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Abstract

In-cylinder pressurescillationsin internal combustion engindsave beerassociated with
increased heat losses and damages to the engine compdimexiitsks between the acoustic
waves and the increased heat transfer (and potentially ensuing engine ddraage®)t yet

been well understoodn this study, ahigh fidelity Large Eddy Simulatior(LES) model
incorporating an aut@nition model is used to simulate the combustion process and the
associated pressure oscillation at various engine operating condfioasstudy serveto
develop a better understanding o icoustic waveis a combustion chamband their effect

on wall heat transferFirst, a simplified model of the pressure oscillations is proposed and
shown to accurately characterize the pressure in the combustion chamber. Second, the
simplified pressureanodel and acoustic theory are leveraged to develop a model of-the in
cylinder gas velocities. Last, a heat transfer model is presented that takes into consideration
the pressure/velocity oscillations and the inherent acoustic properties of the trappEuegas
increase in heat transfas shown toprimarily stems from an increased heat transfer
coefficient due to the velocity oscillations of the trapped gas resuls are consistentwith
previously observed experimental measuresiehthe heat flux inthe presence of pressure
oscillations

Keywords acoustic wavg pressure oscillation, heat transfer, kndgkengines, HCCI

Introduction

The evergrowing energy and environmental concerns have led to strict regulations on vehicle
fuel consumption andnaissions in many countries around the world. Out of the more than
one billion vehicles in the world, more than 60% of them are equipped with gasoline Spark
Ignition (SI) engine$l]. These engines are considered to lagaficant potential for further
improvement in engine efficiency and are projected to continue to play an important role in
the transportation industry for a very long tirfig. Several engine technologies such as
direct injection, turbocharging, prehambercombustion and advanced combustion strategies
including Homogeneous Charge Compression Ignition (HCCI) and Spark Assisted
Compression Ignition (SACI) are leveraged to improve the thermal efficiency and reduce the
emissims of the engine [2]. These modifications generally feature rapid and short
combustions, which helpso reduce the thermal losses. One inadvertent consequence,
however, is the resulting pressure gradients and pressure aswllah the combustion
chamber due to the rapid heat release rates. These pressure oscillations are often a result of
engine knock, but are also common in combustion modes featuring rapid combustion rates.



The pressure oscillations have been shown totleautcreased wall heat transfer resulting in
fuel efficiency losses and, in some cases, to damages of the engine com&reri§ This
study seeks to develop a better understanding of the pressure oscillation and its effect on
in-cylinder gases and the heat transfer to the engine walls.

The most common instances of pressure oscillations in the combustion chamber arise due to
engne knock. The autggnition of pockets of aifuel mixture in @ Sl engine, commonly
NQRZQ DV HQJLQH NQRFN LV RQH RI WKH PDLQ REVWDF
attaining optimal high load operations and subsequently higher thermal efficienches. T
instances of engine knock and the emanating pressure oscillations have been directly
associated to engine failures, primarily destructions of the epggten thatare indicative of
increased heat transfer. The knock damage mechanisms have beervealytstsiied over

the years. Nates et 46] mention the need for a knock intensity measurement based on a
damage related threshold. Their study indicates that a principal aspect of knocking
combustion that initiates dame is the elevated global heat flux. Kowada et[#l also
acknowledge the importance of heat transfer towards the knock induced damage. To that end,
they develop a new knock indicator that indirectly evaluates the laesfar by accounting

for the frequency of knocking cycles, the volumetric efficiency, and the engine speed. Cavina
et al.[8] emphasize that temperature strongly influences instantaneous material properties and
a primary sarce of engine failure is the degradation of the pi§t@frechanical strength due

to elevated surface temperatures. Their study concludes that a precise estimation of-the extra
transferred heat due to knock is essential for a meaningful evaluation afidble ikduced

risks. These studies collectively argue that the additional heat transfer to tigerivakily to

the piston in knocking instancestems from the pressure oscillations @d primary factor
contributing to the engine damage.

In additionto knock related concerns in traditional Sl enginks,ihcreased heat transfer to

the engine walls is persistent in advanced combustion modes such as HCCI where significant
pressure oscillations are present. Several experimental sfadi#8, 11, 4Jhave sought to
guantify and model the wall heat transfer in the presence of pressure oscillations. Chang et. al.
[9] used fast response thermocouples embedded in the piston and cylinder head surface to
measure instantaneous wall temperature and heatféluyan HCCI engine Their study
suggests an improved model for the heat transfer by modifying the fitief§icients of the

heat transfer model initially proposed by Woschi]. Similar studies are conducted by
Hensel et al.[10]. Broekaert et al[11] have conducted an assessment of the models
developed by both Chang et. ] andHensel et al[10], as well as prior wdels developed

for traditional SI and compression ignition (Cl) engifie3, 13, 14] The study concludes that

none of the models were able to accurately cepue effects of different engine settings on

the heat flux;furthermore, the studhighlights that the models lack some parameters that
have a significant influence on the heat transfer during HCCI combustion (in the presence of
pressure oscillations).

To answer to this lack of model representativensssnestudies[3, 15] have leveraged
numerical toolsto evaluatethe pressure oscillatiofgsmpact onthe heat transfer to the
cylinder walk. Winkler [3] set out to find the physical mechanisms responsible for the
increase in heat transfer to theaylinder walls when pressure oscillations are present. In his
work, rapid heat release rates were simulated using LES in order to analyze the effect of the
realting pressure oscillations. The study concludes that the mechanism found for the
enhanced heat transfer is the rapid transport of-tegiperature fluid from the heat source
towards the wall by the velocity fluctuations emerging from the pressure wengarly,
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Corti et. al.[15] leverage a Reynolds Averaged Nav&tokes (RANS) simulation to quantify

the wall heat transfer in knocking conditions and propose a modified Woschni heat transfer
model. The proposethodel still resulted in an underestimation of the heat flukighly
knocking conditions and reflects the lack of an accurate evaluation of the pressure
RVFLOODWLRQVY LPSDFW RQ KHDW WUDQVIHU

The contribution of tlis paper consists iproviding a bette understanding of the effects of
pressure oscillations on the heat transfer to the cylinder walls. To that end,-fad&ligh

Large Eddy Simulation (LES) integrating atigmition modeling is used to compute-in
cylinder conditions at variouspark advace conditions of a particul&@ngine operating point

[16]. In this work, he acoustic effects emanating from the dgtotion of the fuel and
reflected as pressure and velocity oscillations are analyzed. Three results emeedrdsrst,

a simplified model of the pressure oscillations is proposed and shown to accurately
characterize the pressure in the combustion chamber. Second, the simplified pressure model
and acoustic theory are leveraged to develop a model of-thydimder gas velocities. Last, a

heat transfer model is presented that takes into consideration the pressure/velocity oscillations
and the inherent acoustic properties of the trapped gas.

The paper is organized as follows. the next section, a description of the numerical tools
constituting the LES igjiven along with a description of the engine used for the study.
Following that, a brief discussion highlighting thecliminary observationsf the work is
presented ant followed by a detailed discussion of the results of the study. Final remarks
regarding the utilization of the results are presented with concluding remarks at the end.

Numerical Setup: Large Eddy Simulation (LES)

The LES calculations taken as an inputtfos study are performed using the AVBP cftig

18] which solves the mukspecies,compressible, reactive Navigtokes equations on
unstructured and moving meshes. More details on thisdaEsbase are available[i6]. The
engine used for this study is a 1.2L turbocharged direct injection engine with a compression
ratio of 103. Further details about the engine specification can be found in Tafdlkel
simulaton consists of an operating condition at 5500 RPM and full load. Fifteen consecutive
cycles were simulate@without knock)to generate a variation of aerodynamic conditions
These cycles were used to prepare the initial conditions of the simulationtandideg the
turbulent flow characteristics at the beginning of compression and ignition. The turbulence
characteristics include volurareraged turbulence kinetic energy, the distributions of local
velocities, temperatures, and fuel concentratiGhsseguently a variation of spark timing

was implemented to yield various levels of pressure oscillations associated to Alhdlc&.

initial conditions of spatially varying velocities, temperatures, and fuel concentrations were
kept the same though the knoikes place in every cycle with different levels of pressure
oscillations winch was induced by a variation of spark timiAgtotal of 23 cycles were used

for the analysis presented in this study.

Table 1. Engine characteristics and simulated operpbing.

Engine capacityswept volume) 12L
Compression ratio 103
Rotational speed 5500 evV/imin
IMEP 19 bar




Fuel SP95E10
Spark timing sweep From 27.5 CAD before the reference
spark timing to the referenspark timing

For this work, timeadvancement is explicit and convection is discretized using a second order
(in space and time) centered finite volume BAfendroff schemg19]. Furthermore, the
subgrid scale turbulence is modeled by a Smagorinsky nmj@a@glwith a constant set to
Cs=0.18. Thk direct injection requires taking into account spray for which the Lagrangian
formalism [21] is used to simulate the liquid phase. In order to atelyrancorporate the
effects of abnormal (knocking) combustion, the ignition by the spark plug, the premixed
flame propagation and the autmition processes are collectively modeled. The spark
ignition is modeled with the ISSINIES model[22], whereas the flame front propagation is
described using the ECFMLES premixed combustion m@zigl 24] The tabulated auto
ignition model (TKILES) [25, 26]is used to model the reaction rate linked to the occurrence
of autaignition in the fresh gases. Based on local conditions, aniguittton reaction ratesi
extracted from a lockip table for each node of the mesh, and used in the species transport
equations. This lockip table is built from complex chemistry simulations using a TRF
surrogate with 42.8% isooctane, 13.7%neptane, 43.5% toluene and the LLMNinetic
mechanism considering 1388 species and 5935 rea¢fi@hsAn important aspect of these
models is that autmnition and premixed flame are described by two independent progress
variables which allow the analysis tble contribution of each phenomenon during a knocking
cycle.

Due to the complexity introduced by the moving parts, a totabwérsty tetrahedral meshes

are needed to simulate a full cycle, each constituting between 1.7 and 9.2 Million cells. The
mean ell size is approximately 0.05mm at the residual lift for intake and exhaust valves. Cell
size in the chamber is around 0.7mm during the main part of the cycle and 0.5mm during
combustion phases. Finally, the mesh size is refined down to 0.2mm in thé&yvadithe

spark plug during ignition.

With regards to the boundary conditions, temporal signals resulting from -Ro@dr
calculation are imposed as inlet and outlet boundary conditions for each LES cycle. Wall
temperatures, which are a first ordearameter to study knock, are estimated using a
conjugate heat transfer (CHT) based on RANS calculations. Visualizations of wall
temperaturesas well as additionahformation regarding the numerical method, simulation
conditions (boundary conditions, il and operating conditionskpictorial view of the
engine,and validation of the model can be found16].

Preliminary observations

As previous studied1ll, 15] have already shown, conventional heat transfer models
significantly misrepresenthe wall heat transfer in the presencegudssure oscillations. This
observation is further confirmed through the simulation results presented in thisFsguog.

1 illustrates the normalizk heat transfer to the piston for an engine cycle (through LES
calculations) for the same operating condition with and without pressure oscillations
(specified as knocking and nominal respectiveligure 1 displays both the local heat
transfer (left) ata location specified by the Cartesian coordinates from the center of the
cylinder and the surface averaged heat transfer (rightje heat transfer rate calculation is
independent to the vertical position (chosen here as z = Gtpiston position at TDCas the
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pressure oscillation is invariant along thewds; this will be further discussed in the next
section.The nominal case for each knocking cycle was derived using a low pass (3 kHz), non
causal filter of the ircylinder pressure, temperature, ang galocity.A sample cycle is used

to illustrate the effect of knock on the wall heat transfer.
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[ |Knock induced HT {

— Nominal
— Knocking
[ |Knock induced HT | |

o
o

=

o
o

Normalized Heat tranfer rate [-]
o
~

e
L)

0 10 20 30 40 50 60 - 0 10 20 30 40 50 60
Crank Angle [°PATDC] Crank Angle [PATDC]

Figure 1. lllustration oflocal and average wadtleat transfewith and withoutthe presencef
pressure oscillationg&nock).

The results illustrated in Figure 1 suggest an additional heat transfer due to engine knock for
the particular cycle (yellow area relative to area under blue curve on right plot). An interesting
observation from Figure & that although the local heat transfer displays an oscillation of the
knockingheat transfer curve around the nominal heat transfer curve, the surface averaged heat
transfer curves show that the knocking case is consistahtlyethe nominal caseThe
oscillating pressure can locally lead to more or less heat transfer compared to the nominal
case as the pressure during knocking instances can locally be higher or lower than the nominal
pressure. However, when the surface averaged heat transfer is dntthgzadditional heat
transfer are bound to cancel out for the most part. Furthermore, there will also be additional
heat transfer due to velocity oscillations; unlike the pressure oscillations, the velocity
oscillations consistently lead to increased gaseds during knocking instances compared to

the nominal case. As such the surface mean heat transfer, as reflected in Figure 1, is
consistently higher in knocking cases compared to the nominal case. This will be further
discussed in the following secti@fhis observation is consistent throughout the rest of the

cycles studied and illustratghe additional knock (or pressure oscillatiemgjuced heat
transfer.

Similar observations weralso reported in experimental studies by Dejima ¢28&]l and Lu

et. al.[5]. These observations further suggest the influence of the pressure oscillations and
encourageéts consideration for more accurate heat transfer estimations. A series of results in
the representation of the-gylinder pressure oscillation, its impagct the gas velocitiesand

the resulting effects on the wall heat transfer will be discussed in the subsequent sections.

Resultsand discussions

In this sectionthe acoustic waves present in the combustion chambectearédcterized by
the pressure and velocity oscillations are analyzed for a better undéngtaftheir effect on



the wall heat transfeilhe following subsections will discuss the steps bridgirgptessure
oscillationsandthe additional wall heat transfdfirst, it is shown that the resolution of the
wave equation in the combustion chamber permits a simplified representation of the in
cylinder pressure oscillations. Second, it is shown that Wiéh use of the principles of
conservatiorof momentumand the simplified representation of the pressure oscillateoms
accurate model of the gas velocities can be developed. Lastly, an alternative heat transfer
model is proposed that takes into consatien the acoustic effects in the combustion
chamber

Simplified model of incylinder pressure oscillations

Unlike experimental engine cycles where the pressure measurement is generally limited to a
single point, the LES based cycles allow a holistic gation of the ircylinder pressure
oscillations throughout the combustion chamber. The pressure at each ploencambustion
chambermpermits a thorough investigation of its effects. In this section, a simplified model of
the pressure oscillation (viadhresolution of the wave equation) is shown to adequately
characterize the pressure in the combustion chamber as observed in the LES results.

The wave equation, as described in. BHqfor pressure, is a secoodder linear partial
differential equation thacan be used to describe acoustaves under specific conditions:

_ s 082
el xom Eq. 1
where 2is the pressure?is the speed of sound, arilepresents time.

Specifically, the hypothesenecessary for its applicability iaccurately describing the
pressure oscillations in a combustion chamber are as fd&ayS80}

x The fluid is btvariant, meaning it can be fully described by two thermodynamic
variables

x Thefluid hasno viscosity or thermal conductivity

x There are no chemical reactgyno heatransfer, and nmass transfer

X There are no volume forces

It should be noted that none of these statements are generally true, yet their assumption serves
as atool to formulate a simplified representation of the pressure oscillations in the chamber
with minimal error.Indeed, as initially presented by Draper in 193%, 32] the wave
eguation can be leveraged to describe the oscillations of the préssomstic wavesh the
combustion via a modal decomposition. The resolution of the wave equation via separation of
variables and the assumption of a perfect cylinder geometry vyields fatowing
representation of the pressure throughout the combustion chamber:

. AN Al i . .' ~ OE A 1 Ce ] A Eq-2
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where 2:N&aavab, is the pressure in the combustion chamber at a location specified by the
cylindrical coordinates\N&éf « tvat a timeP . kUg LY %HVVHOYV IXQFWLRQ RI
and ¢ order evaluated atlg & where Ugare constants satisfyg the condition that the

product of Ugand the cylinder radius is th bURRW RI WKH GHWLHMBMALYH R ¢

(first kind, s" orde); the notation,?KE:é ais used to represent a linear sum of sive and

cosire componentsCis a whole numberDis the height of the cylinder# g4 are constants
depending upon the amplitude of the vibration and the particular modes invavedhe
oscillation frequency of the particular modes; ahsl the speed of sound.

Once again, the consideratitimtthe combustion chambés a perfect cylinder is generally
untrue due to the shape of the cylinder head as well as that of the piston. Despite this
approximation and the assumed hypotheses for the applicability of the egaa&on, the
findings of this study will show that the modal decompositilustrated in Eq. Zan still be
leveraged for a sufficiently accurate representation of tHoglinder pressure.

As will be discussed later in this section, the modal deositipn, in addition to providing a
concise representation of the-agwlinder pressure, also serves as an effective tool for
calculating the resulting gas velocity oscillations. In the first steps prior to exploiting the
modal decomposition of the -tylinder pressure, the LES cycles are used to evathate
applicability and limitations of the modeAlthoughthe representation of the pressure in Eq. 2
stems froma direct solution to the wave equation, the previously mentioned hypotheses and
approximationgan compromise thapplicability of themodel

In order to evaluate the modal decomposition, -din2ensional slice of the ianylinder
pressure is fitted to the pressure modes throughout the combustion procegsatidtehape
of the modes is given lthe expression ;:>g ®; ® ¢ :::E; andis illustrated inFigure2 for

various values of s ang The frequency of each mode as a function of the speed of sound are
also indicated ifFigure 2 above each image. The speed of sound is on the @rd®00 m/s
suggesting a frequency around kHz for the mode s=1, b=1.
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Figure?2. lllustration of a selected number of modes representing the spatial distribution of the
pressure

It should be noted that only the K:@ acounteparts of each pair of modes are displayed.
Also, since the analysis relies on an axial slice, the expressioé] VAis ignored, yielding

purely twadimensional pressure oscillation modes. The consideration of an axial slice is,
however, not limitingn the analysis of the pressure throughout the combustion chamber.
fact, he observation from the LES results, as well as previous stigie84] suggest that

the modes withCe r exhibit very high frequencies (can be seen in Bgndhavenegligible
presencerelative to the other modes. Thus, theclusive use of modes wit CL r is
reasonablapproach

The fitting process consists of equating the-tlimensional ircylinder pressure to a sum of

the modes. The fitting is done at each time step between 10° before top dead center (BTDC)
and 60° after top dead center (ATDC)thva resolution of 0.1°. The fitting parameters are
calculated at each time step using a linear regression. A total of 7950 data points are used to
characterize the pressure trace at each instant of time. The fitting process relied on 55 pairs of
modes wih s ranging from 0 to 10 and considering the first 5 Bessel roots for each value of s,
as shown irkq. 3. This results in total of 105 modes (no$e0 has noO EQ acomponent)

with an additional pseudmode that is simply a constathroughout the plane capturing the
spatial mean of the pressure. The pressure fitting prot®ss consists of a dimension
reduction from 7950 data points to 106 parameters in fully describing-tydinder pressure
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where 24:R is the spatial mean of the pressure at tiffihe fitted parameters ar#%@
..."¢teJPand #%U@. “¢ & J Pcorresponding to the modesg Ug ®N ®@.. “O a and
= Usps N ® < ¢ O drespectivelyfor asweep ofGand >(J L ?T'”“).

The fitting result shows good agreement between the LES results and the model. First, the
fitting is accuratewith less than 0.2 barror (95" percentile)across the plane all throughout

the combustion process. The fitting accuracy is illustrateeignre 3 which superposes the

fitted pressure tracento the LES derived resulés four locatons in the combustion chamber.

Both the raw pressure trace and the filtered pressure (above 3 kHz)maltarseously
plotted.Separatg-axes are used to illustrate the filtered and-fibered componentsSimilar

results are obtainedt other locationghroughout the combustion chamber, and the fitting
yields just as accurate results for all the cycledistu
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Figure3. lllustrating of pressure modal fitting (>3 kHz component simultaneously plotted)

Second, and more importantly, the fitting parameters are coherent in timetieofi¢ting is

done at each crank angle wighresolution of 0.1°) and are periodic as suggested by the
theory. The fitting results for a selected number of modes are illustratgédure4. Similar
results are obtained for the remaining modes, which supports the applicability of a modal
representation to characterize thecydinder pressure.
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Figure4. Sample illustration of few modesd resulting fitting amplitudesine andcosine
components)

Figure 4 illustrate the fitting results for the pairs of the two most prevalent modes (81,

and s=2,b=1). Besides the continuity in time arbe periodidy illustrated in Figure 4
further observations affirm thanderlying physical propertiesof the fitting processThe
piston motion, which represents work done by the fluid (in contradiction to the wave equation
hypotheses), leads to a decayiamplitudes of the fitting parameters. Furthermore, the
irregularity of the cylinder geometry due to a pesuf cylinder head resulis a noruniform
frequencyevolutionin time; as suchthe frequency of the oscillations are higher when the
piston isnear topdead centefdue to a smaller radius).

Lastly, the frequency of the oscillations observed in the figtquressiorof each mode was
analyzed to examine the coherence with the modal frequencies imposed by the wave equation.
The power spectral density (PSD) of each oscillation is computed to identify the dominant
frequency of the oscillations. As can be seeffrigure 5, the frequency resulting from the

modal fitting is well correlated with the theoretical expectatidnL(?T"‘;i . Some outliers

highlighted with the red circlexan be observed iRigure 5; these points are identified to
stem from numerical errors as their amplitude is venalsand both the fitting and PSD
analysis succumb to interferences from other modes.
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Figure 5. Comparison of modal frequency derived from fitting with theoretical expectation
(outliers in red)

Figure 5 also illustrates the importance of each mode via the illustration of the maximum
amplitudes of each modAt each resonant frequency, the ditoples of a pair of modes (the

sin(V DQG FRV V FRXQWH UADddiWhé ol3dsdd, Ghe Vns@eDwithGa
frequency around 8 kHz is the most important one (which is commonly known experimentally
and leveraged for knock detection), followed bytier one around 12 kHz; nevertheless,

this study further illustratéhat other modes with higher frequencies also havenegtigible
importance. It is evident frofigure5 that there is a global trend in which higher frequency
modes are less and less important. This was observed consistently throughout the study of all
23 cycles, and has also been previously proposed in experimental 36¢&3]

The representation of the-aylinder presgre via the modal decomposition shown in Bq.

was repeated for a total of 23 LES cycles. In each of the cycles, similar results were obtained
validating the applicability of the modal decomposition to accurately characterize the pressure
oscillations. The next section discusses how the modal chazatter can be utilized to
calculag in-cylinder velocity oscillations, which play an important role in the heat transfer
coefficient.

In-cylinder velocity model based on modal representation ef in
cylinder pressure

As briefly mentioned previously, thepresentation of the Hcylinder pressure via its modal
components provides an effective tool for a characterization of #bginder gas velocities.

The oscillation of the velocities (especially at the surface of the cylinder walls) plays an
important ble on the heat transfer coefficient, and thus merits accurate evaluation. - The in
cylinder velocity can be represented as the sum of its main components:

QL Q8E QRE % Eq.4
where @represents the total velocityQ&represents the nominal velocity dictated by the

aerodynamicsQ&epresents the velocity oscillation dictated by acoustic effects éandsed
to represent other potential velocity components such as turbulence.
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Additionally, the principles otonservation of momentum yield the following equation, which
will be used to derive thedaylinder gas velocity oscillations:

0 Eq.5
é4TQ;§LE®25Lr q

where &, is the mean density in the combustion chamiégiis the velocity oscillations, and
2 is the pressure oscillations.

A simultaneous gradient (spatial) and integration (temporal) of Hoglimder pressure is
required to derive the inylinder gas velocity oscillations. The modal representation of the in
cylinder pressure facilitates thigocess since the spatial and temporal terms are separately
defined. Thus, the waylinder gas velocity oscillations can be directly calculated from the in
cylinder pressure trace. The resulting expression for theylinder velocity oscillations
(derivedfrom Eqg.3 and EqgJ5) is as follows

e d Eq.6
- i @@ q
€4
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It should be noted that the gradient of the pressure modes vyields two vectorial components,
which can beexpressed in cylindrical form as follows:

- for pressure modes in the form ofkU, @® K:Q &

A ) . ) 1o @b 6> #0ARY K02 I Eq.7
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- for pressure modes in the forpgk(, G@No® EQ &

¢ > g lUdp K-Oe Eq.8
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The integration is computed throughout the combuogperiod where the velocity calculation

is desired. Furthermore, the axial uniformity of the pressure oscillatiGris 1) dictates the

absence of axial velocity oscillation€s&L r). Figure6 provides a visual demonstration that
illustrates the calculation of the velocity oscillations through a treatment of 4bdimder

pressure modal representatidie gradient of the spatiabmponents of the pressure modes

DUH XVHG WR GHULYH WKRVH RI WKH YHORFLW\ )XUWKHUF
amplitudes divided by the density yields the amplitude for the velocity modes. These steps are
applied to each of the 105 modasd summed together to generate theyilinder velocity

oscillations.
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Figure 6. lllustration of calculation of Htylinder velocity oscillations from modal
representation of haylinder pressure

Figure 7|compares the naylinder gas velocities derived from the modal pressure with the
actual velocities calculated in the LES computati@nce again, foulocations evenly spade

out across the axial plane are used to evaluate the velocity oscill&aihghe total velocity
(Q; as well as the velocity oscillations¥g ; are depicted i The radial component
is used in the illustratigrbutsimilar results are obtained for the circumferential component.

40 X=-20mm y=20mm

Velocity [m/s]
o

—LES results

---Derivation from fitted pressure

N
o

Qo
Velocity [m/s] (>3 kHz)

,,,,,

]
[X]
o

0 10

2-0 3-0 40 60
Crank Angle [PATDC]

Figure7. Comparison of modagiressure derived inylinder velocity oscillations with actual
LES results
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As can be observed the velocities derived from the fitted pressure trace match
very well with the LES resultsSomedeviations can be observed in the initial stages of the
combustion (prior to @ATDC); thesesuggest that the assumed hypothespedifically
assumingthe absence of chemical reactions and heat transfer) introduce-reegianble
source of error. Additional errors stemming from turbulence effects are also expected to affect
the results. Neverthess, the trends of the velocity oscillations both spatially and temporally
are generally well captured by the model inshbsequerdtages of the combusti

also provides an idea of the magnitude of the velocity oscillatjoglative to the total
velocity) present in these instances alluding to the important role these oscillations can have
on the heat transfer coefficient

It should be nted that the discussions in this section and the illustrat{Gigofe7]is focused

on the oscillations of the Heylinder gas velocities (as oppostedthe nominal velocity). The
nominal velocity, generally represented &% is not a function of the pressure oscillations,

but rather primarily affected by the piston speed and other aerodynamic effects such as swirl
and tumble motions. The observaare consistent across all the 23 cycles that
were studied. The toylinder velocity oscillations are accurately evaluated from a modal
representation of the {eylinder pressure. The magnitude of thecyhinder velocity
oscillations are generally sigrént (~1020 m/s) and persistent throughout the combustion
process, suggesting the importance of its consideration for heat transfer coefficient
calculations.

Heat transfer model in presence of pressure oscillations

The last result consists of incorporggithe incylinder gas velocities into the calculation of

the heat transfer coefficient for a better heat transfer model. The convective heat transfer
model acknowledges the importance of the gas velocity near the surface in computing the heat
transfer cofficient; nevertheless, conventional heat transfer modals to take into
consideration the additional gas velocity in the presence of pressure oscillations.

In this section, the surface of the piston is chosen to illustrate the heat transfer oalculati
The heat loss to the wall is calculated using a Newtonian model:

Eq.9
3Lu DR6FG,;,@#
[

where 3is the heat transfeis the heat transfer coefficien§is temgerature of the cylinder
gas, & is the cylinder wall temperature® fepresents an incremental aread the integral is
over a surface S (ex: piston head)

The heat transfer coefficient is calculated via a correlation between Nigsgtiolds, and
Prandt numbers:

D. Q2 24aa Eq.10
I—GpL %®—ap A
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where Dis the heat transfer coefficient, is a characteristic lengthGis the thermal
conductivity, éis the density,Qs a characteristic speedis the dynamic viscosity?is the
heat capacity; and¥@ & J @are fitting coefficients.

For the application of engine wall heat transfer, previous stitlgzsl4]and most notably the
works by Woschnj12] have derived the followingxpression for the heat transterefficient
(written here in its general forrmith various propositions for the fittingarameters

DLA® @& @ Eq.11

where 2is the pressurefis the temperature(Js the gascharacteristicspeed; and aa.
DQG DUH ILWWLQJ FRQVWDQWYV

The heat transfer coefficient is shown to be predominantly a function of tbginder
pressure, temperature, and gas velocifiége analysis in the prior sections highlightse
resultng effects of the acoustic phenomenon on the pressure and velocity oscillations, which
are generally neglected in the heat transfer calculation.

The proposed heat transfer coefficient is thus represented as follows to take into consideration
the acoustieffects:

DLAa®2 E2; ®6,E6; @ QWE G Eq.12

where 2,8, and Qgare the gas pressure, temperature, and velocity respectively in the
absence of pressure oscillations; a¢, 6;&and Rare used to represent the acoustave
contributions.

In addition to the pressure and velocity oscillationgrpstudies[3] have suggested that the
pressure waves will affect the temperature field through compression and expansion of the
gas The temperature oscillationgereestimated from a linearized ideal gas law as follows

% Eq.13
& @

6 L

where % is the specific heat capacity at constant pressure.

These temperature oscillations were not observed in the LES results and are considered
negligible in this study.Furthermore, the consideration thds ' 2, encourage a
simplification of the heat transfer coefficient calculation via a first ordewylor
approximation:

2 E2%: N2, EU®®, *° Eq.14

which yields

DNA®, @& @ REQY EAUR ®, ° @&, ® QRE Eq.15
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where even the second term is negligible relative to the first. The ratio between teent&o
@%EAsuggests a relativanportance ofthe second term which ikss than4% (with a

consideration ofUL r é'iand—E < 0.05).

The resulting expression illustrates that the pressure oscillation :®2)nmas little effectin
the calculation of the heat transfer coefficiedmwever the effects of the acoustic waves are
bound to be reflected in the heat transfer coefficient loa via the velocity expression.

Note,

5 p Eq.16
l REQ® L F8kQsE Q40 EkQs E Q406

where Qgand Qg represent the radial and circumferential gas velocities respectively in the
absence of acoustic waves; an@,gand Q; represent the acoustic contributions (as derived
in Eg. 7#10).

It should be noted thahe expression! Q&E Q& only considers the speed across the plane
(ignoring axial velocity stemming primarily from the piston motion). At the piston surface,
where the heat transfer calculation is desired, the axial velocity is zero. The gas speed parallel
to the piston plane is, thuthe pertinent parameter required for the heat transfer coefficient
calculation.

Unlike the pressure oscillation terrthe velocity oscillation Q& Qg and Q) plays an
important role in the heat transfer coefficielte to theamportance othe constituting terms
relativeto the nominal velocityerms|Figure8|illustrates the impact of the acoustic waves of

the gas speeds locally acrobe fpiston planelt can be seen that the effect of the acoustic
waves on the gas speeds are consistently present throughout the combustion process (at least
up to 60°ATDC). Unlike the gas speeds under nominal conditions (w/o acoustic waves), the
gas speedsn the presence of the acoustic waves display high frequencdQ(~8Hz)
oscillations. This behavior of the gas speeds is observable throughout the combustion
chamber, and the specific fluctuations at 4 distinct locations across the piston plane can be
seen in Figure 8.
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Figure8. In-cylinder gas velocity near piston surface with and without acoustic waves

In addition to the locaspeeds of the gas in the combustion chamber, the illustration of the
average gas speed across the plane provides an additional perspective into the effects of the
acoustic waves. The average speed across the plane is representative of the average heat
trarsfer coefficient as2, and 6, are expected to be relatively constant across the plane. Figure

9 provides an illustration of the plaia@eraged gas speed.

Figure 9. In-cylinder mean gas velocity near piston surface with anthowt acoustic
waves @GP L 'iexzoﬂa

As can be seen in Figure 9, the presence of acoustic Weaas to consistently higher gas
motion on the piston surface. The net effect of the speed oscillations observed in Figure 8
(averaged over the complete pissganface)is depicted as a global increase of the average gas
speed.This effect is consistently observed throughout all the LES cycles studied, and is
presumed to stem from the shape of the velocity modes.
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Figurel0. Heat transfer coefficient near piston surface with and without acoustic waves

Figurell Mean heat transfer coefficient near piston surface with and without acoustic waves

Similar illustrations agigure 8| and|Figure 9| are provided for the heat transfer coefficient
(HTC) in[Figure 10landFigure 11] The effect of velocity oscillations are directly observable

on the heat transfer coefficient and helps to explain the additional heat transfer in the presence
of acoustic waves (pressure oscillations3. previously shown ifffigure 1] the conventional

model of the heat transfer to the walls underestimates the actual magnitedean be
observed ifFigure 10landFigure 11| this resultgrimarily from the neglect of the effects of
acoustic waves othe heat transfer coefficientAs such, the calculation of the heat transfer
coefficient is modified by taking into consideration the additional velocities calculategl. in

7-10.

The resulting heat transfer coefficieyields oscillating patterns that stem from the gas
velocity oscillations near the piston surfac&pé&rimental studief28, 5] have also explored
this phenomenon (oscillating heat transfer to piston and wall). ToatkéV K Restv
knowledge, this is among the first syuid show simulation results displaying the oscillatory
behavior of the heat transfer in knocking conditions.
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The study shows that the calculations of the heat transfer coefficient and the wall st tran

are more accurate when the effects of the pressure oscillation are properly considered. The
study proposes an improved formulation of the heat transfer coefficient through a modified
and more accurate representation of theylimder gas velocities.

Conclusion

In this study, a high fidelity LES model incorporating an agtation model is used to
analyze the combustion process and the ensuing acoustic Waieshown that then-
cylinder pressurescillations can be characterizedh a simplified modal decoposition.
Furthermore,the modal characterization can be utilizied the calculation ofin-cylinder
velocity oscillations, which play an important role in the heat transfer coefficient.

The studyultimately shows that the calculations of the heat transéefficient and the wall

heat transfer are more accurate when the effects of the pressure oscillation are properly
considered.The increase in heat transfer primarily stems from an increased heat transfer
coefficient due to the velocity oscillations diettrapped gas. A series of steps are discussed
that relate the pressure oscillations with the velocity oscillations, and ultimately to the wall
heat transfer.

The proposed calculation of the heat transfer coefficient (and subsegherhat transfeto

the wall) yields similar trends as those observed experimentally. An oscillating heat transfer is
observed with frequencies matching those of the pressure oscillations. Furthermore, an
increase of the net heat transfer due to the pressure oscillatioabserved, and the
contribution from the acoustic was can bseparatelyuantified.

Future work consists of developing a knock indicator that quantifiesadditional heat
transfer to the cylinder wallsA new knock quantifying metric, the knock induced heat
transfer, issuggestedo better reflect the overall conditions in the combustion chamber and
better characterize the risks imposed on the en@ioasidering that the knock induced heat
transfer is abetter indicator of the global Haylinder conditions and the risks of engine
damage, the reliance on such a medliowsa bettermformed knock control strategy.

Nomenclature

ATDC ztAfter Top Dead Center

AVBP *

CA #Crank Angle

CHT zConjugate Heat Bnsfer

Cl +Compression Ignited

ECFM zExtended Coherent Flame Model
HCCI tHomogenous Charge Compression Ignition
ISSIM xlmposed Stretch Spark Ignition Model
LES #lLarge Eddy Simulation

LLNL =

PSD +Power Spectral Density

RANS tReynolds Averaged Navi&tokes
SACI +Spark Assisted Compression Ignition
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S| £Spark Ignited
TKI £Tabulated Kinetics Ignition
TRF tToluene Reference Fuel
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