (left) and 3000 rpm — 13 bar (right) operating conditions.
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Fig. 11. Results of roughness study including coating layer. RoHR traces are compared at 2500 rpm — 9 bar (left) and 3000 rpm — 13 bar (right) operating conditions.
The percentage difference between the smooth case and the three other ones is also included at bottom.

efficiency trends are somewhat correlated with those observed pre-
viously for the HT, they decrease when the surface roughness increases.
This impact being more remarkable at the highest speed/load condi-
tion.

4.2. Coated engine

In this section, the results obtained with the same methodology as
described in the previous section for the engine with coating insulation
on the piston and cylinder head are discussed. The used coating ma-
terial, for which the physical properties and thickness were displayed
on Section 2, was considered in this analysis. To obtain the temperature
evolution of the coated surfaces, the iterative process described in the
same section linking the 1D HTM and CFD model was used. The results
will be presented following the same scheme as in the prior uncoated
engine study.

The profiles of the rate of heat release obtained for different wall
roughness are plotted together and presented in Fig. 11.

As observed for the uncoated engine also, slight differences in RoHR
are appreciated even with reasonable values of roughness (between 0
and 14 um). The peak value of the energy release rate is also reduced as
the roughness rises at both operating conditions and the differences are
higher as the engine speed/load is increased. The burning rate increases
at the end of the combustion as the roughness increases since the
amount of unburned fuel is higher due to the lower burning velocities
achieved in the previous combustion phase.

Wall roughness has a similar effect on the in-cylinder pressure as
that previously observed for the energy release rate. Although for ex-
tension reasons it was deemed not to include the pressure and tem-
perature profiles, it can be claimed from the results that the maximum
pressure decreases due to the burning rate reduction caused by the
roughness increase. In addition, the effect is clearly more apparent for
the case at high speed and load in which the maximum pressure gap
exceeds 3 bar, whereas in the lower speed/load case it reaches 2 bar at
the most.

Similarly, as pointed out before about the impact of roughness on
in-cylinder pressure trace, temperature profiles evidence that the
maximum in-cylinder temperature is reduced as the surface roughness
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increases. This fact is probably also due to the reduction of combustion
speed when roughness is increased. It is also observed that the max-
imum difference is larger for the higher speed and load condition
(around 51 K) than for the lower speed/load case (almost 28 K). These
differences are scarcely higher than those obtained for the uncoated
engine.

Fig. 12 shows the HT across the different surfaces of the combustion
chamber (piston, liner, cylinder head and total) calculated for the four
levels of surface roughness considered in this study.

This figure shows that the heat rejection trends with increasing
roughness are quite similar at both operating conditions. For the lower
values of surface roughness, the total HT does not significantly change
at any of the two engine running points. With the highest levels of

Point #1 (2500 rpm - 9 bar) Point #2 (3000 rpm - 13 bar)
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Fig. 12. Results of roughness study including coating layer. The impact of
roughness on heat transfer at 2500 rpm — 9 bar (left) and 3000 rpm — 13 bar
(right) operating conditions. Percentage difference among the smooth case and
the other three ones for both operating points is also included at bottom.
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Fig. 13. Results of roughness study including coating layer. Indicated efficiency
trends are plotted at 2500 rpm - 9bar (left) and 3000 rpm — 13 bar (right)
operating conditions.

roughness (> 14 um) HT differences are remarkably higher and
thereby, this could have a non-negligible impact on the thermal effi-
ciency of the engine. Trends are slightly different to those obtained with
the uncoated engine in which the HT decreases progressively with in-
creasing surface roughness. Here significant differences can only be
observed for the higher values of roughness (between 14 and 40 pm). It
should be noted that HT increase in the liner is a consequence of the HT
lowering through the cylinder head and piston. Since HT towards these
latter surfaces is reduced, HT though the liner slightly increases.

Fig. 13 shows the impact trends of the indicated efficiency for the
four surface roughness values. As obtained for the uncoated engine also,
the roughness increase does not cause remarkable effects on the com-
bustion efficiency. Again, the indicated efficiency trends are somewhat
correlated with those obtained for the HT, the effect of the surface
roughness being more significant at highest speed/load conditions.

4.3. Uncoated vs. coated engines

As a summary, in this final section a comparison between the results
obtained for the uncoated and coated engines is presented. The target
here is to quantify possible gain or loss in terms of both heat insulation
and thermal efficiency that might be expected by isolating the surfaces
of piston and cylinder head of a smoothed surfaces base-line engine
(uncoated engine) with a 14 um layer of the aforementioned coating
material. This roughness value has been chosen because this corre-
sponds to the peak value which is expected for the coatings developed
for these particular applications.

The differences of the in-cylinder pressure traces for both operation
conditions are shown in the plots of Fig. 14. These plots show that the
effect of coated surfaces on the in-cylinder pressure trace is the opposite
comparing both operation conditions. While the maximum pressure
increases in the coated engine at 2500 rpm — 9 bar operation point, the
maximum pressure is higher in the uncoated engine at 3000 rpm —
13 bar.

Fig. 15 shows the comparison of the RoHR traces in both engine
configurations at the two operation conditions analysed. The second
positive slope of the RoHR traces shown in these plots indicates that a
tendency to knock may appear in both engine configurations. A vi-
sualisation of the flame propagation (based on the numerically obtained
RoHR [46]) is included in the Fig. 15 in order to ensure that the second
change of the RoHR slope is due to the end-gas auto-ignition rather than
a speed up of the combustion. In addition, the knock tendency is
quantified by the metric shown in Table 3. This metric is defined as the
ratio between the RoHR maximum slopes achieved during the flame-
propagated and knocking combustion. It can be seen, from Table 3, that
this tendency increases with the coating layer at 2500 rpm - 9 bar,
probably due to the reduction of the heat transfer at this condition.
However, this trend seems not to be reproduced at higher engine speed/
load since only a minor knocking is detected.

The differences of the burning rates observed during the second
stage of the combustion due to the knock onset could explain the dif-
ferences of the maximum pressure observed at the two operating points
shown in Fig. 14. The higher burning rates obtained for the coated
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Fig. 14. Comparison between uncoated and coated engines. Pressure traces at
2500 rpm - 9 bar (top) and 3000 rpm - 13 bar (bottom) operating conditions.

engine might produce the higher in-cylinder pressure maximum at
2500 rpm — 9 bar. At 3000 rpm — 13 bar, the fuel burning rate for the
uncoated engine is higher and consequently the maximum of in-cy-
linder pressure.

Finally, Table 4 show a comparison between uncoated and coated
engines in terms of heat transfer trends, combustion and indicated ef-
ficiencies at 2500 rpm - 9 bar and 3000 rpm - 13 bar operating condi-
tions. HT percentage difference between the uncoated engine and the
coated for both operation points is also included. Results show that
depending on the operation condition, gains between 3.59 and 4.67 %
of heat loss reduction could be achieved with the coated version of the
engine (isolating both piston and cylinder head with the reference
coating material). This may lead to an improvement of the indicated
efficiency of 0.3% and 0.1% at 2500 rpm - 9 bar and 3000 rpm - 13 bar,
respectively.

5. Conclusions

This paper presents the calculations made to assess the effect of
surface roughness on the combustion process on the one hand, and on
the heat transfer to the walls of the engine on the other. A numerical
methodology for understanding the mechanisms of heat transfer
through the combustion chamber walls coated with advanced materials
has been developed and validated. This tool has allowed quantifying
the effects of the surface roughness on combustion and subsequently, on
the heat transfer and thermal efficiency of the engine under study.

The main conclusions obtained from the uncoated engine simula-
tions are:

e Some effect of the surface roughness on the combustion has been
observed. The impact is more apparent with the highest roughness
and at high speed/load operation.

e In general, the maximum rate of heat release is reduced as the
roughness is increased.

e Similar trend as for RoHR has been observed for the total heat
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Fig. 15. Comparison between uncoated and coated engines. RoHR traces are compared at 2500 rpm — 9 bar (left) and 3000 rpm — 13 bar (right) operating conditions.
The percentage difference between both cases for both operation points (bottom). Snapshot of the location of the end-gas auto-ignition at 2500 rpm - 9 bar (% 9 cad

aTDC) is also included.

Table 3
Knock propensity of both engine configurations.

Operating point Engine configuration Knock intensity [%]

2500 rpm - 9 bar Uncoated 77.8
2500 rpm - 9 bar Coated 79.2
3000 rpm — 13 bar Uncoated 53.6
3000 rpm — 13 bar Coated 47.1

transfer in the combustion chamber.

e Considering that the roughness has not impact on the convective
heat transfer coefficient, the results obtained with closed cycle cal-
culations seem to indicate that the heat transfer variation is mainly
due to variations in the combustion process.

o There is no gain in terms of HT for realistic values of surface
roughness (14 um) for the lower engine speed/load operation con-
dition whereas a small gain of 1% is achieved at higher speed/load
conditions.

The results of the coated engine calculations showed that:

o No remarkable differences on heat transfer below 14 pm of rough-
ness are obtained.

e Again, it is observed that HT has not changed for realistic values of
surface roughness (14 pm) for the lower engine speed/load opera-
tion condition while a gain of 1% is achieved at higher speed/load
conditions.

Table 4

e Despite this improvement, the indicated efficiency is reduced by
0.2%.

Finally, the comparison between the uncoated and coated engines
has shown that:

e Maximum gains of 3.59-4.67% in heat loss could be achieved by
covering the piston and cylinder head with a 14 um layer of the
coating material.

e Considering that the effect of the surface roughness is negligible at
low speed/load conditions and almost 1% for the high speed/load
ones, similar gains in HT are observed (3.58 versus 3.67%) in both
operating points.

o This fact could allow getting an indicated efficiency improvement of
0.1-0.3%, but the risk of knock increases at medium load/speed
operation. Nonetheless, combined with other well-known strategies
for mitigating knock such as ultra-lean combustion and/or increased
boosting, smart coatings may slightly contribute to the search for
higher levels of efficiency in SI engines.
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