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Dedicated to my family

The pessimist complains about the wind;

the optimist expects it to change;

the realist adjusts the sails.
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Abstract

Pushed by the demand of de-fossilisation of the road-based transporta-

tion sector, new powertrain technologies arise in form of electrification.

Their potential and acceptance within the population can be increased in

combination with range extenders in form of a small SI engine, operated

with compressed natural gas. The necessary change in the energy sys-

tem to meet global climate targets will lead to an increase in the share

of renewable energies, where major contributors are in the form of wind

and photovoltaic. The integration of these technologies is challenging, as

their supply undergoes pronounced fluctuations. In order to deal with the

unavoidable imbalance between supply, storage solutions are a key technol-

ogy. In Switzerland, a viable storage solution could be power-to-gas which

utilizes the excess renewable power at zero marginal cost for the production

of hydrogen and methane, which is then stored in the gas grid.

In this context, gas engines maintain their relevance. One aspect of pre-

mixed gas combustion are cyclic fluctuations of the combustion process

caused by the interaction of the flame propagation with the turbulent flow

field. These fluctuations limit the optimal engine tuning and are responsi-

ble of emissions of unburned hydrocarbons. Vast research has shown the

beneficial effect of small amounts of hydrogen addition to methane combus-

tion in terms of lowering cyclic variability ands lowering engine emissions.

Whereas a lot of experimental work has been performed, only little research

has been performed on the numerical investigation of hydrogen-methane

addition, and more specifically its effect on the cyclic variability of the

combustion process.

This thesis provides a combustion model suited to reactive 3-dimensional

computational fluid mechanics that is capable of reproducing the cyclic

variations of the combustion process and moreover, to consider the influ-

ence of hydrogen addition on the resulting fluctuations. Sensitivities of the

modelling were discussed and a validation has been performed based on

engine measurements.
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Zusammenfassung

Getrieben von der Forderung einer Entfossilisierung des Strassenverkehrs

entstehen neue Antriebstechnologien in Form von Elektrifizierung. Ihr Po-

tential und Akzeptanz in der Bevölkerung kann gesteigert werden durch

Reichweitenverlängerer: kleine, erdgasbetriebene fremdgezündete Motoren.

Der notwendige Wandel des Energiesystems um globale Klimaziele einzu-

halten wird zu einem Anstieg des Anteils erneurbarer Energien führen,

wobei Windkraft und Photovoltaik einen grossen Anteil innehaben. Die

Integration dieser Technologien ist herausfordernd, da ihr Angebot starken

Schwankungen unterliegt. Um das unvermeindliche Ungleichgewicht zwi-

schen Angebot und Nachfrage zu bewältigen, sind Speicherlösungen eine

Schlüsseltechnologie. In der Schweiz könnte Power-to-Gas einen praktika-

blen Weg darstellen, welcher den überschüssigen Strom aus erneurbaren

Quellen für die Produktion von Wasserstoff und Methan zu Null Grenzko-

sten nutzt, die dann in das Gasnetz eingespiesen werden.

In diesem Zusammenhang behalten Gasmotoren ihre Relevanz bei. Ein

Aspekt der vorgemischten Verbrennung sind zyklischen Schwankungen des

Verbrennungsprozesses, verursacht durch die Wechselwirkung der Flam-

menausbreitung mit dem turbulenten Strömungsfeld. Diese Schwankungen

limitieren die optimale Motorabstimmung und führen zur Emission un-

verbrannter Kohlenwasserstoffe. Umfangreiche Forschungen haben gezeigt,

dass geringe Mengen an Wasserstoffzusatz bei der Methanverbrennung so-

wohl die zyklische Variabilität als auch die Motoremissionen verringern.

Während viele experimentelle Arbeiten durchgeführt wurden, existieren

nur wenige numerischen Untersuchung der Wasserstoff-Methan-Zugabe und

ihres Effekts auf die zyklische Variabilität des Verbrennungsprozesses.

Diese Arbeit präsentiert ein Verbrennungsmodell für die dreidimensiona-

le reaktive Strömungsberechnung welches die zyklischen Variationen des

Verbrennungsprozesses reproduzieren kann und den Einfluss der Wasser-

stoffzugabe abbildet. Sensitivitäten der Modellierung wurden besprochen

und eine Validierung anhand Motormessdaten vorgenommen.
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Chapter 1

Introduction

1.1 Motivation

Whereas the classic internal combustion (IC) engine has been the prime

mover for road-based transportation in almost a century, alternative power-

trains, such as battery-electric (BEV), fuel-cell electric (FCEV) and hybrid-

electric (HEV) along with their plug-in (P) variants, show ever growing in-

terest in the past decade in light of the ongoing move towards technologies

with lower CO2 footprint. About 1/3 of the Swiss primary energy demand

is related to the transport sector (including international aviation) which

contributes to about 50% of the total CO2 emissions [1]. Based on data of

the Swiss mobility sector, Küng et al. [2] assessed the optimal fleet compo-

sition with the largest CO2 avoidance potential. As expected, when electric

(or part-electric) powertrains are considered, the effective CO2 emissions

of the vehicles have a direct connection to the provenience of the electric-

ity - the so-called CO2 intensity of electricity measured in gCO2/kWh. As

illustrated in Figure 1.1 (left), three scenarios can be identified in terms of

different CO2 intensity of the available electricity: I) above 600 gCO2/kWh

the optimal fleet is fueled exclusively by compressed natural gas (CNG).

II) Between 600 and 235 gCO2/kWh longer distances are still fueld by

CNG whereas for shorter trips electricity finds its application. III) Be-

low 235 gCO2/kWh the entire fleet is operated with electricity. In this

fleet, plug-in hybrid-electric vehicles fueled by CNG (PHEV CNG) have

the largest share (80%), making this a highly promising technology for the

future. The key-advantage of this technology is their reduced curb-weight

and the increased range over battery-electric vehicles (BEV), which ren-

ders their acceptance within the population considerably higher. The CO2
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Figure 1.1: CO2 emission (left) and optimal fleet composition (right) for different CO2

depending on the CO2 intensity of available electricity [2].

avoidance potential compared to the status-quo can be seen in Figure 1.1

(right), illustrating a potential for HEV CNG applications of 35%.

In order to meet the world-wide agreement of reducing global CO2 emis-

sions [3], the future energy system needs to undergo a change, where

amongst other renewable energies, wind and photovoltaic (PV) will see

a significant global rise in their share [4]. Considering the Swiss national

energy perspective, Boulouchos et al. [5] expect an additional yearly elec-

tric energy production in the year 2050 from PV and wind of 14 TWh/a

(bandwidth: 10-20) and 3 TWh/a (bandwidth: 2-4), respectively, as it is

illustrated in Figure 1.2. As a consequence, the share of wind and PV will

be significant when compared with the predicted Swiss electricity demand

which is assumed to increase from nowadays roughly 63 TWh/a to be in

the range of 66 - 92 TWh/a in 2050 and which is thought to be covered by

renewable primary energy carriers.

As wind and PV undergo seasonal and daily fluctuations that are not con-

trollable makes their integration into the energy system challenging and

leading to unavoidable imbalances between demand and production. In

Germany, 125 GWh of wind power were left unused in 2010 [6] due to the

lack of suitable energy storage solutions. Unlike the electric grid, the well

established natural gas (NG) grid in Switzerland has a storage capacity

which is estimated to be in the order of few TWh with the potential of fur-

ther extension. This context makes power-to-gas (PTG) storage a promis-

ing solution, where the excess energy from renewables at zero marginal cost

is utilized in hydrolysis and methanation processes to leverage the storage

capabilites of the natural gas grid. The RENERG2 research project inves-
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Figure 1.2: Prognosis of the average additional renewable electric power production in

Switzerland [5].

tigated next to technical aspects also the market viability of such a system

on a national scale. The pathways of the envisioned PTG solution can

be found in Figure 1.3. There, it can be seen that the stored hydrogen

and methane find their application within the on-road transport sector as

discussed above. The additional advantage lies within the de-fossilisation

of the fuel when compared with conventional natural gas. Alternatively,

the fuels may be used on a district level in terms of decentralized combined

heat and power generation (CHP), whose potential has been investigated

in [7]. Intermittent operation and need of a fast response time of CHP

plants makes IC engines inherently more suitable than e.g. gas turbines.

Overall, these observations show that IC engines have their relevance in the

ongoing transition towards a de-fossilized energy and in particular mobility

system. Arguments have been made in favour of gas operated engines,

which are typically spark ignited.

From an engine-specific technological perspective, various aspects are im-

portant and have the potential for improvement in terms of optimal engine

operation to fulfil future requirements. These spread from e.g. fuel qual-

ity, lean-burn concepts with enhanced ignition systems and other advanced

combustion concepts, fuel injection systems, engine design, exhaust gas

after-treatment. In this thesis, the focus was lead on stoichiometric oper-

ation of small gas engines with the addition of H2.
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Figure 1.3: Pathways of a national power-to-gas storage system, as proposed within the

scope of the RENERG2 project.

For SI engines, the flow field within the combustion chamber is inherently

turbulent by design and plays a prominent role on the engine operation.

The partially chocked flow through the intake valve during the intake stroke

introduces a high level of turbulence. During compression the tumble mo-

tion becomes unstable and breaks down due to geometrical confinement,

resulting into a complex three-dimensional turbulent motion [8]. Small

variations of turbulent structures and temperature in the vicinity of the

spark plug can potentially have a considerable influence on the cyclic vari-

ability of the engine [9]. This is the result of a complex interplay between

the flow field and the turbulent premixed flame propagation. These fluc-

tuations are limiting the optimal tuning of a SI engine since the fastest

burning cycles pose limits in terms of compression ratio due to knock ini-

tiation, whereas the slowest burning cycles are mainly responsible for the

emission of unburned hydrocarbons (UHC) [8]. The issue of CCV becomes

more pronounced in the advent of lean-burn technology. The overall low-

ered reactivity of the fuel due to lowered temperatures enables the engine

designer to push towards a higher compression ratio or boost pressure

that allow for increased engine efficiency without the issue of running into

knocking conditions. On the other hand, the lowered reactivity renders the

combustion even more prone to CCV. It has been shown [10] that addition

of small amounts of hydrogen increases the reactivity sufficiently to signif-
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icantly improve the above mentioned issues. Gas engines operated within

the above mentioned PTG solution may directly benefit from the hydrogen

stored in the NG grid.

Numerical methods that allow the simulation and prediction of in-cylinder

engine flows together with the modelling of the combustion process found

within the past decades their relevance in the support of engine develop-

ment by supplying highly resolved (in space and time) fields of quantities

that may not be directly or only limited accessible in experiments. Sim-

ulations also help with the understanding of the complex interaction of

multitude of phenomena typically found in IC engines by allowing to vir-

tually decouple their individual contribution. Whereas the fundamentals

of the aforementioned CCV have been described in the past, computational

fluid dynamics (CFD) can significantly contribute to optimisation of future

engine generations by (I) improving the understanding thereof as well as

(II) providing a method to reasonably predict the extent of fluctuations

for different engine configurations. The coupling with a combustion model

that allows to depict the significant effects, hydrogen addition and its CCV

mitigation potential can be additionally considered in light of the possible

PTG solution.

1.2 Objective of this dissertation

This thesis aims to provide a numerical platform to investigate the cyclic

variability of the combustion process within spark ignition IC engines at

engine relevant conditions. For this purpose, the modelling approach shall

be sufficiently detailed to consider relevant aspects that contribute to the

fluctuations under investigation whereas the computational cost should

be limited to such an extent that a representative number of consecutive

engine cycles can be calculated within reasonable wall time. Here, repre-

sentative is to be understood in the sense of converged first order statistics.

Moreover, the framework should be capable to consider the influence of hy-

drogen addition on premixed methane combustion, focusing on the impact

on the CCV behaviour. The modelling approach is to be validated against

engine test-bed data which is operated at various hydrogen-methane mix-

tures. The numerical predictions additionally help with the understanding

of the above mentioned processes by providing insights and data of highly

resolved fields that are not directly available from the experiment.
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1.3 Thesis structure

This thesis is a cumulative of works published by the author. The structure

of the remainder of this thesis is as follows: In Chapter 2, the state of the

art provides an introduction as well as recent advances from the literature

of the main topics relevant for this thesis. The Methodology found in

Chapter 3 presents the modelling framework employed. Chapter 4 indicates

the contribution of this thesis, highlighting the main findings which are

discussed in detail in the attached publications which are considered as

an integral part of this work. There, additional details considering the

modelling aspects and investigations can be found. The presented work is

summarized and concluded in the last Chapter 5, along with an outlook

for possible future work.



Chapter 2

State of the Art

In this chapter the state of the art is presented. This thesis resides within

the field of numerical simulation of premixed turbulent combustion. Due

to the vast interaction between a multitude of phenomena and processes

within an IC engine - chemistry, turbulence, heat and mass transport, to

name a few - this field takes a large range in literature. As a conclusive

review thereof would be outside of the frame of this thesis, the following

state of the art is building upon the fundamentals of turbulent flows and

premixed combustion and their modelling constrained to the application

to IC engines.

2.1 Turbulent flows in IC engines

The previously described inherent unsteadiness of the turbulent flow inside

IC engines and associated large range of time and length scales present,

next to the complex geometries, pose challenges on the numerical simu-

lation of such flows. In the following different approaches to deal with

turbulent flows are introduced with a focus on their applicability to IC

engines. All of the presented approaches have in common that they are

based on the Navier-Stokes equations which build upon the assumption

that the considered fluid is a continuum at the scale of interest. Together

with equations for the conservation of species and energy they form a set of

governing equations to fully describe reactive flows. Other methods than

Navier-Stokes based models exist, such as the entropic Latice-Bolzmann

Karlin et al. [11], and have their relevance, but are outside of the scope of

this thesis.

Another challenge lies within the acquisition of validation data of the flow
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field within IC engines due to the typically limited optical access in IC

engines which arises from the intrinsically confined time-varying geome-

try. Morse et al. [12] applied Laser-Doppler Anemometry (LDA) to the

so called Imperial College setup which is a a piston-cylinder setup with a

centrally mounted and fixed valve. They characterized the flow field in the

engine-like configurations in terms of mean and rms velocity at motored

conditions of 200 rpm. The Transparent Combustion Chamber (TCC) en-

gine is a SI 4-stroke 2-valve engine which offers optical access thanks to its

quartz liner. Schiffmann et al. [13] have presented high speed flow mea-

surements using Particle Image Velocimetry (PIV) at 1300 rpm which has

been designed with the intention to be the logical successor to the Imperial

College setup. The Darmstadt engine setup devotes efforts to provide a

validation database for turbulence models within an optically accessible

4-stroke 4-valve pent-roof engine as well as characterized boundary condi-

tions Baum et al. [14]. Tomographic PIV has been applied to characterize

the 3 dimensional flow field Baum et al. [15], planar high-speed PIV has

been combined with laser induced fluorescence (LIF) thermometry to in-

vestigate the temporal evolution of the spatial unburned gas temperature

distribution under motored conditions. More recently, PIV has been em-

ployed to investigate the velocity boundary layer evolution near the piston

surface during motored compression Renaud et al. [16].

2.1.1 DNS

Direct numerical simulations (DNS) fully resolve the turbulent spectrum on

the computational grid and hence do not rely on any turbulence modelling.

In order to do so, the grid resolution has to be smaller or equal to the

smallest turbulent scale, the so called Kolmogorov scale ‘K . It can be

shown that the computational cost of a DNS scales with the Reynolds

number to the third power (C � Re3) Pope [17]. The considerably high

Reynolds number present in the shear flow due to the incoming jet during

the intake stroke as well as the increase of Re during compression has

rendered DNS prohibitive in the past to study IC engine flows at relevant

conditions.

Thanks to recent advances in available computational resources and the de-

velopment of highly scalable DNS codes, Schmitt et al. [18] have presented

a DNS of multiple consecutive intake and exhaust strokes in the engine-
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like geometry at 200 rpm of Morse et al. [12]. The DNS showed excellent

agreement LDA measurements of the flow field. Using the same setup,

the cyclic variability of the flow field and the role of the central vortex has

been discussed in Schmitt et al. [19]. Consecutively, the compression of the

turbulent flow field has been presented in [20, 21, 22], where the effect of

compression on the flow and temperature field as well as local heat flux and

boundary layer evolution has been investigated. Giannakopoulos et al. [23]

have performed a DNS of the intake pipe of the optically accessible TCC-

III engine Schiffmann et al. [13] for three Reynolds numbers (Re=16’000,

33’000, 50’000) by assuming a fixed valve position at a turning speed of

800 rpm which corresponds to idling operation.

Despite the recent advances, the cost and limitations of DNS do not ren-

der it a viable tool for the investigation of multiple consecutive full engine

cycles. Yet DNS poses a tremendous potential when regarding it as a

numerical experiment thanks to its model free nature. DNS can support

and extend experimental efforts by providing highly resolved (in space and

time) reference data for selected conditions. Next to providing validation

data, DNS can also support model development by enabling a-priori anal-

ysis of models which are discussed in the following.

2.1.2 RANS

A possibility to limit the range of turbulent scales that have to be resolved

on the grid is the application of Reynolds decomposition. There, any flow

quantity Φ is split into a mean Φ̄ and fluctuating part Φ0. When apply-

ing this decomposition to the governing equations of mass and momentum

conservation, the so called Reynolds averaged Navier-Stokes (RANS) equa-

tions arise. Based on this decomposition, a new unclosed term, known as

the Reynolds-stress is found. Modelling efforts have to be undertaken in

order to close this term, which is typically done by making use of the

hypothesis of Boussinesq Boussinesq [24], where it is suggested that the

Reynolds-stresses are proportional to the mean rate of deformation by a

proportionality factor that is identified as the turbulent viscosity �t in

analogy to the momentum transfer by the molecular viscosity �l. Dif-

ferent models for the turbulent viscosity exist and can be classified into

zero-equation (algebraic), one-equation, two-equation and Reynolds stress

models. Considering the simulation of IC engine flow, the two-equation
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type k � " in the Re-Normalizaion Group (RNG) variant is widely used

Yakhot et al. [25] due to its robustness and capability to account for flame

induced compression, expansion and strain effects of the turbulence quanti-

ties. Considering shortcomings of the k�" model regarding flow separation

put forward by Kline [26], also the k � ! model finds application within

IC engines.

Thanks to its relatively low computational cost, RANS has historically

been the first and most commonly applied approach to the modelling of

IC engine flows and still has its relevance today as it allows for the direct

solution of the phase averaged. A vast literature exists considering the

tumble formation, mixing processes, spray interaction and heat transfer

among other IC engine related phenomena. As this thesis makes use of

RANS but does not focus on it, the reader is referred to the existing liter-

ature, of which a review can be found e.g. in Basha and Raja Gopal [27].

While RANS successfully has been applied to a multitude of engineering

problems, one has to keep in mind the time averaged character or a RANS

solution. As such, RANS is prohibitive to the study of instantaneous, or

in the engine context cycle specific phenomena such as cyclic variations,

misfire and knocking.

2.1.3 LES

In Large Eddy Simulations (LES), rather than introducing a temporal aver-

aging procedure, the flow field is decomposed by introducing a spatial filter.

The filtered (resolved) scales hΦi are separated from the unresolved sub-

grid scales ΦSGS by a filter size ∆. This context is indicated in a schematic

of the turbulent energy spectrum in Figure 2.1, where the dashed red line

represents the wave number associated with the filter size ∆. Only the

resolved share of turbulent kinetic energy has to be accounted for on the

grid, whereas the unresolved part has to be modeled. The smaller the fil-

ter size is chosen, which is typically directly related to the grid resolution

via ∆ = V 1=3, the smaller becomes the modeled fraction of the turbulent

energy spectrum which renders the simulation less dependent on the sub-

grid model. It can also be argued that the subgrid modeling of an LES is

less prone to model errors typically made due to the common assumption

of isotropic turbulence as the small turbulent scales, in charge of dissipa-

tion, are thought to be of a more homogeneous structure than the large
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Figure 2.1: Turbulent energy spectrum reproduced and modified from Peters [29]. Red

indicating schematically LES filter width.

energy containing scales Rutland [28]. In the limit of the filter width go-

ing towards the smallest turbulent length scales, the Kolmogorov scales,

∆! ‘K and under the assumption of perfect numerical schemes, the LES

converges with a DNS, but also in the resolution requirements and hence

computational cost.

As a consequence of the spatial filtering, the result of a LES is an instanta-

neous velocity field, and in the context of IC engines represents individual

cycles rather than the ensemble mean. This allows to study phenomena

such as cyclic fluctuations. Since the pioneering paper by Smagorinsky

[30] laid the foundation for LES and its first application to meteorological

studies, LES has been adopted more recently in the simulation of IC en-

gine flows thanks to the ever growing available computational resources.

The opportunities of LES for in-cylinder flows have been highlighted in the

review paper found in Celik et al. [31], where a potential of more advanced

subgrid models has been identified that allow the use of more RANS like

grid resolutions, significantly reducing the computational cost. In Haworth

[32] first attempts have been presented to simulate the aforementioned Im-

perial College setup using the Smagorinsky subgrid model, where a better

agreement with the experimental data has found for the phase averaged



12 Chapter 2 State of the Art

LES profiles in comparison to the RANS solution. A decade later Liu

and Haworth [33] reconsidered the Imperial College setup using next to

the Smagorinsky also the one-equation model, which solves an additional

transport equation for the turbulent subgrid kinetic energy kSGS Speziale

[34]. No overall better performing model has been identified. The WALE

subgrid model Nicoud and Ducros [35] has been applied to the same setup

in Piscaglia et al. [36] and later on compared with the available DNS data

in Montorfano et al. [37]. The cold-flow of a motored optically accessible

single cylinder engine has been simulated by Enaux et al. [38] based on the

Smagorinsky model where the cyclic variability of the flow field compared

well to PIV measurements. The mixing and associated cyclic variability

of a direct injection (DI) engine fueled by a hollow-cone gasoline injector

was studied in Goryntsev et al. [39]. Nguyen et al. [40] compared two

different simulation approaches based on the Smagorinsky model for the

cold-flow of an optical single-cylinder research engine, where good quali-

tative agreement between the two inherently different approaches and the

experimental data has been reported. The available PIV and MRV data of

the Darmstadt engine setup has been considered in Janas et al. [41] using

the Smagorinsky as well as the Sigma model Nicoud et al. [42]. A method

has been proposed to track and characterize the tumble motion and its

breakdown even for a low number of cycles. Direct comparisons with sim-

ulations by Baumann et al. [43] of the same setup revealed sensitivities

to the turbulence model and its model constants during the compression

stroke, which were not present for the intake. As a sufficient grid resolu-

tion is crucial to the quality of a LES, quality criteria for the assessment

of numerical grids play an important role. di Mare et al. [44] investigated

various quality criteria applied to the Darmstadt engine setup considering

their adequacy and applicability. It was shown that whereas all considered

criteria were adequat, two-grid estimators and length scale based criteria

were not applicable for the complex flow structures found in IC engines.

He et al. [45] provided novel insights into the turbulence characteristics

inside IC engines. Based on their LES of the Darmstadt engine, they

processed the highly resolved dataset to investigate the anisotropy of the

turbulence. They showed that during the intake stroke the in-cylinder

turbulence is rather anisotropic whereas during compressin more isotropic

structures have been identified.



Chapter 2 State of the Art 13

2.2 Premixed combustion

2.2.1 Laminar premixed flames

Figure 2.2 shows a schematic of a planar premixed laminar flame. There,

the unburned gases (containing fuel and oxidizer) are separated from the

unburned state by a thin reaction zone. Within this zone, the overall

exothermic reaction lead to the observed heat release and a steep tempera-

ture gradient. The associated heat flux leads to an increase in temperature

of the fresh mixture within the preheat zone ahead of the reaction zone.

Since the consumption of the fresh mixture is imbalanced with the diffu-

sion of heat, the flame front propagates towards the unburned state. One

can then identify a propagation speed of the flame front, the laminar flame

speed sL. The laminar flame speed is typically defined within the unburned

state as its value depends on the location within the flame as mass conser-

vation applies and the temperature gradient leads to an associated density

gradient. The laminar flame speed depends on the thermodynamic state

as well as the mixture composition of the fresh gas. The thickness of the

flame can either be defined based on the maximum gradient of the temper-

ature profile or the diffusion length. The thickness of the reaction zone is

typically one order of magnitude smaller than the overall flame thickness.

Vast amount of measurements have been performed to characterize laminar

flame speeds for various fuels, either based upon constant volume vessels

or Bunsen-type burners. Measurements relevant to hydrogen-methane ad-

mixtures will be presented in the respective subsection. Using chemical

mechanisms one can solve a set of governing 1-dimensional equations for a

freely propagating adiabatic laminar flame to numerically predict the lam-

inar flame speed which is the solution of an eigenvalue problem Smooke

et al. [46]. The underlying chemical mechanism, whose individual reaction

rates are rarely known with quantitative accuracy, have to be validated

against experimental data. In the context of IC engines, there exists a lack

of validation data at elevated pressure and temperature conditions, rele-

vant to engine operation, due to experimental limitations. It remains open

whether a laminar flame speed can be defined in the classical context for

high pressure and temperature conditions, when auto igniting conditions

and the associated reactions within the preheat zone lead to a dependency

of the laminar flame speed on residual time as it has been discussed by

Krisman et al. [47].
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Figure 2.2: Schematic of a planar laminar premixed flame, taken from Veynante and

Vervisch [48]

.

2.2.2 Turbulent premixed combustion fundamentals

Turbulent premixed combustion is characterized by the interaction between

the flame front and the surrounding turbulent flow field. Damköhler [49]

proposed two limiting cases for this turbulence - flame interaction in his

pioneering work. In the large scale limit, the smallest turbulent time and

length scales are larger than all of the chemical time and length scales. The

turbulence-flame interaction manifests itself as a geometrical wrinkling of

the flame front. The flame front is overall increased, however laminar struc-

tures are locally preserved. In the small scale limit, the turbulent scales

are smaller than the chemical scales such that turbulent eddies penetrate

the flame and as a consequence laminar structures cannot anymore be

identified locally. Among other authors, Borghi [50] proposed a diagram

classifying different regimes in terms of velocity and length scale ratios. In

order to construct the regime diagram, a set of dimensionless numbers as

to be introduced. The Damköhler number is the ratio of a chemical to a

flow time scale, where the chemical time scale is taken from the laminar

flame:
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Figure 2.3: Regime diagram for premixed combustion. Taken from Peters [51].
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(2.1)

The Karlovitz number is the ratio of the time scales of the laminar flame

and the smallest turbulent scales, i.e. the Kolmogorov eddies:

Ka =
�c
�f ; k

=
�Lu

0

sL‘k
(2.2)

The turbulent Reynolds number can be written as:

Ret =
u0‘

sL�L
(2.3)

The regime diagram by Borghi has been extended by Peters [51] by intro-

ducing the Karlovitz number Ka� based on the reaction zone thickness �

(� << �L) which extends the validity of the flamelet assumption. A depic-

tion of the extended regime diagram can be found in Figure 2.3. There,

following regimes can be identified in function of the velocity scale ratio

u0=sL and length scale ratio �L=‘F :
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� The laminar flames are separated from the other regimes by the

condition Ret < 1

� The wrinkled flamelets regime, limited by u0=sL < 1. While turbulent

eddies may wrinkle the flame front, the flame structure is unaffected

and the laminar flame propagation is dominant.

� The corrugated flamelets in the region u0=sL > 1 and Ka < 1. The

turbulence-flame interaction leads to pockets that detach from the

flame front. Yet, the turbulent eddies cannot enter the flame struc-

ture.

� The thin reaction zone is delimited from the corrugated flamelets

by the Klimov-William criterion Ka = 1 and limited by Ka� < 1.

For Ka > 1, turbulent eddies become small enough (� < ‘F ) such

that they penetrate and interact with the preheat zone. Yet, the

eddies are not small enough (� < ‘�) to enter the reaction zone which

is typically one order of magnitude smaller than the preheat zone.

While the preheat zone may be thickened, the raction zone remains

thin and close to the laminar structure.

� The broken reaction zone is defined by Ka� � 1. Turbulent eddies

penetrate into the reaction zone such that a flame front can not

anymore be defined, and a rather distributed reaction zone is to be

expected.

Todays spark ignition IC engines are typically operated within the cor-

rugated and thin reaction zone regimes. The push towards lean burn as

well as exhaust gas recirculation (EGR) concepts due to emission legis-

lations shifts the operation even more towards the thin reaction zone as

the result of both concepts is a typically lower laminar flame speed sL for

comparable turbulence quantities. Nevertheless, one has to keep in mind

that this dimensionless analysis builds upon a simplified picture of the ob-

served phenomena and the transitions between these regimes are not as

sharp as Figure 2.3 may suggest Eckekki and Mastorakos [52], Veynante

and Vervisch [48].
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2.2.3 Modelling of turbulent premixed combustion

The target of combustion modelling is the closure of the species reaction

rate terms appearing in the governing equations for energy and species

conservation due to chemical reactions. The highly non-linear interaction

between chemistry and turbulent flow field and the presence of a wide

range of overlapping length and time scales Maas and Pope [53], Reitz [54]

that undergo a large transition in temperature and pressure throughout a

fired engine cycle renders the modelling of turbulent premixed combustion

challenging. The vast variety of combustion models can be categorized into

three groups Veynante and Vervisch [48]:

� Turbulent mixing : Here, the Damköhler number Da is assumed to

be large which holds for many cases in technical applications. Then,

the chemical time scales are significantly smaller than the turbulent

time scales and the reaction rate is limited by the turbulent mixing.

This mixing can be described in terms of the scalar dissipation rate

(SDR) Bray [55]

� Geometrical analysis : The flame is assumed to be thin in relation to

all flow scales. An iso-surface of a characteristic scalar distinguishes

to burned from the unburned side. to be a geometrical surface, de-

fined by an iso-value. Under the assumption that gradients along the

iso-surface are small in relation to the normal direction, the turbulent

flame can be described by laminar flamelets (flamelet assumption).

� One-point statistical analysis : The computational domain can be in-

terrogated for statistical properties of the scalar fields. Mean values

can then be found by presuming one-point probability density func-

tions (pdf). The modelling happens in form of the determination of

the pdf.

Since in-cylinder CFD has been in its infancy in the late 1970’s, significant

progress has been made in the meantime thanks to the rapid development

in computational ressources and available validation data Haworth [56].

Traditionally, turbulent combustion models have been developed by means

of theories, asymptotic analysis and experimental data. During the last

decade the emergence of DNS data for increasingly realistic configurations

and conditions has enabled an additional approach for the development
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of turbulent combustion models Chen [57], Trisjono and Pitsch [58]. DNS

solves all spatio-temporal turbulence and flame scales and therefore pro-

vides complete information about velocities, temperature and composition

fields at a resolution that is prohibitive for measurement techniques. For

turbulent premixed flames various DNS configurations have been used for

this purpose, mostly in a LES context. Among these are e.g.: spatial evolv-

ing H2 Hiraoka et al. [59] and CH4 slot Sankaran et al. [60] and round jet

flames Han et al. [61], temporally-evolving H2 Hawkes et al. [62] and CH4

jet flames Trisjono and Pitsch [63], isotropic turbulence Kolla et al. [64],

statistically-planar flames Aspden et al. [65], turbulent swirling flames Vey-

nante and Moureau [66], head-on quenching Sellmann et al. [67], v-flames

Dunstan et al. [68]. General trends of DNS of turbulent premixed flames

in recent years has been on moving towards high Karlovitz numbers, where

flames lies in the thin reaction zone, gradual transition from H2 to CH4 and

more complex fuels using mildly reduced chemical models, consideration

of auto-ignitive conditions leading to multi-mode combustion modes. It is

noted that DNS of full-scale IC engines is currently not feasible, with some

exceptions quite recently which refer to simplified canonical configurations

Jafargholi [69]. However, DNS of full-scale laboratory flames is starting

becoming accessible, see example of Lund CH4-air turbulent premixed jet

flame Wang et al. [70]. In light of this promising trend, in this thesis,

the conventional LES work based on a SI engine using experimental data

is complemented with an exploratory comparison of the LES model used

with DNS data available of a turbulent spherically-expanding flame in a

confined domain [69].

For IC engine applications, RANS has been the standard approach histor-

ically. Hence, the majority of the models have been developed for RANS

and subsequently reformulated to LES Rutland [28]. Kempf et al. [71]

noted that the RANS formulations, based on ensemble averages, may still

be appropriate in the LES context and correctly respond to the spatially

filtered flow field. In the following an overview of commonly used premixed

combustion models for IC engines is presented with a focus on LES. A more

in-depth description of the individual models can be found in Peters [29].

The eddy-breakup model (EBU) proposed by Spalding [72, 73] belongs to

the turbulent mixing class. The assumption of large Damköhler numbers

leads to the closure of the reaction rates by relating them to the turbulent

mixing. Fluctuations of the progress variable needs closure and is typically
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done based on an algebraic relation Bray et al. [74]. The downfalls of

this modelling approach come at the assumption of an infinitely thin flame

front, such that only a fully burned and unburned state may exist as well

as the independence of the reaction rate on chemical kinetics.

In the artificially thickened flame (ATF) model, turbulent transport coef-

ficients and chemical source terms are modified in order to thicken the

reaction zone such that it can be resolved on the computational grid.

Thobois et al. [75] successfully applied a modification of this approach

in the LES context (TFLES) to an IC engine. Although only 4 cycles were

computed, he was able to demonstrate the potential of LES in reproduc-

ing cyclic variability of the combustion process despite limited statistical

relevance. Enaux et al. [76] used this model to compute 26 consecutive

cycles. There, the independence of the individual cycles on their preceding

cycle has been shown. The interaction of the turbulent flow field around

the spark plug during ignition timing has shown to considerably influence

the development of the early flame, which has been defined by 2% overall

fuel mass consumption, which then in turn positively correlated with the

total combustion duration defined by 90% fuel mass burned. Granet et al.

[77] followed the same modelling approach in order to compare 25 cycles

of a stable and 50 cycles of an unstable operating point where incomplete

combustion occurred. The fluctuations for both operating points showed

good agreement with the experimental data and the importance of the

early flame propagation has been stressed.

Flame surface density (FSD) models solve a transport equation which de-

scribes the local flame surface density Σ which is then used to close the

chemical reaction rate. The coherent flame model (CFM) belongs to the

group of FSD models. Vermorel et al. [9] used the extended coherent flame

model (ECFM) to simulate 10 engine cycles. There, they used an Eulerian

method to track the initial flame kernels right after ignition which other-

wise would remain unresolved on a typical IC engine grid. The breakdown

of the large-scale tumble structure was found to cause the observed CCV.

Fontanesi et al. [78] investigated different approaches to model the ignition.

Robert et al. [79] used the ECFM model along tabulated chemical kinetics

in order to predict knocking behaviour in a SI engine. Janas et al. [80]

adopted the ECFM model to study the penetration of the flame front into

the pronounced crevice volume in the Darmstadt engine setup, evidencing

the importance of detailed wall and combustion modelling inside crevices.
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Overall, the ECFM model showed good qualitative agreement with experi-

ments. The vast number of parameters that need to be adjusted render its

application and calibration not straight-forward and call for an experienced

user.
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Figure 2.4: Regime diagram for premixed combustion in the LES context from Pitsch

and Duchamp de Lageneste [81].

The scalar dissipation rate (SDR) is the rate of decay of scalar fluctuations

and indicates the rate of scalar mixing at the smallest scales. The SDR

of the progress variable c is a central parameter for premixed combustion

and can be used to describe the departure of a flamelet from equilibrium

conditions due to turbulence-chemistry interaction. While the modelling

of the mean SDR of the mixture fraction in non-premixed combustion is

well understood, the formulation of the SDR for the progess variable c for

premixed combustion posed to be additionally challenging due to the flame

front dynamics which are absent for non-premixed flames, Bilger [82]. Kolla

[83] formulated such a model and successfully validated it against DNS

data. Continuing his work, a first application of the SDR based flamelet

model within an IC engine has been presented by Ahmed et al. [84] in

the RANS context and the sensitivity towards the curvature of the flame

assessed in Ghiasi et al. [85].

The G-Equation is a so called level-set flame front tracking method and

belongs to the geometrical type of models. There, an iso-value surface for

the arbitrary field scalar G defines the flame front. A transport equation
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for G valid on this iso-surface has been derived by Williams [86]. Outside

the iso-surface, G typically takes the form of a signed distance function.

This kinematic description of premixed combustion offers the advantage

that the typically thin flame front does not need to be resolved on the

computational grid Veynante and Vervisch [48]. The transport equation

for G needs closure in terms of the turbulent flame speed sT , which takes

a central role in this model. A vast number of closures can be found in

the literature which all have in common that they relate the ratio of the

turbulent to laminar flame speed � = sT=sL to local turbulent flow field

quantities and chemical parameters. A discussion on the turbulent flame

speed, models and related experimental challenges can be found in Lipat-

nikov and Chomiak [87]. In his pioneering work, Damköhler [49] proposed

a simple closure that relates the � directly to the turbulent fluctuation

speed u0 by a flame speed coefficient A. Peters [51] presented a closure in

the RANS context that is valid in the large- and small-scale turbulence.

Ewald and Peters [88] extended this closure in order to consider the tran-

sition from an initially laminar flame towards a fully developed turbulent

flame by considering the ratio of an algebraic flame brush thickness for the

fully developed flame to the instantaneous flame brush thickness based on

the variance G00. Kolla et al. [64] derived a turbulent flame speed model

based upon an algebraic formulation of the SDR for the progress variable

c by making use of the Kolmogorov-Petrovskii-Piskunov (KPP) analysis.

It is argued that the appearing model parameters may not be arbitrarily

chosen as each of them represents a physically sound derived contribution.

As such, the closure by Kolla does not include any calibration coefficients.

The model has been validated in Kolla et al. [89] and successfully adopted

within the IC-engine context by Koch et al. [90].

Using arguments in analogy to Peters, Pitsch and Duchamp de Lageneste

[81] and Pitsch [91] derived a consistent transport equation for G in the

LES context and presented a closure for sT . He additionally presented

a regime diagram suitable for the LES context, as it is depicted in Fig-

ure 2.4. There, numerical effects in terms of grid resolution characterized

by the ratio of filter width to flame thickness ∆=‘F are decoupled from

turbulence-chemistry interaction characterized by the Karlovitz number

based on the subgrid scales. Hence, movements along the vertical axis

in Figure 2.4 correspond to a changing resolution of the flame, whereas a

vertical movement is associated with changing turbulence-chemistry inter-
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action. In the DNS regime, the thickness of the reaction zone is resolved

on the grid, which is typically a order of magnitude smaller than the flame

thickness. In the laminar flamelets regime, the turbulence is fully resolved

on the grid, but the reaction zone resides on the subgrid scales. Further

increasing the filter size leads to the wrinkled flamelets, where the subgrid

part of the flame is purely laminar, and the corrugation of the flame hap-

pens on the resolved scales. In the corrugated flamelets regime, the subgrid

part is not laminar anymore and has to account for corrugation effects. It

can also be seen that vertical lines for constant Karlovitz numbers separate

the previously discussed thin reaction and broken reaction zones.

In a multi-cycle analysis Zhao et al. [92] made use of the G-Equation in the

LES context using the closure by Pitsch to calculate 49 consecutive engine

cycles. They were able to correlate the observed fluctuating peak pressure

with the flame topology caused by variations of the flow field around spark

timing.

The conditional moment closure (CMC) approach is founded around the

idea of relating turbulent fluctuations of any scalar of interest to the fluctu-

ation of a key variable. This is the progress variable c for premixed flames.

A lot of work has been presented for unpremixed combustion focusing on

RANS due to the computational cost. Pioneering work for RANS-CMC

for premixed combustion has been shown in Amzin et al. [93], Amzin and

Swaminathan [94]. More recently, developments have been made towards a

premixed LES-CMC formulation Farrace et al. [95, 96] whose first applica-

tion of within an engine-like geometry presented in Koch et al. [97] where

the CMC predictions have been compared against available DNS data.

In order to model spark ignition and its interaction with the surrounding

flow field, models have been proposed that allow to consider spark dynam-

ics that are typically not resolved on the numerical grid by adopting a

tracking of Eulerian particles in combination with suitable submodels that

are also able to reflect the electric dynamics of spark plugs. Such mod-

els are represented e.g. by the Arc and Kernel Tracking Ignition model

AKTIM by Duclos et al. Duclos and Colin [98] and applied in Colin et al.

[99], Richard et al. [100], Vermorel et al. [9], the discrete particle ignition

kernel model DPIK by Fan et al. Fan et al. [101] and applied in Tan and

Reitz [102] or the spark channel ignition monitoring model SparkCIMM by

Dahms Dahms et al. [103] and extend in Dahms et al. [104].
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2.3 Hydrogen Addition

Addition of hydrogen to methane/air flames has been studied experimen-

tally in Halter et al. [105], Ilbas et al. [106], Mandilas et al. [107], Tahtouh

et al. [108], Fairweather et al. [109], Hu et al. [110, 111] under laminar

conditions. It has been shown that hydrogen addition leads to an overall

increase of the laminar flame speed and a decrease of the (positive) burnt

Markstein number, which depends among others also on equivalence ratio,

pressure and temperature, rendering the laminar flame speed less affected

by stretch effects. Hydrogen contents in the fuel of 60% vol and above lead

to a negative Markstein number, increasing stretch effects in a positive way,

i.e. increased local flame speed. It shall be noted here that the Markstein

number is essentially an expression of thermodiffusive instabilities, while

hydrodynamic ones may be important as well. The higher laminar flame

speeds have been related to the higher availability of H, O and OH radicals

within the reaction zone when hydrogen is added to methane, whereas alde-

hyde emissions may be reduced due to lower CH2O and CH3CHO Wang

et al. [112], Hu et al. [110]. Numerical prediction of the laminar flame

speed using the chemical reaction mechanism GRI 3.0 Smith et al. [113],

showed overall good agreement with the measured values in a wide range

of hydrogen content and equivalence ratio Ren et al. [114], Halter et al.

[105], Hu et al. [110], Wang et al. [112]. It has be noted though, that

the range in recorded data for hydrogen-methane admixtures does not ex-

ceed 0.9 MPa and 500 K, which leaves the validation and applicability of

reaction mechanisms at IC engine conditions somewhat open.

Using a turbulent Bunsen-type burner operated at up to 0.5 MPa Halter

et al. [115] revealed an increase in the ratio sT=sL with increasing hydrogen

addition for the investigated lean conditions. Mandilas et al. [107], Fair-

weather et al. [109] used a fan stirred vessel at initially 0.1 MPa and 360 K.

They found a significant increase in the turbulent burning velocity only for

hydrogen contents higher than 10 vol%. The ratio of sT=sL for a constant

u0 was only mildly affected by hydrogen addition. The ratio sT=sL in-

creased more with hydrogen increase the leaner the mixture became. This

behaviour was attributed to lean flames being less sensitive to stretch rate,

as lower values of Masr indicated.

Hydrogen addition to methane (or natural gas whose main constituent is

methane) for the operation of SI engines has been widely investigated in lit-
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erature. A review can be found in Akansu [10]. The major findings are that

hydrogen addition, even in small amounts, allows for a decrease in break-

specific HC, CO and CO2 engine-out emissions while NOx is increased for

a constant equivalence ratio due to the increased combustion temperatures

Swain et al. [116], Cattelan and Wallace [117], Collier et al. [118], Karim

et al. [119], Larsen and Wallace [120], Shudo et al. [121], Bauer and Forest

[122], Akansu et al. [123], Kahraman et al. [124]. The lean combustion limit

of CNG is extended by hydrogen due to is wider ignition limits and higher

reactivity Raman et al. [125], Karim et al. [119], Das [126]. This allows to

relegate the penalty of increased NOx emissions for hydrogen addition at

constant equivalence ratio, by operating the engine overall leaner than it

would be possible without hydrogen. Another possibility to mitigate the

increase is the retardation of the spark advance without significant penalty

on thermal efficiency Shudo et al. [121], Wang et al. [127]. In Dimopou-

los et al. [128] the use of exhaust gas recirculation (EGR) in combination

with the hydrogen addition has shown to substantially decrease the NOx

emissions. Depending on the engine configuration in terms of compression

ratio, equivalence ratio and spark timing, hydrogen addition can lead to

an increase of the thermal efficiency due to the increased burning speed

that allows for a reduction of the spark advance as well as the maximum

pressure rise that comes closer to TDC Karim et al. [119], Larsen and Wal-

lace [120], Shudo et al. [121], Bauer and Forest [122], Dimopoulos et al.

[128], Kahraman et al. [124]. The gain in efficiency may lead to an in-

crease of the overall power output despite the lower volumetric heating

value of H2. The resistance to knock of methane is maintained for small

amounts of hydrogen addition, which only deteriorates for significant con-

tents Karim et al. [119]. In Shrestha and Karim [129], Wang et al. [127] it

has been concluded that for the investigated lean conditions, a hydrogen

content in hydrogen-methane admixtures within 20 to 25 vol% by volume

yields an optimum in terms of power gain and knock avoidance, wheras

Dimopoulos et al. [128] stated that additional gains in efficiency are not

likely above 15 vol% for the examined low load conditions. More recently,

measurements within an optically accessible DI SI engine were presented in

Di Iorio et al. [130]. The results were in line with the previous observations

and the optical data evidenced an increase in the flame propagation speed

along with a more uniform propagation.

Cycle-to-cycle variations (CCV) of the combustion process, characterized
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by the coefficient of variance of the indicated mean effective pressure COVIMEP,

are affected by hydrogen addition. In Ma et al. [131], Wang et al. [132] it

was shown that hydrogen addition leads to a decrease of COVIMEP for all

spark timings retarded from maximum break torque timing (MBT). The

beneficial effect of hydrogen on the CCV was found to be larger for higher

engine speeds. A decreasing dispersion of the heat release rate for increas-

ing hydrogen addition has been shown in Reyes et al. [133]. While higher

EGR ratios lead to higher cyclic fluctuations, Huang et al. [134] showed

the potential of hydrogen addition to decrease the fluctuations such that

the operational EGR limits can be extended.

Whereas experimental research of hydrogen-methane fueled SI engines is

quite vast, CFD investigations within SI engine geometries are only sparsely

found. A combustion model in the RANS context has been proposed

in Rakopoulos et al. [135] for pure hydrogen combustion within SI en-

gines and consecutively extended for hydrogen-methane admixtures in Kos-

madakis et al. [136, 137]. The combustion model relies on a turbulent flame

speed closure, proposed by Zimont, Lipatnikov and Chomiak Zimont et al.

[138], Lipatnikov and Chomiak [139], Zimont [140]. The laminar flame

speed of the fuel blend is calculated based on Le Chatelier’s rule, for which

correlations for pure methane and hydrogen, proposed by Ouimette and

Seers [141] and Gerke et al. [142], respectively, are used. A good agreement

with the experimental data has been shown for the considered hydrogen

content of 10 and 30 vol%.
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2.4 Conclusion

While lot of effort has been devoted to RANS modelling of premixed com-

bustion historically, LES arose as a tool to investigate flow and the com-

bustion within IC engines only in the past decade due to additionally made

available resources. Whereas RANS models represent phase averaged quan-

tities which can be directly compared to averaged experimental data, the

validation of LES which predicts instantaneous flow fields and hence indi-

viduals cycles is not as straight forward based on available experimental

data. This is also reflected in the majority of available combustion models

for LES which are mainly derivatives of existing RANS models rather than

independent novel developments in the IC engine context.

A lot of efforts have been made on the experimental side to investigate hy-

drogen addition to methane / air combustion in SI engines. Measurements

showed the potential of hydrogen addition to reduce the cyclic fluctuations

of the combustion process. While LES of multiple consecutive engine cy-

cles have been presented and discussed in literature, and the capability

of LES to reproduce cyclic variability of the combustion process has been

proven, the influence and modelling of hydrogen addition to methane-air

combustion at relatively low computational cost is yet open and will be

addressed in the remainder of this thesis.



Chapter 3

Methodology

In this chapter an overview is presented of the applied modelling framework

as well as the engine under investigation. The reader is kindly advised to

consider the corresponding publications for a more detailed description of

the individual modelling aspects.

3.1 Experimental Setup

The engine under investigation is a full metal single cylinder series produc-

tion type engine of 250 ccm displacement. Its typical application lies within

automotive range extenders for hybrid propulsion concepts as well as de-

centralized combined heat and power generation (CHP). It is mounted on

a test-bed allowing for the indication of the relative in-cylinder pressure as

well as the absolute intake and exhaust pressure at 0.2�CA intervals. The

relative in-cylinder pressure is pegged using the intake receiver pressure sig-

nal during the gas exchange bottom dead centre (BDC). Additionally, the

time averaged intake and exhaust temperature is recorded to provide suit-

able boundary conditions for the CFD. A fully variable engine control unit

(ECU) allows to skip the ignition of selected cycles. These non-reacting

cycles cater for the validation of the compression stroke and its associated

processes, i.e. wall heat transfer. Table 3.1 gives an overview of the engine

characteristics. For detailed information regarding the measurement chain,

the reader is referred to the respective Publication I, III, IV and V. Engine

measurements have been performed by Dr. Karel Steurs and Christian

Schürch.
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3.2 GT-Power model

A GT-Power model of the engine was set up and validated for methane

operation first in Mikail [143] and an a second step by the author of this

thesis for the considered hydrogen-methane admixtures. The model is used

to perform a three pressure analysis to derive heat release rates based on

the indicated in-cylinder pressure and intake and exhaust port pressure.

Additionally, the model provides crank angle resolved temperature evolu-

tions at the intake and exhaust boundaries based on the measured time

averaged data. A Woschni model has been calibrated to estimate the wall

heat losses. Based on the indicated in-cylinder pressure and estimated wall

heat losses, the chemical heat release rate is calculated. Then, in a back-

wards step the lower heating value (LHV) is multiplied by a coefficient to

attain the measured pressure for the given heat release rate. Values for

this LHV multiplier close to 1, typically between 0.95 and 1.05, indicate a

good performing thermodynamic calibration of the 1-D model, which has

been achieved for all operating points under considerations.

Table 3.1: Swiss Auto 250ccm single cylinder engine speci�cation.

Parameter Unit Value

Number of Cylinders 1

Bore mm 75

Stroke mm 56

Compression Ratio 12.5

Speed Range rpm 1000-6000

Number of valves/cylinder 4

Maximum in-cylinder pressure bar 80

Injection Port fuel injection (PFI)

Combustion initiation Spark Ignition

Spark plug J-type, centrally mounted
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3.3 Simulation framework

Throughout this work, the finite-volume flow field solver StarCD, licensed

by Siemens PLM has been employed. It allows for the simulation of the

time variant cylinder geometry by applying cell deformation as well as cell

layer addition and removal of the unstructured grid. The es-ICE plugin

facilitates the mesh generation as well as piston and valve motion. If not

stated differently, the convective terms are discretized by the monotonic

advection-reconstruction scheme (MARS). A quasi-second order Euler im-

plicit scheme is used for time integration and pressure-velocity coupling is

achieved by the PISO algorithm.

3.4 Boundary conditions

At the inlet and outlet the measured phase averaged crank angle resolved

static pressure is imposed. Additionally, under inflow conditions, the phase

averaged crank angle resolved temperature, which is taken from the GT-

Power analysis is imposed along the scalar composition referring to the

individual fresh gas composition for the fuel under investigation. In the

case of LES, the same ensemble averaged boundary conditions are applied

as for the RANS, hence no perturbation of the boundaries is performed.

The wall temperatures are assumed to be constant over the cycle and have

been derived based on empirical correlations in function of the engine load

and speed as well as the measured coolant temperature.

3.5 Turbulence model

In the course of this thesis, both, RANS and LES have been performed.

In the case of RANS, the Reynolds stress tensor needs to be closed by a

suitable turbulence model. In this work, the eddy viscosity, two equation

type RNG k�" model has been adopted. It is based upon Yakhot and

Orszag [144] and its implementation following Yakhot et al. [25]. Whereas

the originally proposed model does not account for compressibility effects,

the implementation within StarCD considers additionally such effects in

the following equations for the turbulent kinetic energy k 3.1 as well as its

dissipation " 3.2:
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The values of the model coefficients appearing in Equation 3.1 and 3.2

are indicated in Table 3.2. The values have not been adjusted in order to

calibrate the flow field as it is typically done for spray combustion, but

have been kept to their recommended defaults.

Table 3.2: Constants for the RNG k�� model.

C� �k �" �h �m C"1 C"2 C"3 C"4 � E �0 �

0.085 0.719 0.719 0.9 0.9 1.42 1.68 1.42 -0.387 0.4 9.0 4.38 0.012
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In the LES context, the subgrid stress tensor �SGS;ij needs to be closed

by a subgrid model. In this work, the k-Equation model has been chosen.

It introduces an additional transport equation for the subgrid turbulent

kinetic energy kSGS, departing from local equilibrium assumptions as rec-

ommended by Speziale [34].

@�̄kSGS
@t

+
@�̄hujikSGS

@xj
=

� �SGS;ijhSiji � C1�̄
k

3=2
SGS

∆
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@

@xj

�
C2�̄∆k

1=2
SGS

@kSGS
@xj

�
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Based upon the subgrid turbulent kinetic energy kSGS, the subgrid stress

tensor �SGS;ij is closed by a Boussinesq assumption:

�SGS;ij = �2�thSiji+ �ij
2

3
kSGS (3.7)

with the turbulent viscosity

�t = C2∆
p
kSGS (3.8)

The model constants C1 and C2 stem from turbulence theory and are set

equal to 1 and 0.05, respectively and in analogy to the RANS modeling

approach are kept constant and not adjusted from their recommended de-

faults.

This model choice is motivated by the recommendation by Rutland [28],

as the transport equation 3.6 is thought to consider more physical effects

than algebraic closures such as the classical Smagorinsky model [30]. An

additional benefit by using the k-Equation model can be found for reactive

cases where the subgrid turbulent kinetic energy kSGS is a key quantity for

the combustion modeling on the subgrid scales. In this instance, kSGS is

directly available from the solution of Equation 3.6, whereas for algebraic

models kSGS needs to be modeled based upon a suitable correlation with

�t.
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3.6 Combustion model

For this work, the G-Equation model is adopted which is a level set tracking

method. The arbitrary field scalar G takes the form of a signed distance

function outside of the flame and represents the flame front at the iso-

surface G = G0 for which a transport equation is solved. Following Peters

[29] for RANS, the Favre mean G̃ can be written as:

�̄
@G̃

@t
+ �̄ũ � rG̃ = �̄sT

���rG̃
���� �̄Dt�̃

���rG̃
��� (3.9)

The second term appearing on the RHS of Equation 3.9 represents stretch

effects on the mean flame front. The mean curvature �̃ is related to G̃ by

its second spatial derivative which poses numerical challenges and hence

has been neglected in the considered implementation within StarCD. The

curvature term is significant only for small flame radii, i.e. the early com-

bustion phase as the curvature �̃ monotonically decreases for larger radii.

For the early phase an additional treatment is introduce, cf. below subsec-

tion 3.6.3.

The progress variable c̃ is modeled based on an algebraic relationship con-

sidering the turbulent flame brush thickness lT;f and distance to the mean

flame front, characterized by G̃:

c = a3

"
erf

 
a1G̃

lT;f � a2

!
+ 1

#
(3.10)

Here, a1, a2 and a3 are model constants taking values of 1.9, 0.9 and 0.5.

The value of 0.9 for a2 ensures that the G̃ = G0 iso-surface is positioned

at c̃ = 0:1 and hence within the unburned side.

The turbulent flame brush thickness lT;f is evaluated using the algebraic

closure Equation 3.11 based on the variance G̃00 for which an additional

transport equation is solved.

lT;f =

p
G̃00���rG̃
���

(3.11)
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3.6.1 Laminar flame speed

In order to quantify the influence of hydrogen addition to methane - air

flames, laminar flame properties, namely unstretched flame speed s0
L and

thickness �0
L have been tabulated. The tabulation allows to offload the

computationally expensive and repetitive solution of the detailed chemical

kinetics to an upstream process. Hence, the CFD code experiences virtu-

ally no penalty during runtime. 1D simulations have been performed using

the chemical kinetics solver Cantera [145] to tabulate flamelets. For the

detailed chemical kinetics, the GRI 3.0 mechanism [113] has been used as

its applicability to predict laminar burning speeds for methane-hydrogen

admixtures has been confirmed by [114, 105, 110, 112] and offers a viable

compromise between accuracy and computational cost when considering

the large range of states seen in IC engines that need to be tabulated. Pa-

rameters upon which the laminar flame speed depends can be summarized

in two categories: 1) thermodynamic state, i.e. pressure p and unburned

temperature Tu and 2) mixture composition, i.e. air-to-fuel ratio �, volume

fraction residual gas xigr and hydrogen addition xf;H2
. The range and num-

ber of discretisation points of these independent variables can be found in

Table 3.3, totalling in roughly 50’000 flamelets whose computational solu-

tion takes roughly 8 hours on 24 CPUs. As the air-to-fuel ratio � is held

constant by a lambda-controller at stoichiometry and at � = 1:4, and three

fixed hydrogen additions are considered, the discretisation in these quan-

tities is relaxed to 2 and 3, respectively. During the CFD simulation, the

laminar flame speed for each cell is found for the corresponding p, Tu and

xigr based on the tabulated data using a multivariate interpolation [146]

which recovers the exact solution at the discretisation points.

Table 3.3: Range and discretisation of the laminar 
ame table.

Variable Range Unit Points

p 3-80 [bar] 23

Tu 400-1000 [K] 31

� 1-1.4 [-] 2

xf;H2 0-50 [-] 3

xigr 0-0.1 [-] 11
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3.6.2 Turbulent flame speed

As it can be seen in Equation 3.9, the transport equation for G̃, needs to

be closed in terms of the turbulent flame speed sT appearing on the RHS.

Here, a simple model following the approach proposed by Damköhler [49],

is adopted. It has been shown in [90], that in order to account for different

predictions of turbulence levels for different turbulence models, a coefficient

is necessary to weight the influence of the turbulent fluctuation speed u’

irrespective of the turbulent flame speed closure. In the adopted closure,

the coefficient A is used to tune sT in the following form:

sT
s0
L

=

"
1 + A

�
u0

s0
L

�5=6
#

(3.12)

For LES, u0 appearing in Equation 3.12 is set equal to u0sgs which is evalu-

ated according to u0sgs =
p

2=3ksgs. Therefore, A must be different between

LES and RANS.

An alternative closure for the turbulent flame speed in the RANS context

has been investigated in this work in the form of the closer by Kolla [64, 89].

Starting from an algebraic model for the scalar dissipation rate of the

progress variable c, a KPP analysis is employed in order to derive a physical

sound model for sT :
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with the turbulence model constant C�=0.09 and Cm typically 0.7. Cur-

vature effects are accounted for by �0 which is fuel dependent and can

be taken as 6.7 for most hydrocarbons. Dilatation is considered by K�c
and the heat release parameter � , which are weakly dependent on the

fuel and take values of K�c =� w 0.8-0.9. C3 and C4 introduce turbulent

strain and scalar gradient effects expressed by the Karlovitz number Ka:

C3 = 1:5
p
Ka=(1 +

p
Ka) and C4 = 1:1(1 +Ka)�0:4. Hence, it can be seen

that the only free variables are the turbulent fluctuation speed u0 and the

integral length scale ‘ as well as the laminar flame speed s0
L and thickness

�0
L.
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3.6.3 Ingnition and early flame phase treatment

A energy deposition model is adopted in order to initiate the combustion.

A flame kernel of an initial radius of r0
f=0.5mm is initialised within the

electrode gap of the spark plug at spark timing with no additional delay.

Within the context of Publication IV, the transition during the early flame

phase from a laminar to fully developed turbulent flame is modeled as a

function of a mean equivalent flame radius rf;eq using a Wiebe function:

sT (rf;eq) =

sL +

8
<
:1� exp

2
4�a

 
rf;eq � r0

f

rf;crit � r0
f

!mT +1
3
5
9
=
;
�
s0
T � sL

�
(3.14)

With a value of 6.908 for the constant a, the modified turbulent flame speed

is equal to sL at rf;eq = rf;0 and increases monotonically until a value of

s0
T is reached for rf;eq = rf;crit. The form parameter mT characterizes the

shape of the transition from sL to s0
T . Figure 3.1 illustrates the transition

from laminar to fully turbulent flame speed for different form parameters

mT , which has been fixed at a value of 2.

The mean equivalent flame radius rf;eq is found by assuming a spherically

expanding flame during the transition phase. This allows to define the

equivalent flame radius by the burned volume rf;eq =
�

3
4�Vb

�1=3
and Vb =P

i Vici the progress variable weighted sum of cell volumes.

Yu et al. [147] successfully used a similar approach to describe the transi-

tion from laminar to fully developed turbulent flame within an SI engine.

There, the transition is based upon a hyperbolic tangent function instead

of a Wiebe function. The critical radius for a flame to become fully de-

veloped turbulent has been defined as a multiple of the Gibson scale ‘G
Equation 3.15 which defines the smallest eddy size that interacts with the

flame front locally [148].

‘G = ∆

�
s0
L

u0sgs

�3

(3.15)
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Figure 3.1: Transition from laminar to fully turbulent flame speed for different form

parameters.

3.6.4 Wall effects

Due to the geometrical confinement, the flame propagation in IC-engines

is typically influenced by the interaction with the surrounding walls. The

walls lead to significant heat transfer, the so called wall heat losses, due

to the large temperature gradient between the walls and the gas phase.

Although a grid refinement of 200 �m is introduced at the walls for this

work, the boundary layer thickness is not sufficiently resolved and hence

wall models have to be used for a proper description of the wall heat

flux. Existing law-of-the-wall models have been derived for steady, non-

reactive quasi-isothermal boundary layers which is not applicable for IC-

engine flows. This has been highlighted using recently made available DNS

data of engine like flows in Mandanis et al. [149]. In this thesis, the wall

model modified for IC-engines by Angelberger et al. [150] has been adopted,

which is thought to be better fitting for IC-engine flows than the classical

law-of-the-wall approaches.

Next to the aforementioned heat losses, the walls locally influence turbu-

lence and chemistry, affecting the progression of the flame front, which has

to be taken into account for a correct prediction of the global heat release

rate (HRR). In order to do so, these effects have have been lumped into a

transition of the turbulent flame speed towards the laminar flame speed in

the context of Publication IV and V. This is in analogy to the proposed

simplified transition of the early flame. Similar considerations have been

put forward by Xu et al. [151]. Here, the flame speed is scaled in depen-

dence of the proximity to the closest wall following a Wiebe function:
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sT (∆xwall) =

sL +
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1� exp
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∆xwall;crit
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s0
T � sL

�
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∆xwall is the distance to the closest wall and ∆xwall;crit indicates the min-

imum distance for a wall to have an impact on the flame speed and mW

the form parameter which has been set equal to 2 as for the early flame

model. The critical wall distance ∆xwall;crit is modelled as a function of

local turbulence quantities as suggested by [152]:

∆xwall;crit = fq

�
11:5�l

C0:25
� ��0:5

�
(3.17)

With �l the molecular viscosity and C�=0.09 a constant arising from tur-

bulence modelling and the coefficient fq which allows the scaling of the

critical wall distance. Here, fq has been fixed at a value of 15.

The resulting critical wall distance ∆xwall;crit is of the same order of mag-

nitude as the integral length scale ‘: O(1 mm). Taking a closer look at

the flame front close to the walls the ratio ∆xwall;crit=‘ evaluates to � 0:5.

This is in line with the observations put forward in Foucher and Mounaim-

Rousselle [153] where an influence of the wall on the burning rate was

reported for distances from the wall up to half the integral length scale ‘.





Chapter 4

Contribution

In this chapter the contribution of this work is highlighted and the indi-

vidual aspects of the included publications are discussed in the broader

context of this thesis. This is done by following the pathway of increasing

complexity towards the stated objective of simulating the effect of hydrogen

addition on the cyclic variability of the combustion process. Fundamen-

tal considerations of quantities to be compared between experiment and

simulation are presented first. Consequently, the G-Equation framework

assessed based on the mean cycle using RANS and mono component fuels.

The applicability of the G-Equation to LES is demonstrated for a generic

engine like geometry based on the comparison with available DNS data.

The capability to reproduce CCV of the combustion process is then proven

based on LES of a mono component fuel. The influence of hydrogen ad-

dition is then investigated starting with the mean cycle using RANS and

finally its impact on the cyclic variability is shown in the LES context.

If not stated differently, the performed RANS and LES simulations have

been performed by the author of this thesis, whereas all of the engine

measurements have been conducted by K. Steurs and Ch. Schürch which

is gratefully acknowledged here.
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4.1 Comparability of measurements and nu-

merical prediction

The engine under investigation is a production type full metal engine with

no optical access. This limits the available in-cylinder quantities for valida-

tion purposes, as the validation has to rely upon the indicated in-cylinder

pressure. On the other hand, this setup allows to perform measurements

at elevated levels of pressure, temperature and moreover turbulence levels

and assures the possibility to record a significant number of cycles for the

purpose of statistical analysis. In Publication IV the necessity to match

the wall heat losses of the CFD simulation with the 1-D model that is used

for the derivation of heat release rates (HRR) based on the measured in-

cylinder pressure has been mentioned. If the wall heat losses between CFD

and measurement post processing do not agree with each other sufficiently

well, a matching of both, the in-cylinder pressure and HRR between exper-

iment and simulation is not possible or a comparison not meaningful. As

a consequence, the wall heat losses in the CFD stemming from commonly

used wall models in the IC engine context have been scaled to achieve

comparable wall heat losses between experiment and simulation.

4.2 Publication I: RANS of the mean cycle

for methane chemistry

In Publication I two fundamentally different IC engines have been con-

sidered. Next to the small SI engine of this work, operated at the time

with port injected gasoline at stoichiometric conditions, a large-bore lean

operated research engine is additionally investigated. The laminar flame

speeds have been tabulated for both fuels and two flame speed closures

have been adopted. Two different RANS turbulence models (k � " RNG

and k � !HR) have been compared. A sweep in engine speed has been

performed in order to assess the robustness of the G-Equation framework.
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4.2.1 Turbulent flame speed closure

The Damköhler model [49] has been considered as a simple reference model

against which the more recently developed closure by Kolla et al. [64, 89]

has been compared. The closure by Kolla is derived based on physical

considerations and does not include any adjustable coefficients. The ap-

plication of this model to the IC engines under consideration showed that

only introducing a scaling coefficient of the integral length scale appearing

in the Kolla closure led to reasonable predictions of the flame propagation.

This weighting coefficient fKo may be considered to be in analogy of the

A coefficient appearing in the Damköhler model.

In a first step, the coefficients appearing in the flame speed closures have

been calibrated for the reference point of the individual engine in order

to match the overall in-cylinder pressure evolution. Although the engines

under consideration are fundamentally different, not only in their geometry

but also in the used fuel, the resulting coefficients were found to be almost

identical for the Damköhler model and comparable for the Kolla closure.

In a second step an operating point at increased turning speed and fixed

load has been investigated in order to probe the predictive capabilities and

robustness of the closures against changing turbulence levels for a fixed

calibration. While for the large-bore engine satisfactory results have been

obtained using the Damköhler model, the Kolla closure led to significant

improvements within the small engine.

It has been argumented that these improvements arise due to the additional

consideration of the integral length scale within the Kolla model, whereas

the Damköhler model, due to its simplified character, relies only on infor-

mation of the turbulent fluctuation speed. In fact, the evolution of the

flame front within the Borghi diagram, cf Figure 4.1, showed a large vari-

ability throughout the combustion process in the length scale ratio between

flow and chemistry, lI=�L. This evolution is non-monotonic and showed a

peak around 50% overall combustion progress. As a consequence of the

Kolla model predicted different flame speeds than the Damköhler model

for the same velocity scale ratio, leading to a overall slower flame prop-

agation during the early and late combustion phase which lead to better

agreement with the experimental data.
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Figure 4.1: Borghi diagram indicating the evolution throughout the combustion process

for the small and large engine at the reference and elevated turning speed using the

Damköhler closure.

4.2.2 Impact of turbulence model

The prediction of the turbulence quantities changed when moving from the

k! to the k" model. As a consequence, the models had to be recalibrated

in order to obtain agreement with the experiment. The observed depen-

dency of the predicted turbulent quantities on the used turbulence model

justifies and demonstrates the necessity of having an adjustable coefficient

in the flame speed closure which adjusts the predicted turbulent quantities

in order to decouple effects stemming from turbulence model imperfec-

tions from the combustion modelling when dealing with simulations of IC

engines.
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4.3 Publication II: Assessment of LES com-

bustion models based on DNS data

The validation of LES models is inherently different to the one performed in

the RANS context. RANS simulations solve for temporal averaged quan-

tities, allowing them to be compared directly to the typically averaged

experimental data. On the other hand, LES represents a individual reali-

sation of a stochastic process. As a consequence, LES usually relies upon

statistical assessments. In the case of IC engines, every individual engine

cycle is characterized by a turbulent flow field at every time instant in the

engine cycle that may be different to the preceding cycle. The interaction

of the flame front with the surrounding varying flow field leads ultimately

to the observed fluctuations of the combustion progress. This makes in-

dividual realisations of the engine cycle not directly comparable between

experiment and numerical prediction. Only the ensemble averaging over a

sufficient number of cycles, typically in the range of 20-50 cycles, leads to a

comparability of first and second order moments. However, this approach

comes at high computational cost and increases the effort for parameter

studies substantially.

Another difficulty arises when trying to assess certain aspects of combus-

tion models, as combustion typically consists of a multitude of phenomena

whose decoupling is non-trivial in IC engines. In premixed combustion,

small deviations during the early phase accumulate throughout the whole

combustion event. This renders the result of numeric predictions sensitive

towards uncertainties about the onset of combustion. Modelling errors of

the combustion initiation may take a dominating role making it difficult

to assess the model quality regarding the later combustion phase.

An attempt has been made in Publication II to address these issues by

making use of recently made available DNS data [69]. There, DNS has

been performed of lean premixed syngas combustion within a cylindrical

geometry that resembles the combustion chamber of an IC engine close

to TDC. The DNS has been performed for three distinct initial turbulent

fields, characterized by different turbulence intensities for a constant inte-

gral length scale, referred to low, reference and high. Combustion has been

initiated by placing a hot kernel of burned products in the centre problem

geometry. The turbulent flow field at onset of combustion has then been

filtered on the LES grid to attain information of filtered velocity, pressure,
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Figure 4.2: Filtered initial field, hot flame kernel indicated by red sphere.

temperature and species fields. The LES is then initialised based upon

the filtered quantities, as it is illustrated in Figure 4.2. This results in the

reproduction of identical realisations of the turbulent flow field at com-

bustion onset, allowing for a direct comparability between DNS and LES.

Due to the placement of a hot kernel, modelling errors of the ignition due

to spark ignition are removed. The same chemical kinetic mechanism has

been used in the LES for the tabulation of flame properties as it has been

used in the DNS. This negates any errors stemming from uncertainties in

the description of the laminar flame, such that differences may only arise

due to the different turbulent combustion models and their closures.

Along with the G-Equation, the predictive capabilities of the novel LES-

CMC premixed combustion model, which does not contain any tuning pa-

rameters, have been assessed by comparing the predictions with the DNS

data. The LES-CMC showed good agreement with the DNS in terms of

HRR evolution as it can be seen in Figure 4.3. The coefficient A appearing

in the Damköhler closure for the G-Equation has been adjusted to repro-

duce the HRR evolution of the reference turbulent intensity. The prediction

for the low and high intensity case showed good agreement with the DNS,

although the spread in HRR evolution between the two conditions has been

underpredicted. The resulting value for A was found to be considerably

low compared to previous works. Plotting the three operating points, us-

ing quantities of the LES at onset of combustion in the regime diagram

for LES, as seen in Figure 4.4, reveals that the low intensity case is placed
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Figure 4.3: HRR for the turbulence intensity sweep (∆ high, O ref, r low) at 1 atm

initial pressure.

within the laminar flamelets regime, whereas the higher intensity cases are

positioned within thin reaction zone. Yet, considerably large parts of the

flame were resolved on the grid. This is also attributed to the nature of the

available DNS, which has been initialised at engine relevant temperatures

of 820 K, but at a pressure of 1 atm in order to fully resolve the flame at

feasible computational cost.

In order to test the G-Equation at resolved fractions of the flame that are

more representative for typical IC engine applications, the limitations of

the DNS were overcome by using the same initial fields but by increasing

the pressure to 10 and 20 atm. As DNS at these conditions is not feasible

as of now, the prediction of LES-CMC has been considered as a reference

for the G-Equation. Going towards 10 atm, the A coefficient had do be

recalibrated for the reference case. The predictions for the low and high in-

tensity case were in agreement with the LES-CMC, whereas the agreement

deterioriated to some extent when moving to 20 atm without recalibration

in particular for the low and reference intensity as it is evident in Figure 4.5

Overall, this investigation confirmed the capability of the G-Equation in

combination with the Damköhler model to reasonably well reproduce the

premixed flame propagation at engine relevant conditions in terms of tur-

bulence intensity, pressure and temperature. Whereas the novel LES-

CMC model showed better agreement with the available DNS data for

the sweep in turbulence intensity, correlating to a sweep in engine speed,
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Figure 4.4: Regime diagram for LES after Pitsch, indicating the available DNS data at

1 atm as well as a sweep towards higher pressures based on the LES models.
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Figure 4.5: HRR for the turbulence intensity sweep at 10 atm (left) and 20 atm (right).
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the G-Equation came at roughly a third of the computational cost. This

highlights the potential and applicability of the chosen LES G-Equation

approach towards multi-cycle analysis, where a significant number of pre-

dicted cycles at affordable computational cost is crucial. On the other

hand, LES-CMC takes the role of a high-fidelity model with excellent pre-

dictive capabilities. This work also illustrated the potential of emerging

reactive DNS in the context of LES model assessment for IC engines.

4.4 Publication III: Cyclic variability of the

combustion process for a single compo-

nent fuel

In order to reasonably predict cyclic variability of the combustion process,

the simulation framework is challenged in the following aspects: 1) the

turbulence model along with the numerical methods have to reproduce the

cyclic variability of the turbulent flow field towards spark timing and 2) the

interaction between the flame and surrounding flow field have to be reason-

ably well described by the combustion model in terms of the resolved as well

as unresolved scales. Whereas in Publication II the G-Equation showed the

capability to reasonably predict the combustion progress based on a single

realisation, the interplay between fluctuating flow field and combustion has

been addressed in Publication III. Based on the same dataset used in Pub-

lication I, a multi-cycle LES of the small SI engine operated with gasoline

has been conducted for a fixed operating point at 3000 rpm close to full

load. No particular additional modelling efforts have been undertaken in

order to serve as a baseline from where necessary improvements may be

assessed. The pressure and temperature boundary conditions at the in-

let and outlet were set equal to the phase averaged crank angle resolved

data from the experiment. Hence, no external perturbation is performed

and the observed fluctuations are directly related to turbulent fluctuation

arising from within the system, namely the flow across the intake valve

and consecutive tumble generation whose decay towards TDC result to a

highly three-dimensional turbulent motion.

The resolved turbulent motion leads to a wrinkling of the flame front, as

depicted in 4.6, whose increased area compared with the RANS solution

would lead to a faster overall flame propagation for the same turbulent
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Figure 4.6: Flame front coloured by the turbulent kinetic subgrid energy for a fast (left),

average (centre) and slow (right) burning cycle at TDC.

flame speed. This is effect is counterbalanced by the fact that only a frac-

tion of the total turbulent kinetic energy resides on the subgrid scales, with

which the Damköhler closure scales. However, as it also has been shown

in [154], the increase in flame area and decrease in considered turbulent

kinetic energy, when compared to RANS, is imbalanced, such that the

flame speed coefficient A has to be increased in order to match the phase

averaged cycle in the LES.

Different meshing strategies have been explored with the possibility of low-

ering the overall computational cost in mind. In doing so, a mesh resolution

of 1.2 mm in the bulk, which corresponds to a coarse resolution, has been

compared to a grid with a local refinement around the spark plug as well

as a globally refined grid of 0.6 mm. For these meshes, the symmetric

nature of the engine under consideration has been leveraged by applying

a symmetry boundary and using a half-cylinder model as it is commonly

done within RANS simulations. This approach has been motivated by

the potential reduction in computational cost, although this is somewhat

questionable as it defies the three-dimensional character of the turbulence

in the LES context. Hence, an additional full cylinder grid at the base

resolution has been considered. In Figure 4.7 the phase averaged as well

as the envelope of the pressure trace is indicated for all considered mesh

configurations. The different resolutions lead to slightly different mean

pressure evolutions due to changing subgrid turbulence kinetic energy and

a constant coefficient A, but the predicted bandwidth of pressure flucatua-
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Figure 4.7: Phase average (solid) and envelope (dashed) of the pressure trace, experi-

ment 144 cycles (left), simulation up to 45 cycles (right).

tions remained widely unaffected and in good agreement with the observed

experimental observations.

Exploring the behaviour of the CCV of the pressure trace, a strong cor-

relation between the observed peak pressure and phasing of 50% burned

mass fraction (CA50) has been found in the experiment as well as the

simulation. This correlation held also for the peak pressure and CA02,

the phasing of 2% mass burned as seen in Figure 4.8, which illustrates

the importance of the early combustion phase w.r.t. CCV of the pressure

trace. Consecutively, the spatially highly resolved data from the CFD has

been used to explore possible correlations of fluctuating quantities around

the spark plug and the turbulent flame speed in order to identify the main

contributors to the observed fluctuations. While fluctuations of the local

residual concentration and associated temperature lead to pertubation of

the local laminar flame speed, their magnitude was irrelevant to the per-

tubation of the turbulent flame speed caused by local fluctuations of the

turbulent subgrid kinetic energy.

This work showed the potential of the G-Equation to reasonably predict

the bandwidth of the pressure fluctuations, as the tuning of the flame

speed coefficient A is based only on the phase averaged cycle, whereas

no direct tuning possibilities are present for the fluctuation bandwidth.

Moreover, the predicted pressure fluctuations have been rather stable for

different mesh resolutions. The employed coarse half-cylinder mesh came

at computational cost of 300 CPUh/cycle, allowing the compuatation of

an engine cycle within 12 hours on 24 cores. The importance of the early
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Figure 4.8: Correlation of the observed peak pressure with the phasing of 2% mass

burned.

flame phase (CA02) considering CCV has been highlighted. The observed

overprediction of the early HRR motivates the adoption of a suitable early

phase treatment that respects the development of the flame from laminar

towards fully turbulent burning conditions.

4.5 Publication IV & V: Effect of hydrogen

addition

Motivated by the previously presented results of the modelling frame-

work in Publication I-III, an attempt at considering hydrogen addition

to methane has been performed. Using the same small SI engine from the

previous works, modifications of the experimental apparatus have been con-

ducted in order for the engine be operated at various methane-hydrogen

admixtures for stoichiometric and lean conditions. The laminar flame speed

of the previously used gasoline has been modelled making use of a laminar

flame speed correlation proposed by Gülder. In order to better account

for the hydrogen effects, extensive tabulation of laminar flame properties

have been performed for a wide range in pressure, temperature, equiva-

lence ratio and residual concentration using the GRI 3.0 mechanism and

Cantera.

In the following, Publication IV highlights additional modifications of the
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modelling framework in terms of a simplified early flame treatment and

considered wall effects in the RANS context to probe the capability of

the modelling assumptions of reproducing the mean cycle. Publication V

investigates then the cyclic variability under hydrogen influence using the

developed model.

4.5.1 Publication IV: Mean cycle

In Publication IV attempts have been undertaken in order to improve the

previously presented framework. The importance of the early flame stage

has been highlighted in Publication III, whereas the early HRR is generally

overpredicted by the LES compared to the experiment. This can be at-

tributed to the fact that so far, no dedicated early flame propagation model

has been considered. The flame front is propagating at a fully developed

turbulent burning speed right after the energy deposition, whereas in liter-

ature a transition from laminar towards fully turbulent flame speeds have

been reported. This behaviour can be explained using arguments from [49],

where turbulent eddies leave the flame structure unaffected if the length

scale of the eddies is not small enough to penetrate the flame and therefore

they act as convective kinematics on the flame surface. Only when the

flame takes a certain size in relation to the turbulent eddies, turbulence

affects the burning speed through modification of the flame surface, but

this is a gradually developing process. Here, a simplified model has been

proposed. The turbulent flame speed sT for flame radii rf smaller than a

critical radius rf;crit is scaled, such that a monotonic transition is achieved

from laminar towards the fully developed turbulent flame speed using a

Wiebe type function [155]. Since the critical radius is unknown a-priori,

this parameter has been varied in a small range from 2-3 mm as indicated

in Figure 4.9 (left). As a comparison, [156] used a constant radius of 4 mm

for an instantaneous switch from laminar to turbulent conditions. The

overall combustion progress showed to be considerably sensitive towards

the value of rf;crit, confirming again the strong sensitivity to the early

combustion phasing. Overall, the adopted early phase treatment showed

significant improvement w.r.t. the early HRR. Additional modelling has

been performed in order to lump wall effects into a second Wiebe type

transition. There, the flame speed is scaled towards laminar speeds if the

flame comes within a critical distance to the walls. The combination of
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Figure 4.9: Sensitivity towards the critical flame radius rf;crit without wall effects (left)

and towards A coefficient (right) including early phase treatment and wall flame interac-

tion for the reference point. In-cylinder pressure evolution (top) and HRR (bottom)

both models yielded excellent agreement with the measurement for the

reference operating point at stoichiometric conditions for pure methane as

evidenced in Figure 4.9 (left), which indicates the sensitivity towards A

when considering early phase and wall treatment.

The early phase model and wall effects model were not adjusted when

performing a sweep in hydrogen content for 25 and 50 vol% H2. In contrast

to the observations of [109], where the ratio of sT=sL was unaffected by

the hydrogen content for stoichiometric mixtures, the ratio of sT=sL had

to be slightly increased by increasing the A coefficient of the Damköhler

closure for higher H2 amounts . After the recalibration of the Damköhler

model, excellent agreement with the measurement in terms of in-cylinder

pressure and HRR trace were attained which illustrated the robustness of

the simplified early flame treatment.

Considering the sweep in H2 fraction for the lean operation at � = 1:4,

the A coefficient had to be slightly adjusted, such that the A coefficient

now almost linearly scales with hydrogen content, which also lies somewhat
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Figure 4.10: Variation of the hydrogen content for stoichiometric operation and fixed

modelling parameters apart from the flame speed coefficient A. Hydrogen content within

the fuel of 25 vol% (left) and 50 vol% (right). Same reference early flame treatment and

flame wall interaction.

in line with [109] who found a dependency of sT=sL on hydrogen content

for lean mixtures. The early flame treatment and wall effect model were

again left unchanged and showed a good performance in reproducing the

experimental traces.

4.5.2 Publication V: Cyclic variability

Whereas Publication IV focused on the description and influence of hydro-

gen addition on the mean cycle using RANS, Publication V focuses on the

cycle-to-cycle variations (CCV) of the combustion process under hydrogen

addition using LES. There, the modelling approach which showed good

results in the RANS context was adopted to LES. A re-calibration of the

flame speed coefficient A was necessary in order to match the phase aver-

aged experimental pressure trace. This was expected as it has previously

been observed and discussed e.g. in Publication II and III and is related
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Figure 4.11: In-cyclinder pressure evolution (top) and heat release rate (bottom) for

stoichiometric operation of 0 vol% (left) and 50 vol% (centre) H2 addition. Lean operation

(�=1.4) of 50 vol% H2 addition (right). Phase averaged experimental trace black, envelope

gray based on 144 cycles. All simulated cycles indicated by phase average as well as

enveloped by min and max values for 40, 36 and 30 cycles from left to right.

to the fact that on one side finer resolution leads to a larger share of the

wrinkling to be resolved on the grid, whereas the subgrid turbulent kinetic

energy decreases for a smaller filter width. However, when compared to

RANS, these counteracting effects do not scale proportionally, such that

the value of A typically has to be increased, as it also has been shown in

e.g. [154] for LES vs RANS. Adopting the more recent closure by Pitsch

which follows a sound derivation in the LES context within an IC engine,

Zhao et al. [92] also had to increase the model constant b1 which reflects

the influence of the turbulent subgrid kinetic energy on the turbulent flame

speed.

After increasing A by roughly a factor of 2.5, the predicted phase av-

eraged in-cylinder pressure and HRR evolution were in good agreement

with the experiment as it has been reported by the RANS investigation in

Publication IV. Taking a look at the predicted bandwidth of the pressure

fluctuations, indicated in Figure 4.11 by the envelope, they are in line with

the fluctuations observed on the engine test bench for stoichiometric and

lean (�=1.4) operation. It is noteworthy, that while the phase averaged

pressure evolution is subject to the calibration process, no coefficients are

considered that would allow to directly adjust the fluctuations.

In order to better quantify the prediction quality of these bandwidths, the
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Figure 4.12: Evolution of the coefficient of variance (COV) of the simulated peak in–

cylinder pressure for the operating points under consideration. Numerical prediction solid

line, experiment indicated by symbol.

coefficient of variation (COV) of the peak pressure has been calculated for

an increasing number of cycles and compared against the measurement in

Figure 4.12. It can be seen that the COV becomes steady after roughly 25

cycles, indicating that the 30-40 computed cycles are sufficient for the as-

sessment based on this quantity. Moving from stoichiometric pure methane

operation (OP1, blue) to 50 vol% H2 (OP3, red), the COV is significantly

decreased, while moving to 50 vol% H2 lean operation (OP6, green) the

COV of the peak pressure rises again. This trend is reproduced by the

modelling framework, albeit a small consistent overprediction of the COV

can be observed.

In previous publications, a strong correlation between the early combustion

phasing and the resulting peak pressure has been reported. Here, the early

phasing is characterized by 0.1% total fuel mass conversion. A strong

correlation between this considerably early stage and the peak pressure

can be found as expected in Figure 4.13 for the present work as well.

The resolved large structures contribute to the wrinkling of the flame front

and therefore the increase of active flame front area. This can be illustrated

by sampling the flame front area for a fixed overall fuel mass fraction

burned. In Figure 4.14 the peak pressure has been related to the flame

front area. A correlation can be revealed between the peak pressure and

flame front area already at 0.005% fuell mass fraction burned (centre) -

which corresponds to an instance in time shortly after ignition timing.

Moving towards 5% fuell mass conversion (right), the reported correlation
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Figure 4.13: Correlation between the peak pressure and the phasing of 0.1% total fuel

mass conversion.
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Figure 4.14: Correlation between the peak pressure and the resolved flame front area

at 0.005% (centre) and 5% fuel mass fraction burned.

becomes stronger in terms of r2.



Chapter 5

Conclusion and outlook

5.1 Conclusion

The presented state of the art revealed that a lot of experimental work has

been devoted to the investigation of the potential of hydrogen addition to

methane within gas engines. One of the identified benefits of hydrogen ad-

dition is the extension of the lean operating and EGR limit, characterized

by a critical amount of cyclic variations of the combustion process. The

implementation of either of those technologies is necessary for the avoid-

ance of the reported increased NOx emissions stemming from the higher

combustion temperature when hydrogen is added. As a consequence, an

improved understanding and methods capable to predict cyclic fluctuations

of the combustion process is substantially beneficial to this technology in

particular, and for SI engines suffering from CCV in general.

For the numerical studies of CCV, LES takes a key role since RANS can

not realize single cycle predictions due to their time averaged character

whereas DNS is not capable in the foreseeable future to deal with full

engine cycle simulations as the high Reynolds numbers during the intake

stroke lead to barriers in terms of computational cost.

Rather than considering the exclusive use of LES, an attempt has been

made at elaborating the individual applicability of each type of simulation

and integrating them to the overall benefit of this work. The validation

of LES combustion models within IC engines has to typically rely on sta-

tistical assessments, here 30 cycles appear to be typically necessary, which

come at significantly increased computational cost and therefore reduced

flexibility in the adjustment of parameters. This issue has been addressed

by considering recently made available DNS data of premixed combustion
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within a engine-like geometry. Filtering the DNS data enabled the ini-

tialisation of the LES at identical conditions to the DNS, such that single

realisations can be compared. Any uncertainties are removed as the DNS

provides highly resolved information of all quantities of interest, which in

experiments typically can not be achieved. The limitation of the present

DNS of a rather broad flame thickness could be overcome by making use

of a novel, model-parameter free LES-CMC model that exhibited great

predictive capabilities in comparison to the DNS. The predictions of the

LES-CMC model enabled for the assessment of the LES G-Equation for

increased pressures and associated smaller share of resolved flame contribu-

tion. Whereas LES-CMC is not directly suited to the multi-cycle analysis

of the combustion process due to computational cost three times that of

the G-Equation model, its role as a highly predictive tool was illustrated.

On the other hand, RANS has been employed in order to assess the po-

tential of the chosen combustion modelling and in order to identify and

parametrize necessary submodels based on the facilitated comparability

of the RANS prediction with the ensemble averaged measurements. In

the course of calibrating the LES model the knowledge of mean quanti-

ties from the RANS, specifically of the turbulent kinetic energy, proved

to be helpful. The combination of various numerical methods within their

applicability significantly contributed to the assessment of the presented

modelling framework.

The assessment of two flame speed closures (Damköhler and Kolla) within

two different engines revealed a non negligible sensitivity of both flame

speed closures towards the different prediction of turbulent quantities for

the considered two RANS turbulence models. In order to overcome this,

the introduction of a scaling factor of the integral length scale in the Kolla

closure allowed a more robust model behaviour. It can be concluded that

due to uncertainties related to turbulence models in the IC engine context,

parameter adjustments within the combustion model are necessary in order

to account decouple errors arising from turbulence models from errors due

to imperfections in the combustion model.

The introduction of a model for the transition from laminar to fully devel-

oped turbulent burning speed revealed a considerable improvement in the

prediction of the in-cylinder pressure and HRR trace. After calibrating the

early flame model, the critical flame radius rf;crit was left unchanged and

was capable to reproduce the early flame phase for all of the hydrogen-
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methane admixtures under consideration for stoichiometric and lean con-

ditions.

Moving towards LES and considering gasoline operation, the LES G-Equation

was able to reproduce the bandwidth of the fluctuations of the in-cylinder

pressure trace. No modelling coefficients have been necessary for a good

prediction of the bandwidth, whereas the adoption of coarse resolved grids

in combination with a half-cylinder model, although questionable from a

turbulence perspective, resulted in comparatively low computational cost

while the agreement with the experimental CCV was maintained.

It has been noted that throughout the multi-cycle LES work no perturba-

tion of the boundary conditions has been performed. For all considered con-

figurations and computed cycles the corresponding phase averaged, crank

angle resolved measured pressure along with the temperature have been

imposed. Hence, the reported fluctuation of the velocity field leading ul-

timately to the fluctuation of the combustion process arise all within the

problem domain itself.

Taking hydrogen-methane admixtures into account, the improved mod-

elling considering a simplified transition towards a fully developed turbu-

lent flame as well as wall effects showed good agreement with the phase

averaged in-cylinder pressure and HRR evolution. The bandwidth of the

pressure and HRR fluctuation was in line with the bandwidth observed on

the engine test bench. Similar correlations as for iso-octane operation were

reported, illustrating the importance of the early flame phase on the result-

ing fluctuation of the peak pressure. A pronounced refinement around the

spark plug allows for the resolved scales to make a significant contribution

towards the CCV, as it has been shown when correlating the resolved flame

surface even for a very small combustion progress with the observed peak

pressure.

It can be concluded that the contributing factors w.r.t. cyclic variation of

the pressure trace appear to be sufficiently well captured within the pro-

posed modelling approach. This is confirmed by reproducing the trends

in the bandwidth of the pressure fluctuations when moving from pure

methane operation towards 50 vol% hydrogen addition as well as mov-

ing towards lean operation. Whereas the phase average cycle is directly

influenced by the calibration of the coefficient A, the modelling does not

need any adjustable coefficient that would directly act on the predicted

bandwidth of the pressure fluctuations.
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5.2 Outlook

The presented modelling framework may be easily extended towards differ-

ent fuels by making use of existing correlations for the laminar flame speed

or by tabulating laminar flames based on a suitable chemical mechanism,

which is facilitated by the incorporation of Cantera within a framework

dedicated to the generation and handling of such tables.

The considered approach is characterized by its simple and directly ac-

cessible submodels, incorporating moderate computational cost while still

capturing the necessary phenomena w.r.t. CCV of the combustion pro-

cess. As such, the framework shows a potential in the application within

an industrial context or for the efficient generation of a significant number

of consecutive engine cycles which may cater as initial conditions for DNS,

for which full engine cycles still remain prohibitive due to the associated

cost.

The conducted validation for hydrogen admixtures has been performed

based on a fixed engine geometry and selected number of operating points.

Throughout the LES investigations the engine rotational speed has been

kept constant, which leads to comparable turbulent fluctuation speeds at

ignition timing for the considered operating points. Whereas the turbu-

lence quantities have not directly been changed, hydrogen addition led to

changing laminar flame properties in terms of flame thickness and speed.

Hence, the characteristic length- and velocity ratios were affected as it has

been shown within the regime diagram, resulting in changing regimes at

ignition timing. Nevertheless, a more pronounced sweep in the velocity

scale ratio may be of interest w.r.t the predicted bandwidths of the fluc-

tuations. This is motivated by the reported increased sensitivity of the

COVIMEP towards hydrogen addition for higher engine speeds.

Recently, experimental efforts have been devoted to the generation of suit-

able reference data for the validation of LES models, as for example per-

formed in the Darmstadt engine project. Simulation work investigated

different numerical approaches as well as turbulence models for the cold

flow. Recalling the significant influence of the turbulence model for reac-

tive RANS simulations, future work may assess the influence of different

LES turbulence models on the predicted combustion process.

The IC engine process consists of a multitude of phenomena and interac-

tions among them. Throughout the course of this thesis the need to identify
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the relevant phenomena and to incorporate them as good as possible has

been proven to be crucial for the successful simulation of consecutive full

engine cycles. A relevant submodel can be found e.g. in the treatment of

the near wall flow and associated wall heat fluxes. It has been noted that

in order to achieve a comparability between measured in-cylinder pressure

traces and derived HRR and numerical predictions thereof the underlying

wall heat losses must agree between the two methods. In this work, the wall

heat flux in the CFD, predicted by commonly adopted models in the IC en-

gine context, has been scaled in order to match the wall heat flux on which

the post processing of the measured in-cylinder pressure is based upon. In

particular in the LES context, improvements in terms of appropriate mod-

elling of the near wall region appear to be a necessity. As illustrated and

mentioned in [149], the commonly used near wall models usually have been

derived and calibrated under the assumption of a steady planar flow. This

is in contradiction with the inherently unsteady 3-dimensional flow found

in IC engines. In [157] and [158] a contribution has been made towards a

possible improvement of the near wall modelling for IC engine simulations,

where the proposed approaches have been assessed in an engine-like geom-

etry and compared to DNS data. In the advent of emerging experimental

data considering the boundary layer evolution in the Darmstadt engine

setup [16], the proposed near wall treatment may be implemented in a full

engine cycle simulation in order to probe its applicability and potential

towards a facilitation of future reactive engine simulations.

A method has been presented based on available DNS data for the direct

comparability with LES of individual realisations rather than computing a

statistical significant number of cycles in order to compare phase averages

which are typically not available from DNS. The considered setup may

cater first as a future reference to be compared against and second the

highly resolved DNS data can be leveraged for the development of new

combustion models or flame speed closures. There, the DNS data filtered

on the LES grid may be used in an a-priori investigation of novel flame

speed closures and their calibration. This approach would eliminate any

uncertainties with respect to the boundary and initial conditions and would

allow to decouple individual aspects.
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Address Im Brächli 35, 8053 Zurich

Work Experience

Present Manager Global Application Engineering at

ABB Turbosystems LTD

2014 – 2018 Research and Teaching Assistant at the

Aerothermochemistry and Combustion Systems

Laboratory, D-MAVT, ETH Zurich

2013 Research Engineer (Internship) at

ABB Turbosystems LTD

2012 – 2013 Scientific Assistant at the Aerothermochemistry

and Combustion Systems Laboratory, D-MAVT,

ETH Zurich

2007 – 2008 Technician (Internship) at Alstom Power LTD



92 Curriculum Vitae

Education

2013 – 2018 Doctoral student at the Aerothermochemistry

and Combustion Systems Laboratory, D-MAVT,

ETH Zürich
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ETH Zürich

2002 – 2006 Grammar School in natural sciences at Math-

ematisch Naturwissenschafltiches Gymnasium
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CRFD Modelling Methane-Hydrogen
Admixtures in IC-Engines Part I: RANS

Jann Koch1, Christian Sch ¤urch1, Yuri M. Wright1,2 and Konstantinos Boulouchos1

Abstract
The effects of hydrogen addition to internal combustion (IC) engines operated by natural gas (NG) / methane has
been widely demonstrated experimentally in the literature. Already small hydrogen contents in the fuel show promising
bene�ts w.r.t. increased engine ef�ciency, lower CO2 emissions, extended lean operating limits, a higher exhaust gas
recirculation (EGR) tolerance while maintaining the knock resistance of methane. In this paper the in�uence of hydrogen
addition to methane on a spark ignited single cylinder engine is investigated. This paper proposes a modelling approach
to consider hydrogen addition within 3-dimensional reactive computational �uid dynamics (CRFD) in order to establish
a framework to gain further insights into the involved processes. Experiments have been performed on a single cylinder
spark ignition (SI) engine, situated at a test bed and cater as reference data for validating the proposed CRFD modelling
approach based around the G-Equation combustion model. Within the course of the �rst part, crucial aspects are
highlighted relevant to the modelling of the mean engine cycle. In this article a simpli�ed early combustion phase model
is introduced which considers the transition towards a fully developed turbulent �ame following ignition, along with a
second submodel considering combined effects of the walls. The sensitivity of the combustion process towards the
modelling approach is presented. The submodels were calibtrated for a reference operating point, and a sweep in
hydrogen content in the fuel as well as stoichiometric and lean operation has been considered. It is shown that the
�ame speed coef�cient A appearing in the used turbulent �ame speed closure, weighting the in�uence of the turbulent
�ucuating speed u0, has to be adjusted for different hydrogen contents. The introduced submodels allowed for signi�cant
improvement of the in-cylinder pressure and HRR evolution throughout all considered operating conditions.

Keywords
Premixed Combustion, Hydrogen Admixture, CRFD, RANS, G-Equation

Introduction

In the light of the ongoing technology transition in order to
meet the world-wide agreement of reducing the global CO2
footprint caused by mankind C2ES and Solutions (2015),
a move of the energy system towards an increased share
of renewable energies can be identi�ed IEA (2014), where
amongst others, photovoltaics (PV) and wind will have a
signi�cant contribution. For the Swiss energy system, a
rising demand of electricity is forecasted as a result of the
partial electri�cation of the transport sector, which is related
to roughly 1/3 of the Swiss primary energy demand and
about 50% of CO2 emissions Boulouchos et al. (2017). This
additional demand is thought to be supplied by renewables,
where PV and wind will have a major contribution. As
wind and PV undergo daily and seasonal �uctuations, an
imbalance between demand and supply is unavoidable.
Consequently, storage solutions are key to the integration
of such renewable energy technologies within the existing
system. Power-to-gas (PTG) solutions can be a promising
technology, where the excess renewable electric energy is
converted into chemical energy at zero marginal cost using
hydrolysis and methanation processes. The well established
natural gas grid within Switzerland has signi�cant storage
capacities, such that the fuel can be stored ef�ciently in the
grid and then later be used within the mobility sector in
PHEV or for combined heat and power (CHP) generation on
a district level. The expected typically intermittent operation

and demand for short response times makes IC engines are
particularly suited technology for the energy conversion.

The IC engines for this system have to respect a changing
level in the hydrogen content. The effect of hydrogen
addition to natural gas or methane, the major constituent
of NG, has been extensively studied experimentally in
the past decades. Laminar �ames have been characterized
numerically and experimentally in Halter et al. (2005);
Ilbas et al. (2006); Mandilas et al. (2007); Tahtouh et al.
(2009); Fairweather et al. (2009); Hu et al. (2009a).
There, the common �ndings are that hydrogen addition
to methane leads to an increase of the laminar �ame
speed as a result of higher availability of H, O and
OH radicals within the reaction zone Hu et al. (2009b);
Wang et al. (2009). Hydrogen addition also decreases
the initially positive Markstein number, hence the laminar
�ame is less affected by stretch effects up to a hydrogen
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content in the fuel of 60 vol%, from where on the
Markstein number typically becomes negative. Comparisons
of different chemical mechanisms with experimental data
revealed the potential of the GRI 3.0 mechanism Smith
et al. (2011) to consider the hydrogen effects at a reasonable
computational cost considering the number of involved
species (53) and reactions (325).

Reports on the turbulent �ame speed under hydrogen
addition have been presented e.g. in Halter et al. (2005) using
a turbulent Bunsen-type burner or in Mandilas et al. (2007);
Fairweather and Woolley (2007) within a fan stirred vessel.
Signi�cant increase in the turbulent �ame speed have been
reported for a hydrogen content in the fuel of 10 vol% and
above. The ratio between turbulent and laminar �ame speed
for a given u0 was found to be only marginally affected for
stoichiometric conditions, whereas an increase in the ratio
has been reported for lean mixtures.

A review of investigations considering the impact of
hydrogen addition on IC engine operation can be found
e.g. in Akansu (2004). The increased burning speed for
already small amounts of H2 in the fuel allow for a reduction
of the spark advance and brings the peak pressure rise
closer to the top dead centre (TDC) Karim et al. (1996);
Larsen and Wallace (1997); Shudo et al. (2000); Bauer
and Forest (2001); Kahraman et al. (2009); Dimopoulos
et al. (2007), resulting in a increase of the engine ef�ciency.
Break-speci�c HC, CO and CO2 emissions are reduced,
on the other hand the increased combustion temperatures
lead to a increase of NOx emissions Karim et al. (1996);
Larsen and Wallace (1997); Shudo et al. (2000); Bauer
and Forest (2001); Kahraman et al. (2009). The extended
lean operating limits Karim et al. (1996); Raman et al.
(1994); Das (1996) along the increased tolerance to EGR
Dimopoulos et al. (2007), typically de�ned by a critical value
for the coef�cient of variation (COV) of the indicated mean
effective pressure (IMEP), allows to relegate the increase in
engine out NOx. For low hydrogen contents, the excellent
resistance to knock of methane is not affected, albeit the
higher reactivity of hydrogen Karim et al. (1996). It has
been concluded that a hydrogen content in the fuel of 20-
25 vol% Wang et al. (2007); Shrestha and Karim (1999)
results in a optimum of the observed ef�ciency gain and
knock avoidance. In Dimopoulos et al. (2007) it was reported
that no additional gains after 15 vol% H2 were to be
expected for the considered low load operating conditions.
More recently, Di Iorio et al. (2016) presented measurements
within an optically accessible engine, con�rming the above
made observations. The optical data showed also an increase
of the �ame propagation speed in combination of a more
uniform propagation for hydrogen addition.

Whereas experimentally a lot of work has been performed
for hydrogen-methane admixtures, to the best knowledge
of the authors, only a small number of 3-dimensional CFD
investigations within IC-engines considering admixtures can
be found. A RANS combustion model based on the turbulent
�ame speed closure by Zimont, Lipatnikov and Chomiak
Zimont et al. (1998); Lipatnikov and Chomiak (1997);
Zimont (2000) was presented in Rakopoulos et al. (2011)
for pure hydrogen and extended to consider admixtures by
blending the used laminar �ame speed correlations for the
mono component fuels in Kosmadakis et al. (2015, 2016). A

�xed hydrogen fraction in the fuel of 10 and 30 vol% was
considered, for which good agreement with the experimental
data was reported.

In this work, the G-Equation combustion model intro-
duced in Williams (1985) is employed for which a RANS
formulation has been proposed in Peters (1999). The closure
of the turbulent �ame speed found in Peters (1999) has
been extended by Ewald and Peters (2007) in order to
consider the transition towards a fully developed turbulent
�ame after spark ignition. There, the turbulent �ame speed
is scaled by the ratio of the effective turbulent �ame brush
thickness to a algebraic �ame brush thickness based on a
fully developed turbulent �ame. Here, a simpli�ed approach
to model this transition is introduced and the �ame speed
closure following Damk¤ohler (1940) is adopted, which has
been assessed for the engine under consideration for iso-
octane operation in Koch et al. (2016).

In the following, the modelling framework is introduced
along with the considered submodels. The submodels
are calibrated based on a reference operating point and
sensitivities are presented. After the calibration, the found
parametrisation is �xed for the submodels except for the
model constant in the �ame speed closure, which had to
be readjusted in order to respect the hydrogen in�uence on
the turbulent �ame speed apart from its contribution on the
laminar �ame speed. The predicted phase averaged cycle for
a sweep in hydrogen content and for stoichiometric and lean
operation is compared against the test bench measurements.
The speed up of the combustion process for hydrogen
addition is discussed based on the stoichiometric operation,
before the �ndings are summarized and concluded.

Methodology

Hydrogen Admixture
In this work the binary fuel is de�ned by the volume fraction
of hydrogen within the fuel xf;H2 , such that for xf;H2 =0 pure
methane and for xf;H2 =1 pure hydrogen is present.

xf;H2 =
XH2

XCH4 +XH2

(1)

A global one-step reaction for the oxidation with air for
globally stoichiometric to lean mixtures in function of the
air-excess ratio � can be written as:

(1� xf;H2)CH4 + xf;H2H2 + ��1 (O2 + 3:76N2)

�! �2CO2 + �3H2O + �1 [(�� 1)O2 + �3:76N2] (2)

With the mixture dependent coef�cients �1 = 2�
1:5xf;H2 , �2 = 1� xf;H2 and �3 = 2� xf;H2

Experimental Aparatus
The test facility used is shown schematically in Figure 1 and
the engine characteristics in Table 1. The single cylinder 4-
stroke SI engine with 250 ccm swept volume is mounted on
a water cooled eddy current brake in order to determine the
output torque and control the rotational speed. A �ywheel
mechanically dampens the rotary oscillations characteristic
for single cylinder engines. In order to adjust the desired
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Table 1. Engine characteristics.

Bore [mm] 75.0
Stroke [mm] 56.6

Swept volume [ccm] 250
Number of cylinders [-] 1

Compr. ratio [-] 12.5
Fuel admission Venturi mixer

Ignition J-type spark plug
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Figure 1. Schematic of the engine test bed allowing for variable
CH4 - H2 admixtures and synthetic EGR.

fuel mixture of CH4 and H2 as well as a synthetic EGR
rate using CO2 and N2, a gas mixing device consisting of
one �ow sensor for CH4 and three �ow controllers for the
other gases is installed before the gas valve. All gases are
stored in bottles. The gas valve is controlled by a freely
programmable engine control unit (ECU) where a lambda
controller is implemented using the input signal of a wide
band lambda probe. This oxygen sensor is positioned after
the three way catalyst in the exhaust path. A venturi mixer
homogeneously mixes the intake air and the fuel- and EGR
gases before it enters the engine. The engine is equipped with
intake-, exhaust- and cylinder pressure sensors as well as
thermocouples in the intake and exhaust for accurate model
parameter validation. The pressure signals are logged with
a resolution of 0.2�CA. Absolute piezo resistive pressure
sensors in the exhaust and intake allow for a zero point
compensation of the relative piezo electric cylinder pressure
sensor.

Operating conditions
For this work, the turning speed of the engine has been
�xed at 3000 rpm since the setup is target at CHP operation
corresponding to a grid frequency of 50 Hz. Due to the
absence of a throttle valve in the intake, the engine always
operates at full load. For the fuel composition, 3 �xed
hydrogen-methane admixtures (0, 25, 50%vol) have been
considered for stoichiometric (�=1) as well as lean (�=1.4)
operation, resulting in a total of 6 operating points. No
synthetic EGR has been considered for this present work.
The ignition timing has been adjusted for each fuel and

Table 2. Considered operating points, reference point indicated
bold.

OP Turning Speed EGR xf;H2 � Sp. Advance
[rpm] [-] [-] [-] [�CA]

1 3000 0 0.00 1.0 44
2 3000 0 0.25 1.0 39
3 3000 0 0.50 1.0 34

4 3000 0 0.00 1.4 69
5 3000 0 0.25 1.4 54
6 3000 0 0.50 1.4 44

Table 3. Wall temperatures of the individual components.

THead TLiner TP iston TIntake TExhaust

440 K 380 K 440 K 330 K 880 K

stoichiometry to maintain maximum break torque (MBT).
Table 2 summarizes the operating points.

Numerical Setup
The reactive CFD simulations have been carried out
using the commercially available solver STAR-CD v4.30
along with the es-ICE plugin in order to facilitate mesh
generation and motion, both licensed by Siemens PLM. The
convective terms are discretized by the monotonic advection-
reconstruction scheme (MARS) CD-adapco (2018). A quasi-
second order Euler implicit scheme is used for time
integration and pressure-velocity coupling is achieved by the
PISO algorithm. The time step size has been �xed to 0.1�CA
for most parts of the engine cycle and is halved throughout
the combustion process as well as during the valve opening
and closing when large pressure gradients arise across the
valves.

The problem domain consists of the combustion chamber,
the intake and exhaust ports as well as the corresponding
runners up to the pressure transducers as indicated in Fig 2.
The domain has been spatially discretizised using a cell size
of 1 mm in the bulk with a re�nement of 0.2 mm towards the
walls in form of a prism layer. A gradual re�nement around
the spark plug has been realized with a minimal cell size
of 0.0625 mm between the spark electrodes. This has been
done in order to appropriately resolve the �ame kernel from
its deposition on, as no ignition tracking method such as the
AKTIM Colin et al. (2003); Richard et al. (2007); Vermorel
et al. (2009), DPIK Tan and Reitz (2006) or SparkCIMM
Dahms et al. (2011) is considered. At BDC, the numerical
grid consists of 0.7M cells.

Initial and Boundary Conditions
Phase averaged crank angle resolved pressure and tempera-
ture boundary counditions are imposed at the inlet and outlet
boundaries. A three pressure analysis based on a calibrated
GT Power model provides crank angle resolved temperatures
based on the measured mean temperature, whereas the crank
angle resolved pressure is directly available from the test
bench. The walls are considered isothermal whose temper-
atures are estimated on empirical correlations and which are
represented in Table 3.
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2mm

Figure 2. Computational domain (left), inlet and outlet boundary indicated blue and red, respectively. Right: detail of the local
re�nement around the spark plug.

Wall model
The wall heat �ux at the isothermal wall boundaries is
modelled as proposed by Angelberger Angelberger et al.
(1997). In order to achieve matching wall heat losses
between the GT Power model used to post process the in-
cylinder pressure indication and the CFD prediction, the
predicted heat transfer coef�cient of the Angelberger model
had to be scaled by a factor of 3. This is of importance
in order to attain comparable in-cylinder pressure and heat
release rates (HRR) between simulation and experiment.
Whereas the CFD predicts the HRR and wall heat losses
and the pressure is a consequence thereof, in the post
processing of the experiment the HRR is modelled based
upon the measured in-cylinder pressure and modelled wall
heat losses. In the GT Power model, the wall heat losses
are estimated according to the Woschni correlation Woschni
(1967), which also had to be multiplied by a factor close to
2. In contrast to the CFD, the GT Power model estimates
the HRR in a forward step, and then calculates the resulting
theoretical in-cylinder pressure in a backwards step based
upon the estimated HRR and wall heat losses. Matching
the backwards calculated in-cylinder pressure with the
measured pressure is an indicator for the quality of the
model calibration and trustworthiness of the wall heat loss
prediction. Therefore, the approach to adjust the predicted
CFD wall heat losses to match the GT Power results can be
justi�ed.

Turbulence Model
Throughout part I of this work, unsteady Reynolds-Averaged
Navier-Stokes (URANS) equations are solved in order to
describe the mean �ow �eld. The Reynolds stress tensor
is closed by the Re-Normalization group (RNG) Yakhot
et al. (1992) variant of the k � " model, which belongs to
the eddy-viscosity type two equation models. This choice
was motivated by its wide application within IC engine
simulations due to robustness and capability to account for
�ame induced compression, expansion and rapid strain effect
on the turbulence quantities. Previous work Koch et al.

(2016) successfully applied this model for the same engine
oparated with gasoline. There, an in�uence of the turbulence
model choice on the predicted turbulent quantities has been
reported, when switching to a k � ! model.

Combustion Model
The G-Equation model is adopted which is a level set
tracking method. The arbitrary scalar G takes the form of a
signed distance function outside of the �ame and represents
the �ame front at the iso-surface G = G0 for which a
transport equation is solved. Following Peters (2000) the
context of RANS, the Favre mean ~G can be written as:

��
@ ~G

@t
+ ��~u � r ~G = ��sT

���r ~G
���� ��Dt~�

���r ~G
��� (3)

The second term appearing on the RHS of Equation 3
represents stretch effects on the mean �ame front. The
mean curvature ~� is related to ~G by its second spatial
derivative which poses numerical challenges and hence has
been neglected in the considered implementation within
StarCD.

The progress variable ~c is modeled based on an algebraic
relationship considering the turbulent �ame brush thickness
lT;f and distance to the mean �ame front, characterized by
~G:

c = a3

"
erf

 
a1

~G

lT;f � a2

!
+ 1

#
(4)

Here, a1 to a3 are model constants taking values of 1.9,
0.9 and 0.5. The value of 0.9 for a2 ensures that the ~G = G0

iso-surface is positioned at ~c = 0:1 and hence close to the
unburned side.

The turbulent �ame brush thickness lT;f is modeled based
on the varianceG00 for which an additional transport equation
is solved.

lT;f =

p
G00���r ~G
���

(5)
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Turbulent Flame Speed
As it can be seen in Equation 3, the transport equation for ~G,
needs to be closed in terms of the turbulent �ame speed sT
appearing on the RHS. Here, a simple model following the
approach proposed by Damk¤ohler (1940), is adopted. It has
been shown in Koch et al. (2016), that in order to account
for different predictions of turbulence levels for different
turbulence models, a coef�cient is necessary to weight the
in�uence of the turbulent �uctuation speed u’ irrespective of
the turbulent �ame speed closure. In the adopted closure, the
coef�cient A takes this function.

sT
s0
L

=

"
1 +A

�
u0

s0
L

�5=6
#

(6)

Ignition and Early Flame Treatment
A energy deposition model is adopted in order to initiate
the combustion. Here, a �ame kernel of an initial radius of
r0=0.5mm is initialised within the electrode gap of the spark
plug at spark timing with no additional delay.

Previous work adopting the described modelling frame-
work lead to an overprediction of the early heat release
rate (HRR) Koch et al. (2016). In order to account for the
transition during this phase from a initially laminar to fully
developed turbulent �ame, Rakopoulos et al. (2010); Kos-
madakis et al. (2016) assumed a laminar �ame propagation
for a �ame that falls bellow a given critical radius for which
it is assumed that turbulent eddies do not interact with the
turbulent �ame front, and fully turbulent �ame speed above
this radius. In their work, they �xed this radius at 4 mm
and demonstrated good agreement with experimental data
for the engine under consideration. Ewald and Peters (2007)
proposed an extension of the �ame speed closure by Peters
(1999), where the turbulent �ame speed is scaled by the ratio
between the effective �ame brush thickness and an algebraic
�ame brush thickness corresponding to a fully developed
turbulent �ame. Here, a simpli�ed approach is proposed
which considers a ramp-up from laminar to turbulent �ame
speed using a Wiebe type function:

sf (rf ) =

sL +

8
<
:1� exp

2
4�a

 
rf � r0

f

rf;crit � r0
f

!mT +1
3
5
9
=
;
�
s0
T � sL

�

(7)

With a value of 6.908 for the constant a, the modi�ed
turbulent �ame speed is equal to sL at rf;eq = rf;0 and
increases monotonically until a value of s0

T is reached for
rf = rf;crit. The form parametermT characterizes the shape
of the transition from sL to s0

T . Figure 3 illustrates the
transition from laminar to fully turbulent �ame speed for
different form parametersmT . In the remainder of this work,
this parameter has been set to a value of 2 in order to realise
a nearly symmetric transition from sL to sT .

The mean equivalent �ame radius rf;eq is found by
assuming a spherically expanding �ame during the transition
phase. This allows to de�ne the equivalent �ame radius by
the burned volume rf;eq =

�
3
4�Vb

�1=3 and Vb =
P
i Vici the
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Figure 3. Transition from laminar to fully turbulent �ame speed
for different form parameters.

progress variable weighted sum of cell volumes. The radius
rf;crit associated with the radius is found in the following by
varying its value.

Wall Effects
Effects of the wall on the progression of combustion, have
been lumped into a transition of the turbulent �ame speed
towards the laminar �ame speed in analogy to the proposed
simpli�ed transition of the early �ame. Here, the �ame speed
is scaled in dependence of the proximity to the closest wall
following:

sf (�xwall) =

sL +

(
1� exp

"
�a
�

�xwall
�xwall;crit

�mW +1
#)

(sT � sL)

(8)

�xwall is the distance to the closest wall and �xwall;crit
indicates the minimum distance for a wall to have an impact
on the �ame speed. The form parameter mW is �xed to 2,
whereas �xwall;crit is correlated to local turbulent quantities
as suggested by CD-adapco (2018):

�xwall;crit = fq
�
11:5�l=

�
C0:25
� ��0:5

��
(9)

With �l the molecular viscosity and C�=0.09 a constant
arising from turbulence modelling and the coef�cient fq
which allows the scaling of the critical wall distance. Here,
fq has been �xed at a value of 15. Similar considerations
have been made in Xu et al. (2018).

Laminar Flame Speed
In order to quantify the in�uence of hydrogen addition to
methane - air �ames, laminar �ame properties, namely �ame
speed and thickness have been tabulated. To this end, 1D
simulations have been performed using the chemical kinetics
solver Cantera to tabulate �amelets. For the chemical
kinetics, the GRI 3.0 mechanism Smith et al. (2011) has
been used as its applicability to predict laminar burning
speeds has been con�rmed by Ren et al. (2001); Halter et al.
(2005); Hu et al. (2009a); Wang et al. (2009) and it offers
a viable compromise between accuracy and computational
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Table 4. Range and discretisation of the laminar �ame table.

Variable Range Unit Points

P 3-80 [bar] 23
Tu 400-1000 [K] 31
� 1-1.4 [-] 2
xf;H2 0-50 [-] 3
xigr 0-0.1 [-] 11

cost when considering the large range of states seen in IC
engines that need to be tabulated. The range and number of
discretisation points of the independent variables P , Tu, �,
xf;H2 and xigr can be found in Table 4. As the equivalence
ratio for this investigation is held constant by a lambda-
controller at stoichiometry and at � = 1, and three �xed
hydrogen additions are considered, the discretisation in these
quantities is relaxed to 2 and 3, respectively. During the CFD
simulation, the laminar �ame speed for each cell is found for
the corresponding p, Tu and xigr based on the tabulated data
using a multivariate interpolation Renka (1988).

Results and Discussion
The proposed modeling approach includes two parameters
that can be freely adjusted: A for the turbulent �ame speed
and rf;crit characterizing the transition from laminar to
a fully developed turbulent �ame. In the following, the
reference operating point for 0 vol% H2 at stoichiometric
conditions (OP 1) is considered to show the contribution
and sensitivities towards the single submodel considerations
as well as to �nd an optimal parameter set. Thereafter, the
applicability of the modelling framework for a sweep in
hydrogen content for stoichiometric and lean operation is
probed against the experimental data. The contribution of
the hydrogen addition is addressed in the �nal part of this
section.

Model Calibration
In a �rst step, the sensitivity towards the �ame speed
coef�cient A is shown in Figure 4 in terms of the in-
cylinder pressure and heat release rate (HRR) evolution for a
deactivated early �ame development and wall effect model,
i.e. a unmodi�ed G-Equation approach as used in Koch
et al. (2016). It can be seen that for a value of 2.5 for A,
the peak pressure can be reasonably reproduced. Taking a
look at the HRR though, a pronounced overprediction of
the early HRR can be found, which is then compensated by
an underprediction of the following HRR to match the peak
pressure. Changing the value of A leads to signi�cant effects
in terms of the peak pressure as expected.

Activating the early �ame development model shows
signi�cant improvements of the prediction of the early HRR
as it is evident from Figure 5. There, the sensitivity towards
the so far unknown parameter rf;crit is shown. Indeed, a
variation in steps of 0.5 mm from 2.0 to 3.0 mm for a
constant value of A shows a signi�cant impact on the HRR
evolution and associated peak pressure. This indicates the
stark sensitivity of the overall �ame propagation on the
early �ame phasing. Whereas the early HRR now shows
signi�cantly improved agreement with the experiment, the
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Figure 4. Variation of A for no early �ame modelling and
without considering wall effects. Pressure evolution (top) and
HRR (bottom).

late phase leads to an overprediction of the HRR and
consecutively an abrupt termination of the combustion event
which does not agree with the measurements.

When wall effects are additionally considered, the
termination of the combustion event is improved as it can be
seen in Figure 6. It can be observed that the value forA had to
be increased in order to match the overall pressure and HRR
evolution. This is attributed to the signi�cant decrease in the
turbulent �ame speed for the main combustion event, when a
large amount of the �ame is in contact with the combustion
dome and piston.

Overall, a good agreement with the measurement is
reported for a �ame speed coef�cient A of 3.5 and a critical
�ame radius of 2.5 mm for the �ame development model.
These results show signi�cant improvement when compared
to the base con�guration in Figure 4, as now both, HRR and
pressure evolution, match the experimental trace apart from a
small overprediction of the peak HRR around 15�CA aTDC.
It is noteworthy that the identi�ed critical �ame radius of
2.5 mm corresponds to only 0.015% of fuel mass fraction
burned, a almost negligible small amount. Yet, a strong
sensitivity of the later combustion phase towards this radius
can be found as discussed above.

Hydrogen Addition - Stoichiometric Operation
Keeping the previously identi�ed critical �ame radius �xed,
a sweep in hydrogen content for 25 and 50 vol% H2 has
been attempted. Using the identi�ed value of 3.5 for A
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stemming from the calibration for pure methane lead to a
signi�cant underprediction of the HRR. In response, A had
to be increased to a value of 4 for both hydrogen contents,
which then in turn showed excellent agreement with the
measurement as it is indicated in Figure 7. It is noteworthy
that the early HRR of the experiment is matched by the
numerical prediction for the whole range of 0-50 vol% H2
without changing the parametrisation.

Hydrogen Addition - Lean Operation
The robustness of the modelling framework is further probed
by performing a second sweep in hydrogen addition for
lean operation at �=1.4. The critical radius for a fully
developed turbulent �ame was again left unchanged. The
previously found coef�cient A for 0 and 50 vol% H2 were
only marginally readjusted to 3.4 and 3.9, respectively. This
corresponds to a decrease of 0.1 for both operating points. On
the other hand, A for 25 vol% H2 had to be decreased from
initially 4 to 3.6, resulting in a now almost linear increase of
A with increasing hydrogen content. As it is evident from
Figure 8, a overall good agreement is achieved in terms
of pressure and HRR evolution. The previously observed
overprediction of the peak HRR for stoichiometric operation
has become more signi�cant towards the lean operating
points, yet the impact on the pressure trace seems to be
marginal. Table 5 summarizes the found optimal A tunings
for all considered operating points.
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Figure 6. Variation of A for a �xed rf;crit=2.5 mm and
considering wall effects. Pressure evolution evolution (top) and
HRR (bottom).

Table 5. Adjusted A values of the �ame speed closure for the
considered operating points.

H2 content 0% 25% 50%

stoichiometric 3.5 4.0 4.0
lean (�=1.4) 3.4 3.6 3.9

Evaluation of the H2 In�uence on the Mean
Cycle
In Figure 9 the burned fuel mass fraction for stoichiometric
operation is indicated for all hydrogen contents against the
crank angle relative to ignition. This allows to directly
compare the different operating points corresponding
to different spark timings. It can be seen that a
considerably acceleration of the combustion process takes
place throughout the early stage of combustion, such that
for 15% fuel mass fraction burned substantial fraction of the
phasing difference is present.

In order to further facilitate the comparability of the
different operating points, quantities of interest are indicated
against the fuel mass fraction burned xb. In Figure 10 the
difference between 25 and 50 vol% hydrogen compared with
reference operation at pure methane is indicated in terms of
the combustion progress. The difference peaks around 40%
fuel mass fraction burned for the reference point, such that
at this instance 25 vol% hydrogen addition would result in
additional 20% (i.e. total 60%) fuel mass fraction burned,
and for 25 vol% hydrogen addition an additional 40%.
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Table 6. Local conditions at ignition timing, quantities mass averaged in a sphere of 3 mm diameter around the spark plug.

OP � xf;H2 Sp. Advance P Tu u0 ‘ s0
L ‘f u0=s0

L ‘=‘f
[-] [-] [�CA] [bar] [K] [m/s] [mm] [m/s] [mm] [-] [-]

1 1 0 44 5.0 571 2.0 0.33 0.64 0.10 3.1 3.3
2 1 0.25 39 6.1 596 2.0 0.36 0.79 0.08 2.5 4.6
3 1 0.50 34 7.4 628 1.8 0.34 1.10 0.06 1.7 6.1

4 1.4 0 69 5.1 569 1.9 0.37 0.38 0.14 5.0 2.6
5 1.4 0.25 54 6.1 613 1.7 0.33 0.51 0.10 3.4 3.3
6 1.4 0.50 44 7.5 645 1.6 0.33 0.70 0.07 2.3 4.6
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Figure 7. Variation of the hydrogen content for stoichiometric operation and �xed modelling parameters apart from the �ame speed
coef�cient A.
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Figure 8. Variation of the hydrogen content for lean operation and �xed modelling parameters apart from the �ame speed
coef�cient A.

Figure 11 compares the speed up of the laminar (dashed)
and turbulent �ame speed (solid) for hydrogen addition in
relation to pure methane against the combustion progress. It

can be seen that the increase in the �ame speeds is almost
constant over the whole combustion progress.
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Figure 10. Variation of the hydrogen content for stoichiometric
operation: Difference of the combustion progress relative to the
reference operation with pure methane.

The hydrogen addition leads to a ratio of the laminar
�ame speed of about 1.2 and 1.7 for 25 and 50 vol%
hydrogen, respectively, when compared to pure methane.
Since the �ame speeds have been averaged on the �ame
front for 0:05 < c < 0:15, effects such as increased pressure
and unburned temperature for a decrease in spark advance
is implicitly considered. Taking a look at the turbulent �ame
speed, the speed up for 25 vol% hydrogen follows closely
the values observed for the laminar �ame speed of about 1.2,
attributed also to the increase of the �ame speed coef�cient
A from 3.5 to 4. On the other hand, moving towards 50 vol%
hydrogen, the increase in the turbulent �ame speed is not as
pronounced as for the laminar �ame speed, resulting from
the fact that A was not further increased.

Borghi Diagram
The variation in hydrogen content for stoichiometric
operation is further illustrated in Figure 12 which shows the
evolution of the �ame front for the 3 operating points within
the Borghi diagram extended by Peters Peters (1999). The
percentage numbers indicate the fuel mass fraction burned.
Taking a look at an early instance in the combustion process
at 1% fuel mass fraction burned, the hydrogen addition
leads to smaller velocity scale ratios due to the previously
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Figure 11. Variation of the hydrogen content for stoichiometric
operation: laminar �ame speed (dashed) and turbulent �ame
speed (solid) relative to pure methane operation at the �ame
front versus combustion progress.
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Figure 12. Variation of the hydrogen content for stoichiometric
operation: Detail in the Borghi diagram.

reported increase in laminar �ame speed, as well as slightly
lower turbulent �uctuation speeds u0 experienced by the
�ame due to the decreased spark advance and dissipation
of turbulent kinetic energy, indicated by the conditions at
ignition timing in Table 6. As a consequence, the early
combustion stage for 50 vol% hydrogen is positioned within
the corrugated �amelets whereas the early phase for 0 and
25 vol% hydrogen can be found to be within the thin reaction
zone. The turbulent length scales within the thin reaction
zone regime are small enough to penetrate into the preheat
zone, yet not small enough to interact with the reaction zone
which is typically one order of magnitude smaller than the
preheat zone. In the corrugated �amelets regime, turbulent
eddies are not capable to penetrate the �ame structure. It has
to be kept in mind that the border between the corresponding
regimes are not as sharp as the regime diagram may suggest,
in particular in the highly transient context of IC engines.
Due to decaying turbulence and increasing laminar �ame
speed due to increased unburned temperatures resulting
from compression, the velocity scale ratio monotonically
decreases for all operating points towards end of combustion.
The length scale ratio shows a local peak around 30% fuel
conversion, from which point on all operating points come
to lie within the corrugated �amelet zone.
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Summary and Conclusion
In this work, a modeling framework has been proposed
based on the G-Equaton combustion model in order to
facilitate three dimensional reactive CFD of hydrogen-
methane admixtures within IC engines. A-priori tabulation
of laminar �amelets over a wide range in the thermodynamic
state and mixture composition allows to depict the non-linear
effect of hydrogen on the laminar �ame speed, which is then
interpolated cost ef�ciently during runtime fo the simulation.
The turbulent �ame speed is closed by the Damk¤ohler
correlation. For increasing hydrogen content, the �ame speed
coef�cient A had to be increased, lumping effects of thermo-
diffusive instabilities which lead to an overall acceleration of
the turbulent �ame speed. Here, the ratio between turbulent
and laminar �ame speed had to be increased for both,
stoichiometric and lean operation. This is in contrast to
the �ndings in Fairweather et al. (2009) where the ratio
between turbulent and laminar �ame speed remained mostly
unaffected for stoichiometric operation and only increased
for laminar mixtures. Submodels were developed which
consider the transition from laminar to a fully developed
turbulent �ame via a critical equivalent �ame radius as well
as wall effects as a function of the wall distance. The found
parameters for these submodels have shown to be robust for
the investigated variation in fuel stoichiometry and hydrogen
addition and showed signi�cant improvement in particular
for the early combustion phase, whose HRR was previously
overpredicted when neglecting any transition towards a fully
developed turbulent �ame.

A reasonably well performing wall heat transfer model
was identi�ed to be crucial for the direct comparability
of either pressure or heat release rates. In order to
achieve comparability between simulation and experiment,
the heat transfer coef�cients as predicted by the model by
Angelberger et al. had to be increased by a factor of 3.

Part II of this investigation will deal with the prediction of
individual cycles and their �uctuations under the in�uence
of hydrogen addition using large eddy simulations in a
comparable modeling framework.
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Abstract
Fuels based on admixtures of methane / natural gas (NG) and hydrogen are a promising way to reduce CO2 emissions
of spark ignition (SI) engines and increase their ef�ciency. A lot of work was conducted experimentally, whereas
only limited numerical work is available in the context of 3-dimensional modelling of the full engine cycle. This work
addresses this fact by proposing a reactive computational �uid dynamics (CRFD) modelling framework to consider
effects of hydrogen addition on the combustion process. Part I of this two part study focuses on the modelling and
crucial considerations in order to predict the mean cycle based on the G-Equation combustion model using Reynolds-
averaged Navier�Stokes equations (RANS). There, the effect of increased burning speed was globally captured by
increasing the �ame speed coef�cient A, appearing in the considered �ame speed closure. The proposed simpli�ed
modelling of the early �ame stage proved to be robust for the conducted hydrogen variation from 0 to 50 vol% H2 for
stoichiometric and lean operation. Scope of the present work, part II, are cyclic �uctuations and the hydrogen in�uence
thereon using Large Eddy Simulation (LES) and the proposed modelling framework. The model is probed towards its
capabilities to predict the �uctuation of the combustion process for 0 and 50 vol% H2 and correlations in�uencing the
observed peak pressure of the individual cycle are presented. It is shown that the considered approach is capable to
reproduce the cyclic �uctuations of the combustion process under the in�uence of hydrogen addition as well as lean
operation. The importance of the early �ame phase w.r.t. arising �uctuations is highlighted as well as the contribution
of the resolved scales in terms of the �ame front wrinkling.

Keywords
Spark-ignited gas engine, Premixed Combustion, Hydrogen Admixture, CRFD, Large Eddy Simulation, G-Equation

Introduction

The 3-dimensional �ow �eld within the combustion chamber
of IC engines is inherently turbulent Heywood (1988); Bor·ee
and Miles (2014). During the intake stroke, the �ow across
the intake valve forms a high velocity jet penetrating into the
comparatively quiescent bulk �ow in the cylinder, resulting
in a shear layer that introduces high levels of turbulence. For
typical pent-roof type SI engine designs the interaction of
the incoming jet with the cylinder wall and piston crown
leads to a characteristic tumbling �ow motion. Due to
geometrical con�nement during compression, the tumble is
destabilized and decays into turbulent small scale motion
towards top dead centre (TDC). The interaction between the
�ame front and the surrounding turbulent �ow �eld leads to
an acceleration of the �ame front propagation, characterized
by the turbulent �ame speed which can be considerably
faster than the laminar �ame speed. On the other hand, the
stochastic nature of the turbulent �ow �eld leads to cyclic
variations of the combustion process that can be observed
in �uctuating in-cylinder pressure evolutions for constant
boundary conditions. These cycle-to-variations (CCV) affect
the optimal engine tuning, as the fast burning cycles are more
prone to knocking and hence limit the overall compression
ratio and spark advance, whereas the slow burning cycles
lead to increased emissions of unburned hydrocarbons, as
discussed in e.g. Heywood (1988). Extensive research has
been devoted to study CCV in the past decades Ozdor
et al. (1994). Sources for the observed CCV have been

identi�ed such as local variations in equivalence ratio,
dilution Understanding the processes leading to the observed
CCV necessitates access to instantaneous quantities within
the combustion chamber. The acquisition of such data is
unfortunately not straight forward within IC engines due
to the con�ned time-varying geometry with limited optical
access and high pressures leading to very small structures
which demand a high spatial and temporal resolution.
Numerical tools gain therefore an increasing importance, as
they provide in space and time highly resolved quantities
within the entire problem geometry and can compliment
experimental efforts.

As resolving the entire turbulent spectrum in direct
numerical simulations (DNS) comes at high requirements
on the computational grid and results in prohibitively high
computational cost for multi-cycle simulations, modelling
of the turbulent �ow �eld has to be considered. Making
use of the Reynolds averaged Navier Stokes (RANS)
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simulations allows to directly solve for the mean cycle and
model the turbulent �uctuations. This signi�cantly reduces
computational cost due to the relaxed grid requirements.
While they are wide spread in technical applications and
contributed to considerable progress and optimisations, their
time averaged character prohibits solving for individual
cycles relevant to the study of CCV. Thanks to the steady
increase in computational ressources, large eddy simulations
(LES) gained traction within the application to full engine
cycle simulations. Since the large scale motion is directly
solved for, and only the subgrid scales are modelled,
they allow to realise single cycle representations, lending
themselves to the study of cyclic phenomena such as CCV,
knocking and mis�ring. The potential of LES for IC engines
has been discussed in Celik et al. (2001). A review on LES
models for IC engines is presented in Rutland (2011) and in
Pitsch (2006) focusing on combustion models.

Laser-Doppler Anemometry (LDA) presented in Morse
et al. (1979) of a reciprocating piston-cylinder setup, with a
�xed centrally mounted valve, the so called Imperial College
setup, lended itself to the �rst attempts of reproducing
the �ow �eld in engine like geometries using LES. First
comparisons of velocity �elds and their variability have
been presented in Haworth (1999) using the algebraic
Smagorinsky model Smagorinsky (1963), which highlighted
the capability of LES to reproduce �uctuations related to the
�ow �eld and illustrated the potential of LES compared to
RANS considering the prediction of the ensemble average
and RMS values. Later, Liu and Haworth (2010) compared
the Smagorinsky model to the k-equation model Speziale
(1991) within the same setup. No overall better performing
model could be identi�ed. The WALE subgrid model Nicoud
and Ducros (1999) has been applied to the same setup
in Piscaglia et al. (2013) and later on compared with the
available DNS data in Montorfano et al. (2015) showing
promising results. Cyclic variability related to the mixing
process within a direct injection (DI) engine fueled by
a hollow-cone gasoline injector was studied in Goryntsev
et al. (2009). Regarding �red operation, in an early attempt
Thobois et al. (2007) adopted the thickened �ame LES model
(TFLES) to calculate 4 consecutive cycles, demonstrating
the capability of LES to capture the �uctuation of the
combustion process in IC engines. In the TFLES model
chemical source terms and turbulent transport coef�cients
are modi�ed in such a way to arti�cially thicken the reaction
zone such that it can be resolved on the grid at feasible
computational cost. Having its origin in the application in
aeronautical turbines, the model was extended to respect
the transient pressure and unburned temperature throughout
the combustion, intrinsic to IC engines. It found further
application in Enaux et al. (2011) where 26 consecutive
cycles were computed. There, the importance of the early
�ame phase, characterized by 2% fuel mass consumption
on the overall combustion process was highlighted as well
as the in�uence of local turbulence quantities around the
spark plug thereon. A stable and unstable operating point
has been compared in Granet et al. (2012), where the TFLES
prediction of the pressure �uctuations was in good agreement
with the experiment for both conditions.

The extended coherent �ame model (ECFM), which
solves for a �ame surface density (FSD), has been adopted by

Vermorel et al. (2009) in combination with an Eulerian Arc
and Kernel Tracking Ignitino Model (AKTIM) to consider
the spark ignition. The breakdown of the in-cylinder tumble
motion towards top dead centre (TDC) was related to the
observed cyclic �uctuations. In Fontanesi et al. (2013)
the applicability of different ignition treatments for the
ECFM were considered, and in Fontanesi et al. (2015) the
in�uence of the spark plug orientation on the CCV was
studied. Knocking combustion has been addressed in Robert
et al. (2015) by using ECFM in combination with tabulated
chemical kinetics.

Based upon similar arguments to Peters Peters (1999)
work in the RANS context, Pitsch Pitsch and Duchamp de
Lageneste (2002) and Pitsch (2005) derived a consistent
formulation of the G-Equation for LES. In previous work,
the LES G-Equation has been adopted in Masouleh et al.
(2018) to numerical study in�uencing factors on the CCV
of the combustion process, Koch et al. (2018) compared
the capability of LES G-Equation to the novel LES CMC
premixed based on DNS data. The LES G-Equation has
further been applied to the engine under investigation of this
article for iso-octane in Koch et al. (2014). More recently,
an investigation of a DISI engine using LES G-Equation can
be found in Zhao et al. (2017), where effects stemming from
local equivalence ratio have been decoupled from �ow �eld
effects and the �ame topology has been studied.

The need for dedicated experimental reference data
tailored for validation of LES models, as it has been
discussed e.g. in Pitsch (2006) has been addressed in Baum
et al. (2013) where a validation database of an optically
accessible four stroke single cylinder engine is presented,
for which a comparison between Particle Image Velocimetry
(PIV) and numerical prediction has been presented in
Baumann et al. (2014), followed by extensive investigations
considering different numerical approaches Nguyen et al.
(2014), LES quality criteria di Mare et al. (2014), tracking
of the tumble motion Janas et al. (2016) characterisation
of the anisotropy of the turbulence throughout the engine
cycle He et al. (2017). The penetration of the �ame front
into the pronounced crevice volume, typical for such optical
engines, has been studied using the ECFM model in Janas
et al. (2015).

Whereas the capability of LES to reproduce �uctuations
of the combustion process under varying conditions has
been proven such as for dilution and changing spark
plug orientation, to the best knowledge of the authors
no investigations have been presented considering the
reproduction of the in�uence of hydrogen addition to
methane in terms of the resulting CCV. Here, the potential
of using a modelling framework based on the G-Equation
in combination with tabulated laminar �ame properties for
different methane-hydrogen admixtures is assessed. Based
on experimental work, it was shown in Ma et al. (2008)
and Wang et al. (2008) that hydrogen addition leads to a
decrease of the coef�cient of variance (COV) of the indicated
mean effective pressure (IMEP) for spark timings retarded
to maximum break torque (MBT) timing and to be more
pronounced for higher turning speeds. In Reyes et al. (2013),
increasing the hydrogen content in the fuel lead to a decrease
of the dispersion of the heat release rate (HRR).
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The remainder of this article is organized as follows: �rst,
the engine under investigation as well as the considered
operating points are presented. The modelling framework is
recapitulated which follows widely the approach of Part I
of this study, focusing on the differences to the RANS
context. A multi-cycle LES analysis has been performed
here, computing 30-40 consecutive full engine cycles for
each operating point in order to achieve converged statistics.
The results are compared in terms of in-cylinder pressure
and heat release rate (HRR) evolution against the available
experimental data for the phase averaged cycle as well
as the bandwidth of the pressure �uctuations. Making
use of the highly resolved LES data, local quantities are
probed in order to draw correlations with the peak pressure.
There, contributions of the subgrid and resolved scales are
considered. The evolution of the �ame front within the
regime diagram modi�ed by Pitsch Pitsch and Duchamp de
Lageneste (2002) for the LES context is presented in order
to support the observations before the main conclusions are
drawn in the �nal section.

Methodology
The adopted modelling follows widely the approach
presented in Part I for RANS, with modi�cations to
respect the LES context. In the following, the modelling is
summarized, focusing on the LES aspect. For a more detailed
description the reader kindly is referred to Part I.

Hydrogen Admixture
In this work the binary fuel is de�ned by the volume fraction
of hydrogen within the fuel xf;H2 , such that for xf;H2 =0 pure
methane and for xf;H2 =1 pure hydrogen is present.

xf;H2 =
XH2

XCH4 +XH2

(1)

A global one-step reaction for the oxidation with air for
globally stoichiometric to lean mixtures in function of the
air-excess ratio � can be written as:

(1� xf;H2)CH4 + xf;H2H2 + ��1 (O2 + 3:76N2)

�! �2CO2 + �3H2O + �1 [(�� 1)O2 + �3:76N2] (2)

With the mixture dependent coef�cients �1 = 2�
1:5xf;H2 , �2 = 1� xf;H2 and �3 = 2� xf;H2

Experimental Aparatus
The engine under considerations is a single cylinder 4-stroke
SI engine with a swept volume of 250 ccm. A gas mixing
device making use of a �ow controllers allows to precisely
operate the engine at various hydrogen-methane admixtures.
A venturi mixer homogeneously mixes the intake air and the
fuel. The gas valve is controlled by a freely programmable
engine control unit (ECU) where a lambda controller is
implemented using the input signal of a wide band lambda
probe, allowing for stoichiometric and off-stoichiometric
operation. The engine is equipped with intake-, exhaust- and
cylinder pressure sensors as well as thermocouples in the
intake and exhaust for accurate model parameter validation.

Table 1. Engine characteristics.

Bore [mm] 75.0
Stroke [mm] 56.6

Swept volume [ccm] 250
Number of cylinders [-] 1

Compr. ratio [-] 12.5
Fuel admission Venturi mixer

Ignition J-type spark plug
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Figure 1. Schematic of the engine test bed allowing for variable
CH4 - H2 admixtures and synthetic EGR.

Table 2. Considered operating points, reference point indicated
bold.

OP Turning Speed EGR xf;H2 � Sp. Advance
[rpm] [-] [-] [-] [�CA]

1 3000 0 0.00 1.0 44
3 3000 0 0.50 1.0 34
6 3000 0 0.50 1.4 44

The pressure signals are logged with a resolution of 0.2�CA.
Absolute piezo resistive pressure sensors in the exhaust and
intake allow for a zero point compensation of the relative
piezo electric cylinder pressure sensor. A more detailed
description of the aparatus can be found in Part I, the engine
characteristics are summarized in Table 1 and a schematic is
provided in 1.

Operating Conditions

For this work, the turning speed of the engine has been
�xed at 3000 rpm. Due to the absence of a throttle valve
in the intake, the engine operates always at full load. As
a consequence of the increased computational cost for the
multi-cycle LES analysis, only 3 operating points out of the
previously presented 6 at MBT timing have been considered:
the reference operation with stoichiometric methane with
0 vol% H2 addition as well as stiochiometric and lean
operation at 50 vol% H2 as indicated in Table 2.
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Numerical Setup
The reactive CFD simulations have been carried out
using the commercially available solver STAR-CD v4.30
along with the es-ICE plugin in order to facilitate mesh
generation and motion, both licensed by Siemens PLM. The
convective terms are discretized by the monotonic advection-
reconstruction scheme (MARS) CD-adapco (2018). A quasi-
second order Euler implicit scheme is used for time
integration and pressure-velocity coupling is achieved by the
PISO algorithm. The time step size has been �xed to 0.1�CA
for most parts of the engine cycle and is halved throughout
the combustion process as well as during the valve opening
and closing when large pressure gradients arise across the
valves.

The problem domain consists of the combustion chamber,
the intake and exhaust ports as well as the corresponding
runners up to the pressure transducers as indicated in Fig 2.
The domain has been spatially discretizised using a cell size
of 1 mm in the bulk with a re�nement of 0.2 mm towards the
walls in form of a prism layer. A gradual re�nement around
the spark plug has been realized with a minimal cell size
of 0.0625 mm between the spark electrodes. This has been
done in order to appropriately resolve the �ame kernel from
its deposition on, as no ignition tracking method such as the
AKTIM Colin et al. (2003); Richard et al. (2007); Vermorel
et al. (2009), DPIK Tan and Reitz (2006) or SparkCIMM
Dahms et al. (2011) is considered. At BDC, the numerical
grid consists of 0.7M cells.

Initial and boundary Conditions
The LES is initialized with a �ow �eld at rest. In order to
get rid of the initial conditions, the �rst 2 cycles have been
discarded and are not reported in this work. Identical to the
RANS, the measured phase averaged crank angle resolved
pressure is imposed at the corresponding position of the
pressure transducer at the inlet and outlet of the problem
geometry as well as the phase averaged crank angle resolved
temperature stemming from GT Power, based on the time
averaged recorded temperature. It is noteworthy that here,
no perturbation of the boundary conditions, e.g. by means of
synthetic turbulence, see e.g. Kempf et al. (2005), has been
performed. All �uctuations are due to turbulence generated
within the problem domain.

Wall Model
The walls are considered isothermal with �xed temperature
throughout the engine cycle but distinct for different
surfaces. The component temperatures have been determined
using empirical correlations. Although the computational
grid incorporates a prism layer at the walls of 0.2 mm, this
resolution is typically insuf�cient in order to resolve the
wall boundary layer, as discussed e.g. in Mandanis et al.
(2017) and Schmidt et al. (2018). The near wall region is
modelled according to Plensgaard and Rutland Plengsaard
and Rutland (2013) who adopted the model by Werner and
Wengle Werner and Wengle (1993) to LES, which assumes
a linear law-of-the-wall for the viscous sublayer and a power
law in the outer layer. The model constant chw appearing in
Equation 3 which scales the wall heat �ux had to be adjusted
from a default value of 1.6 to 0.6 in order to match the wall

heat losses stemming from the GT Power model. A similar
adjustment for an engine like geometry has been reported
in Mandanis et al. (2017) where LES has been compared
to DNS. Matching the global wall heat losses are crucial
in order to attain comparable pressure evolutions and heat
release rates.

qw =

8
<
:

�u� cpT ln T
Tw

chw[7:783atan(0:0935y+)] ; for y+ � 40
�u� cpT ln T

Tw
chw[2:1 ln(y+)+2:5] ; for y+ > 40

(3)

Turbulence model
The �ltered LES equations, similar to the RANS equations,
need closure for the subgrid stress tensor �sgs. The algebraic
model based on the pioneering work by Smagorinsky
Smagorinsky (1963) �nds in its static and dynamic
formulation wide application in the IC engine context. Here,
the k-Equation model is adopted, which solves an additional
transport equation for the subgrid turbulent kinetic energy
ksgs Speziale (1991) and recommended in the review by
Rutland (2011) for IC engines, as it is thought to incorporate
more physical effects compared to algebraic models. The
transport equation for ksgs can be written as:

@��ksgs
@t

+
@��hujiksgs

@xj
=

� �sgs;ijhSiji � C1 ��
k

3=2
sgs

�
+

@

@xj

�
C2 ���k1=2

sgs

@ksgs
@xj

�
(4)

Here, the angular brackets hi indicate �ltered (resolved)
quantities, whereas the subgrid components are indicated by
the subscript sgs. The subgrid stress tensor is then closed by
a Boussinesq assumption:

�sgs;ij = �2�thSiji+ �ij
2

3
ksgs (5)

using the turbulent viscosity

�t = C2�
p
ksgs (6)

The model constants C1 and C2 stem from turbulence
theory and are set equal to 1 and 0.05, respectively. The �lter
width � is obtained as 3

p
V , where V is the cell volume, as

is common practice in FV approaches.

Combustion model
The LES �ltered transport equation for the isosurface G =
G0, representing the �ame front, can be written as Pitsch
(2005):

��
@ hGi
@t

+ �� hui � r hGi = ��sT jr hGij � ��Dt h�i jr hGij
(7)

In the RANS formulation the individual species are solved
by an algebraic equation relating the species mass fraction Yi
to the global progress variable ~c which is determined based
on the turbulent �ame brush thickness and the value of ~G
which is computationally very ef�cient. In order to better
account for the highly unsteady nature of the LES �eld and
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2mm

Figure 2. Computational domain (left), inlet and outlet boundary indicated blue and red, respectively. Right: detail of the local
re�nement around the spark plug.

its involved �uctuations, an additional transport equation is
solved for each species in the LES formulation, based on a
time split method CD-adapco (2018).

Turbulent �ame speed
The turbulent �ame speed appearing in Equation 7 needs
closure. Whereas a vast number of models have been
proposed in the literature in the RANS context, fewer models
have been proposed for the LES context. Pitsch et al. derived
a consistent formulation for the turbulent �ame speed in for
the G-Equation in the LES context in Pitsch and Duchamp de
Lageneste (2002) and Pitsch (2005) adopting the same
arguments for the limiting large and small scale limit made
by Peters Peters (1999) in the RANS context. This model
has recently been applied to the multi-cycle analysis of an IC
engine in Zhao et al. (2017).

In a previous study Koch et al. (2014) for stoichiometric
iso-octane operation of the same engine, the authors showed
good agreements of the numerical predictions with the
test bench measurements in terms of the bandwidth of
the observed CCV using the Damk¤ohler model based on
the subgrid �uctuation speed u0sgs. The same closure also
showed good agreement in a comparison against available
DNS data of a generic combustion chamber Koch et al.
(2018). Motivated by these results and the experience gained
in Part I with the Damk¤ohler model in the RANS context,
this model is also adopted for Part II based on u0sgs:

sT
s0
L

=

"
1 +A

�
u0sgs
s0
L

�5=6
#

(8)

The subgrid velocity �uctuation speed u0sgs is related
to the subgrid turbulent kinetic energy ksgs under the
assumption of isotropic turbulence:

u0sgs =

r
2

3
ksgs (9)

As it has been presented in Schmitt et al. (2012) for a
DI engine operated by methane, the �ame front surface is
expected to be increased due to the resolved wrinkling when
compared to RANS. As u0sgs re�ects only the turbulence

residing on the subgrid scales, u0sgs becomes smaller for
smaller �lter widths � whereas more wrinkling is resolved.
As the increase in �ame area is not scaling linearly with the
decrease in u0sgs, the values forA for LES had to be increased
in previous studies in order to match the mean pressure trace
when compared to RANS. Using the model after Pitsch,
Zhao et al. (2017) argued the same way, justifying the need
of increasing the model constant b1 in order to match the
experimental data.

Ignition and early �ame treatment
As for the RANS modelling, ignition is realised by an energy
deposition, initiating combustion with a �ame kernel of
diameter 1 mm between the spark electrodes. The choice of
a pronounced re�nement around the spark plug as seen in
Figure 2 has deliberately been made to suf�ciently resolve
the early �ame and its interaction with the surrounding
�ow �eld as it is thought to be the main contributor to the
CCV without making use of any further modelling and its
involved necessity of calibration. The transition towards a
fully developed turbulent �ame is done based on a ramp-up
from laminar to turbulent �ame speed at a given �ame radius
using a Wiebe function, illustrated in-depth in Part I in the
RANS context. Yu et al. (2019) used a comparable approach
where they used a tangens hyperbolicus for the transition
from laminar to fully developed turbulent conditions instead
of a Wiebe function. Since the Gibson scale represents the
size of the smallest eddies that can wrinkle a �ame, cf Peters
(1988), it can been argued that for a �ame to become fully
turbulent, its size must be a multiple of the Gibson scale IG:

IG = �

�
s0
L

u0sgs

�3

(10)

In this work, the critical radius has been adjusted from
the one found for the RANS investigation, its value and
comparison with the Gibson scale can be found in the results
section.

Wall Effects
As in Part I for RANS, effects of the wall have been lumped
into a transition towards the laminar �ame speed within the
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Table 3. Adjusted A values of the �ame speed closure for the
considered operating points.

A RANS A LES Number of Cycles

OP1 3.5 8 40
OP3 4.0 10 36
OP6 3.9 10 30

vicinity of walls. The relationship to determine the critical
wall distance has been reformulated on the subgrid scales
and the appearing model constant adjusted in order to realise
a comparable critical distance between LES and RANS.

Laminar Flame Speed
The laminar �ame speed has been tabulated for the given
fuel (� and xf;H2 ) and the expected range in Tu and p and
is interpolated to the cell speci�c state during runtime. The
same tables as in Part I have been used, which have been
created using the chemical kinetics solver Cantera Goodwin
et al. (2017) using the GRI 3.0 mechanism Smith et al.
(2011).

Results and Discussion

Global Quantities
As previously mentioned, the value for A appearing in the
�ame speed closure Equation 8 had to be increased in the
context of LES. Here, for OP1 the value was increased
from 3.5 to 8 and to 10 for OP3 and OP6, from 4.0 and
3.9, respectively, as indicated in Table 3. In order to negate
effects of the initial conditions, the �rst 2 cycles have
been discarded, resulting in a number of considered cycles
between 30 and 40. The critical radius rf;crit at which the
�ame speed transitions towards fully turbulent conditions
had to be increased from 2.5 mm to 6.0 mm, but has
been �xed for the operating points under consideration. The
sensitivity to this critical �ame radius have been presented
in Part I for the RANS context. In Yu et al. (2019) the
Gibson scale Equation 10 has been evaluated at ignition
timing and spatially averaged around the spark plug. It has
been argumented that the �ame needs to be a multiple
of the Gibson scale to become fully turbulent developed.
The authors reported in Yu et al. (2019) values for IG
between 1.5 mm and 5.6 mm for a fast and slow cycle,
respectively. Figure 3 shows the Gibson scale phase averaged
and evaluated at the �ame front for OP1 versus the equivalent
�ame radius rf;equiv, de�ned by the burned volume and
assuming a spherical �ame. In view of the non-trivial task of
de�ning a representative equivalent �ame radius in the LES
context, a sensible agreement with Yu et al. (2019) can be
found in terms of the critical radius for the �ame to become
fully developed turbulent, i.e. in this work the constant 6 mm
correspond to 2-3 times the Gibson scale at the �ame front.

Taking a look at the evolution of the in-cylinder pressure
and heat release rate (HRR) in Figure 4, an overall good
matching of the considered operating points with the phase
averaged experimental data can be found, as it also has
been reported for the RANS. Moreover, the bandwidth of
the �uctuations indicated by the envelope characterised by
the maximum and minimum observed values, is in good

1 2 3 4 5 6
rf,equiv [mm]
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5

I G
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]

Figure 3. Evolution of the Gibson scale IG at the �ame front
against the equivalent �ame radius rf;equiv for the phase
averaged cycle (solid line) and its standard deviations over all
considered cycles for OP1.

agreement between numerical prediction and experiment.
This has already been demonstrated for stoichiometric iso-
octane operation within the same engine in Koch et al.
(2014). It has to be noted here that whereas the phase
averaged evolution is subject to the calibration of the value
A, no calibration of the resulting bandwiths has been
performed nor is it feasible within the considered modelling
approach.

In order to assess the signi�cance of the reported number
of cycles as well as to further probe the quality of the
numerical prediction in terms of CCV, the coef�cient of
variation (COV) of the peak pressure has been calculated
after each cycle and is reported in Figure 5. There, it can
be found that after roughly 25 cycles the COV becomes
reasonably stationary. OP1, corresponding to a operation
with pure methane, exhibits the highest observed COV of
the peak pressure with a value of roughly 10%. The addition
of 50 vol% hydrogen to the fuel in OP2 results in a strong
decrease in the COV to 6%, as it also can be seen in the
bandwidth in Figure 3. When going towards lean operation
for 50 vol% hydrogen, a slight increase towards 7% for
the COV of the peak pressure is observed. Comparing the
numerical predictions indicated by the solid line with the
experimental data represented by symbols, a consistent small
overprediction of the COV is observed, yet the overall trend
is preserved.

Correlations for the cycle-to-cycle variations of
the combustion process
In the following, local quantities are probed in order
to better understand the individual contribution to the
observed variation of the in-cylinder pressure. As it has
been previously reported e.g. in Koch et al. (2014), strong
correlations can be found between the phasing of the
early combustion, here characterized by 0.1% of fuel mass
conversion and the resulting peak pressure within the same
cycle, as it is illustrated in Figure 6. The effect of hydrogen
addition for stoichiometric operation becomes evident in
the phasing of the early combustion, where the time to
achieve 0.1% total fuel mass conversion is almost halved
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Figure 4. In-cyclinder pressure evolution (top) and heat release rate (bottom) for OP1 (left), OP3 (centre) and OP6 (right). Phase
averaged experimental trace black, envelope gray. All simulated cycles indicated by phase average as well as enveloped by min
and max values. Red dashed line indicates ignition timing.

Figure 5. Evolution of the coef�cient of variance (COV) of the
simulated peak in-cylinder pressure for the operating points
under consideration. Numerical prediction solid line, experiment
indicated by symbol.

for the 50 vol% H2 operation when compared to pure
methane. This allows for the reported reduction of the MBT
spark advance from -44�CA to -34�CA. Moving from the
stoichiometric 50 vol% H2 operation to lean operation for
the same hydrogen content, a decrease in the burn rate can
be observed, positioning the phasing of the 0.1% point in
between OP1 and OP2.

As the strong linking between the phasing of the
combustion process and the resulting peak pressure has been
established, the evolution of the standard deviation of this
phasing is illustrated in Figure 7. There, for a given total
fuel mass conversion, indicated on the x-axis, the standard
deviation in �CA is indicated on the y-axis. A stark rise
in the standard deviation from ignition to 5% total fuel
mass conversion can be seen, after which the slope becomes
smaller and continues to monotonically increase. Taking a
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Figure 6. Correlation for individual cycles between the
observed peak pressure and CA0.1, indicating 0.1% total fuel
mass conversion.

closer look at the evolution of the standard deviation of the
combustion phasing, it becomes evident that a signi�cant
amount of the �uctuations arise during the early combustion
phasing. The standard deviation observed between 1 and 5%
fuel mass conversion corresponds to roughly 2/3 of the value
observed towards the late combustion phase at 70% fuel mass
conversion. This observation is in line with the previously
found strong correlation between the very early phase at
0.1% and the resulting peak pressure.

In a previous work within the same engine Koch et al.
(2014) for iso-octane oparation, it was shown that local
�uctuating quantities around the spark plug during ignition
timing, such as internal residual gas (IGR) fraction and
temperature have an in�uence on the laminar �ame speed
as expected. Yet, the resulting bandwith of �uctuations
resulting from these effects could not be related to the
observed �uctuation in the turbulent �ame speed and early
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Figure 7. Evolution of the standard deviation of the phasing for
a given total fuel mass conversion.

Figure 8. Correlation for individual cycles between CA0.1,
indicating 0.1% total fuel mass conversion and the mass
averaged subgrid �uctuation speed in a sphere of 3 mm
diameter around the spark plug at ignition timing.

�ame phasing. On the other hand, a strong in�uence of
the local turbulent subgrid kinetic energy at ignition timing
was found. In contrast to the previous work, a transition
from ignition towards a fully developed turbulent �ame is
considered in this work and the grid was further re�ned
around the spark plug. Probing the local turbulent kinetic
subgrid energy at ignition timing, mass averaged within
a sphere of diameter of 3 mm around the spark plug,
against the phasing of CA0.1% as indicated in Figure 8
reveals indeed a dependency, albeit weak, for the considered
operating points and modelling framework. This may be
explained by the �ne grid resolution within this part of
the domain (c.f. Figure 2), such that a large portion of the
turbulent kinetic energy is resolved and only small amounts
reside on the subgrid scale, also evidenced by the small
values that u0sgs takes in Figure 8. Hence, most of the
interaction between the �ame front and the �ow �eld is
believed to happen at the resolved scales, which will be
assessed in the following. It can further be seen that the
bandwidth of �uctuations in u0sgs is comparable between the
three considered operating points, although they are situated
at different ignition timings.

40 60 80 100

FlFront Area @ xb=0.005% [mm2]

35

40

45

50

P
m

ax
 [b

ar
]

r 2=0.27

r 2=0.10

r 2=0.17

Figure 9. Correlation for individual cycles between the resolved
�ame front area at 0.005% total fuel mass conversion and the
observed peak pressure.

The phasing of the �ame front propagation depends
next to the previously probed subgrid scales in terms of
u0sgs also on the resolved scales. There, the large scale
turbulent motion leads to a wrinkling of the �ame front
which increases its active area. A direct measure for the
resolved turbulent motion in analogy to u0sgs would be
hu0i which needs to be estimated statistically by making
use of ensemble averaging the �ow �eld. Here, rather than
estimating hu0i, the evolution of the �ame front surface,
de�ned by the iso-surface G = G0, is investigated. For a
given total fuel mass conversion, the resolved �ame front
area is �uctuating from cycle to cycle. Cycles exhibiting
a stronger wrinkling of the �ame front will present higher
�ame front area which then is thought to result in an overall
acceleration of the combustion process and vice versa. This
correlation is probed in Figure 9, where the peak pressure
for each computed cycle is plotted against the �ame front
area at 0.005% fuel mass conversion. This considerably early
phasing has been chosen to be representative of the onset of
�rst visible �ame front wrinkling which happens 2-4 �CA
after ignition timing. A weak correlation can be found in
terms of r2, whereas OP1, pure methane, correlates stronger
with the �ame front area than OP3 and OP6 for 50 vol%
hydrogen. Furthermore, it can be seen that the bandwidth
in the observed �uctuation of the �ame front area is largest
for OP1, whereas for OP3 the bandwidth is minimal, being
in direct agreement with the observed bandwidths of the
peak pressure �uctuations. From this observation it appears
that the resolved �ame front wrinkling has a determining
contribution on the later observed peak pressure from the
very beginning of the �ame front propagation.

Figure 10 shows the same correlation now for the �ame
front area at a later stage of 5% fuel mass conversion.
Overall, the correlation is stronger for this later stage when
compared with the observations immediately after ignition
timing. On the other hand it appears that for hydrogen
addition, the �uctuations in peak pressure correlate stronger
with the �uctuations in the �ame front area at this later
instance in the combustion process than the comparatively
slower pure methane combustion.

In Figure 12, the evolution of the �ame front within the
combustion chamber for pure methane operation (OP1) has
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Figure 10. Correlation for individual cycles between the
resolved �ame front area at 5% total fuel mass conversion and
the observed peak pressure.

been indicated for a typically fast burning cycle. Almost
immediately after ignition, a wrinkling of the �ame front
is visible, which then increases signi�cantly towards a fuel
mass fraction burned of 0.1%. The local velocity �eld also
leads to a convection of the �ame front towards the upper half
in the top view when moving towards 5% fuel conversion.
At this instance, a strong correlation between the �ame
front wrinkling and resulting peak pressure has been found
previously. It can be seen that at this still comparatively early
phase within the combustion process, the �ame already takes
a considerable size within the combustion chamber.

Regime Diagram
The extended regime diagram by Peters Peters (1999) has
been modi�ed by Pitsch Pitsch (2005) to suit the context
of LES. There, numerical effects stemming from the grid
resolution have been decoupled from turbulence-chemistry
effects. This is achieved by plotting the ratio �=d0

L, the
ratio of grid resolution to laminar �ame thickness against
the Karlovitz number Ka de�ned on the subgrid scales as
follows:

Ka =
tc
t�

=
l2F
�2

=

s�
u0sgs
sL

�3�
lF
�

�
(11)

In Pitsch (2005) it has been shown that this quantity
is independent of the grid resolution. In Figure 11a the
evolution of the �ame front for the considered operating
points is indicated ranging from ignition up to 70% fuel mass
conversion. Interestingly, the evolution for the considered
operating points show the same global trends, OP6 falls
close on OP1 while OP3 is shifted towards slightly smaller
Ka numbers. In the detail of Figure 11b, it can be found
that following the ignition within the thin reaction zone, the
�ame front moves along the border between the wrinkled
and corrugated �amelets up to 0.01% fuel mass conversion.
In the wrinkled �amelets regime, the interaction between
turbulence and �ame front fully takes place on the resolved
scales, whereas the subgrid contribution is of purely laminar
nature. In contrast, in the corrugated �amelet regime, the
subgrid scales contribute to the corrugation. Between 0.01%

(a) Overview

70%

10%
5%

0.01%

IGN

(b) Detail

Figure 11. Evolution of the �ame front within the regime
diagram according to Pitsch. Overview top, detail bottom.
Percentage values indicate overall fuel mass conversion.

and 5% a strong increase in the length scale ratio for
a almost constant Ka number can be observed. This is
attributed to two effects: on one hand, the �lter width �
seen by the �ame front increases by roughly an order of
magnitude when the �ame leaves the local re�nement around
the spark plug. On the other hand, the increasing pressure
and unburned temperature due to compression lead to a
smaller laminar �ame thickness for the considered fuels. The
length scale ratio monotonically increases for the remainder
of the combustion process, whereas a local maximum for
the Karlovitz number can be found at roughly 10% fuel
conversion.

The above made observations are also shedding some
light on the simpli�ed early combustion phase modelling.
The transition from an initially laminar towards a fully
developed turbulent �ame speed falls roughly in line with
the transition from the wrinkled �amelets regime, where
the subgrid contribution is of pure laminar nature, to the
corrugated �amelets regime. One has to consider though that
the boundary between the distinct regimes is not as sharp
as indicated as the regime diagram relies upon a simpli�ed
picture of the strongly transient �ame front propagation.
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Figure 12. Evolution of the �ame front (red) within the combustion chamber, slices indicating the local velocity magnitude. Side
view (left), top view (right) for a typically fast burning cycle for operating point OP1.

Summary and Conclusion

The modelling framework based upon the G-Equation,
presented in the RANS context in Part I has been adopted to
the LES framework. As expected, the �ame speed coef�cient
A appearing in the considered closure after Damk¤ohler had
to be increased roughly by a factor of 2.5 in order to
match the mean pressure evolution. Whereas the model has
been calibrated for the phase average pressure evolution, the
resulting �uctuations predicted, as the modelling approach
does not contain coef�cients that would account for such
a tuning. Here, 3 operating points have been considered in
order to probe the capability of the modelling approach to
reproduce the cyclic variability of the combustion process

and the in�uence of hydrogen and lean operation. The
resulting numerical predictions of the pressure �uctuations
were in good agreement with the observed �uctuations on the
engine test bed. The effect of decreasing CCV for hydrogen
addition, related to the increased burning speeds, has been
reproduced by the numerical model as well as the increase of
the CCV for lean operation when compared to stoichiometric
operation.

As discussed previously in literature, the phasing of the
early combustion strongly correlates with the peak pressure.
Here, 0.1% of converted fuel mass already had a decisive
in�uence on the peak pressure. The �uctuation in the phasing
of the early combustion was related to the local turbulent
kinetic subgrid energy as it has been shown in a previous
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work Koch et al. (2014) and unrelated to �uctuations of
local conditions related to the laminar �ame speed. These
observations are also in line with �ndings from Zhao et al.
(2017). Aside the contribution of the subgrid scales, it could
be also shown that the resolved wrinkling of the �ame
front has a crucial role on the observed �uctuations for the
conditions under consideration. Increased wrinkling during
the very early stage of combustion, shortly after ignition,
strongly correlates with an overall faster combustion process
and higher peak pressure.

It can be argued that the decrease of the observed
pressure �uctuations with hydrogen addition is related to
the signi�cantly accelerated early combustion phase. The
bandwidth in the observed �uctuations in u0sgs around the
spark plug are comparable between the different operating
points at the respective ignition timings. The timescale
during which the above mentioned �uctuations in the
resolved �ow �eld can interact with the �ame front
during the crucial early phase becomes smaller, resulting in
considerably lower �uctuations of the combustion phasing
between 0 and 5% fuel mass conversion.

The evolution of the �ame front within the regime
diagram revealed that the early �ame phase happens at
the border between the corrugated and wrinkled �amelets
regime. Due to the local re�nement around the spark plug,
substantial amounts of the interaction between �ame front
and turbulence are resolved as a consequence, such that the
subgrid scale contribution has a partially laminar nature. This
is also in line with the simpli�ed early phase modelling,
where a transition from laminar to fully developed turbulent
�ame speed is imposed based upon to �ame radius.

The proposed simpli�ed framework based on the G-
Equation in the LES context allows the computation
of a suf�cient number of engine cycles at reasonable
computational cost which are 24 h on 48 CPUs,
corresponding to 1152 CPUh/cycle while considering
the relevant phenomena to predict the cyclic variation
of the combustion process and the hydrogen impact
thereon, making it a promising approach for multi-cycle
computations.
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