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Abstract

The compression ignition engine will continue to be a significant factor in
the transportation sector due to its unmatched efficiency and robustness. As
emissions legislation becomes more stringent, pressure on the automotive
industry will continue to increase as both government and consumers
demand cleaner technologies. The detailed understanding of in-cylinder
physics is paramount to improving efficiency and reducing engine-out
emissions. Consequently, numerical analysis is playing a much more pivotal
role in the engine design phase with the requirement to predict complex
combustion events and pollutant formation driving the need for ever better
models. In this investigation, current numerical tools are used to elucidate
the effects of spray targetting and piston bowl geometry on combustion
evolution and pollutant formation. Closed cycle computational fluid
dynamics simulations are performed on a sector mesh at various load points
using the 3 Zones Extended Coherent Flame Model coupled with adaptive
mesh refinement. The computational fluid dynamics model is validated
experimentally at the baseline conditions at each test point after-which,
parametric sweeps of bowl geometry, exhaust gas recirculation rate and
nozzle tip protrusion are conducted. Results indicate that appropriately
pairing fuel injection strategy and piston geometry is essential in reducing

engine-out emissions.

In addition, a novel chemical source term closure based on Conditional
Moment Closure (CMC) is developed to simulate diesel combustion.
Conditional Source-term Estimation (CSE) uses the conditional averages in
evaluating the mean chemical source term. However, unlike Conditional
Moment Closure where transport equations are solved for the conditional
averages. CSE approximates the conditional averages through inversion

of an integral. Previous studies have shown CSE is capable of accurately



simulating non-premixed flames of light hydrocarbon fuels. In this study,
CSE is extended to simulate spray flame combustion by coupling the CSE
combustion model with Flamelet Generated Manifolds chemistry reduction
methodology. The CSE-FGM model is applied to the Engine Combustion
Network n-Dodecane Spray.A - in a Large Eddy Simulation turbulence
modelling framework. The model is successfully able to predict ignition
delay and flame lift-off length with good agreement to experimental
measurements. Additionally, the CSE-FGM model is validated further
within a RANS framework to predict ignition delay and flame lift-off
length over a wide range of ambient temperature and oxygen concentration
conditions. The CSE-FGM model is successfully able to predict experimental

trends and sensitivity with respect to ambient conditions.
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CHAPTER 1

Introduction

1.1 Motivation

Combustion of gaseous and liquid fuels has been the primary energy source for
transportation and industrial application with future trends indicating it will remain
so [1]. This demand, driven mainly by economic recovery and emerging market growth
will undoubtedly apply significant pressure on the environment, forcing governments to
implement ever stricter emissions legislation in-order to minimise the impact. Globally,
the transportation sector accounts for approximately 23% of total CO, emissions with
road transport accounting for 20% [2]. Pollutants such as NO,, soot and unburned
hydrocarbons produced from incomplete/uncontrolled combustion pose serious health
risks. As purchasing choices of consumers trend towards environmental friendliness,
fuel efficiency and durability [3], automotive manufacturers are faced with the difficult
task of simultaneously meeting both governmental and consumer requirements.

The spatial and temporal distribution of fuel within the cylinder directly influences
ignition, combustion and pollutant formation.  This has prompted numerous
investigations into the detailed in-cylinder processes of diesel combustion. These range
from fuel spray interaction/behaviour to chemical kinetics of the charge and other
related physical phenomena. Diesel combustion is a complex process due to its inherent
heterogeneity where, liquid fuel breakup, atomization, vaporization, fuel-air mixing,
burned-unburned gas mixing and combustion occur simultaneously. Hence, there are a
multitude of physical and chemical processes that contribute to the combustion phasing

and pollutant formation. Optimisation methods for engine design and operation fall



1.1. Motivation

into two categories: the first, from which most of our current understanding of diesel
combustion has originated, is experimental investigations with physical engines and the
second, which has only recently become more pertinent, is multi-dimensional numerical
analysis. Since neither can capture all relevant details, it is common to link the two
methodologies with the numerical analysis allowing a deeper understanding of the
physical processes occurring and the experimental observations allowing validation of
the numerical models/analysis.

Numerical modelling has become increasingly popular in recent years as there
have been dramatic increases in computational power that have enabled the use of
advanced computational fluid dynamics models to describe many of the complex
phenomenon occurring during diesel combustion. As such, there has been a significant
reduction in the requirements for experimental testing as conceptual engines and
advanced combustion modes can be explored long before prototypes are made. However,
present understanding of the combustion process and associated pollutant formation
mechanisms are limited and further investigation is needed in-order to better represent

these processes numerically.



1.2. Objectives

1.2 Objectives

The proposed research will follow two paths:

1. The first part of the project will focus on using current numerical tools to elucidate
key operating parameters that govern performance and emissions formation of a
combustion system for which experimental data will be available. This phase of

study will also highlight shortcomings of current models.

2. Within the myriad of physical processes taking place in diesel combustion, of
particular interest to this study are those of the turbulence interactions with
chemistry (TCI). Current combustion models have a number of shortcomings
such as simplified chemical kinetics, rudimentary TCI descriptions and high
computational expense. Therefore, the objective of this part of the project will be
to extend a novel chemical source term closure in a commercial Computational
Fluid Dynamics (CFD) code. This will facilitate the use of detailed chemistry
through tabulation, in-order to better represent the multi-scale, multi-physics

problem of diesel combustion.
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1.3 Thesis outline

Beginning with this introductory chapter, an overview of turbulent combustion will
be presented in Chapter 2 where the governing equations and models for turbulence
and chemical source term closure will be discussed. Finally, a brief description of spray
modelling will be highlighted.

Chapter 3 will focus on computational modelling of a single cylinder research engine
using currently available numerical tools. The effects of piston bowl geometry and
spray targetting on combustion evolution and emissions formation over a wide range of
operating points will be investigated.

Chapter 4 introduces the novel turbulent combustion model (Conditional
Source-term Estimation) and its extension to spray combustion. Additionally, the
chemistry tabulation methodology of Flamelet Generated Manifolds will be presented.

Chapter 5 describes application of the newly implemented combustion model to
the Engine Combustion Network Sandia Spray A. Numerical simulations over a wide
range of operating points will be used to validate the combustion model under a Large
Eddy Simulation framework. Comparisons of experimental and numerical results will be
presented for key combustion characteristics of ignition delay and flame lift-off length.

Finally, a summary of the main findings and recommendations for future work will

be presented in Chapter 6.
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CHAPTER 2

Background

2.1 Introduction

Modelling of turbulent reactive flows presents a number of challenges especially in
the context of internal combustion engines, where flow is compressible, multi-phase,
multi-scale, unsteady and three dimensional. Due to strong coupling between the fluid
dynamics and chemistry within the domain of interest, any modelling assumption made
in order to close one set of equations will have an effect on others which could result
in a misrepresentation of physical reality. Even though this strong coupling exists,
the historical process is that each aspect of turbulent combustion is investigated and
modelled in isolation, so as to limit complexity - with the evaluation of the model and
its interactions with and effects on the rest of the system occurring at a later point in
time. A formal definition of this process as expressed by Veynante and Vervisch [10] is

shown in Figure 2.1.
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Figure 2.1: Combustion modelling steps. Adapted from [10]

2.2 Instantaneous conservation equations

Derived from fundamental principles of balancing a variable over an infinitesimally
small volume. The instantaneous form of partial differential equations for a single
phase Newtonian fluid with non-constant density in Cartesian notation are given as

follows [11].

Mass: also known as the continuity equation, total mass balance in a system is given

as:
dp | Opu; _

0 (2.1)

Momentum: conservation of linear momentum is given as:

Opu; N Opuiu, _ op N or;j

8t c%z 8xj 81‘1

+ F (2.2)

where p is static pressure, 7;; is the viscous stress tensor and JF; is a body force.
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Enthalpy: energy balance can be written in the form of enthalpy, here sensible

enthalpy, h; is used:

dphs  Opushs  Op  Ouip  Og; = OuTyj
ot + or; (9t+ Ox; 3$z‘+ Ox;

+ o (2.3)

where ¢; is the enthalpy diffusive flux and wr is the heat release due to combustion.

Species: for flows with multiple species, additional balance equations must be solved

for each species.

0pY; opu; Y, 0pVi.:Ys
Pk+ pu k__pk,k+

w 2.4
where Y}, is the mass fraction of species k, V},; is the i-th component of the diffusion
velocity of species k and w is the reaction rate of species k.

Closure of these equations are done by providing expressions for the viscous stress

tensor, diffusive fluxes and reaction rate terms. The viscous stress tensor is given by:

Tij = ga—xk@] + u (&cj + 81’1> (2.5)

where 1 is the dynamic viscosity and ¢;; is the Kronecker operator.

Fick’s law is employed to close the species diffusive flux and Fourier’s law is used
to provide and expression for the enthalpy diffusive flux. More complex expressions
for the diffusion fluxes which include species diffusion due to temperature gradients
(Soret effect) and molecular transport due to pressure gradients are commonly neglected.
Additionally, body forces and energy transfer due to concentration gradients (Dufour
effect) are also ignored in these expressions.

Thermochemical evolution in reacting flows is determined by chemical kinetics of
the system which consists of [V, species with NV, reactions. The reaction rate of a reaction

7, is given as:
N V! N vl
r = k r | | e - k: r | | T 2.6

where W}, is the molar weight of species k and 1}, and v}, denote the forward and reverse

stoichiometric coefficients for species £ in reaction r. The forward £y, and reverse ky,
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rate coefficients are computed by the Arrhenius expression:

E
k, = A, T" exp (R_ajc) (2.7)

where A, and 3, are the pre-exponential rate constants, F, , is the activation energy and
R, is the universal gas constant. The reaction rate of species k can then be computed

through summation over all elementary reactions as:

N,
u:)k = Wk Zwr (l/llclr — I/]{Cr) (2.8)
r=1

2.3 Reynolds and Favre decomposition

A full numerical solution of the instantaneous form of the conservation equations
is limited to very simple problems where the range of scales both in time and space are
small. For engineering flows with complex geometry and a large range of length and
time scales, it is not possible to obtain a full numerical solution due to the impractical
computational requirements. Accordingly, the instantaneous set of equations are
typically decomposed into a form where only the mean flow field is considered. The
fluctuations and turbulent structures are then integrated into mean quantities, thus
eliminating their explicit description in the conservation equations. Following this

approach, each quantity, ¢ is split into a mean, ¢ and fluctuating part, ¢':

b=+ (29)

& =0 (2.10)

Applying Equation 2.9 to the conservation equations results in the Reynolds Averaged
Navier Stokes equations (RANS) which represent conservation of the mean quantity
¢. However, this procedure is only suitable for incompressible flows as with variable
density flows, Reynolds decomposition will introduce a velocity-density correlation,

p’_u; whose closure adds another level of complexity. To avoid this problem, a density

10
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weighted averaging procedure is implemented such that:

o=0o+¢ (2.11)
¢ = @ (2.12)
D
¢ = @ —0 (2.13)

Applying this decomposition to the instantaneous conservation equations results in

the following set of Favre averaged equations:

Mass:
dp  Opu;
5 oy =0 (2.14)
Momentum:
dpu; — Opu;t; ap o /_ —
g? + %1;:%:_85#_%(% pug’u”)%—Fi (2.15)
% J %
Enthalpy:
Ophs _ Opush, dp _Owp 0 ( ,, ouT;  —
h”) +— 2.16
ot " ow, ol owm  om \THPU o, YT (2.16)
Species:
opY,  Opu;Y; 0 [— —~ _

As a result of the averaging procedure, a number of additional terms have been
introduced into the conservation equations. This is what is termed as the closure
problem of moment methods. And unless expressions for the additional terms are

presented, some of which are described below, there are more unknowns than equations:

// //

+ Reynolds stresses, uu”: a turbulence model provides an approximation for this

term. An overview of the main models will be presented in Section 2.4.
+ Laminar diffusive fluxes in the enthalpy g, and species V} ;Y} equations are

11
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generally neglected if the Reynolds number is high. However, if retained, they

are modelled in terms of average quantities as:

_ poh
= — 2.18
q; Pr Oz (2.18)
_ )Y
Vivi = o0, 2 (2.19)
al’i

where Pr is the Prandtl number and D, is a mean species molecular diffusion

coeflicient.

Velocity-scalar co-variances in the enthalpy uh” and species equations uY,”, to

which an approximation is made via the gradient diffusion hypothesis as:

—_ ot aﬁs

"h! = —— 2.20
pul S Prt axl ( )
— o Mt ai}k

"yl = —— 2.21
pul k Sth axl ( )

where i, is the turbulent viscosity which is derived from the turbulence model,
Scyy is the turbulent Schmidt number for species & and Pr; is the turbulent Prandtl

number.

Closure of the mean reaction rate v, in the species equation is the main objective of
turbulent combustion modelling. An overview of the main modelling approaches

will be described in Section 2.5.

2.4 Turbulence modelling

Though turbulence has no formal definition, it exhibits a number of characteristic

features allowing us a satisfactory understanding of its nature. Turbulent flow is always

disorganised, chaotic, three-dimensional, unsteady and rotational with a wide range of

length and time scales. Although turbulent flow appears to be random, it is deterministic

as the flow is still governed by the Navier-Stokes equations - which themselves are

12
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deterministicc. A common way of representing this order is through the turbulent

energy spectrum, Figure 2.2, which expresses the energy content, £, as a function of

the wavenumber, x, for the different scales present within the flow [12].

N

Energy, £

Wavenumber,

Figure 2.2: Turbulent kinetic energy spectrum. Adapted from [12]

+ I: This range contains the integral (dominant) length scale eddies that interact with

the mean flow extracting energy from it.

o II: The inertial sub-range facilitates the cascade process as it transports energy
from the large eddies to the smaller eddies in the dissipation range. The eddies in
this region are independent of both I and III and the flow of energy through this

range is expressed by Kolmogorov’s —5/3 law:

E(k) = Constant - €3 K3 (2.22)

« III: Viscous sub-range. Eddies here are small and isotropic with the scales defined

by the Kolmogorov scales, it is here where dissipation occurs.

A Direct Numerical Simulation (DNS) solution of the instantaneous balance equations

(Equation 2.1-2.4) will resolve the entire spectrum. However, as mentioned previously,

13
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this is not possible for any real flow, hence, the choice of turbulence model will
directly influence which scales will be resolved and which will be modelled. In
RANS approximations, the entire energy spectrum is modelled. The various closure
methodologies in RANS can be broken down into models that adopt the Boussinesq
assumption and those that do not. Boussinesq proposed that the Reynolds stresses are
a function of the mean velocity gradients and a turbulent viscosity j;:

— o, ou; 2 . Ouy 2
/A v J Sy p— —ok 2.23
pit Ha (895]- + dr; 3 j@u) + 3,0 (223)

where £ = %22:1 uyuy. Adopting this assumption then leaves only one unknown
term, the turbulent viscosity. Knowing that y1; = pv; and v, having dimensions of m?s ™!
(identical to v), it is apparent that 14 oc velocity - length. Therefore, any quantity that

can describe the velocity or length scale adequately can be used to compute y;. Some of

the more commonly modelling approaches are described below.
Algebraic models

These are the simplest models as they either assume a constant value of
throughout the domain, or use an algebraic relation to compute ;.

One-equation models

In one-equation models, the velocity scale is determined by solving a transport
equation for the turbulent kinetic energy. The length scale is then obtained from an

algebraic relation after-which the turbulent viscosity can be calculated.

Two-equation models

These are the most widely used models as they offer a good balance between accuracy
and performance. The most used two-equation models for combustion simulations are

the £ — € [13] and RNG k — € [14] models where a transport equation is solved for both

14
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the turbulent kinetic energy, k£ and its dissipation, e. The modelled k£ and € equations

read:
opk  Opuk 0 e 0
ot © dr; O ( 6%) i ]8 —pe (224)
ope  OpuE 9 ; ou &
_r- — ~- _ // // —_ 22
ot T om Gxi<(ﬂ_%ag)éhy) Caz Ty, T P, (2.25)

where oy, 0. , C¢, and C,, are model constants. The turbulent viscosity is then computed

as:
= pC,— (2.26)

where (), is a model constant.

The RNG k£ — € model first proposed by Yakhot et al. [15] re-normalised the
Navier-Stokes equation to account for the smaller scales of motion. With the standard
k — € model, the turbulent viscosity is computed from a single length scale and hence
turbulent diffusion only originates from that one scale. This is contrary to reality where
all scales of motion will contribute to diffusion. The RNG £ — € model in compressible
form as derived by Han et al.[14] modifies the dissipation equation to account for smaller
scales through the addition of an additional term, R,,, that represents the effect of the

mean flow distortion on the dissipation rate:

— ~ — = z — 7. =2
% + Optii€ = 0 ((M + &) 0¢ ) Celipuﬂ Ot 0525% — Cespe— o — Ring

ot ox; ox; o.) Ox; i 0z Oz,
(2.27)
where (¢ is a constant and R, is computed from:
Cui (1= %) 7z
ang = A (2‘28)

1+ 61 &
1/2

) ) N2
where 7” is a constant, 7 = S% and S = (2 (% (g;”_ + g?)) )
J 2

Reynolds Stress Models

These models avoid using the Boussinesq assumption by solving additional transport

equations for each component of the Reynolds stress tensor and one more quantity to

15
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determine a length scale for the turbulence. The modelled equation for the Reynolds

Stress tensor reads [16]:

Opuivi 0 (- =N 0
It + O (pu;gul- Uj> + 8—%Tkzj = P + Rij — €ij (2.29)

where T};; is the Reynolds-stress flux, I2;; is the pressure strain and ¢;; is the dissipation

which all need to be closed.

Filtering and Large Eddy Simulation (LES)

LES allows explicit computation of the larger flow scales whilst modelling smaller
ones. The main idea behind this is that most of the computational expense of Direct
Numerical Simulations is due to resolution of the smaller scales. If this burden is
removed, a more correct solution (when compared to unsteady RANS) can potentially
be achieved at a reasonable computational expense. For reactive flows, especially
with respect to non-premixed combustion, most of the turbulence-chemistry-flame
interactions occur at the smaller scales which are still modelled in LES. Whilst this does
not seem attractive, LES provides a number of benefits over using the standard RANS

techniques [10, 12]:

« Most large scale flow structures are geometry dependent whereas small scale flow
structures generally exhibit uniform properties and as most turbulence models
make an isotropic assumption of the smaller scales, using LES will give a better

solution even at the sub-grid level.

+ Turbulent mixing governs flame propagation in reactive flows, the fuel-oxidiser
interactions are resolved in both space and time in LES, allowing clear
identification of combustion zones with turbulence/flame properties explicitly

computed.

« Unsteady RANS provides an ensemble averaged solution, hence cycle-to-cycle

variability aspect is averaged out. With LES, individual realisations are possible

16
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and this allows a much greater insight into the dynamics of combustion which are

well known to vary from cycle-to-cycle.

In LES, all quantities are filtered in order to decompose them into resolved and residual
components. Filters can be defined in either spectral space, where the resolved
components are limited by a cut-off frequency, or in physical space, where the filter

width dictates the limits of resolution. The filtering operation can be defined as:

Q;(z,t)s = / O, (2, 1)G(x — x')dx’ (2.30)

where ®; is the filtered quantity in the ith direction and G(z) is the filter function.

Common filters include [10, 12]:

« Cut-off filter in spectral space, x, is the spatial wavenumber and the filter
suppresses all quantities less than the cut-off wavenumber, «..

o 1 ifrk < ke
G(k) = (2.31)

0 otherwise

« Box filter in physical space where (1, 25, x3) are the spatial coordinates of = and
the filtering operation corresponds to averaging the quantity ® over a box of size

A.

Az if | <%

G(r) = G(x1, 9, 73) = (2.32)

0 otherwise

« Gaussian filter in physical space

= 6\ 622
G(z) = G(21, 29, 23) = <W) exp (— A:C;) (2.33)

In finite volume methods, box filtering is almost always used with implicit filtering
employed. Explicit methods in Equation 2.30 are often avoided due to difficulty in

implementing an explicit filter on a non-isotropic grid [17]. Implicit filtering equates

17
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to the numerical scheme and grid size acting as the filter width i.e. the control volume

being the same as the filter volume:
A = (Az;AxyAxy)? (2.34)

where Ax; is the grid spacing in the ith direction.
Similarly to RANS, the instantaneous conservation equations are Favre filtered

(as opposed to Reynolds averaged) to derive conservation equations for Favre filtered

quantities.
b = &) + o (2.35)
)
o= (2.36)
p
gﬁ £ 0 (2.37)
Mass:
E . =0 (2.38)
Momentum:
opu;  Opu;u; op 0 /_ . —
B0 (i) e F o
7 J 7
Enthalpy:

_;Ls _~iiLS P ;P h AL A
dp dpushs _ Op X oup 9 <qi +7 (ughg — ﬁh)) + duity +wr  (2.40)

Species
opYy  Opu;Yy - 0 [ —— = _
S e = (Vei¥i +7 (07 - Y3 ) + (2.41)

The unclosed quantities in these equations are as follows:

—_—

« Unresolved Reynolds stresses, 7,; = (u;u; — @;u;), for which a sub-grid

turbulence model is required.

18



2.4. Turbulence modelling

+ As with RANS, the laminar diffusive fluxes in the enthalpy (g;) and species ( V} ;Y%)
equations are generally neglected if the Reynolds number is high. However, if

retained, they are also modelled using the gradient assumption:

_ p Oh
= 2.42
q; Pr Oz, (2.42)
— ;)%
ViiVi = —pDyot (2.43)
8371‘

« Similarly, the unresolved turbulent fluxes in the enthalpy (uihs - ﬂihs) and

species equations <u/5//k — &J@) are also approximated via the gradient diffusion

hypothesis as:
7 59s a]jls
(uihs — uh) — _ Hsgs T0s (2.44)
Prgys Ox;
— sgs V)
<uiYk — am) — _ Hegs Tk (2.45)
Sck,sgs axz

where 154 is the sub-grid scale viscosity, Pr is the sub-grid scale Prandtl number

and Scy, 545 is the sub-grid scale Schmidt number.

« Closure of the filtered reaction rate, w, is done through a combustion model.
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2.5 Combustion modelling

2.5.1 Chemical source term-explicit expansion

The chemical source term closure presents one of the greatest challenges in turbulent
combustion modelling due to its highly non-linear behaviour, and its sensitivity to
truncation. This is clearly demonstrated through derivation of the Taylor expansion
of the chemical source term as per Veynante and Vervisch [10]. Taking a single-step

irreversible reaction between fuel, /' and oxidiser, O:
F+sO = (1+s)P (2.46)

As before, an Arrhenius expression is used to determine the reaction rate of the fuel:

T
wp = —A,oszYFYO exp (—?A) (2.47)

where, A is a constant and T, is the activation temperature. Due to the non-linearity
of the reaction rate, the most convenient way of determining the mean reaction rate
as a function of the mean mass fractions, density and temperature is through a Taylor

expansion of the temperature fluctuations using [10]:

TA) ( TA) +oo T
ex —_—— = eX —_—— 1 + P —_ 2.48
p ( = p(—= nzl = (2.48)

+00 I
T = T* <1 +)Qn = ) (2.49)
n=1

n

where P, and (),, are given as:

N ok (n—1)! T4\"
= ;( D (n—DH{(k -1k (:F> (250

0, = b(b+1)..(b+n—1) (2.51)

n!
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The mean reaction rate is then:

e T
op = —ApPPT"YrYoexp (—?A)

X

2O (2.52)
VYo YT YoT

Y//T//2 W
+ (P2+Q2+P1Q1)<i~ + =2 >+]

v AR
1+i—£+(P1+Q1)<AF, + =2 )

VT2 YoI?
A number of difficulties result from this equation, new covariance terms appear which
need to be closed - either through algebraic relations or additional transport equations.
Truncation of this series would eliminate these terms altogether. However, due to the
non-linearity in Equation 2.52 and the temperature fluctuations potentially being very
high, the result would be a very poor approximation. A further difficulty arises from
the fact that this expression is valid only for a single step irreversible reaction, hence,
extending this type of closure to multi-step chemical schemes would in itself be a major
challenge. As such, this type of closure is avoided in turbulent combustion modelling
and most methods are derived from a physical analysis, where length, velocity and time
scales are considered. Methodologies for turbulent non-premixed combustion modelling
are generally grouped into two main categories: infinitely fast chemistry and finite rate
chemistry, which correspond to the chemical/turbulent time scales for which they are
applicable [10, 11, 16]. An overview of the commonly used models in each category is

presented below.

2.5.2 Infinitely fast chemistry methods
Eddy Break Up (EBU) Model

The EBU model was proposed by Spalding [18] as a first attempt at closing the
chemical source term. As mentioned before, turbulent mixing can be seen as an energy
cascade process from the integral length scale down to the molecular scales. The

basic premise behind the EBU model and its derivative, the Eddy Dissipation Concept
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(EDC) - which applies to non-premixed combustion [19], is that turbulent mixing is
rate determining in combustion because of infinitely fast chemistry. The characteristic

turbulent mixing time can be calculated from the turbulent quantities as:

T = (2.53)

| T

The mean reaction rate for products with the EBU model is then given by:

_ 1 —
wp = ﬁC’EBU; VY (2.54)
t

where C'ppy is a model constant, and Y}, is variance of the product mass fraction. The
EDC model extends the definition in Equation 2.54 by taking the minimum of three

reaction rates:

T Y S R
== — Y e - 2~
pwE CYthm/ln < F, s ’ﬁ(l—f—S)) ( 55)

where o and [ are tunable model constants and Yo, Yp represents the reactant and
product mass fractions. This methodology appears quite attractive as the mean reaction
rate is a function of known quantities. However, as the chemical time scales are
omitted and turbulence is assumed to behave isotropically, the EDC model overestimates
the mean reaction rate in highly strained flow regions [10]. Additionally, ignition or
stabilisation characteristics cannot be predicted due to the fact that fuel and oxidiser
burn on contact. Furthermore, the model constants need to be tuned for each case to get

any meaningful results [11].

2.5.3 Finite rate chemistry methods

Well-Mixed Model

The Well-Mixed combustion model treats each computational cell as a homogeneous
reactor by assuming turbulent mixing is infinitely fast. As such, turbulence-chemistry
interactions are not explicitly accounted for with this model and the reaction rate

is calculated directly by solving Equation 2.8 using the mean value of species and
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temperature. Provided an accurate reaction mechanism is used, Well-Mixed models
can give acceptable results where fluctuations in temperature and species are small, or
where chemical time scales are greater than turbulent time scales [10]. However, in most

applications this methodology leads to large errors in the mean reaction rate [20].

Flamelet

The description of turbulent diffusion flames as an ensemble of laminar flamelet’s
was first pioneered by Williams [21]. Flamelet equations were then derived based on
the idea that local balance between diffusion and reaction are similar to those found
in prototype laminar flames [22, 23]. If chemical time-scales are much shorter than
characteristic turbulence scales and the flame is thin, a flamelet can be viewed as a
thin reactive-diffusive one-dimensional laminar flame sheet embedded in a non-reactive
turbulent flow field. Flamelet models are constructed from an asymptotic view of
diffusive-reactions with the controlling parameters being mixture fraction, Z and its
scalar dissipation rate x [10, 23, 24]. The simplified flamelet equations for species and

temperature read:

aYk 1 82Yk )
o = aPXgp T (2.56)
or 1 0T
Por = kg 1 Ahf Wk 3PX 773 (2.57)

where x = 2D ( dZ df ) is a measure of the mixture fraction gradients and species fluxes

towards the flame and D is the diffusion coefficient.

If x is specified, the flame structure can be computed through the solution of
Equation 2.56 and Equation 2.57 using detailed chemistry. Thermochemical properties
are then tabulated into flamelet libraries and the mean species mass fractions and

temperatures can then be obtained by assuming a PDF functional form relationship [11

23



2.5. Combustion modelling

25].

T =T(z,1) (2.58)
Y, =Yi(2,1) (2.59)
- “+0o0 1

Y, = Yi.(Z Z.x)dzd .

o / / PYi(Z,)D(Z, X)dzdy (2.60)
. “+o0 1

o= | 0 / AT(ZopZ )z (261)

Generally, the transient terms in Equation 2.56 and Equation 2.57 are considered
negligible as it is assumed that the characteristic time scales in the flamelet equations
are much smaller than the flamelet lifetime. This is known as the Steady Laminar
flamelet Model (SLFM) whose applicability is limited to very high Damkoéhler number
(the ratio of flow to chemical time scale) flows, whereby local extinction of the flame
does not occur. The basic flamelet approaches have been extended to include the
effects of unsteadiness, flame curvature and radiative heat transfer [25, 26, 27]. One
of the more popular models is the Representative Interactive Flamelet (RIF) model
whereby the unsteady flamelet equations are solved between each CFD time-step [28,
29]. This ensures that chemical and physical time scales are decoupled as well as
overcoming the implicit assumption of a slow scalar dissipation rate in the SLFM model.
Additionally, RIF allows the inclusion of the transient pressure term that is present
in the complete expression of Equation 2.57 (not shown here), which is necessary
for any real combustion application. As the flamelet assumption implies that the
thermochemical trajectories in state-space of a multi-dimensional flame will be similar
to those found in corresponding one-dimensional flames. It is possible to construct
a low-dimensional manifold by mapping the high dimensional thermochemical state
space of flamelet solutions using detailed chemistry and reaction kinetics onto a
low-dimensional manifold in composition space. This is the basis of the Flamelet
Generated Manifold (FGM) method developed by van Oijen [30, 31] that will be discussed

further in Section 4.2.
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Coherent Flame Models (CFM)

The Coherent Flame Model initially developed for partially-premixed flames, is a
phenomenological type model that assumes that a flame sheet divides the flow field
into burned and unburned zones. The flame sheet is characterised by a flame surface
density, ¥, which is one of the controlling parameters of this model as the reaction
zones are assumed to be a function of the distortion of the flame-sheet front [32]. The
CFM approach allows decoupling of chemistry - represented by a local burning rate €);,
from the turbulence - represented by flame surface density. As X will wrinkle, stretch
and be transported by the flow field, the mean reaction rate is then expressed as the local

reaction rate per unit of flame area:
w=03 (2.62)

where €, is the local burning rate and is computed either from one-dimensional laminar
flames or expressed as a function of the scalar dissipation rate or species molecular
fluxes. The flame surface density is solved through an additional transport equation

given as [33]:

8_E+8ﬂi2_8 M ox/p
dt de; Oz Sce,  Sc) Oz

)+(P1+P2+P3)Z—D+Pk (2.63)

where P, P, P; denote the flame surface production by turbulent stretch, mean flow
dilation and thermal expansion respectively. D represents the destruction term and
Py is the production term during ignition. Treatment of non-premixed combustion
was included by extending the CFM model to include a third zone, leading to what is
known as the Extended Coherent Flame Model-3 Zones (ECFM-3Z) [34]. Initially, each

computational cell is subdivided into three zones as shown in Figure 2.3:
+ Unmixed fuel zone
« Unmixed air+EGR zone

« Mixed zone containing air+fuel +EGR
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2.5. Combustion modelling

Auto-ignition, which occurs in the mixed zone is modelled using Tabulated Kinetics [35]
whereby ignition delay values are tabulated prior to the CFD calculation. The TKI
model solves 0D constant pressure reactors over a series of pressure, temperature,
equivalence ratio, EGR and reaction progress levels, thereby accounting for a wide range
of initial conditions experienced in a combustion device. After ignition has occurred,
the premixed flame is solved using the flame surface density approach and the diffusion
flame is solved with a mixing model. The evolution of the zones is computed via this

mixing model and is based on local turbulent time scales as:

(2.64)

where [, is a model constant. More detailed descriptions of the ECFM-3Z model and
its derivative the ECFM-CLEH (Combustion Limited by Equilibrium Enthalpy) can be

found in [34, 36].

Flame propagation

u = unburned gas b = burned gas

A = unmixed air + EGR

Premixed flame (oxidation) Turbulent

mixing
M = mixed air + fuel

Burnt gases

F = unmixed fuel

Auto-ignition
Homogeneous reactors

Diffusion flame
(oxidation + pollutant formation)

Figure 2.3: ECFM-3Z schematic. Adapted from [34]
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2.5. Combustion modelling

Probability Density Function (PDF)

In PDF approaches, the mean reaction rate is recovered from integrating the
conditional reaction rates weighted by their local PDF provided that the flow field is
known. Either a balance equation for the PDF/joint-PDF is solved for relevant variables
or a shape is assumed for the PDF. This PDF contains all the information equivalent to
the standard moment methods at a particular point in time. The probability of finding
a variable, U at given location, 7 in time, ¢ in the range, [V* — AW/2 U* + AW/2] is

defined as, P = (¥*; Z,¢)AV , which obeys the following relations:

/ P(U*; 7, t)d¥* =1 (2.65)
N4
/ P(U*; %, 1)dV* =W (Z,t) (2.66)
)4
/ (" — T)2P(U*; 7, 4)dW* =072 (7, t) (2.67)
)4

where U* is the sample space variable for W. For more than one variable, a joint
probability density function can be applied as P(¥3,...U%; %, t). Any mean quantity

can then be expressed as:
Py, (Z,t) = / Vo, (W5, ) P(U, U T, 1)dPT...dU Yy (2.68)
o, Ty

Presumed PDF

A given shape is assumed for the PDF, which in non-premixed combustion can be
derived by solving balance equations of the mean mixture fraction, 7 , and its variance,
z". Usually, the shape is that of a $-PDF as it has been found to appropriately
characterise such flows [23, 37, 38, 39]. The mixture fraction which describes local

composition is defined according to Bilger [40] as:

Yo—Yo,o 1Yu—Yu,2 Yo—Yo,2
2 +! -
7 Mc 2 Mgy Mo (2.69)
2YC,1—YC,2 + 1Yu1—Yuo2  Yo,1—Yop ’
Mo 27 Mg Mo

where Y}, is the element mass fraction, M)}, is the molar mass of the elements (Carbon

(C), Hydrogen (H), Oxygen (O)) and subscripts 1,2, denoting the initial composition in
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2.5. Combustion modelling

the fuel and oxidiser streams respectively. This definition leads to Z = 0 in the oxidiser
stream and Z = 1 in the fuel stream. The S-PDF of mixture fraction in Favre-averaged
form is given as [39]:

~ 2o (1= 2)7'T (a+ B)
Pt =10 +TH)

(2.70)
whereazgy,ﬁ: (1—Z>7andvzﬁ—120

Transported PDF

First proposed by Pope [41], the transported PDF method solves the joint
velocity-composition PDF instead of assuming a specific form of the PDF. Starting from
the Navier-Stokes equations, the joint PDF F (V, 4, x;t) of composition ¢ (x,t) and

velocity is written as [42]:

a_ﬁ+ Vaﬁ_ga;z aﬁ+ ) [ }
o or;  pOx; 0V; Oy wk/
Cl;ged
_ 9 T 2
- (7 (v ijv,¢>)1

-—
Viscous dissipation

o (~/10p
T (f<;a—%"“f’>>

Vv
Pressure fluctuation

0 N
_ T [f<rv2¢k|v,¢>} (2.71)

Vv
Molecular mixing

Terms on the left hand side represent the time differential of the PDF, convective
transport of the PDF in physical space by a random velocity field (including turbulent
transport), convective transport of the PDF in velocity space and finally the chemical
source term. The advantage of PDF transport models is that terms on the left hand
side of Equation 2.71 are closed, hence the chemical source term is treated directly.
The terms on the right hand side of Equation 2.71 remain unclosed and require

modelling. The main difficulty with the transported PDF methods lies in the closure
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2.5. Combustion modelling

of these terms, where molecular mixing presents the greatest challenge [43], followed
by the large computational costs. As transported-PDF methods are characterised by
high dimensionality, finite-volume or finite-difference methods are not suitable as the
computational expense increases exponentially with the number of scalars. Hence,
alternative numerical methods are needed such as Monte-Carlo type methods, whereby
the flow is described by a large number of particles whose individual properties are
solved for using a stochastic Lagrangian approach [44]. A review on transported-PDF

methods and their application to turbulent reacting flows can be found in Haworth [45].

Conditional Moment Closure (CMC)

Independently derived by Klimenko [46] and Bilger [47], CMC assumes that
fluctuations in scalar quantities are dependent on the fluctuation of one principal
quantity. In non-premixed combustion this principal quantity is the mixture fraction,
as it has been observed that thermochemical quantities such as reaction rates and
temperature are strongly correlated to the mixture fraction [11, 48, 49]. The conditional
means of species mass fraction, Y and temperature, 7', conditioned on the mixture

fraction can be written as:

Qk (mvt777) = <Yk (wvt> |Z (w>t> = 77> (2‘72)

Qr (z,t,n) = (T (z,1) |Z (z,1) = 1) (2.73)

where 7 is the sample space variable for the mixture fraction, Z. Following the
decomposition method, as per Bilger [47], and substituting the conditional definitions
into the species and energy equation, Equation 2.17 and Equation 2.16, the derived CMC

transport equations for ();, and ()7 read:

an an 82Qk 1 VAV D .
By < 7) o, < m) o 0B () o (pui Yy [m) P (n) <‘ klm)
Conz;z;tion molecul;;mim’ng h dif]?;sion <4 chemical source
(2.74)
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Q7 oQr *Qr

19
pP () 9%

0Qr | 1 [0l <= 9Qr
+ W, [<Cp|n>< T *Z‘“’P”“a_nﬂ

k=1

[(pUQ’T”InWS (?7)}

<7UH\77>
(plm){cplm)

+ ! <1@|n> (2.75)
(cplm)

Solving these equations will provide the conditional mass fractions of all species and
temperature for all locations and time in the flow field. As can be seen, no assumptions
have been made regarding the scale/type of flow structures and turbulent/chemical time
scales when compared to flamelet models. Furthermore, unlike transported PDF models,
the computational expense and numerical challenges are greatly reduced as the CMC
equations are conditional on the mixture fraction hence the dimensionality is lowered.
However, terms remain unclosed in Equation 2.74 and Equation 2.75, the main ones
being the conditional chemical source terms ((wy|n), (wg|n)), the conditional turbulent
fluxes ((u¢"|n)), the conditional scalar dissipation ((/V'|n)) and the conditional veloctiy
({(wi|m)). A number of methods have been developed to provide relevant expressions
depending on flow characteristics [50, 51], closure can either be first order - using means
and averages or second order - using variances and covariances of the fluctuations about
their averages. Generally first order closure is employed, however, it has been found that
for certain reacting flows where extinction or auto-ignition are present, second order
closure is preferable with the inclusion of double conditioning (mixture fraction and
scalar dissipation), although the computational cost increases quite considerably with
these additions [51, 52, 53, 54, 55]. Assuming first order closure, the conditional mean
of the chemical source term can be evaluated as a function of conditionally averaged

scalars:

(Wr|n) = wr(Qr, Qr, p) (2.76)
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The unconditional mean chemical source term is then computed knowing the PDF

of the mixture fraction as:
1
v = / (éolm) Pm)dn (2.77)
0

CMC has been used successfully to simulate turbulent non-premixed combustion in
fuel sprays [56, 57, 58, 59, 60, 61] and pilot flames/jets [53, 54, 62, 63] with relatively
successful predictions of auto-ignition, flame development and pollutant formation.
It is apparent that successfully accounting for extinction, re-ignition and predicting
auto-ignition requires higher order closures, but at an increase in computational
expense, CMC becomes less attractive for use in practical applications. Hence, there
is a need for a closure that benefits from the inherent generalism of CMC with regards
to flame structure, but is less computationally demanding if higher order closures are

used.

Conditional Source-Term Estimation (CSE)

Conditional Source term Estimation, first proposed by Bushe and Steiner [64], also
uses conditional averages to evaluate the chemical source term, Equation 2.76. Unlike
CMC, transport equations are not solved to determine the conditional averages, instead,
CSE assumes spatial homogeneities exist on defined surfaces in the flow field leading to
recovery of the conditional averages through inversion of Equation 2.77. Further details

on CSE and its extension to spray combustion will be presented in Chapter 4.
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2.6 Spray modelling

Chemical energy is commonly stored in liquid form in many combustion devices
whereby mixing with oxidiser is achieved through high pressure injection of this
fuel into (usually) hot gases. In the present work, multi-phase interactions are
modelled using the Lagrangian-Eulerian framework. In this approach, conservation
equations in the Lagrangian frame of reference are solved for each droplet with net
rates of mass/energy/momentum exchanged with the gaseous (Eulerian frame) field
through source/sink terms in the Favre averaged/filtered conservation equations. In
practice, conservations equations are not solved for each droplet due to the excessive
computational expense - but are solved for parcels. A parcel is a collection of droplets
(many thousands) that have identical physical properties.

Droplet momentum transfer rate is given as:

d?]i
dt

pVa—— = Faq; (2.78)

the where p; is the liquid density, V; is the droplet volume and F7; is the sum of drag

Flirq9,; and gravitational I ; forces acting on the droplet, which is expressed as:

PglUi|
2

Fui = Faragi + Fyi = CpAy Ui + piVagi (2.79)

where Cp is the coefficient of drag, Ay is the droplet frontal area, p, is the gas density

and U, is the drop-gas phase relative velocity given as:
Ui =u; + U; — U; (2.80)

where wu;, u; denote the mean gas phase velocity at the droplet position and its
fluctuation.

Droplet mass change rate is given by the Frossling correlation as [65]:

dro aspraypgD
= —————DB;Sh 2.81
- S BaSha (2.81)

where o4, is @ mass transfer coefficient, D is the mass diffusivity of the liquid vapour

in air, Shy is the Sherwood number and B, is defined as:
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Yi Y,

Bj=——-
1Ty

(2.82)

where Y) is the vapour mass fraction and Y| is the vapour mass fraction at the drop
surface. The droplet energy equation based on the Uniform Temperature Model [65]
assumes energy supplied to the droplet is either used to heat the droplet or supply heat
for vaporisation.

dmy

AT, —
clmdd—td = 4,04 + 5 Huoy (2.83)

where ¢; is the liquid specific heat, T} is the droplet temperature, myis the droplet mass
and H,,, is the latent heat of vaporisation. The rate of heat conduction () is given by
the Ranz-Marshall correlation [66] .

A number of physical processes act on these parcels which include, but are not
limited to: droplet breakup, collisions, evaporation, wall-interactions and turbulent
dispersion. The sub-models used to account for these physical processes will be stated
and referenced in the relevant chapters and the reader is referred to the original

publications if more detail is required.
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CHAPTER 3

Single cylinder research engine

simulations

The content in this chapter is a result of the collaborative efforts of the author and
Dr. Felix Leach and Dr. Nick Papaioannou. The author was responsible for all
engine computational modelling, its post-processing and analysis. Dr. Felix Leach
and Dr. Nick Papaioannou were responsible for the experimental measurements

and analysis. The content in this chapter has been published in [4, 5, 6, 7].

3.1 Introduction

Diesel combustion is diffusion dominated, thus controlling and optimising of
the combustion process relies on strategies that influence fuel-air mixing in the
combustion chamber. Modern diesel engines adopt a variety of methods which include
a combination of geometrical, fuel injection and flow adapting parameters [67]. For
example, multiple injection events at high pressures are typically used to increase air
entrainment by the fuel jet and thus improve mixing which in turn improves combustion
efficiency and reduces soot formation [67, 68, 69, 70]. Geometrical considerations such
as stepped piston bowls have been used extensively in medium duty diesel engines
due to their effectiveness at improving air utilisation, enhancing late cycle mixing
and reducing heat transfer losses [71, 72]. Their use in light-duty diesel engines is

actively being explored with early findings reporting improvements in fuel efficiency
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3.2. Experimental test conditions

and emissions as a result of this better mixing, especially late in the cycle [73, 74, 75].
From these investigations it is apparent that optimal matching of these parameters is key
to designing cleaner and more efficient engines. The following investigation explores the
effects of changes to spray targeting and combustion bowl shape and their respective
influence on combustion evolution and emissions formation in a high speed light duty
diesel engine. Simulations validated at baseline experimental conditions are run on a
range of test points corresponding to an array of physical experiments recently carried
out on a newly commissioned single cylinder research engine. These validated results

are used to explain some of the significant findings in the experimental data.

3.2 Experimental test conditions

Experimental data is obtained from a single cylinder research engine based on the
Ricardo Hydra platform [76]. The cylinder head, engine geometry and combustion
system are identical to the Jaguar Land Rover AJ200D “Ingenium” engine. Table 3.1 gives
an overview of the main engine specifications with a schematic of the test cell shown
in Figure 3.1. The engine is fitted with a standard production injection system with an
eight-hole injector based on the Bosch CRI2 platform. A comprehensive description of

the test engine and measurement instrumentation can be found in [4].

Table 3.1: Engine specification

Valve per cylinder [-] | 2 intake, 2 exhaust
Bore x Stroke [mm] | 83 x 92.3
Displacement [mm?] | 500
Compression Ratio [-] | 15.4:1

Fuel rail pressure [bar] | 400-1800

Injector mechanism [-] | Solenoid
Injector nozzle diameter [um] | 124
Injector umbrella angle [deg.] | 156

The experimental test points simulated are shown in Table 3.2, these include two

part load test points in which the engine was run with varying EGR rate at constant
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Figure 3.1: Schematic of engine test cell. Adapted from [77]

Table 3.2: Simulated experimental test points

P1 P2 F1 F2 F3
Engine speed [rpm] | 1500 1750 1500 2000 4000
Net IMEP [bar] 6.8 13.5 Max
EGR level [%] | 0,20,40 0,16,25 0 0 0
Fuel rail pressure [bar] 550 900 1100 1450 1800
Inlet manifold pressure [bar] | 0.25 1.0 1.55 1.85 1.95
Inlet manifold air temperature [°C] | Varies with EGR 40 45 50
Exhaust back-pressure [bar] | 0.45 14 1.9 175 25

exhaust back-pressure and inlet manifold pressure. The engine load was set by adjusting
the main injection fuel quantity to reach the desired nIMEP value, this was then held
constant throughout the EGR sweep. Additionally, three full load test points at zero
percent EGR and varying engine speed were run where injection timing advance was
limited by peak in-cylinder pressure and injected fuel quantity was limited by exhaust
temperature. Each test point was simulated for two piston bowls at two Nozzle Tip
Protrusion (NTP) values. The main details of the piston bowl geometry and fuel injector
are shown in Figure 3.2. The piston bowls include one standard re-entrant type piston
and one stepped-lip piston bowl as shown in Figure 3.3. NTP was varied by +0.5 mm
from the baseline value of 2.25 mm by adding washer of relevant thickness to the injector

mount.
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Figure 3.2: Cross-sectional view of 3D CAD model showing injector position and piston
bowl geometry.

L. I L.

(a) Re-entrant (b) Stepped-lip

Figure 3.3: Sectional view of piston bowl geometries highlighting piston-lip.
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3.3 Computational setup

Simulations were performed using the CONVERGE CFD code version-2.4.15 [78].
The Pressure Implicit with Splitting of Operators (PISO) of Issa [79] was used to solve
the transport equations. All transported variables in CONVERGE are colocated at
the centre of the cell, hence, the Rhie-Chow [80] algorithm was adopted to prevent
checker-boarding. Second-order accurate central differencing schemes were used
for spatial discretization in all simulations, with fully implicit first-order accurate
time integration to maintain stability. A variable time-step was used based on the
Courant-Friedrichs-Lewy (CFL) condition for convection (CFL, = uﬁ—i), diffusion
(CFL, = V%) and speed of sound (CFL, = c%). Here, Ax is the grid size, At is the
time-step, u is the cell velocity, v is the dynamic viscosity and c is the speed of sound.
Additionally, spray and chemistry based time-step control are also used whereby the

time-step is computed as:

dtsprqy = min [ v } “ MUt spray (3.1)
Uparcel
and:
AT
dtchem = dti—l |:T:| : mUZtchem (32)

where Upqrcer is the spray parcel velocity, mults,.q, is a user specified multiplier that
limits the number of cells a parcel can travel in one time-step, dt;_; is the last time-step,
T is the cell temperature, AT is the change in temperature due to combustion and
mult penm is a user specified multiplier that limits the maximum temperature rise within
a time-step. Further details on time-step control can be found in [78]. From the initial
time-step, the code will attempt to increase the time-step by 25%, if convergence is not
achieved with this time-step or if the time-step control criteria above are exceeded then
the time-step will be reduced. The input parameters for time-step control are shown in

Table 3.3, these settings lead to a time-step which varied between 5- 107" st0 9107 s.
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Table 3.3: Time-step control input parameters.

Value
Initial time-step [s] 1le-7
Maximum time-step [s] 1le-5
CFL,[[] 1.0
CFL, [[] 20
CFL. [-] 50.0
multspray [-] 1.5
multepem [-] 0.5

Combustion was modelled using the ECFM-3Z model with ignition accounted for
using the Tabulated Kinetic Ignition (TKI) model as described in Section 2.5.3. The TKI
table was generated using n-Heptane fuel with the Chalmers kinetic mechanism of 42
species and 168 reactions [81]. The Chalmers n-Heptane mechanism was chosen as it
has been successfully used for constant volume spray combustion simulations and diesel
engine simulations over a wide range of operating points [81, 82]. All TKI computations
were done using a detailed chemistry solver [83] for the range of initial conditions given
in Table 3.4.

Table 3.4: TKI input parameters.

Min Max Discretisation points

Pressure [bar] 1 200 12
Temperature [K] 500 1500 56
EGR[%] 0 80 4
Equivalence ratio [-] 0.1 3 9
Reaction progress [-] 0 1 99

Turbulence was modelled with the RANS RNG £-e model as described in Section 2.4
with model constants given in Table 3.5. Wall heat transfer was taken into account
using the model of Han & Reitz [84]. The well known Lagrangian-Eulerian framework
was used to model the liquid phase where all sub-models used are stated in Table 3.6.

Table 3.5: RNG k-e¢ model constants

CM 1/P7"k l/PT't Csl 062 063 6 To Cs Cps
0.0845 139 139 142 168 -1.0 0.012 4.38 0.0 0.03
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Table 3.6: Engine simulation discrete phase sub-models

Spray sub-models
Injection Blob method [85]
Droplet breakup KH-RT without breakup length [86, 87]
Droplet drag Dynamic droplet drag [88, 89]
Droplet collisions No Time Counter [90]
Vaporisation Frossling correlation [65]
Droplet heat transfer Ranz-Marshall [66]
Turbulent dispersion O’Rourke [65]
Wall film Kuhnke [91]

Table 3.7: KH-RT breakup model constants

BO Bl 01 Ct C’RT
061 7.0 0.188 1.0 0.1

NO, formation is primarily attributed to thermal NO,, hence, the Extended

Zeldovich Mechanism [92] was used to calculate NO formation as:

O+N, = NO+N [R1]
N+0O, = NO+O [R2] (3.3)

N+OH = NO+H  [R3]

The principle pathways of NO formation are described in reactions [R1]-[R3], these
include, high temperature oxidation of N,, oxidation of nitrogen from the dissociation of
oxygen and finally, bonding of unstable atoms of nitrogen with hydroxyl radicals that are
formed during combustion. The concentration of O and OH radicals is computed using
the assumption of equilibrium state of combustion reactions. This is deemed possible
due to the kinetics of thermal NO, formation rates being slower than main hydrocarbon
oxidation rates, as such, most thermal NO, is formed once combustion is complete. The
extended Zeldovich mechanism only describes NO formation, hence, NO, is predicted
by multiplying the amount of NO by the ratio of molecular weights between NO, and
NO which is 1.533. An extensive description of the model and reaction rate constants
can be found in [93]. The empirical model of Hiroyasu et al. [94] coupled with the

Nagle and Strickland-Constable (NSC) model [95] were used to model soot formation
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and oxidation respectively. In the Hiroyasu model, soot mass within a computational
cell is determined from a single-step competing reaction between soot formation and

soot oxidation:
dM,
dt

= M, — M, (3.4)

The formation rate is based on an Arrhenius type expression as:

Msf =SF x Mform (3.5)

E
F = A p"® st 3.6
o5 = Ao (E2) »

where M¢,,,, is the mass of soot formation species, p is cell pressure, T is
temperature, E,; is the activation energy and A, is the Arrhenius pre-exponential
factor.

The NSC model is based on experiments of carbon graphite oxidation over a range
of partial pressures. This model considers carbon oxidation through two mechanisms
which depend on surface chemistry interactions between more-reactive sites, A, and

less-reactive sites, B. The soot oxidation rate is given as:

. 6.M,
Mso = —RtotalMWc (37)
ps Dy

where Mj, ps, D are the soot particle mass, density and diameter respectively. Ryota;
is the net reaction rate of the reactions between reactive sites A and B, and MW, is the
molecular weight of carbon. Further details on the soot model can be found in [93].

Taking into account symmetry of the equispaced eight-hole injector and combustion
chamber geometry, only a 45°sector was simulated from intake valve closing (IVC) to
before exhaust valve opening (EVO) to reduce runtime. Expectedly, results will differ
compared to simulations of a complete combustion chamber geometry, however, trends
have been shown to be comparable between the two approaches by [96]. A structured
grid is generated at runtime with adaptive mesh refinement enabled to refine regions of

interest. Furthermore, fixed grid refinements are placed in the near nozzle region and
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along combustion chamber boundaries. Adaptive mesh refinement will refine regions

where the sub-grid fluctuations of a variable increase above a user specified value. The

sub-grid field, ¢/, for a scalar is the difference between the actual field, ¢, and resolved
field, ¢

g =00 (3.8)

From Bedford et al. [97] and Pomraning [98], the sub-grid field for any scalar can be

expressed as an infinite series as:

8¢ L 8¢
Gsckﬁxk 21

¢/ = —Q (3.9

o =—Fm——F——— + -

: Lkt 8xk8xk8xlaxl
where apy) = 97i/24 for a rectangular cell and brackets [] indicating no summation.

As it is not possible to evaluate an infinite series, only the first term is used to

approximate the sub-grid value i.e:

¢
ox k ox k

¢ = —opy (3.10)

If the sub-grid value rises above the user specified value, a cell will be refined,
conversely, if the sub-grid value is 1/5th of the user specified value, then the cell will
be coarsened. In the following engine simulations, AMR is based on velocity and
temperature fluctuations with sub-grid criteria set at 1 ms™! and 5 K respectively. The
refinement cell sizes are functions of a base cell size and embed scale, which is defined
as follows:

Cell size = base cell size x 2-¢mbedscale (3.11)

The base cell size for all engine simulations has been set at 1.4 mm. An overview of
the computational domain with fixed embedding regions, AMR and visualisation plane
definitions is shown in Figure 3.4.

All engine simulations were initialised with experimentally measured in-cylinder
pressure data at the relevant test point. Initial species concentrations were computed

from chemical equilibrium balance at the experimental air-fuel ratio assuming
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Figure 3.4: Computational domain showing regions of refinement and visualisation
planes.

incomplete combustion and eight species as by-products following the methodology of
Silvis et al. [99]. A complete description of this process can be found in Papaioannou [77].
In-cylinder flow was set using a swirl ratio determined from full-cycle simulations at
the test point of interest. Wall temperature boundaries are computed from FEM thermal
analysis and kindly provided by the industrial partner. Additionally, the fuel injection
system is modelled using the AMEsim code where each physical component of the fuel
injector is represented by a lumped parameter model. The output of this hydraulic model
are injector flow-rate profiles which have also been provided by the industrial partner.

Further details of the AMEsim hydraulic model can be found in [100].

3.4 Grid dependence

Grid dependence of the computational setup is examined by running a series of
simulations where the embed scale is increased from 1 to 4: this corresponds to a
reduction in cell size from 0.7 mm down to 0.0875 mm which is below the nozzle

diameter. With Lagrangian-Eulerian spray modelling it is necessary to increase the
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Table 3.8: Grid dependence parameters.

Grid 1 I oI I-limit v
Embed level 1 2 3 3 4
Min cell size [mm] 0.7 0.35 0.175 0.175 0.0875
Spray parcels*1000 [-] 75 150 300 300 600
Max cell number*1000 [-] 110 240 840 400 3200
Runtime 64-cores [h] 0.2 0.5 6 4 72

number of spray parcels as the grid is refined, this is to ensure liquid penetration is not
over-predicted as a result of negligible drag on parcels outside the core of the spray [101].
An overview of the grid setup can be seen in Table 3.8. From Figure 3.5 it can be seen that
in-cylinder pressure and chemical heat release rate show a clear trend of increasing as
the grid is refined from 0.7 mm to 0.175 mm. As the grid is refined further to 0.0875 mm
the solution deviates away from the trend seen earlier with both in-cylinder pressure
and peak chemical heat release rate both reduced compared to the 0.175 mm grid. This
indicates that grid convergence has not been reached even at this level of refinement and
further refinement would be needed to determine if a grid converged solution exists.
These trends are observed for local variables where in Figure 3.6 the flame shape as
given by the temperature field can clearly be seen to follow a similar pattern from 0.7
mm to 0.175 mm. At 0.0875 mm the flame shape differs quite considerably with flame
lift-off being predicted much further downstream of the injector. Previous studies have
also shown similar trends with an engines of this size using the same grid sizes [82,
102]. CONVERGE allows additional optimisation of grids, and consequently runtime, by
allowing the user to specify a limit to the number of cells the adaptive mesh refinement
algorithm can embed within a domain. The cell count was limited to 300,000 for a grid
size of 0.0175 mm (Grid-III-limit in Table 3.8) and it was found that the solution does
not differ much to Grid-III as seen in Figure 3.6. As such, Grid-III-limit was used for
all engine simulations as it provided a reasonable compromise between accuracy and

return time.
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Figure 3.5: In-cylinder pressure and heat release rate for different cell sizes

(a) 0.7 mm (b) 0.35 mm (c) 0.175 mm
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Figure 3.6: Temperature field for different cell sizes: X-Z plane, 10°ATDC
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3.5 Computational setup validation

The computational setup described in previous sections was validated at the baseline
condition for each test point: 0% EGR, NTP 2.25 mm with the re-entrant piston bowl.
From Figure 3.7, the CFD model compares well to the experimental data at both part
and full load test points. Some minor deviations can be seen during the pilot burn
and after top dead centre which can be attributed to the uncertainty in the injector
flowrate profiles and the imposed wall temperatures. As the flowrate profiles are
generated from a dynamic 1D model of the injection system, accuracy of this input is
dependent upon the extensiveness of the injector model and its relevant input. The
wall temperatures applied to in-cylinder surfaces were generated through an iterative
process of coupled CFD-FEM heat transfer studies where the combustion phase is first
simulated using CFD with guessed wall temperatures, the heat transfer coefficient is
then parsed as an input to an FEM simulation of the engine block which outputs spatial
wall temperature data. This process is then looped until convergence. Furthermore,
for the same wall temperature the choice of wall heat transfer model will greatly affect
total heat flux. This is identical to previous studies [93, 103] which have shown the
Angelberger model [104] to consistently under-predict heat flux, Han & Reitz model [84]
to consistently over-predict heat flux and the O’Rourke model [65] to predict a heat flux
between the two extremes. As such, the model of Han & Reitz was selected for this
work as it produced closest prediction of total cumulative heat loss when compared to

the experiment.
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Figure 3.7: Comparison of experimental and CFD model for in-cylinder pressure (a),
apparent heat release rate (b) and cumulative heat release (c).
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3.6 Results and discussion

3.6.1 Partload

Figure 3.8 and Figure 3.9 show the NO,-Soot trade-off at both part load test points for
both bowls and NTP values. Experimental data is shown for three samples of the same
test point in order to highlight typical spread in measured data. A good agreement
between simulation and experiment is observed with major trends being predicted
correctly for both test points. The deviations between experiment and simulation can be
attributed in part, to variation in experimental EGR rate away from the nominal target
value (which is exact in simulations). As expected, increasing EGR rate results in a
reduction in NO, emissions at an expense of increased soot emissions. It can be seen
that NTP change has a much greater effect on NO,-Soot trade-off than piston geometry
with an increased NTP of 2.75 mm leading to a reduction in soot for both bowls across
the EGR range with a marginal increase in NO,. This effect is more pronounced at test

point P2 with clear benefits seen for both bowls at all EGR rates.
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Figure 3.8: Normalised NO,-Soot trade-off at test point P1 comparing both NTP and
piston bowl across EGR range. Experimental NO, and Soot in [ppm] and [FSN]
respectively, Simulation NO, and Soot mass in [kg]. Experimental data is represented
by filled symbols and simulation results by hollow symbols.

48



3.6. Results and discussion

. rrrrrrrrrrqrrr+roror T ]
1 7 [' @re-entrant_2.25 Qre-entrant 2.75 E
- @ stepped-lip_2.25 M stepped-lip_2.75 | 1
0.8 s g ¢ Experiment ¢ Simulation E
5 | M - :
3 [ o) }
o 0.6 F myg ®) 7
7] B ]
= B .. O 1
g 04 [ 7
= - [ | i
) i ]
p4 : .: ]
0.2 | w .
B O i
i o Bg0
of o o
I T T T I T T I T N TN N [ T A N BN NN

0 0.2 0.4 0.6 0.8 1

Normalised NOy

Figure 3.9: Normalised NO,-Soot trade-off at test point P2 comparing both NTP and
piston bowl across EGR range. Experimental NO, and Soot in [ppm] and [FSN]
respectively, Simulation NO, and Soot mass in [kg].Experimental data is represented
by filled symbols and simulation results by hollow symbols.

Figure 3.10 shows the formation, oxidation and cumulative soot mass for both NTP
values at P1 where it is clear that soot formation is greatly increased at an NTP of 2.25
mm. As soot oxidation is based on the NSC model, it is expected that the much higher
concentration of soot at NTP 2.25 mm will have a proportionally higher oxidation rate as
Equation 3.7 is a function of soot concentration. The reason for higher soot formation
at NTP 2.25 mm is explained through spray targetting: when increasing NTP to 2.75
mm, the spray jet is directed more towards the bowl region than fire-land as shown
in Figure 3.11. The increased spray momentum in the bowl, (Figure 3.12) forces fuel
vapour away from the piston walls and further towards the piston crown - increasing
air entrainment and improving mixing as seen in Figure 3.13. This leads to less fuel-rich
regions especially along the piston walls and consequently less soot formation in these
regions as shown in Figure 3.14. Conversely, with the lower NTP of 2.25 mm, the fuel
jet penetrates further into the fire-land region and impinges on the piston, resulting in

high soot formation near the piston walls which can be seen clearly in Figure 3.15.
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Figure 3.10: Soot formation, oxidation and cumulative soot mass for both NTP values
with the re-entrant bowl at P1, 40% EGR.
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Figure 3.11: Equivalence ratio distribution for both NTP values at P1, 40% EGR: X-Z

plane, 10°ATDC.
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Figure 3.12: Velocity field for both NTP values at P1, 40% EGR: X-Y plane, 13°ATDC.
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Figure 3.13: Equivalence ratio distribution for both NTP values at P1, 40% EGR: X-Y
plane, -12 mm from head, 13°ATDC.
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Figure 3.14: Soot concentration for both NTP values at P1, 40% EGR: X-Z plane,
13°ATDC.
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Figure 3.15: Soot concentration along piston wall for both NTP values at P1, 40% EGR:
13°ATDC.

At the higher load point P2, soot formation between both NTP values is very similar
as seen in Figure 3.16. At this load point, reduction in soot is due to soot oxidation
through improved mixing in the later stages of the cycle. This is seen in Figure 3.17 and
Figure 3.18 where the principle oxidising agent OH is higher in concentration as well as

slightly more oxygen being consumed for an NTP of 2.75 mm.
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Figure 3.16: Soot formation, oxidation and cumulative soot mass for both NTP values
with the re-entrant bowl at P2, 25% EGR.

1.4 T T T L A S S A O S
—— NTP 2.25 mm
\ --- NTP 2.75 mm

1.2

0.8

0.6

OH [kg] -1077

0.4

0.2

20 40 60 80
Crank angle’ATDC

o+

Figure 3.17: Volume averaged OH mass for both NTP values at P2, 24% EGR.
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Figure 3.18: Volume averaged oxygen consumption for both NTP values at P2, 24% EGR.

From Figure 3.8 and Figure 3.9 it can be seen that experimentally for the same NTP
value, the stepped-lip piston generally leads to lower soot with a marginal increase in
NO,. This trend is captured by the simulations for some points but not for others, this
can partly be attributed to the variation in EGR rates away from the nominal value in the
experiments. Additionally, as detailed in [7], the difference in soot emissions between
piston bowls in the experiment is within one standard deviation and although the trends
are consistent, there is limited statistical certainty in the measurements. A clear trend
seen in both experiment and captured with simulations is the increase in NO, with the
stepped-lip piston. From Figure 3.19, the piston lip can be seen to impede the spray jet
penetrating into the fire-land, leading to an accumulation of fuel vapour along the lip.
Additionally, as the lip acts a forward facing step, once fuel injection ends, the loss of
momentum leads to a low velocity zone forming in the lip region seen in Figure 3.20 and

Figure 3.21.

53



3.6. Results and discussion

Spray jet impeded by piston lip

' ' Equivalence ratio [-]

(a) Re-entrant (b) Stepped-lip 0 2 4 6 8 2

Figure 3.19: Equivalence ratio distribution for both piston bowls with NTP 2.25 mm at
P2, 16% EGR: X-Z plane, 15°ATDC.
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Figure 3.20: Velocity field for both piston bowls with NTP 2.25 mm at P2, 16% EGR: X-Z
plane, 25°ATDC.
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Figure 3.21: Velocity field for both piston bowls with NTP 2.25 mm at P2, 16% EGR: X-Y
plane, -6 mm from head, 25°ATDC.

It is well known thermal NO, is a function of high temperatures and residence time
of nitrogen at those temperatures. As such, the effect of the piston lip is to increase the
residence time due to the low velocity zones formed in the lip region. This coupled with
high combustion temperatures (Figure 3.22) leads to areas of high NO, in the vicinity
of the lip as seen in Figure 3.23 and Figure 3.24. This can also be described with the

equivalence ratio - temperature plots in Figure 3.25 and Figure 3.26 where combustion
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Figure 3.22: Temperature field for both piston bowls with NTP 2.25 mm at P2, 16% EGR:
X-Z plane, 25°ATDC.

in the stepped-lip piston extends towards the high temperature zones - especially later
in the cycle.
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Figure 3.23: NO, distribution for both piston bowls with NTP 2.25 mm at P2, 16% EGR:
X-Y plane, 25°ATDC.
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Figure 3.24: NO, distribution for both piston bowls with NTP 2.25 mm at P2, 16% EGR:
X-Y plane, -6 mm from head, 25°ATDC.
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14

1.2

0.8

0.6

Equivalence ratio [-]

0.4

0.2

@ Re-entrant
@ Stepped-lip

Temperature [K]

Figure 3.26: ¢ — 1" map at 50°ATDC for both bowls with NTP 2.25 mm at P2, 16% EGR.
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The 90% MFB durations across the EGR range for both bowls, NTP values and test
points can be seen in Figure 3.27 and Figure 3.28. NTP increase leads to a longer CA90
duration (= 0.5°-1.0°CA) for both piston bowls across the EGR range at P1. Simulation
results agree well with experimental data in reproducing trends, however, magnitude of

the differences (between piston bowl and NTP) is much less pronounced in simulation

results.
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Figure 3.27: Crank angle of 90% MFB for both piston bowls and both NTP values at
P1. Experimental data is represented by filled symbols and simulation results by hollow
symbols.
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P2. Experimental data is represented by filled symbols and simulation results by hollow
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The increase in burn duration at NTP 2.75 mm at P1 is attributed to spray targetting
into the bowl region, which limits the amount of combustible mixture in the fire-land
leading to slower combustion in this region. Figure 3.29 qualitatively describes
combustion progression through the H,O distribution where it is clear more H,O has
been produced for an NTP of 2.25 mm. Additionally, the unmixed fuel (gaseous fuel that
has not entered the mixing zone in the ECFM-3Z model cf. Figure 2.3) is greater for the
deeper NTP during the later stages of injection as shown in Figure 3.30, this leads to less
time available for mixing and therefore, a reduction in burn rate.

7°ATDC 10°ATDC 20°ATDC
.\.

(a)

(d)

Figure 3.29: H,O distribution for both NTP values with the re-entrant bowl at P1, 0%
EGR: X-Y plane, -0.6 mm from head, NTP 2.25 mm (Upper), NTP 2.75 mm (Lower).
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NTP difference has a smaller effect on burn duration at the higher load test point P2,
however, increasing NTP still leads to a longer burn duration for the stepped-lip piston.
In contrast, NTP 2.75 mm at P2 leads to a faster burn duration for the re-entrant bowl,
especially at the 0% EGR test point. As seen earlier, an NTP of 2.75 mm directs the spray

more into the bowl region. As such, at P2, where more fuel is injected and at a higher
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Figure 3.30: Total fuel quantity in unmixed zones for both NTP values with the
re-entrant bowl at P1: 0% EGR

pressure, an NTP of 2.75 mm increases fuel-air mixing in the bowl region and promotes
greater entrainment of this larger quantity of fuel than an NTP of 2.25 mm. Therefore,
even though the burn rate is faster in the fire-land region with an NTP of 2.25 mm at P2
0% EGR (Figure 3.31), the burn rate in the bowl is much greater for an NTP of 2.75 mm
as shown in Figure 3.32 and Figure 3.33 where it is clear from the H,O distribution and
temperature field, the flame area and intensity is higher.
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Figure 3.31: H,O distribution for both NTP values with the re-entrant bowl at P2, 0%
EGR: X-Y plane, -0.6 mm from head, 20°ATDC
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Figure 3.32: H,0 distribution for both NTP values with the re-entrant bowl at P2, 0%
EGR: X-Y plane, -9 mm from head, NTP 2.25 mm (Upper), NTP 2.75 mm (Lower).
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Figure 3.33: Temperature field for both NTP values with the re-entrant bowl at P2, 0%
EGR: X-Y plane, -9 mm from head, NTP 2.25 mm (Upper), NTP 2.75 mm (Lower).
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At both part load test points the stepped-lip piston has a longer combustion duration
for both NTP values at all EGR rates. From comparing the cumulative heat release
rates of both piston geometries in Figure 3.34, it can be seen that the burn rate reduces
for the stepped-lip piston after end of injection (10.6°ATDC). As described earlier, the
stepped-lip piston is akin to a forward facing step inhibiting fuel jet penetration into the
fire-land and forming a low velocity zone near the lip edge. This limits flame propagation
into the fire-land region resulting in a reduction of burn rate locally. Longer burn
duration shown for the stepped-lip piston is in contrast to literature, where results
presented show a reduction in burn duration with stepped-lip pistons compared to

re-entrant pistons for similar load points [73, 74].
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Figure 3.34: Cumulative heat release for both piston geometries with NTP 2.25 mm at
P1, 0% EGR.
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When comparing this study to those in literature, similar flow field behaviour is
found for the stepped-lip piston where squish velocities are lower (Figure 3.35) and
momentum distribution is away from the lip edge (Figure 3.36) when compared to the
re-entrant design. The main difference arises from the lip geometry: where in this
investigation it resembles an actual step, whilst in the aforementioned studies, the lip(s)
resemble an inclined ramp from bowl to fire-land. As such, the effect of the lip in this
investigation is far more constraining as it physically suppresses flame propagation into

the fire-land as shown by the temperature field in Figure 3.37.
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Figure 3.35: Velocity field in fire-land for both piston bowls with NTP 2.25 mm at P2, 0%
EGR: X-Y plane, -0.5 mm from head, Re-entrant (Upper), Stepped-lip (Lower).
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Figure 3.36: Momentum distribution for both piston bowls with NTP 2.25 mm at P2, 0%
EGR: X-Y plane, -0.5 mm from head, Re-entrant (Upper), Stepped-lip (Lower).
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Figure 3.37: Temperature field for both piston bowls with NTP 2.25 mm at P2, 0% EGR:
X-Y plane, -0.5 mm from head, Re-entrant (Upper), Stepped-lip (Lower).
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3.6.2 Full load

In the interest of succinctness, only a limited set of full load results that highlight
significant differences of the effects of NTP and piston geometry at the full load
conditions will be presented here. Figure 3.38 and Figure 3.39 compare the soot and
NO, emissions between simulation and experiment for both NTP values. For a fixed
engine speed, a good agreement between experiment and simulation is seen with NTP
trends correctly predicted for both NO, and soot emissions. However, when comparing
across engine speeds, only NO, emissions trends are captured correctly in simulations.
The reduction in measured soot emissions at 4000 rpm has been attributed to post flame
oxidation of soot during the exhaust stroke as a result of high exhaust temperatures
(above 810°C) [6]. As the simulation is limited to only the closed part of the engine

cycle, it is expected that soot mass at 4000 rpm will be over-predicted.
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Figure 3.38: Simulated and measured soot emissions at full load for both NTP values
with the re-entrant piston bowl.

Generally, the soot trends seen at part load are also observed at the full load
conditions, where increasing NTP leads to lower soot emissions. The primary reason
for this being spray targetting with an NTP of 2.75 mm leading to better air utilisation
in the bowl region as well as reduced spray impingement on the piston walls. This is

seen in Figure 3.40 where there is a greater equivalence ratio distribution in the bowl
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Figure 3.39: Simulated and measured NO, emissions at full load for both NTP values
with the re-entrant piston bowl.

region and less high concentration areas of fuel with an NTP of 2.75 mm. Similar to the
part load points, it is clear from Figure 3.41 that there is more spray impingement on
the piston walls with NTP 2.25 mm, leading to areas of high soot formation. This can
also be observed in Figure 3.42 which shows the cumulative soot mass, formation and
oxidation quantities for both NTP values at the 4000 rpm full load test point.

NTP 2.75 mm results in a reduction in NO, for 1500, 2000 rpm and very little change
at 4000 rpm. The reduction in NO, is thought to be the effect of reduced combustion in
the fire-land and increased mixing in the bowl region with NTP 2.75 mm. Combustion
progression in the fire-land is much faster for NTP 2.25 mm as seen by the production of
H,O in Figure 3.43. This in turn leads to high temperatures, and as there is an availability

of both oxygen and nitrogen, high NO is produced in this area as shown in Figure 3.44.
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Figure 3.40: Equivalence ratio distribution for both NTP values with re-entrant bowl at
4000 rpm: NTP 2.25 mm (Upper), NTP 2.75 mm (Lower), X-Z plane.
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Figure 3.41: Soot mass fraction for both NTP value with re-entrant bowl at 4000 rpm:
NTP 2.25 mm (Upper), NTP 2.75 mm (Lower), X-Z plane.
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Figure 3.42: Soot formation, oxidation and cumulative soot mass for both NTP values
with the re-entrant bowl at 4000 rpm.
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Figure 3.43: H,0 mass fraction for both NTP values with re-entrant bowl at 1500 rpm:
X-Y plane, -1 mm from head, NTP 2.25 mm (Upper), NTP 2.75 mm (Lower).
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Figure 3.44: NO, mass fraction for both NTP values with re-entrant bowl at 1500 rpm:
X-Y plane, -1 mm from head, NTP 2.25 mm (Upper), NTP 2.75 mm (Lower).

Similar to the part load test points, the stepped-lip piston results in an noticeable
increase in NO, emissions, especially at 2000 and 4000 rpm as shown in Figure 3.45.
Simulation results are consistent with experimental observations, however, the relative
differences in NO, emissions between piston bowls are lower for 2000 and 4000 rpm
simulation results.

As with the part load test points, the stepped-lip can be seen to suppress fuel
penetration into the fire-land (Figure 3.46), leading to an accumulation of fuel vapour
in the lip region. The low velocity zones formed (Figure 3.47) in this area coupled with
high in-cylinder temperatures (Figure 3.48) leads to an increase in NO, in these areas
(Figure 3.49). Furthermore, later into the cycle, the fuel vapour that was impeded by
the piston lip and is now occupying the region near the cylinder head burns leaner -

resulting in high combustion temperatures and increased NO, formation.
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Figure 3.45: Simulated and measured NO, emissions at full load for both piston bowls
with NTP 2.25 mm.
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Figure 3.46: Equivalence ratio distribution for both piston bowls with NTP 2.25 mm at
4000 rpm: X-Y plane, Re-entrant (Upper), Stepped-lip (Lower).
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Figure 3.47: Velocity field for both piston bowls with NTP 2.25 mm at 4000 rpm: X-Y
plane, Re-entrant (Upper), Stepped-lip (Lower).
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Figure 3.48: Temperature distribution for both piston bowls with NTP 2.25 mm at 4000
rpm: X-Y plane, Re-entrant (Upper), Stepped-lip (Lower).
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Figure 3.49: NO, distribution for both piston bowls with NTP 2.25 mm at 4000 rpm: X-Y
plane, Re-entrant (Upper), Stepped-lip (Lower).
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3.7 Summary

The results shown demonstrate the sensitivity of the combustion event to even the
smallest of changes in spray targetting and piston bowl geometry. The CFD model
predictions agreed with experimental measurements across load points and EGR rates.
However, the relative differences between piston geometry and NTP values were less
pronounced in the simulation results compared to the experiment.

In general, the effect of NTP on emissions and combustion progression was greater
than the effect of piston geometry. It was found that increasing NTP led to soot reduction
across load points and EGR rates for both piston bowls with a marginal increase in
NO, emissions. A deeper NTP was found to increase air utilisation resulting in less
fuel-rich areas which promote soot formation. However, the deeper NTP led to an
increase in burn duration at all load points for both piston geometries due to limited fuel
availability in the fire-land region early in the cycle. Although, this effect was noticeably
less pronounced at higher loads.

For the same NTP value, the stepped-lip piston was found to generally reduce soot
formation at a marginal expense of increased NO, emissions. The stepped-lip acted as
a forward facing step leading to a re-circulation region in the vicinity of the lip. This
resulted in increased residence time of nitrogen at higher temperatures which promoted
NO, formation. Furthermore, the stepped-lip piston led to an increase in burn duration
for all load points at both NTPs and across EGR rates when compared to the re-entrant
bowl. This result is in direct contrast with existing literature where the effect of the
stepped piston bowl was to reduce burn duration when compared to the re-entrant bowl.
This difference was attributed to the characteristics of the piston geometry, where in this
investigation the piston lip resembles a ‘true’ step, with an almost right angled change
in height, as opposed to the more ramped shaped lip of the relevant investigations in
literature. This ‘true’ step geometry was found to limit fuel penetration into the fire-land

region and suppress flame propagation - leading to an increase in burn duration.
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3.7. Summary

From the results presented here, it can be concluded that the ECFM-3Z model is able
to successfully capture global combustion parameters such as in-cylinder pressure and
heat release rate over a range of operating points. However, the model has difficulty
in predicting pollutant formation to comparable degrees as seen in the experiment.
This is mainly attributed to the simplified combustion chemistry used in the ECFM-3Z
model as it limits the emissions models that can be coupled to it. Additionally, the
description of sub-grid mixing is modelled as function of turbulent time-scale in the
ECFM-3Z model which effectively assumes that only one turbulent scale influences the
flame. Furthermore, the reaction source terms in the ECFM-3Z model are based on
Arrenhius type functions - which use the mean temperature to compute the chemical
time-scale. As described earlier in Section 2.5.1, this approach can lead to large errors.
Moiz [105] compared the well mixed, RIF, ECFM-3Z and shell-CTC combustion models
in predicting low temperature split injections in a constant volume combustion chamber.
It was found that no model was able to capture all the evaluated combustion criteria to
a high degree of accuracy when compared to experimental measurements. For example,
the ECFM-3Z model was able to successfully predict ignition delay and flame lift-off
length but failed in predicting flame reactivity (ratio of flame length to inert spray
length). In contrast, the RIF model was able predict flame reactivity very close to
the experimental measurements, indicating the combustion chemistry was described
accurately. However, the RIF model is computationally much more expensive to run
than the ECFM-3Z model, especially when the number of flamelets are increased. The
results presented in this chapter as well as the work by Moiz [105] highlight the need
for a combustion model that includes detailed chemistry, provides a comprehensive
description of TCI and is computationally efficient. Developing a model to fulfil these

criteria is the second objective of this thesis and will be presented in the next chapter.
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CHAPTER 4

Conditional source-term estimation

The content in this chapter is a result of the collaborative efforts of the author and
his colleague XiaoHang Fang. The author was responsible for chemistry reduction
and tabulation using flamelet generated manifolds. XiaoHang Fang was responsible
for the implementation of the main conditional source-term estimation combustion
routine and its interfacing to the CFD code. Additionally, the author assisted
XiaoHang Fang with debugging throughout various stages of the implementation.

The content in this chapter has been published in [8, 9].

4.1 Formulation

As described earlier in Section 2.5.1, the mean chemical source term cannot be

recovered from the mean scalar field due to its highly non-linear nature.
wy, # wk (T,Y 1, D) (4.1)

CSE proposed by Bushe and Steiner [51] invokes the same 1°¢ order CMC hypothesis
in evaluating the chemical source term, whereby conditionally averaged scalars are
used to determine the conditionally averaged chemical source term - which is then
used to recover the mean chemical source term. Using conditional averages suppresses
fluctuations of the scalar field leading to a better approximation of the mean chemical

source term [47].

(Wln) = wr ((Tn), (Yeln), (pln)) (4.2)
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4.1. Formulation

where (wg|n) is the conditionally averaged chemical source term for species k
conditioned on the mixture fraction, (7'|n) is the conditional temperature, (Y |n) is the
conditional species mass fraction and (p|n) is the conditional density. In non-premixed
combustion, the mixture fraction is commonly selected as the conditioning variable as it
is a conserved quantity and thermochemical quantities are strongly correlated to it [11,
48, 50]. Once the conditional scalars are known, the conditional chemical source term
for each species is retrieved as Equation 4.2 through a chemistry model. Finally, the
mean chemical source term is computed through integrating the conditional chemical

source term with a presumed PDF of the mixture fraction as:

1
m@w:/“mmmﬁwﬁmaww (43)

Unlike CMC, where transport equations are solved for the conditionally averaged
scalars, CSE approximates the conditionally averaged scalars through inversion of the
following integral knowing the unconditional Favre averaged scalars and presuming a

PDF for the mixture fraction:

- 1
f@ﬂ=/ﬁhwmﬁﬁPW£ﬂM (4.9

where f is the unconditional Favre averaged scalar as computed from the Favre
averaged scalar equation, (fx|n) is the conditionally averaged scalar conditional on the
mixture fraction and P is the density weighted presumed 3-PDF of the mixture fraction
(Equation 2.70). Additionally, as conditionally averaged scalars vary much less in space
than unconditionally averaged scalars [50], CSE assumes spatial homogeneity for the
conditional averages for defined ensembles of points. Equation 4.4 can now be written

as:
1

Fan= [ hinanPosnd ek 45)
0

where Z; is the spatial coordinate of the ;' point in the ensemble F. Equation 4.5

is a Fredholm equation of the first kind with P (n, Z,t) as the kernel. Recovering the

conditional scalars from this integral begins with discretizing Equation 4.5 using m bins
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for mixture fraction:

b = Ad (4.6)

n2
A = A= / B, t)dn (47)
n

1
where b is the vector containing f(fj, t), d is vector containing (f|n) (n,t) and A;; is
the integrated PDF in the i'" bin over mixture fracture interval 7; to 7. The solution to
Equation 4.6 is:

a=A"" (4.8)

This inverse problem is susceptible to ill-posedness due to the solution being sensitive
to small perturbations in the system (Type III ill-posed according to Hadamard [106]).
Consequently, regularization needs to be employed to achieve a smooth, stable and
unique solution. Commonly used regularization methods in CSE are Truncated Singular
Value Decomposition (TSVD) [107] and Tikhonov regularization [108]. Zeroth order
Tikhonov regularization is used in the present study as it has been successful in
many earlier CSE investigations [109, 110, 111, 112, 113, 114]. Zeroth order Tikhonov

regularization leads to the solution of the following least-squares problem:
2
A b
A = arg min a— (4.9)

A Aa?
2

where ) is the regularization parameter, I is the Identity matrix, a°

i1s some a-priori
knowledge of the solution and ||-||5 is the L2-norm of the vector. The a-priori solution
is taken as the solution of the previous time-step as per the method of Grout et al. [114]
with the optimum regularization parameter computed using the L-curve method of

Hansen [115]. Further details on inversion and regularization can be found in the thesis

of Salehi [116].
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4.2 Chemistry Reduction

Combustion of hydrocarbon fuels involves thousands of species and tens of
thousands of reactions. Therefore, simulations of multi-dimensional combustion
with detailed kinetics is unfeasible due to the prohibitive computational expense
and numerical difficulties that arise from stiffness in the representative ODEs due to
the large range of chemical time-scales. Conventional reduction techniques rely on
time-scale analysis where fast and slow processes are decoupled through quasi steady
state (QSSA) [117, 118] or partial equilibrium assumptions (PEA) [119, 120]. This
enables certain species/reactions to be omitted leading to what is known as a reduced
mechanism. However, using these methods requires detailed knowledge of the chemical
kinetics and the resulting mechanisms are only valid for a limited range of conditions.

A more general approach to chemistry reduction is the Intrinsic Low Dimensional
Manifold (ILDM) method of Maas & Pope [121], where combustion is considered as
movement along a trajectory in composition space. Starting from different initial
conditions a chemical system will reach the same equilibrium state after a long enough
time. This equilibrium state is determined by conserved quantities of absolute enthalpy,
pressure and element mass fraction with combustion progression determined from the
evolution of species mass fractions. The main idea in ILDM is that after a short period of
time, the entire chemical system can be described by a reduced set of control variables
in composition space (a low dimensional manifold). Thermochemical quantities
such as temperature and species mass fractions are tabulated and parametrised as
a function of these control variables and looked-up via multi-linear interpolation
during combustion simulations. The ILDM method is computationally efficient and
provides good results for high temperature chemistry close to equilibrium, however,
low temperature chemistry is not well accounted for in the ILDM method due to
the dimension of the manifold increasing substantially in this region to be able to

account for the similar time-scales of flow and chemistry - leading to this region usually
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being determined from linear interpolations [11, 122]. Numerical challenges with the
ILDM approach present additional difficulties in attaining converged solutions and so
an alternative approach - Trajectory Generated Low Dimensional Manifold (TGLDM)
was proposed by Pope & Maas [123]. The TGLDM is based on the same principles
as ILDM but instead of generating a manifold from the chemical system, TGLDM
computes the manifold along reaction trajectories - which is a path the chemical system
takes through composition space from its initial state to the chemical equilibrium state.
Huang & Bushe [124] and Lee et al. [125] successfully built TGLDM databases using
auto-ignition trajectories to simulate non-premixed methane and methanol flames with
CSE respectively. Additionally, Salehi et al. [112], Dovizio et al. [110] and Shahbazian
et al. [126] successfully used unstrained one-dimensional premixed flames to generate
TGLDM databases to simulate premixed methane flames with CSE. As can be seen
from these studies CSE-TGLDM has performed very well in simulating combustion with
methane and lighter fuels, however, when the CSE-TGLDM (auto-ignition trajectories)
method was applied to an n-heptane spray flame, the manifold was unable to converge
with species composition progressing towards points on the edge or even outside
the realizable region of the manifold [127]. This phenomenon was attributed to the
complexity of n-heptane fuel and the high number of degrees of freedom in the reaction
mechanism. To overcome the limitations of ILDM, the Flame Prolongation of ILDM (FPI)
method of Gicquel et al. [128] and the Flamelet Generated Manifold (FGM) methodology
of van Oijen et al. [30, 31] independently extended the ILDM approach through
computing the manifold from simulations of one-dimensional premixed laminar flames
using detailed chemistry. Using flamelet solutions to compute the low dimensional
manifold allows transport effects to be considered and depending on the flame of
interest, different types of flamelets can be used - leading to an effective and flexible

approach to chemistry tabulation.
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4.2.1 Flamelet Generated Manifold

In the present work, chemistry tabulation is based on the FGM approach where
one-dimensional flamelet solutions are pre-computed using detailed chemistry and

parametrised using a reduced number of control variables.

Canonical flame configuration

Depending on the combustion application, a flame configuration must be selected
that adequately represents the chemical processes taking place in the flame of interest.
Diesel combustion is predominantly non-premixed and is therefore best represented by
the igniting counter-flow diffusion flame (ICDF). In this flame, oxidiser and fuel streams
are opposed to each other forming a reaction zone perpendicular to the streams as

illustrated in Figure 4.1.

Y.
~——Stagnation plane

—————————— —_— e - -

Flame front——

Figure 4.1: Schematic of a laminar counterflow diffusion flame.

Straining of the flame is achieved by either increasing the flow velocities or reducing
the distance between the two streams. An unstrained flame will depart from chemical

equilibrium with increasing strain up until it quenches.
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Following Stahl & Warnatz [129] the one-dimensional governing equations for an

ICDF are given as:

% N % _ K (4.10)
i DRI

ag—tK + 8%1;[( = a% (u%—f) + posa® — pK® (4.13)

where D is the diffusion coefficient and is given as D = ﬁ assuming unity Lewis

number. A is the heat conductivity and ¢, is the specific heat. K is the stretch rate
which accounts for the y-component of flow and its effect on the flame. K is a function

of (x,t) and varies by the prescribed strain rate a at the oxidiser boundary:

Ou,
K (z,t) = o (4.14)
K(rx——o0)=a, K(rz—0)=a p,()<(xa:_>——>_o:))) (4.15)

In this work the CHEM1D code of Einhoven University of Technology [130] is used
to solve one-dimensional ICDF in physical space and time with detailed chemistry.
Figure 4.2 illustrates temperature evolution as a function of spatial coordinate = and
time for a laminar counter-flow diffusion flame at engine-like conditions. n-Dodecane
fuel flows in from the right and oxidiser diluted with EGR flows in from the left at a
strain rate of 500 s . A purely mixing solution (frozen chemistry) at the test conditions
(temperature, pressure, species mass fraction and strain rate) is used as initialisation to
the ICDF as indicated by the green line. The ignition process is then tracked from this

mixing solution in time (black lines) until a quasi steady state flame is reached (red line).
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Figure 4.2: Temperature evolution in space, x and time, ¢ for an igniting counter-flow
diffusion flame with n-Dodecane: a = 500 s™%, T}, = 363 K, T,,, = 900K, P,,,, = 60.0
MPa, O, = 15 %.

FGM Parametrization

Full composition space of the flamelet solutions is described by N 4 2-dimensional
solutions spanned by enthalpy, pressure and N, number of species. Through careful
consideration, a reduced set (any number or combination) of controlling variables can
be used to parametrize the flamelet solutions as long as the full mixture composition is
described. Increasing the number of controlling variables will increase accuracy up to
N + 2 dimensions, where eventually the full composition space will be recovered. As
this work will focus on spray combustion applications: fuel-oxidiser mixing, ignition
and combustion progression in the diffusion flame are the main physical phenomena
of interest. Mixing can be described by the mixture fraction, Z as seen earlier in
Section 2.5.3 using the definition of Bilger [40] in Equation 2.69. The mixture fraction
is a monotonic function of spatial coordinate  which allows direct mapping of flamelet
solutions from physical space to mixture fraction space as shown in Figure 4.3. Starting
from the mixing solution up until chemical equilibrium, any variable that continuously

increases or decreases with time can be used to describe ignition and combustion
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progression. In this work, the reaction progress variable C, is defined as weighted
linear combination of certain key species mass fractions that represent each stage of

combustion evolution:
~ Yeno Yeo  Yeo,

- eq eq €q
YCHZO YCO YC02

C (4.16)

To capture ignition, formaldehyde (CH,0O) is included as it is found in high
concentrations at the onset of ignition [131, 132]. Major combustion products of CO
and CO, represent the intermediate and end phases of combustion. In order for each
species in the reaction progress variable definition to have a balanced contribution, it is

weighted by its equilibrium mass fraction.
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Figure 4.3: Temperature evolution in mixture fraction space for an igniting counter-flow
diffusion flame with n-Dodecane: a = 500 s~!, Ty, = 363K, Ty, = 900K, Py, = 6.0
MPa, O; = 15 %.

To account for combustion in a steady flame, the FGM database generated by ICDFs
is extended further by including solutions of steady flamelets at strain rates varying from
the highest non-quenching strain rate down to a = 1 s~!. This covers the entire Z-C
space from the mixing line up to chemical equilibrium. A typical sub-space describing
the FGM generation process is shown in Figure 4.4 and the resultant manifold is shown

in Figure 4.5. All flamelet calculations are carried out assuming constant pressure and
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conserved enthalpy, therefore, if variations in any of these quantities occur, additional
dimensions will be required in the FGM database in order to account for the influence

of these variables on combustion.
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Figure 4.4: Schematic representation of progress variable as a function of mixture
fraction for a series of counter-flow diffusion flamelets.
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Figure 4.5: Example of a flamelet generated manifold showing reaction rate of C as a
function of mixture fraction and progress variable.
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4.3 CSE-FGM Implementation

Interaction of the CSE-FGM combustion model with the CFD code is shown in
Figure 4.6. Coupling to the CFD solver is achieved by solving three additional transport
equations for the progress variable, mixture fraction and the mixture fraction variance.
The Favre averaged (filtered in LES) mixture fraction (2), and its variance (2’6) are
used in computation of the 3-PDF. This along with the Favre averaged progress variable
(CN) are parsed into the CSE routine where the conditionally averaged progress variable
({(C|n)) is computed via inversion as described earlier. The conditionally averaged
progress variable along with the Favre averaged mixture fraction are used to lookup the
conditionally averaged reaction rate of the progress variable ((wc|n)) and conditional
species mass fractions ((Yx|n)) from the FGM table. These are then integrated with the

B-PDF to retrieve the respective mean values which are then parsed back into the CFD

solver.
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Figure 4.6: CSE-FGM and CFD code interaction.
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CHAPTER 5

CSE-FGM Applied to Constant Volume

Spray Combustion

5.1 Experimental Test Conditions

Experimental data for model validation is obtained from Sandia National
Laboratories through the Engine Combustion Network [133]. A comprehensive set of
non-reacting and reacting data are available for spray experiments at engine-relevant
conditions. The experimental setup consists of a constant volume combustion vessel
approximately cubic in shape with edge length of 108 mm and optical access as shown
in Figure 5.1. A 90 micron diameter, single hole, axially aligned injector is mounted
centrally with n-Dodecane as the primary injected fuel. A premixed gas-mixture is
burned to completion and is used to achieve the relevant ambient conditions before fuel
injection. The experimental cases selected for model validation are given in Table 5.1.
The 0% ambient O, case is used to validate the spray model and ensure the computational
model is able to adequately capture the experimental velocity and mixture fraction
fields. Both ambient temperature and oxygen concentration sweeps are investigated
to evaluate the efficacy of the CSE-FGM combustion model in predicting ignition delay
and flame lift-off length over a wide range of operating conditions. The initial species
mole fractions used in all simulations are presented in Table 5.2. The presence of CO,
and H,O is a result of pre-combustion required to get the combustion vessel to relevant

ambient conditions before start of injection.
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Figure 5.1: Sandia constant volume combustion vessel [133].

Table 5.1: ECN Sandia Spray A experimental nominal test conditions [133]. Test II
denotes ECN ‘baseline’ condition.

Test O, [% volume] T, [K] Unchanged
0 0 900 Fuel = NC12H26
I 15 800 Fuel mass = 14 [mg]
I 15 900  Grosate = 0.090 [mm]
111 15 1100 Pamp = 22.8 [kgm 3]
W% 13 900 Tty = 363 [K]
\% 21 900 P,,; 150 [MPa]

Table 5.2: ECN Sandia spray A combustion vessel initial species mole fractions [133].

0, N, CO, H;0
00.00 89.71 06.52 03.77
13.00 77.09 06.26 03.64
15.00 75.15 06.23 03.62
21.00 69.33 06.11 03.56
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5.2 Computational Setup

Simulations were performed using the CONVERGE CFD code version-2.4.18 [78]. As
in Section 3.3, the PISO algorithm [79] was used to solve the transport equations with the
Rhie-Chow [80] algorithm enabled to prevent checker-boarding. Second-order accurate
central differencing schemes were used for spatial discretization in all spray simulations,
with fully implicit first-order accurate time integration. A variable time-step was used
based on CFL, chemistry and spray criteria as detailed in Table 5.3. These settings lead

to a time-step which varied between 1 - 1078 sto 1.5 - 107" s.

Table 5.3: Time-step control input parameters.

Value
Initial time-step [s] 1e-8
Maximum time-step [s] 5e-6

CFL, [-]] 0.75
CFL, [[] 20
CFL.[-] 50.0
multspray [-] 1.0
mult cpem [-] 0.5

As in Section 3.3, the Lagrangian-Eulerian framework was used to model the liquid

phase with all sub-models used stated in Table 5.4

Table 5.4: Spray simulation discrete phase sub-models.

Sub-models
Injection Blob method [85]
Droplet breakup KH-RT without breakup length [86, 87]
Droplet drag Dynamic droplet drag [88, 89]
Droplet collisions No Time Counter [90]

Vaporisation Frossling correlation [65]
Droplet heat transfer Ranz-Marshall [66]
Turbulent dispersion O’Rourke [65]

Table 5.5: KH-RT breakup model constants.

BO B1 01 Ct C(RT
0.61 50 0.188 1.0 0.1
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5.2. Computational Setup

Primary validation of the CSE-FGM combustion model was done at the ECN baseline
condition (Test II) using LES turbulence closure. In this investigation, the one-equation
viscosity based LES model was used where the sub-grid turbulent kinetic energy, kg,

is used to compute the turbulent viscosity as:

v, = CLk> A (5.1)

sgs

where C}, is a model constant and commonly set as 0.05 and A is the cube root of the
cell volume. Following Yoshizawa et al.[134] and Menon et al.[135] the sub-grid kinetic

energy, ksgs = % (u;u; — @;u;), is modelled with a transport equation as:

8,51{:398 0,6&iksgs 3111 0 _ 81{7593
= 2 2 5.2
ot + 89:1 7 81‘]‘ €t a{El pO'k 8% ( )
The sub-grid stress tensor is then computed as:
= 2
Tij = =205 + gksgs%’ (5.3)

where S;; is the strain rate tensor and d;; is the Kronecker operator. The sub-grid
dissipation in this model, €, is given as:
ki

€sgs = C. Z"S (5.4)

where C, is a model constant and typically set as 1.0.
Combustion was modelled with the CSE-FGM combustion model as described in
Chapter 4. Additional transport equations must be solved for the progress variable,

mixture fraction and mixture fraction variance. These are given as:

apC  dpu,C 9 [ ac\ —
ot " Tow, o ('O(D“)t) axj) e (5.5)
05z  opu;Z 9 [ 0Z\ —
ot T on = ou (p(D—i—Dt) &q) + Wy (5.6)

where D is the diffusivity, W is the progress variable source term which is obtained from

the FGM tables, w is the spray source term from fuel evaporation and is provided by
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the spray model. Scalar fluxes are closed by applying the gradient diffusion hypothesis
and unity Lewis number assumption, the turbulent diffusivity is then given as:

1/2
D — CrAk

! SCt
where Sc; = 0.78 is the turbulent Schmidt number.
In LES, the mixture fraction variance can be approximated through an algebraic

relation as [136]:
~ 12
oz

8xj

where C\,, is a dynamically computed model coefficient.

77 = Oy A2 (5.8)

Flamelet libraries are generated using the methodology outlined in Section 4.2.1
for the conditions listed in Table 5.1. Starting from a mixing solution, a single ICDF
is solved for a strain rate of a = 500 s followed by a series of steady counterflow
diffusion flames - which are solved using strain rates descending from a = 500 s
down to a = 1 s (100 steps). Using a single igniting flamelet at a single strain
rate, sampled at multiple time instances to compute the unsteady part of the flamelet
libraries has been evaluated by Bekdemir [137] and Ayyapureddi [138], it was found
that libraries computed with this configuration were able to correctly predict ignition
delay times at low strain rates and maintain the functional dependence of strain rate
on ignition delay at higher strain rates. A strain rate of a = 500 s is selected as the
highest non-quenching strain rate as ignition delay has been found to be insensitive
for a < 1000 s at ECN baseline conditions [132, 137]. This trend is also observed
for the mechanism used in this study as shown in Figure 5.2. Additionally, strain
rate was only shown to have a small effect on species composition at the onset to
ignition [132]. All counterflow diffusion flame simulations have been computed with
the skeletal mechanism of Luo et al.[139] containing 106 species and 420 reactions. The
Luo mechanism was derived from the detailed Lawrence Livermore National Laboratory
N-alkanes mechanism containing 2755 species and 11,173 reactions [140]. Reduction

was carried out with a Direct Relation Graph with Expert Knowledge algorithm and
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Figure 5.2: Ignition delay (defined as time of 10% increase from 7},) as a function of
strain rate for an ICDF using detailed chemistry with the Luo n-Dodecane mechanism:
Ty, = 363K, T,; = 900K, Py = 6.0 MPa, O, = 15 %.

sensitivity analysis. The reduced mechanism was then validated over a wide range of
conditions against auto-ignition, Jet Stirred Reactor and counterflow flame experimental
measurements. The computational domain is cylindrical in shape with a radius of 27 mm
and edge length of 108 mm as shown in Figure 5.4. The injector is positioned centrally
with injection into the positive x-direction. All boundaries are set as non-slip walls
with constant temperature of 461 K as measured in the experiment. The injector nozzle
diameter is set as 0.084 mm with discharge coefficient of 0.89 corresponding to Spray A
injector 210677 [133]. Approximately 14 mg of n-Dodecane is injected over a duration of
6 ms for both non-reacting and reacting conditions. It should be noted the simulations
are run for 1.5-2.0 ms as by this time a quasi steady state flame has been established.
ECN recommend using a modelled rate of injection at the relevant test conditions
which can be generated using the Virtual Injection Rate Generator tool of CMT-Motores
Térmicos [141]. A comparison of the measured and modelled rates of injection at the
non-reacting condition (Test 0 in Table 5.1) are shown in Figure 5.3. The experimental

rate of injection is measured using momentum based techniques and ensemble averaged
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over 50 injections, still-more, spikes and consistent oscillations in the mass flow-rate
are present throughout the measurement period as seen in Figure 5.3. The spikes are
thought to be caused by mass accumulation at the head of spray and the oscillations are
partly attributed to pressure fluctuations upstream of the injector [142, 143]. As there is
no definitive origin of these artefacts, ECN caution use of the measured profile in CFD
simulations. The modelled rate of injection is generated by applying a correction to the
injection ramp-up so as to best match the experimental vapour and mixture fraction
profiles. The steady state period of the rate of injection is based of filtering of the
experimental rate of momentum measurements. Further details of the modelled rate

of injection can be found in [144]. A structured grid is generated at runtime with a base

Mass flow-rate [gs ']

I\ .

7

o TN

1 2 3 4
Time ASI [ms]

Figure 5.3: Comparison of the measured and modelled rate of injection for Spray A
injector 210677 at non-reacting conditions with 6 ms injection duration: P;,; = 150
MPa, P,y = 6.0 MPa, Ty, = 363 K.

cell size of 1.4 mm. Adaptive mesh refinement is enabled based on both velocity (0.1
ms~!) and temperature (5 K) fluctuations with minimum cell refinement of 0.0875 mm.
Furthermore, a conical fixed grid refinement of 0.0875 mm is placed along the injector
axis to better resolve this high velocity region. In order to maintain a reasonable runtime,

the maximum cell count is limited to 2.6 million cells. These cell sizes were determined
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through a grid dependence study conducted at non-reacting conditions (Test 0) of the
spray. Further details will be presented in Section 5.3.1. A section of the computational
domain showing the computational grid and cell refinement can be seen in Figure 5.5 &

Figure 5.6.

AMR

K

Fixed Embedding

Figure 5.4: Spray computational domain with grid refinement methods.
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Figure 5.5: Spray computational domain X-Y plane clip showing LES grid.
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Figure 5.6: Spray computational domain X-Y plane clip showing LES AMR and fixed
embedding grid sizes.

5.3 Results and Discussion

5.3.1 LES grid dependence

A grid dependence study of the LES computational setup was conducted for the

non-reacting spray condition by varying the minimum grid size from 0.125 mm down

to 0.0625 mm. An overview of the grid setup is shown in Table 5.6. Only a single LES

realisation is used for the following grid dependence study as it has been demonstrated

by Xue et al.[145] that a single LES realisation is sufficient to predict global spray

parameters (liquid and vapour length) very close to ensemble averaged values. Figure 5.7

Table 5.6: LES grid dependence parameters.

Grid Coarse Medium Fine
Min cell size [mm]  0.125 0.0875  0.0625
Spray parcels-10° [-] 0.8 2.4 3.2
Max cell number-10 [-] 1.4 2.6 5.0
Core-hours for 1 ms [-] 252 672 1440

presents the liquid penetration lengths for all grid sizes, where it is clear that results are

relatively insensitive to grid size after the stead state period is established. Additionally,

with exception of the spikes at 0.2 ms for the coarse grid, simulation results compare
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well with experimental measurements over the injection duration. This behaviour
could be attributed to the requirement of increasing the number of parcels as the
grid is refined. As such, the liquid-volume fraction in each cell is maintained across
grid sizes, thereby the liquid-gas phase interactions remain unaffected. The vapour
penetration shown in Figure 5.8 is more sensitive to grid size, with the medium and
coarse grids over-predicting vapour penetration length. The finest grid size of 0.0625
mm leads to an improved prediction of vapour length across the injection duration
when compared to experimental measurements. However, it can be seen that the
medium grid size of 0.0875 mm is in good agreement experimental measurements after
0.5 ms. Consequently, the medium grid was chosen for all further LES simulations as it
provides a reasonable balance between computational expense and accuracy compared

to experimental measurements.
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Figure 5.7: Liquid penetration length as a function of grid size. Liquid length is defined as
the axial location of 99% liquid mass threshold. Experimental data repeated from [133].
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Figure 5.8: Simulation vapour penetration length as a function of grid size. Vapour
length is defined as axial location of 1% vapour mass threshold. Shaded area represents
experimental uncertainty. Experimental data repeated from [133].
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Estimating LES quality

In order to further validate selection of the 0.0875 mm grid size, quality of the LES
computational setup used here is estimated using the Pope criterion [16, 146]. The Pope
criterion M, quantifies the fraction of resolved to modelled turbulent kinetic energy
(TKE). A value of M = 1 is where all TKE has been resolved and a value of M = 0, is
where all TKE has been modelled.

k. (z,t)

(2,t) + kogs (2,1) (5.9)

M (z,t) = k:

where k4 is the sub-grid TKE which is calculated by the one equation LES model as

Equation 5.2 and £, is the resolved TKE which is computed as:

1
ky = 5 (Uhars + VEars T Whars) (5.10)

where ur)ss denotes the root mean square (RMS) value of the velocity in the x-direction
and ‘( )’ represents the ensemble average over the number of LES realisations or
temporal average over the number of samples. The RMS quantities are computed as:
R N2
N <¢avg - 9252)

N
¢RMS = Z N ) (;avg = Z
=1

=1

[

(5.11)

Zlﬁ\z

where qgm,g is the mean value, 7 is the realisation index and NV is the total number of
realisations or samples.

Figure 5.9a shows the Pope criterion calculated for the non-reacting condition using
a single realisation and temporal averaging once a quasi steady state jet has been
established. Pope [146] recommends a value of M = 0.8 for ‘Hi-Fidelity LES’ whilst
Rutland [147] recommends values between M = 0.6 — 0.8 for ‘Engineering LES’. It can
be seen from Figure 5.9a that in the near nozzle region (r < 5 mm) where the liquid
jet penetrates and velocity gradients are large (Figure 5.9b), values of M are below
0.2 revealing a large proportion of the TKE is modelled in these areas even with the

fixed embedding refinement. Further downstream, in most of the gas jet region where
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velocities are lower, values of M are 0.8 indicating the grid resolution is sufficiently fine
for LES. It should be noted that the dissipative nature of the current numerical approach
has not been explicitly studied, hence, caution must be applied when interpreting these
results as the Pope criterion neglects TKE dissipation by the numerical method, as such,
highly dissipative schemes would result in k4, — 0, incorrectly indicating all the TKE

has been resolved [148, 149].

U, [ms™]
0.8
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Figure 5.9: (a) Pope criterion M and (b) axial velocity in X-Y plane at non-reacting
condition, Test 0.

5.3.2 Non-reacting vaporising spray

When using LES it is necessary to simulate multiple realisations or perform temporal
averaging in order to obtain statistically relevant averaged quantities. Senecal et al.[150]
simulated 20 realisations of ECN Spray A with LES and have shown nine realisations is a

large enough sample to capture experimental velocity and mixture fraction distribution

98



5.3. Results and Discussion

with mean absolute errors of 2.0 ms~! and 0.005 — 95% of the time respectively. Pei et
al.[151] found that ignition delay only varied by 5% over 5 realisations, however,
flame lift-off length varied significantly between LES realisations. Ameen et al.[152]
only simulated 5 realisations and took advantage of the axisymmetry of ECN Spray
A and performed spatial averaging on 35 planes in the azimuthal direction, leading
to self-similar profiles for mixture fraction, temperature, OH and soot. Expectedly,
centreline profiles still showed large variance compared to the experiment as there
are only five samples with all azimuthal planes sharing the same centreline. Further
improvement in statistical convergence can be obtained by also applying time averaging
once the jet has reached quasi steady state — where in non-reacting conditions, this can
be considered the time after the gas jet has stabilised and in reacting conditions, the time
once the flame lift-off length has stabilised [132, 153, 154, 155].

Stabilisation of the gas jet is taken as the time instance the head of the jet passes
out of the test section. The test section is defined from 17.85 mm to 50 mm in the
axial direction as this is the region for which experimental mixture fraction and velocity
data is measured. Experimental mixture fraction is measured using Rayleigh Scattering
with sampling done at long delays (3.2-7.0 ms) after the start of injection and ensemble
averaged over 20-40 injections depending on the test condition [156]. This is to make
certain the jet is steady state and at that jet transients do not affect measurements.
Experimental velocity measurements are taken with time-resolved PIV and ensemble
averaged over ~20 injections at defined time instances after the start of injection [157].
Velocity measurements in the near nozzle region are not considered accurate as the
proximity of the liquid jet generates high intensity Mie scattering signals that interfere
with particle imaging. Additionally, the PIV particle density is too low in this region
as not enough particles have been entrained in the spray. As such only velocity
measurements downstream of x = 20 mm will be considered.

As it is computationally prohibitive to run simulations for long durations (3.2-7.0

ms) as in the experiment, as well as quasi steady state experimental reacting data
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being available before 1.5 ms — the following two approaches are used to validate the

computational model with experimental measurements:

+ Mixture fraction: temporal and spatial averaging of 1 LES realisation using 25

temporal samples between 1.5-2.0 ms and 12 azimuthal planes for each sample.

« Velocity: ensemble and spatial averaging of 5 LES realisations and 12 azimuthal

planes for each realisation at 1.0 ms ASL

Each LES realisation has been perturbed by varying a random number seed that is input
into the random number generator within the injection model. Varying the random
number seed will change the initial position and velocity of an injected spray parcel.
Whilst this method of perturbation is purely numerical, using a random number seed
is expected to account for the variations observed from one injection event to another.
Furthermore, it was found by Ameen et al.[152] that results from random number seed
perturbations were comparable to perturbations originating from varying the initial
turbulence intensity. Figure 5.11 qualitatively shows the difference in mixture fraction
distribution between the 5 realisations. Spatial averaging is applied in the azimuthal
direction for each realisation as illustrated in Figure 5.10. Each plane is 60 mm long and

30 mm wide, which is then discretized by 0.08 mm to preserve resolution.

Figure 5.10: ISO volume of spray jet showing azimuthal averaging planes.
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Figure 5.11: Mixture fraction distribution at 1.0 ms ASI for 5 LES realisations perturbed
by a random number seed.

Figure 5.12 shows the liquid and vapour lengths between simulation and experiment.
Only a mean value of liquid length is available from the experiment which is matched
very well by the LES model. Vapour penetration length is slightly over-predicted by the
LES model early in the injection duration. However, after 0.5 ms, the simulation is in
good agreement with the mean experimental measurement.

The axial mixture fraction distribution is presented in Figure 5.13 where it can be
seen that the averaged simulation result under-predicts mixture fraction compared to
the experiment across most of the axial length. Standard deviation between simulation
and experiment is comparable and the predicted results do fall within experimental
variance. These results are consistent with LES studies of this experimental test point
in literature — using similar models and grid resolution [132, 150, 154, 155, 158]. The
under-prediction in centreline mixture fraction is attributed to the early sampling
time in the simulations [150]. As experimental mixture fraction is measured at long
delays (3.2-7.0 ms) after the start of injection, the mixture fraction field has not fully
developed in the simulations which are only run until 2.0 ms. Furthermore, Wehfritz et

al.[159] has reported that increased spatial resolution (47.5 um) resulted in an improved
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Figure 5.12: Experimental and simulation penetration lengths. Vapour length is defined
as axial location of 1% vapour mass threshold. Liquid length is defined as the axial
location of 99% liquid mass threshold. Shaded area represents experimental uncertainty.

centreline mixture fraction predictions. This has not been investigated due to the
high computational cost. The velocity fields which are sampled at the same time
instance after start of injection (1.0 ms) between simulation and experiment are shown
in Figure 5.14. There is good agreement between the ensemble averaged simulations and
experimental measurements across the axial distance. Expectedly, simulation variance
is high due to the low number of samples (5). From Figure 5.15, it can be seen that
simulation radial profiles of mixture fraction and velocity are in good agreement with
experimental measurements at all axial locations. These axial locations have been
selected as the experimental lift-off measurements fall between 8-30 mm (Non-reacting
data is unavailable for + < 17.85 mm). Accordingly, there is an under-prediction
in centreline mixture fraction, however, mean and variance predictions are improved
when moving away from the centreline. As seen earlier, ensemble averaged velocity
predictions correlate very well to experimental measurements with good agreement in

the radial direction as well.
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Figure 5.13: Axial comparison of experimental and simulation mixture fraction
distribution. Shaded area represents standard deviation.
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5.3.3 Reacting spray

The results of the CSE-FGM model applied to reacting ECN spray conditions will
be presented in this section. Firstly, CSE-FGM/LES predictions of global combustion
indicators will be given followed by comprehensive examination of the model’s ability in
predicting local flame dynamics and structures observed in the experiment for the ECN
baseline condition. Lastly, CSE-FGM/RANS simulations of conditions given in Table 5.1
will be presented highlighting the CSE-FGM models capability in predicting combustion
over a wide range of experimental test conditions.

In standard ECN experimental measurements, both flame lift-off length and ignition
delay are measured using high-temperature chemiluminescence to detect light emitted
from the OH" radical. For flame lift-off length, the OH* signal is integrated over a 0.5 ms
duration when the flame has stabilised to provide a time-averaged image of OH*. The
flame lift-off length is then computed by taking the first axial location in this image
that reaches 50% of the levelled-oftf OH" signal intensity. In a similar manner to flame
lift-off length, ignition delay is computed as the first time instance that the OH* signal
intensity level reaches the 50% levelled-off intensity threshold value. Further details on
experimental diagnostics can be found in [133, 157]. As most n-Dodecane mechanisms
do not include OH" reactions, the agreed upon definitions for flame lift-off length and

ignition delay by ECN members for CFD comparisons are given as [160]:

« Ignition delay: the time instance after start of injection of maximum temperature
gradient:

Tidt = T<%) — TsorI (5.12)

where T, = max(T'(z,y, z,t)) and Tsoy is the start of injection timing.

« Flame lift-off length: the first axial location (relative to injector position) at
which the Favre averaged OH mass fraction reaches 2% of the domain maximum

(instantaneous maximum).
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5.3.4 Global view of ignition delay timing and flame lift-off

length

Figure 5.16 shows the temporal evolution of the temperature field for the ECN
baseline condition. The typical two-stage ignition behaviour of the n-Dodecane fuel jet
is qualitatively predicted by the CSE-FGM/LES model. At 0.15 ms ASI, the cold fuel jet
has penetrated far into the hot ambient gas and has not yet undergone significant mixing
as shown by the narrow jet structure. By 0.30 ms ASI, low temperature reactions have
begun, initiating first-stage ignition and low temperature heat release in the periphery
of the vapour jet. The onset of second-stage ignition takes place approximately at 0.40
ms ASI and occurs in the head of the jet where the velocity field is relatively low. The
vapour temperature here rises 300-400 K above the ambient temperature and volumetric
ignition takes place with multiple ignition kernels. This is followed by expansion of a
high temperature diffusion flame (0.6-0.8 ms) which eventually stabilises downstream
of the injector. Additionally, at approximately x = 30 mm, the diffusion flame begins to
thicken radially. This phenomenon has been observed in previous studies [151, 161] and
is attributed to be the effect of the recirculation zone behind the head of the jet. These
vortices enhance turbulence levels locally and lead to thickening of the flame in this area.
Table 5.7 quantitatively shows the comparison of experimental and simulation ignition
delay and flame lift-off length. It can be seen that the CSE-FGM/LES model is able to

successfully predict both combustion metrics very close to experimental measurements.

Table 5.7: Ignition delay time and flame lift-off length for ECN Spray A baseline
condition. Experimental data repeated from [133].

Test I1 (900 K, 15% O, ) Experiment CSE-FGM/LES
Ignition delay time [ms]  0.40-0.44 0.41
Flame lift-off length [mm] 15.80-17.90 18.08
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Figure 5.16: Instantaneous temperature fields from CSE-FGM/LES at the ECN baseline
condition. The time after start of injection is shown in the top left hand-side of image.
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5.3.5 Ignition in mixture fraction space

Figure 5.17 shows the temporal evolution of the simulation in mixture
fraction-temperature space. A short time after injection, most points lie close to
the mixing line. However, low temperature reactions have begun to take place in
the radial spray periphery. These reactions first occur in leaner mixtures as these
are at the highest temperature in the unburnt flow field. This is highlighted by the
sub-label (i): which shows a minor increase in conditional temperature at 0.19 ms ASI in
Figure 5.17. At 0.30 ms ASI, first-stage ignition is underway as seen by the increase
in formaldehyde mass fraction, which is a key species used in tracking first-stage
ignition. The low temperature reactions here coupled with the high scalar dissipation
rate in this region initiate a turbulent cool-flame which transports species and heat
release to colder and richer mixtures. This is clearly seen by the shift in conditional
temperature (ii), from leaner to richer mixtures. At 0.40 ms ASI, second-stage ignition
is initiated with multiple high temperature points (iii) seen over a broad range (7 =
0.08 — 0.2) of rich mixture fraction. The consumption of hydrogen-peroxide at the head
of the spray also signifies the onset of second-stage ignition as its decomposition is
critical in promoting high temperature reactions. Between 0.40-0.44 ms ASI, the highly
stratified flow field formed from high temperature ignition initiates turbulent flame
propagation (iv) from richer to leaner mixtures. The consumption of formaldehyde
and hydrogen-peroxide are clearly seen at the head of the spray. Additionally, the
increase in hydroxyl mass fraction and its associated hot-spots confirm the occurrence
of high temperature reactions and volumetric ignition. At 1.20 ms ASI a quasi-steady
state diffusion flame has been established downstream of the injector and maxmimum
temperatures peak at the stoichiometric mixture fraction (v). Furthermore, the spatial
distribution of formaldehyde and hydrogen-peroxide stabilise upstream of the high
temperature diffusion flame. This is illustrated in the Figure 5.18 which highlights

main characteristics of a typical spray flame and their visual definition. The results
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presented here are consistent with experimental observations [157, 162, 163, 164] and
previous numerical studies [132, 151, 154, 155, 165, 166, 167, 168, 169] - confirming the
CSE-FGM/LES model is successfully able to capture not only ignition delay but also

correctly predict the underlying physical processes in combustion of high pressure fuel

sprays.
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Figure 5.17: Scatter plot in Z-T space with X-Y cut-planes of (1) formaldehyde, (2)
hydrogen-peroxide and (3) hydroxyl. Z;; = 0.045 denotes the stoichiometric mixture
fraction. The solid black line in X-Y cut-planes is the contour of stoichiometric mixture
fraction.
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Figure 5.18: Schematic of a stabilised spray flame: green is the n-Dodecane fuel, blue
is the cool-flame and is defined by presence of formaldehyde and orange is the high
temperature diffusion flame which is defined by the presence of hydroxyl.

5.3.6 Flame stabilisation

The position of flame stabilisation is known as the flame lift-off length and as
explained previously, is measured using OH* chemiluminescence. As the 2% OH
criterion is applied in CFD, it is important to evaluate the CFD prediction of the OH
field. Maes et al.[170] performed experimental measurements using planar laser-induced
fluorescence (PLIF) of OH at various ECN Spray A conditions. A comprehensive set
of data was gathered with ensemble averaged images generated using 5-20 injections
depending on the test condition. A complete description of the optical setup and
measurement procedures can be found in [170]. Figure 5.19 shows the predicted OH
mass fraction distribution compared to the experimental PLIF measurements at 0.8 ms
ASI. The loss of signal intensity in the right hand branch of OH PLIF measurements
is a result of attenuation of the excitation laser light by poly-aromatic-hydrocarbons
and soot in central areas of the spray [171, 172]. The macro features of the OH field
are captured reasonably well by the simulation as shown by the two distinct branches of
OH, with each branch expanding in the radial direction as the axial distance is increased.
In addition, the onset of OH is comparable between simulation and experiment at

approximately z = 15 mm.
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Figure 5.19: Comparison of (a) CSE-FGM/LES spatially averaged OH mass fraction and
(b) ensemble-averaged experimental PLIF OH measurements at 0.8 ms ASI. Laser sheet
location is marked by white triangles. Experimental images reproduced from [170].

Figure 5.20 illustrates the OH distributions once a quasi steady-state flame has
been established. Qualitatively, the predicted OH distribution is comparable to the
experiment with two branches expanding in both radial and axial directions. However,
the onset location of OH is under-predicted at this time instance as well as the OH field
being more diffuse than the separate OH branches seen in the experiment. This could
be attributed to the experimental methodology, where it can be seen from [170] that
differences in optical setup resulted in qualitatively different OH distributions at the
same test condition. These differences are shown in Figure 5.21 where the OH structure
as measured by IFP Energies nouvelles (IFPEn) is considerably more diffuse than that of
Eindhoven University of Technology (TU/e). In general, the typical spray structure is
observed where a fuel rich core is enveloped by a high temperature field as indicated by
the presence of OH. It is also interesting to note that in the experimental measurements,
the onset of OH (18.94 mm) is approximately 1.55 mm downstream of the onset of OH*
(17.39 mm). This is an important consideration as it will influence confidence in the CFD
flame lift-off length in that the OH threshold may not be a suitable enough criteria to

make absolute comparisons against experimental measurements based on OH*.
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Figure 5.20: Comparison of (a) CSE-FGM/LES instantaneous OH mass fraction field at
1.20 ms ASI, (b) spatially-averaged CSE-FGM/LES OH mass fraction field at 1.20 ms
ASI, (c) ensemble-averaged OH PLIF measurements at 4.70 ms ASI. The white solid line
denotes CSE-FGM/LES flame lift-off value, the white dashed line denotes steady state
experimental flame lift-off value (based on OH*) from Maes et al.[170]. Laser sheet
location marked by white triangles. Experimental images reproduced from [170].
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Figure 5.21: Comparison of ensemble-averaged experimental PLIF OH measurements at
0.7 ms ASI for (a) IFPEn and (b) TU/e. Laser sheet location is marked by white triangles.
Experimental images reproduced from [170].
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Flame stabilisation in high pressure fuel sprays is generally understood as being
controlled by auto-ignition and moderated by turbulent diffusion of heat and radicals
in/out of the flame. Thereby, flame lift-off length is regulated by the axial distance at
which flow conditions do not support the formation and growth of ignition kernels.
Influence of the flow field on the flame structure can be quantified using the scalar

dissipation rate. In LES, the scalar dissipation is modelled as:

~ 2
- ~ Dy — 0z
X = Nogs + Xr = 52" +2D | —

o 5 (5.13)

where Y, is the resolved and Xy, is the sub-grid component of the scalar dissipation rate.
The process of flame stabilisation visualised by tracking an ignition kernel near the flame
lift-off height. Figure 5.22 shows the temperature and scalar dissipation rate evolution
near the flame lift-off location for the CSE-FGM/LES model. The highly unsteady flow
leads to large fluctuations in scalar quantities and as shown in Figure 5.22, streaks of low
and high scalar dissipation rates are intervolved within the flame. Following the ignition
at 0.95 ms ASI as highlighted by the sub-label (i). It can be seen that this ignition event
takes place in regions of low scalar dissipation rate where y < 1s~! and Z ~ Z,;. This
is confirmed by plotting the radial profiles of temperature and scalar dissipation rate at
point (i) which are shown in Figure 5.23. These kernels begin to grow (ii) and merge
(iii) with other ignited gas pockets as seen at 0.99 ms ASIL. Convection drives these hot
regions further downstream merging with other gas pockets and finally the main flame
(iv) at 1.02 ms ASI. This process takes place throughout the flame with multiple ignition
spots forming, growing and then merging with the main flame. In addition to ignition
taking place, extinction is also occurs in this flame. This is observed by tracking a ignited
gas pocket denoted by sub-label (A) at 0.95 ms ASI in Figure 5.22. The radial profiles of
temperature and scalar dissipation at this point (Figure 5.24) show similar behaviour to
that seen in Figure 5.23. However, at 0.97 ms ASI, convection of the vapour jet upstream
leads to large scalar gradients in the region around point (A) and local extinction of the

flame occurs as highlighted by (B) and shown in Figure 5.25.
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Figure 5.22: Temperature (left) and scalar dissipation (right) evolution near the flame
lift-off length. The black dashed line marks the simulations flame lift-off length. The
solid black line is the contour of stoichiometric mixture fraction.
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Figure 5.23: Radial scalar field distribution at 0.95 ms ASI at point (i) in Figure 5.22.
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Figure 5.24: Radial scalar field distribution at 0.95 ms ASI at point (A) in Figure 5.22.
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Figure 5.25: Radial scalar field distribution at 0.97 ms ASI at point (B) in Figure 5.22.
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5.4 Parametric studies

5.4.1 RANS computational setup

The computational setup is identical to that presented in Section 5.2 with exception
of the turbulence model. In the following RANS simulations, the standard & — € model
is used with adjusted model constant C,—; 55. Combustion was modelled with the
CSE-FGM combustion model as described previously, with additional equations solved
for the mixture fraction (Equation 5.6), progress variable (Equation 5.5) and mixture

fraction variance. In RANS, the mixture fraction variance is computed as:

— —_— — ~\ 2
opZ"  Opu; 2" 0 AR o0z ~
P2 2PE (,5 (D + Dy) P ) +2p [ D, (—) x| (519

8t 8a:j axj aLL’j 8@

with Y modelled as:

¥ = cx%ﬁ (5.15)
where ¢, is a model constant and usually set as 2.0.

Flamelet libraries generated for each ambient temperature and oxygen concentration
with the Luo mechanism. The tabulation parameters are identical to that outlined in
Section 5.2.

The computational domain and grid refinement parameters are maintained from
the LES setup (Figure 5.4). However, the grid size has been adjusted based on a grid
dependence study which will be presented in the next section. In the following RANS
simulations, the base grid is set as 2 mm with a minimum AMR and fixed embedding
refinement of 0.25 mm. A section of the computational domain showing the RANS

computational grid and grid refinement can be seen in Figure 5.26 and Figure 5.27.
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Figure 5.26: Spray computational domain X-Y plane clip showing RANS grid.
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Figure 5.27: Spray computational domain X-Y plane clip showing RANS AMR and fixed
embedding grid sizes.
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RANS grid dependence

A grid dependence study of the RANS computational setup was conducted for the
non-reacting spray condition by varying the minimum grid size from 1 mm down to
0.175 mm. An overview of the grid setup is shown in Table 5.8. Figure 5.28 presents the
liquid penetration lengths for all grid sizes, where it is clear that results are relatively
insensitive to grid sizes below 0.5 mm. Additionally, with exception of the 0.75 and
1 mm grids, simulation results compare well with experimental measurements over the
injection duration. The vapour penetration shown in Figure 5.29 is more sensitive to grid
size, where earlier in the injection durations grid sizes of 0.25 mm and below lead to an
improved prediction of vapour length when compared to experimental measurements.
Later into the injection event, vapour length predictions are insensitive to grid sizes
below 0.5 mm with all simulation results falling within experimental measurements.
Consequently, the 0.25 mm grid was chosen for all further RANS simulations as it
provides a good balance between computational expense and accuracy compared to

experimental measurements.

Table 5.8: Grid dependence parameters.

Grid I on 1 1v \%

Min cell size [mm] 1.0 0.75 0.5 0.25 0.175
Spray parcels*1000 [-F] 50 75 100 200 300
Max cell number*1000 [-] 40 60 85 300 450
Runtime 16-cores [h] 0.1 0.15 0.2 035 1.5
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5.4.2 Results and discussion
Non-reacting vaporising spray

Figure 5.30 shows the liquid and vapour lengths between simulation and experiment.
The RANS predictions for both criteria are in excellent agreement with experimental
measurements with exception of the first 0.2 ms ASI. Furthermore, the mixture fraction
distribution as shown in Figure 5.31 is captured well by the RANS model. The LES
results are also included and it can be seen that the RANS model is able to capture the
mean mixture fraction profiles relatively well across all axial lengths with only a slight

over-prediction along the centreline.
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Figure 5.30: Experimental and simulation penetration lengths. Vapour length is defined
as axial location of 1% vapour mass threshold. Liquid length is defined as the axial
location of 99% liquid mass threshold. Shaded area represents experimental uncertainty.
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Reacting spray

CSE-FGM/RANS simulations of conditions given in Table 5.1 are presented in this
section. Figure 5.32 and Figure 5.33 show the comparison of experimental and simulation
ignition delay timings and flame lift-off length across a range of ambient temperatures.
Both ignition delay and flame lift-off length are predicted well by the CSE-FGM/RANS
model at 900K and 1100K. The sensitivity with respect to ambient temperature is also
captured accurately. Whilst the trends are captured across the entire temperature range,
the model has difficulty in reproducing experimental measurements at 800 K. The effect
of ambient oxygen concentration on ignition delay and flame lift-off are presented in
Figure 5.34 and Figure 5.35. It can be seen that model over-predicts experimental ignition
delay and flame lift-off length for the range of ambient oxygen concentrations. However,
the model is able to capture the experimental trends and the sensitivity to changes in
ambient oxygen composition are captured very well by the CSE-FGM/RANS combustion
model. The discrepancy between predicted results and experimental measurements can
be attributed to both the chemical mechanism and turbulent mixing. Pei et al.[173]
found that the Luo mechanism tended to over-predict ignition delays when compared
to shock tube experiments at 6 MPa. Additionally, a study by Meijer et al.[174] found
that there could be trace concentrations of minor species of OH and NO present in the
ECN combustion vessel before start of injection. Pei et al[173] studied the effect of
including these minor species into the ambient composition and found they improved
the low temperature ignition delay predictions using the Luo mechanism. However,
there was still an under-prediction at 800 K. Furthermore, the Luo mechanism has been
found to over-predict both ignition delay and flame-lift off length in RANS simulations
of ECN Spray A over a wide range of combustion models [151, 160, 175, 176, 177, 178].
As such, the influence of chemical mechanism will be investigated in Section 5.4.3 by

applying the mechanism of Yao et al.[179] to Test I (800K, 15%0O-).
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An additional source of deviation could also originate from the tabulation

methodology, whereby a single unsteady flamelet of a = 500 s—*

is used to capture the
ignition region. As explained previously in Section 5.2, ignition delay is insensitive for
strain rates of a =< 1000 s~! at ECN baseline conditions. However, at 800 K conditions
(and high EGR rates), turbulent mixing plays a greater role due to the similar time scales
of chemistry and flow, hence, strain rate has a more pronounced effect on ignition delay.
It was shown by Ayyapurredi [138] that flame lift-off length was reduced when using
manifolds generated with an ICDF at a strain rate of a = 100 s~1, with further reductions
being achieved by applying a strain rate of a = 2 s~!. This suggests that a strain rate of
a = 500 s™! could be close to the ignition limit at 800 K resulting in the over-predictions
of both flame lift-off and ignition delay time. Due to time limit constraints, generating
chemistry manifolds with a reduced strain rate has not been studied here but will be
recommended for future work.

Using LES has led to improved results with the Luo mechanism as is evidenced
by results in Table 5.7 and previous studies [151, 161, 167]. The proposed reason for
this improvement is the difference in computed scalar dissipation between LES and
RANS. RANS predicts much higher scalar dissipation rates downstream of the nozzle
compared to LES as shown in Figure 5.36. Considering ignition take place in low scalar
dissipation rate regions and the Luo mechanism has a characteristically low quenching
scalar dissipation rate [178] (when compared to other mechanisms) - the conditions
leading to ignition, as well as flame stabilisation occur much further downstream of

the injector in RANS.
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Figure 5.32: Simulation and experimental ignition delay timings for different ambient
temperature conditions. Experimental measurements repeated from [133].
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Figure 5.33: Simulation and experimental flame lift-off length for different ambient
temperature conditions. Experimental measurements repeated from [133].
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Figure 5.34: Simulation and experimental ignition delay timings for different ambient
oxygen concentrations. Experimental measurements repeated from [133].
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oxygen concentrations. Experimental measurements repeated from [133].
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Figure 5.36: Radial scalar dissipation rate distribution near flame lift-off length (z = 18
mm) at 1.20 ms ASI for both turbulence models at ECN baseline conditions.
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5.4.3 Effect of chemical mechanism

CSE-FGM/RANS simulations were repeated at the 800 K 15% O, condition using
the skeletal mechanism of Yao et al.[179] containing 54 species and 269 reactions. This
mechanism is considered a very reactive mechanism in comparison to the one of Luo
and will highlight the sensitivity of ignition delay and flame lift-off length to underlying
n-Dodecane chemistry. The Yao mechanism was derived from the semi-detailed
mechanism of You et al[180] containing 171 species and 1306 reactions. Multiple
reduction methods were applied such as reaction flow analysis and isomer lumping with
the final skeletal mechanism being validated over a wide range of conditions against
shock-tube, perfectly stirred reactor and laminar flame speed experiments. Additionally,
this mechanism was tuned against the detailed LLNL N-alkanes mechanism [181] and
experimental ECN Spray A measurements for auto-ignition [133]. The RANS predictions
are shown in Table 5.9, where improvements are seen for the Yao mechanism for both

ignition delay and flame lift-off when compared to the Luo mechanism.

Table 5.9: Ignition delay time and flame lift-off length for both chemical mechanisms at
800 K 15% O, . Experimental data repeated from [133].

Test I (800 K, 15% O, ) Experiment Luo Yao
Ignition delay time [ms] 0.92 133 1.12
Flame lift-off length [mm] 26.2 3345 314

These improvements result from certain low and high temperature chemistry
reactions being significantly enhanced in the Yao mechanism when compared to the Luo
mechanism [182]. For low temperature chemistry, it was found that the Yao mechanism
accumulates both HO, and CH,0O which are species used to track first-stage ignition.
It was determined by Desantes et al[183] that chemical activities were increased for
reactions containing HCO. As HCO is a primary species in producing HO, and CH,O,
the increased activity of these reactions consequently led to increased formation of
both first-stage ignition species. Furthermore, the high temperature ignition stage

was also found to be promoted by the Yao mechanism as reactions relevant to H,0,
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5.4. Parametric studies

production were significantly enhanced with respect to other mechanisms [160, 183].
These enhancements are reflected in the generated chemistry manifolds which are
shown in Figure 5.37 and Figure 5.38. The manifold for the Yao mechanism has a much
higher source term for lower values of progress variable when compared to the Luo
mechanism. Additionally, the Yao manifold is reactive over a wider range of mixture

fractions.
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Figure 5.37: Flamelet generated manifold showing reaction rate of C as a function of
mixture fraction and progress variable for the Luo mechanism.
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Figure 5.38: Flamelet generated manifold showing reaction rate of C as a function of
mixture fraction and progress variable for the Yao mechanism.
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5.5. Computational expense

5.5 Computational expense

The CSE-FGM/LES model was run locally on an Intel i7-5820K processor (2014). In
order to make a comparison with available data in literature, the CSE-FGM/LES results
shown in Table 5.10 have been scaled by 2.0 to account for the longer running time
of the results of Blomberg et al.[184]. The results from Blomberg are with the Yao
mechanism and is a split injection case run for 2.0 ms. As can be seen in Table 5.10,
the CSE-FGM/LES model has a very low computational cost compared to the CMC-LES
model. This is expected even with the higher cell count and larger chemistry mechanism
used in this study, as only an additional three transport equations are being solved with
the added expense of the integral inversion. In contrast, the CMC-LES model has to solve
transport equations for all species (54). Furthermore, the computational framework used
by Blomberg did not include the functionality of AMR which has been shown to greatly
optimize run-time.

Table 5.10: CSE-FGM/LES computational cost.

CSE-FGM/LES CMC-LES

Min cell size [mm] 0.0875 0.125
Max cell number-10° [-] 2.6 1.9
Core-hours for 2 ms [-] 2230 10919

131



5.6. Summary

5.6 Summary

The CSE combustion model coupled with FGM chemistry reduction and tabulation
was used to simulate the baseline condition of the n-Dodecane ECN Spray A flame.
The mean reaction rate was computed based on integral inversion of a product-based
progress variable and the presumed [5-PDF. The combustion model was applied within
an LES turbulence modelling framework and was first validated at non-reacting
conditions where good predictions of velocity and mixture fraction field were achieved.
The reacting baseline condition was then investigated with the CSE-FGM/LES model
showing excellent agreement in predictions of ignition delay and flame lift-off length
compared to experimental measurements. The CSE-FGM/LES model was able to predict
the underlying physics of the two stage-ignition event of the n-Dodecane spray flame,
where both low temperature cool flame propagation and high temperature ignition
were observed. Qualitatively, the model was also able to predict the experimental OH
distribution with characteristic features captured reasonably well. Furthermore, the
auto-ignitive nature of flame stabilisation in high pressure fuel sprays was also predicted
by the CSE-FGM/LES model.

Additionally, the model was applied within a RANS context to evaluate parametric
variations in ambient temperature and oxygen concentration. The CSE-FGM/RANS
model was able to accurately predict experimental trends and sensitivity to ambient
conditions with exception of the 800 K test point. The discrepancies between predicted
results and measurements were attributed to the chemical mechanism, turbulent
mixing and tabulation methodology. RANS was found to predict high values of
scalar dissipation rate downstream of the injector when compared to LES. Therefore,
favourable conditions for flame stabilisation were pushed farther downstream in RANS
when compared to LES which lead to over-predictions of flame lift-off length. As with
previous studies, the chemical mechanism of Luo was found to over-predict both ignition

delay and flame lift-off length over all test conditions. As such, the more reactive
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5.6. Summary

mechanism of Yao was applied to the 800 K test point where improvements were seen for
both ignition delay and flame lift-off length. These were a direct result of the enhanced
low and high temperature chemistry pathways in the Yao mechanism.

The CSE-FGM model has been successfully applied to simulate high pressure spray
flames. The model was able to produce good quantitative and qualitative results over
a wide range of conditions at a very modest computational cost. This demonstrates
that the model is a good candidate to simulate high pressure spray flames with complex

chemistry.
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CHAPTER 6

Conclusions

Two objectives were set out at the beginning of this thesis. The first objective was
to develop an understanding of the effects of certain parametric changes on combustion
evolution and emissions formation in a single cylinder compression ignition engine. The
investigation in Chapter 3 has allowed some insight into these effects, with the main

outcomes detailed below:

« Variations in spray targeting, EGR rate and piston bowl geometry were shown
to have noticeable impacts on the combustion event with simulation results

predicting experimental trends across load points and EGR rates.

« It was shown that the effect of nozzle tip protrusion produced a greater change
on combustion behaviour than piston bowl geometry. The effect of increasing the
NTP value led to soot reductions at marginal increase in NO, emissions. This was
observed across all load points, EGR rates and both piston geometries. The deeper
NTP increased air utilisation and led to improvements in mixing, leading to less

fuel-rich regions which promote soot formation.

+ The stepped-lip piston was found to reduce soot formation at an increase in
NO, emissions when compared to the standard re-entrant piston bowl. This
was attributed to the piston-lip creating a recirculating region at the head of
the fire-land which increased the residence time. As there was availability of
both nitrogen, oxygen and high combustion temperatures - NO, formation was

promoted in this area.
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A significant finding was the increase in burn duration at all load points for the
stepped-lip piston. This result was in contrast with existing literature which found
stepped-lip pistons to reduced burn duration when compared to re-entrant piston
geometries. This difference was found to be the effect of the shape of the lip, where
in this investigation the piston-lip resembled a ‘true’ step, with near right angled
change in height, as opposed to the more ramped shaped lip of investigations in
literature. This sharp step geometry actively suppressed flame propagation into
the fire-land and led to the flame being "hold-up’ on the lip leading to an increase

in burn duration.

Finally, it was shown that current numerical tools are able to produce good results
of global parameters and capture experimental trends. However, predictions of
emissions is still a great challenge for combustion models based on simplified

chemistry.

The second objective of this thesis was to extend a novel chemical source term closure

to simulate diesel sprays with complex chemistry. This was addressed in Chapters 4 and

5, with the main outcomes detailed as follows:

A state of the art combustion model, Conditional Source-term Estimation was
successfully coupled with Flamelet Generated Manifold chemistry reduction and

implemented into a commercial CFD code.

The first application of the CSE-FGM model to simulate the Engine Combustion
Network n-Dodecane Spray A was accomplished under a Large Eddy Simulation

framework.

The CSE-FGM/LES model was able to accurately predict ignition delay and flame

lift-off length when compared to experimental measurements.

The characteristic ignition behaviour of the ECN Spray A flame was captured with
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the model predicting the cool flame phenomenon and high temperature ignition

event.

The CSE-FGM/LES model qualitatively agreed well with experimental
observations of the OH distribution and captured the auto-ignitive flame

stabilisation mechanism of the ECN Spray A flame.

The CSE-FGM model was then applied in a RANS framework to validate the
model at different ambient temperatures and oxygen concentrations. The
CSE-FGM/RANS model successfully predicted experimental trends and sensitivity

with respect to ambient conditions.

The implications of n-Dodecane chemical mechanism were studied, with the
CSE-FGM model correctly reflecting the effect of enhanced underlying chemistry

on ignition delay and flame lift-off length predictions.

The CSE-FGM model has been demonstrated to successfully predict constant
volume combustion of high pressure spray flames while accounting for
turbulence-chemistry-interactions, allowing detailed chemical kinetics and

maintaining a low computational cost.
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6.1. Future work

6.1 Future work

Recommendations of future work are mainly based on continued development of the

CSE-FGM model:

« The numerical sensitivities of the CSE inversion need to be studied more
comprehensively and an understanding of the errors associated with

regularisation need to be quantified.

« The current FGM is parametrised by progress variable and mixture fraction.
Considering flow and chemistry are more strongly coupled at lower ambient
temperatures and high EGR rates. A manifold should be constructed to include
scalar dissipation rate as third dimension which should improve predictions at

these conditions.

+ Coupling of chemistry and flow is done through a product based progress variable.
Whilst this approach has been used successfully, the selection of species used in
the definition of progress variable will have impact on combustion predictions.
A sensitivity study of the progress variable definition should be carried out to

determine the most accurate with respect to combustion predictions.

« The current implementation of CSE-FGM can be coupled with more complex
emissions models. As comprehensive experimental soot data is available from
the Engine Combustion Network, the current model should be applied to these

test cases to determine the CSE-FGM models ability in predicting these emissions.

« Finally, the CSE-FGM model should be applied to an engine case. This is possible
but requires a manifold that contains additional dimensions of pressure and

enthalpy which change considerably over an engine cycle.
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