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Abstract

As emissions regulations are getting stricter and efficiency requirements
of internal combustion engines (ICE) are increasing, different concepts to
improve combustion are being investigated. For example lean stratified pre-
mixed combustion, homogeneous charge compression ignition (HCCI), use
of more exhaust gas recirculation (EGR) to reduce NOx etc. In all these
concepts, combustion happens at lower temperatures, higher pressures, and
higher level of air dilution than today’s typical spark ignition or diesel en-
gines.

Many combustion models in computational fluid dynamics (CFD) today
describe either premixed or non-premixed mode of combustion, assuming
fast chemistry regimes only. There is a great need for new combustion
models that are mode (premixed /non-premixed) and regime (fast/non fast
chemistry) independent. The linear-eddy model (LEM) of Kerstein [1] used
as a subgrid combustion model for large eddy simulation (LES) called LES-
LEM is regarded as a truly mode and regime independent combustion model
as it models all the physical processes, i.e. large and small scale turbulent
advection, molecular diffusion and chemical reactions at their respective
length and time scales.

In this dissertation, a new LEM closure for LES-LEM using the reaction-
rate approach is proposed in which the LEM provides closure for the chem-
ical source terms in the conservation equations of the sensible enthalpy and
species mass. The new LEM closure is tested on a bluff-body premixed
flame problem and simulation results are compared with experiments.

Furthermore, a new splicing approach for modeling large-scale advection
in LES-LEM is presented. The approach links the subgrid LEM implemen-
tation to a concept of control-volume crossing rate. A dedicated investi-
gation of splicing is done by simulating passive scalar mixing without the
complexity of chemically reacting flow physics.

Lastly, an improved modeling technique called super-grid LES-LEM is
proposed to computationally speed-up LES-LEM.
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Introduction

Combustion has been used by humans for thousands of years for practical
purposes of cooking food and heating homes. With the advent of the steam
engine, a new use of combustion was found, i.e. to produce work. Steam
engines were used particularly in railroads and steam ships. After the dis-
covery of gasoline, steam engines were replaced with internal combustion
engines (ICE), which are still being used extensively for e.g. transporta-
tion and power generation purposes. However, tremendous use of ICE has
lead to various environmental and health hazards. So modern research on
combustion in ICE has two major objectives, i.e. the optimization of com-
bustion efficiency and the reduction of pollutants. In order to achieve these
objectives, a clear understanding of the processes taking place during com-
bustion is a prerequisite. This understanding will only be obtained by a
joint approach of experiments and modeling.

Turbulent combustion happening in ICE involves an interaction between
highly non-linear chemical reactions, turbulence and molecular mixing. Tur-
bulence is characterized by a broad range of scales in spacetime, ranging
from the smallest Kolmogorov scales to the largest flow structures charac-
terized by the scales of the geometry. Computational fluid dynamics (CFD)
provides useful tools to study turbulent combustion. In CFD, the governing
equations are numerically solved. The computational domain is divided into
a finite number of cells on which the governing equations are discretized and
then solved. Direct numerical simulation (DNS) is a CFD tool which aims
at fully resolving the flow physics. However, DNS is currently computa-
tionally affordable only for relatively simple problems and thus non-feasible
for practical flow problems (such as ICE). In contrast, CFD approaches
for engineering problems approximate the flow physics with mathematical
formulations called turbulent combustion models. There are numerous tur-
bulent combustion models available [2,3] and several studies have compared
them, see [4-6] for a few examples.

Large eddy simulation (LES) is a popular modeling approach for simu-
lating turbulent combustion. LES resolves the energy containing large-scale
turbulent motion directly and models the effect of unresolved small scales,
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resulting in lower grid resolution requirements compared to DNS. For scalar
mixing, LES has shown better predictive capabilities than Reynolds Aver-
aged Navier Stokes (RANS) approaches [7]. Fig. 1 shows portion of the
energy spectrum resolved by RANS, LES and DNS respectively. In LES,
large scales of the flow are separated from the smaller scales of the flow
by applying a spatial filter on the governing equations. LES has shown
a good predictive capability in many studies related to ICE. Just a few
examples include work done by Jhavar and Rutland [9] about the investiga-
tion of cycle-to-cycle variations in homogeneous charge compression ignition
(HCCI) engines using the well stirred reactor (WSR) model. Adomeit et.
al [10] studied the influence of cycle-to-cycle variations of inlet conditions on
the fuel-air mixing process in a direct injection spark ignition (DISI) engine.
LES simulations employing the progress variable approach (to model tur-
bulent combustion) were used to study turbulent flows in diesel engines [11]
and lean ethanol/air mixtures in HCCI engines [12,13]. Other examples of
LES studies of ICE can be found in the review paper of Rutland [14].

4
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Figure 1: Resolution of the energy spectrum by different approaches [8].
Here, E(k) denotes the turbulent kinetic energy in the wavenumber (k)
space.

As ICE emissions regulations are getting stricter, different concepts to
improve combustion and reducing tailpipe emissions are being studied. For
example, to reduce NOx in spark ignition engines, lean air-fuel mixture is
used and to reduce NOx in diesel engines, more exhaust gas recirculation
(EGR) is being used. Other concepts of improving combustion by having
a low temperature combustion process are also being investigated. Many
current turbulent combustion models in CFD assume fast chemistry regimes
and are aimed to describe either premixed or non-premixed modes of com-
bustion. However, future engines will most likely operate at lower tempera-
tures, higher pressures, and higher level of air dilution than today’s engines.
So most combustion models used today might not adequately predict com-
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bustion under those operating conditions that take place in unconventional
mixed-mode and turbulent combustion regimes. The basic requirement for a
mode and regime independent turbulent combustion model is that it should
accurately represent the interactions between small and large scale turbu-
lence, chemistry and molecular diffusion.

Combustion models such as WSR and partially stirred reactor (PaSR)
model do not take into account the affect of unresolved turbulence on chem-
istry. There are many ICE studies using these two models, a few examples
are [9,15-17]. Chemistry in WSR model depends only on the resolved mean
values but still simulations with this model are able to get good agree-
ment with experimental data for diesel, HCCI and dual-fuel combustion
engines [18,19]. In PaSR model, the affect of turbulence on chemistry is
taken into account by dividing each CFD cell in two different zones, i.e. one
of the zone is considered as well stirred reactor and the other zone has no
reactions at all. The size of each zone sub-volume is then determined by the
variance of progress variable and mixture fraction. A standard turbulence
model provides the turbulent mixing time between the well stirred reactor
and the non-reacting zones. The subgrid fluctuations of mixture fraction
and progress variable produces a time delay of chemical conversion, which
causes the difference of outcomes between PaSR and WSR modeling ap-
proaches.

The flamelet approach is another widely used approach, see [2] for de-
tails. The flamelet models assume fast chemistry leading to the idea that
combustion happens in laminar flame structures carried and stretched by
the turbulent flow field. There is a scale separation of chemical and turbu-
lent length and time scales, therefore the affect of turbulence on chemistry
is achieved by using parameters, e.g. using scalar dissipation rate in non-
premixed combustion. Flamelet models have low computational cost and
have been used successfully in both pure premixed [20,21] and non-premixed
combustion simulations [22,23]. Attempts have been made to extend the
flamelet models to mode independent combustion models [24-26] but par-
tially premixed combustion mode was not represented properly. As flamelet
models rely on fast chemistry assumption, combustion phenomenon un-
der non fast chemistry such as extinction and reignition are not addressed.
These particular phenomenon were modeled with extended flamelet mod-
els [27,28] but only under idealized conditions. Therefore, flamelet models
cannot be considered as mode and regime independent turbulent combus-
tion models. However, there are vast amount of studies of flamelet models
on ICE, see [29-36] for examples.

Another model similar to the flamelet model is the conditional mo-
ment closure (CMC) model. This model was introduced by Bilger and
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Klimenko [37] and relies on the fact that a reactive scalar conditioned on a
conserved scalar does not fluctuate as strongly. Therefore this model relates
the fluctuations of all reactive scalars to a conserved scalar, e.g., mixture
fraction in non-premixed combustion. The above assumption holds true if
the flame is moderately influenced by flow then the conserved scalar does
not fluctuate strongly and it is sufficient to use first order closure for the
chemical reaction term. In this situation, CMC model is identical to the
flamelet model and hence is not mode and regime independent. If the flame
is heavily influenced by flow then to overcome inaccurate predictions, sec-
ond order closure for the chemical reaction term is necessary which would
result in high computational costs. That is why ICE studies are only done
using first order closure for the chemical source terms. De Paola et al. [38]
and Bolla et al. [39] used first order CMC closure in heavy duty diesel en-
gine simulations and the simulation results were in close agreement to the
experiments.

Existing mode and regime independent turbulent combustion models
include transported PDF (TPDF) [40] and LES-LEM (discussed later).
TPDF models use a detailed chemistry description and have been used
successfully for many combustion applications. They are more computa-
tionally expensive than flamelet models and thus are limited to relatively
few reactive scalars chemistry. The mode and regime independent modeling
capabilities of TPDF models however, depend on the available micro-mixing
models and much work has been done in the past to improve these micro-
mixing models. In one-point PDF closure, interaction between turbulence
and flame micro-structures depends on modeling and this remains the key
limitation of one-point PDF closure. However, TPDF models have been
successfully applied to simulate various ICE concepts. Examples include
work done by Zhang et al. [41] on HCCI combustion engine and Mohan and
Haworth [42] on a heavy duty diesel engine.

One turbulent combustion model which has been successfully applied
to both premixed and non-premixed combustion and can be regarded as a
truly mode (premixed/non-premixed) and regime (fast/non fast chemistry)
independent is the linear-eddy model (LEM) of Kerstein [1] used as a subgrid
combustion model for LES called LES-LEM [43,44].

Kerstein [1] developed LEM with the motivation that, in order to ac-
curately represent turbulent combustion, a model should be able to repre-
sent all relevant physical processes, notably turbulent advection, molecular
diffusion, and chemical reaction. LEM resolves and simulates on a one-
dimensional (1D) line all these processes at their relevant length and time
scales hence reducing the computational cost relative to three-dimensional
(3D) DNS while retaining high resolution. The effects of realistic 3D tur-
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bulence on the LEM scalar fields are modeled via instantaneous mapping
events using 3D scaling laws. LEM was initially formulated as a scalar mix-
ing model for non-reacting flows [1] and later extended to predict reactive
flows [45]. LEM has been used both as a stand-alone tool and as an LES
subgrid combustion model (LES-LEM).

In LES-LEM, physical processes, i.e. large and small scale turbulent
advection, molecular diffusion and chemical reaction are modeled at their
respective length and time scales. LES solves the large scale mass, mo-
mentum and energy equation whereas to capture physics on the unresolved
small scale, LEM is used in each LES cell. LEM solves for chemical reac-
tions, molecular diffusion and also models subgrid turbulent advection. LES
and LEM are coupled by exchanging some information. Large-scale advec-
tion in LES-LEM is modeled by lagrangian mass transfer of LEM between
LES cells. LES-LEM has been employed in a large variety of combustion
problems [46-58]. McMurtry et al. [59] showed successful simulations of
turbulent scalar mixing employing LES-LEM. Non-premixed turbulent com-
bustion simulations were done using LES-LEM by Calhoon [60] and Menon
and Calhoon [61], and premixed turbulent combustion by Smith [62] and
Chakravarthy and Menon [63]. Spray combustion simulations using LES-
LEM were performed by Pannala and Menon [64], and by incorporating
radiative heat loss and soot modeling to LES-LEM by Zimberg et al. [65].
Predictions of a premixed turbulent methane/air flame using LES-LEM
were presented by Sankaran and Menon [66]. Sen and Menon employed
LES-LEM simulations using artificial neural network to successfully speed
up chemistry [67,68]. LES-LEM with a low-Mach-number numerical scheme
was used to simulate the SANDIA non-premixed piloted methane/air flame
D by Ochoa et al. [69]. Choi applied LES-LEM for simulations of a cavity-
stabilized combustor [70]. A few examples of simulation on ICE include
work done in KIVA for simulating a direct injection spark ignition engine
using LES-LEM [71], and an URANS-LEM method in order to investigate
pressure histories in a HCCI engine [72]. Martinez et al. [73,74] studied tur-
bulent combustion of hydrogen-enriched fuels by using LES-LEM. Lovett et
al. [75] utilized LES-LEM for studying flame structure of bluff-body stabi-
lized flames. Srinivasan et al. [76] used LES-LEM for investigating combus-
tion instabilities in a continuous variable resonance combustor (CVRC) and
also performed spray combustion simulations [77]. Because of simulating
rather than modeling the interaction of turbulent advection with diffusion
and chemical reactions, LES-LEM is capable of predicting extinction and
reignition effects which has been demonstrated by Sen et al. in [68].

Turbulent combustion models can be used in at least two different ways
[3]. One is the so-called primitive-variable method in which the models pro-
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vide closure for the filtered or averaged thermochemical quantities, i.e. the
species mass fractions and an energy variable such as enthalpy or temper-
ature. This method is perhaps the most popular one and is typically used
with flamelets [2], TPDF methods [78-80], and in most previous LES-LEM
studies as well. The other method is the reaction-rate approach in which
the turbulent combustion model provides closure for the chemical source
terms in the conservation equations of the thermochemical quantities, i.e.
these class of models solve transport equations for all species and a form
of the energy equation. Thus, this approach is computationally more ex-
pensive than the primitive-variable method. However, the approach can be
regarded as more broadly applicable as it simplifies the inclusion of more
physics into the modeling [3].

An additional advantage of using the reaction-rate approach is that it
can potentially ease the use of more than one turbulent combustion model
during a simulation. For example, consider a combustion problem involving
a vigorously burning flame in some region in spacetime, a flame undergoing
extinction-reignition in another region, and ignition in yet another region.
This is a multi-physics combustion problem. Knowing the fact that turbu-
lent combustion models can be more cost-effective (e.g. in terms of accuracy
and computational cost) for a particular type of physics but not necessarily
for other physics, it becomes desirable to use one particularly suitable model
for one region in spacetime and other suitable models in other regions. The
potential for such an approach to lead to more cost-effective combustion
simulations is beginning to be recognized [81,82]. This is the case not only
in the combustion community but, for instance, in the multi-phase-flow com-
munity as well [83]. Within this hybrid framework, the primitive-variable
method runs into difficulty that turbulent combustion models handle the
turbulent transport in different ways. In comparison, the reaction-rate ap-
proach does not run into this problem as it solves for the conservation
equations of the thermochemical quantities. Furthermore, the reaction-rate
approach isolates modeling errors due to the turbulent combustion model
in the chemical source terms, simplifying as well the comparison of errors
from different models.

The primitive-variable approach is standard for previous LES-LEM im-
plementation so it is valuable then to explore how well a new LEM closure
with the reaction-rate approach performs. This thesis introduces a new
LEM closure for LES-LEM using the reaction-rate approach. In this clo-
sure, a low-Mach-number formulation of LES equations for mass, momen-
tum, sensible enthalpy and species mass are solved in Eulerian form on a
3D LES grid. LEM solves for temperature and species mass on the 1D line
inside each LES cell. LEM solves chemical reactions and molecular diffusion
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and the subgrid turbulent advection is modeled by LEM by stochastic re-
arrangement events called triplet maps. The triplet maps represent action of
turbulent eddies on the LEM scalars. Another element of the present LES-
LEM formulation is modeling of large-scale advection, for which the splicing
algorithm is used since it has proven to be robust for practical combustion
implementations. The splicing algorithm cuts and pastes the end portions
of the 1D arrays of the adjacent LES cells to emulate a Lagrangian type of
mass transfer. Decisions of how much to cut and paste are based on values
of the mass fluxes across the faces of LES computational cells. For example,
if the mass flux at a given face of cell A is large and directed from cell A to
cell B, a large portion of the 1D array in A will be cut and then pasted onto
one of the two endpoints of the array in B. If this mass flux were small, a
small portion would be cut and pasted. A new splicing strategy based on
an ordered flux of spliced LEM segments is presented here in this thesis.
The principle is that low-flux segments have less momentum than high-flux
segments and therefore are displaced less than high-flux segments. This
strategy affects the order of both inflowing and outflowing LEM segments
of a LES cell. In the present LES-LEM formulation, during each LES time
step LES provides information needed to advance the LEM solution and
LEM in return provides chemical source terms to LES. These source terms
are then used in LES equations for sensible enthalpy and species mass.

In this thesis, LES-LEM predictions with the new closure for a bluff-
body stabilized combustor are compared with experiments, WSR model and
a traditional LES-LEM study employing the primitive-variable approach.
The bluff-body stabilized combustor is a standard test case for the evalua-
tion of turbulent premixed combustion models which has been investigated
extensively in the past. The present work makes use of unstructured meshes
and a pressure-based approach, both of which are favorable in industry. It
is shown that current LES-LEM implementation is robust. Focus is also
put on an important part of LES-LEM, i.e. splicing. A dedicated investi-
gation of splicing is done by simulating turbulent passive scalar mixing and
by comparing the new splicing strategy with an old one.

This thesis has two chapters. The first chapter describes the model
formulation of LES-LEM using the reaction-rate approach. The second
chapter focuses on the combustion simulations using LES-LEM and the
dedicated investigation of splicing by doing the mixing simulations.
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Model formulation



CHAPTER 1. MODEL FORMULATION

1.1 Introduction

This chapter describes the LES-LEM model in detail. The LES-LEM model
is composed of the following elements: the LES equations (section 1.2),
the LEM modeling inside a LES cell (section 1.3), the large-scale advection
modeling by splicing (section 1.4) and for the current formulation the closure
of the chemical source terms and exchange of information between the LEM
and the LES (section 1.5).
The governing conservation equations for mass and momentum are:
dp  O(pui)

Opus | Opuus) _ O O (- (1.2)
ot 8:6]- 8951 ij

Here p denotes the density, p the pressure, u; is the velocity component in
spatial direction ¢ and 7;; the viscous stress tensor.

In LES, the three common filters include a cut-off filter in spectral space,

a box (top-hat) filter in physical space and a Gaussian filter in physical

space [3]. The current work uses the implicit top-hat filter.

~0, (1.1)

1.2 LES equations

The current work uses the OpenFOAM library version 2.3.1 [84,85] and con-
siders the following filtered conservation equations for global mass, momen-
tum, sensible enthalpy, and species mass for gases that are variable density,
viscous, heat-conducting and multiple-component and move at low-Mach-
number speeds:

dp n d(pi;)

ot T om U -
e e A S R
P A () + 50, (15)

Here h is the sensible enthalpy, and Y, is the mass fraction of the species
a. The bar denotes conventional filtering and the tilde denotes density
weighted Favre filtering. 7j;, ¢;, and j, ; are respectively the filtered viscous
stress tensor, heat flux, and Fickian molecular flux of species . Likewise,

10



1.3. LEM SUBGRID MODELING INSIDE A LES CELL

7%, ¢;”, and 577 are the subgrid viscous stress tensor, heat flux, and

molecular flux of species «, all of which need closure. These conservation
equations are complemented with the equation of state for ideal gases

where W, is the molecular weight of species a and R,, is the universal gas
constant. The averaged caloric equation of state is given as,

= (T ZY ha( (1.8)

'ﬂz

(1.7)

with ho (7)) given by the NASA polynomials.
The terms 7,7, qjgs, and j,7 are the subgrid stress tensor, heat flux,

and mass flux of species .. They are closed with

S5

7-;]:‘78 = —2u%%° (5”2] — ggkkéiJ ) (1.9)

Sgs /’Lsgs ah/s

-80S Iusgs ai}a
95 — _ P
Jog = =5 G, ¢ (1.11)

1°9% is computed with OpenFOAM'’s implementation of Yoshizawa & Ho-
riuti’s one-equation eddy model [86].

1.3 LEM subgrid modeling inside a LES cell

The hallmark feature of the LEM is a 1D domain resolving all scales [44].
In LES-LEM there is one LEM line per computational LES cell, as shown
in Fig. 1.1. Each LEM line inside LES cells has an inflow on one end
and an outflow at the other end. Each LEM line in a LES cell is divided
into LEM cells and all these LEM cells are uniformly initialized with the
thermochemical conditions in that LES cell. The initial LEM length is
chosen to be equal to the local LES mesh spacing A. The solution on the
LEM is governed by, among others, the conservation equations in their 1D
form as:

> pildei = Mypy (1.12)

11



CHAPTER 1. MODEL FORMULATION

Figure 1.1: LES-LEM simulations use a 1D domain (in black) consisting of
a stack of LEM cells per computational LES cell (in red) [87]. Note that
the LEM domains have no assigned orientation relative to the underlying
coordinate system.

or  0q,

=gt (1.13)
aYoz o aja,a:
S =T S (1.14)

where Mgy is the total mass in a LEM line, the summation (index i) is
done over all cells of the LEM domain, the x coordinate is parallel to the 1D
line, and S7 is the heat-source term in the temperature equation. Constant
pressure is assumed on the LEM which allows updating of the LEM density.
Unity Lewis number is used to compute ¢, and jq s

Subgrid-scale turbulent advection (stirring) is modeled by the triplet
maps, which mimic the action of turbulent eddies on the subgrid scalar
field. Figure 1.2 taken originally from [47] shows the modelling of eddies
using triplet maps. The top of Figure 1.2 shows a plane material surface
having separate species A and B. The horizontal lines represent the initial
concentration isopleths. Also initially, the concentration profile is uniform
gradient shown by the straight line in the dashed box. The bottom part of
Figure 1.2 shows the action of an eddy on the concentration isopleths.

The scalar field after triplet mapping is continuous and the map is mea-
sure preserving, which means that triplet maps do not create or destroy
mass or energy but just re-arrange the scalar data on the 1D LEM line.
The mapping procedure first makes three copies of the selected LEM seg-
ment (which represents the region affected by an eddy) and then each copy
is compressed by a factor of 3. Lastly the middle copy is flipped to ensure
a continuous profile. This is how the rotational and compressive motions
observed in the turbulent flows are represented in the LEM [88].

The triplet mapping needs three parameters to specify an eddy event,

12



1.3. LEM SUBGRID MODELING INSIDE A LES CELL

Flow Species A

Species B

Flow

Figure 1.2: Schematics of the effect of an eddy [47]

i.e. an eddy location xy within the LEM domain, eddy length [/, and an
eddy rate A per unit domain length. The eddy location x( is sampled in a
stochastic way from a uniform distribution.

If f(I) denotes the probability density function of the eddy sizes, then
the turbulent diffusivity Dy is given by [89]:

lmaz 2
Dy = / — AP f(lydl , (1.15)
L 27

P

where [, and [,,,, are the smallest and the largest unresolved length scales
characterizing the turbulence, and are specified by the user. Here [, is taken
as the Kolmogorov length scale n and l,,,,. = A. The turbulent diffusivity
Dy scales with [4/3 [89-91] resulting in:

5 l—8/3
f() = 3755 — A (1.16)
An estimate for the Kolmogorov length scale is given by
A
n= NnRe—3A/4 : (1.17)

13



CHAPTER 1. MODEL FORMULATION

with IV, being a model constant, and Rea the subgrid Reynolds number:

S SA
Rep = o052 (1.18)
14

where v is the kinematic viscosity and usgs is the characteristic subgrid
velocity fluctuation obtained from the LES subgrid turbulent kinetic energy

Esgs as Uggs = \/212'593/3.

The eddy rate A with unit (length x time)! is obtained by inserting
Eq. 1.16 in to Eq. 1.15 as shown in [89]

A 5/3_1
)\_%VReA n
= 5 C)\Ag 1_(%)4/3 ’

(1.19)

with C being a model constant. The average time interval between triplet
maps is:

1
Atgir oo (1.20)
where [; gy is the LEM domain length and the actual eddy occurrences
are sampled from a Poisson process. The sampling rejected the eddies that
extend beyond the LEM domain boundary. The values of Cy, = 1 and
N, = 1.1 are used. These values were chosen to ensure that triplet maps

are being observed during the simulation.

1.4 Large-scale advection modeling

On the LES, large-scale advection is simply the resolved flow which trans-
ports/advects small-scale structures across LES cell boundaries. As small-
scale structures are represented on the LEM, a splicing procedure represents
large-scale advection for the LEMs. Splicing satisfies conservation of mass
and transports mass across LES cell faces in a Lagrangian way. Splicing
accounts for mass fluxes across LES cell faces and is implemented via La-
grangian transport of LEM cells between LES control volumes. This method
requires three quantities:

1. The magnitude of mass to be transported across each LES cell face,

2. The direction of mass transport on each LES cell face i.e. outflux or
influx,

3. An algorithm for ordering of the splicing operations.

14
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Total mass to be transferred across each LES cell face has two contributions,
a subgrid mass due to the unresolved velocity fluctuation and a resolved
mass due to the resolved velocity. The subgrid mass contribution is given
by:

- At14LESusgs

Migs = Mg, (1.21)

ViEs

where Argpg is the LES face area. Vigg and Mrgay denote the LES cell
volume of splicing donor and the total mass of LEM line of splicing donor,
respectively. The direction of the subgrid mass contribution is chosen ran-
domly.

The resolved mass contribution for total splicing mass is given in analogy

to Eq. 1.21 by:

AtA
Moy = —LESULES ppo, (1.22)
Vigs

where upgg is the LES resolved velocity on the LES cell face. The direction
of the resolved mass contribution is given by the direction of urgg.
Fig. 1.3 illustrates the splicing process.

ED‘| m|ﬂT HH[H_HH_HJ

” .
L — B |

Before Splicing After Splicing
Figure 1.3: Schematics of the splicing process.

The sum of Eqgs. 1.21 and 1.22 gives the mass to be transferred across an
LES cell face during splicing. Also the direction of transfer is determined,
so the face has an outflow and an inflow side. The LEM domain in the out-
flow cell provides the needed mass. This is done by removing a contiguous
interval (segment) of the LEM domain on the outflow side of the LES cell
face and attaching it to the LEM domain on the inflow side of the LES cell
face.

Because each LES cell has many faces, there will typically be multi-
ple outflows and inflows associated with a given LES cell. Some rationale
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is needed to determine the locations and sequencing of the removals and
attachments of the segments crossing the various faces of a given LES cell.

This depends first on the chosen structure of the LEM domain. Topo-
logically, the choices are a loop, corresponding to periodic boundary condi-
tions, or a line segment. Here, as in most of the cited previous work, a line
segment is used, with input and output sites at the respective endpoints
of the line segment. This is a desirable choice because it tends to enforce
consistency of the residence time of LEM fluid elements, which extends
from the time of attachment to the LEM domain to the time of eventual
removal. This point is illustrated by considering the alternative choice of
attaching and removing fluxed segments at the same endpoint. Then the
residence-time distribution would be highly skewed, with a strong peak at
short residence time and a long tail reflecting fluid retained for a long time
near the other endpoint, which is effectively an unphysical stagnation point.
This is not only counter-intuitive, but introduces model artifacts. In Eule-
rian schemes, the Courant-Friedrichs-Lewy (CFL) constraint is associated
with the requirement that fluid should not be algorithmically propagated
through multiple control volumes during one time step. This is a numerical
instability mechanism as well as unphysical. Attachment and removal at
the same LEM endpoint could propagate some fluid through multiple con-
trol volumes during one time step because the total number of attachments
and removals per LEM domain equals the number of LES cell faces, which
is six in a Cartesian mesh and typically more in an unstructured mesh, al-
lowing a possible ‘bucket brigade’ scenario. Avoidance of this would require
time step reduction far below the permissible CFL time step for an Eulerian
transport scheme.

The mean residence time is dictated by the LES-prescribed mass-flux
time history, so the degree of freedom available to avoid this artifact is the
residence-time distribution, which should be as narrow as possible to min-
imize residence-time fluctuations. Designating each LEM domain endpoint
as solely an input or an output location assures that fluid must pass through
the domain between its attachment and removal times, thus avoiding the
short-residence-time scenario.

1.4.1 New splicing algorithm

The new splicing approach links the subgrid LEM implementation to the
concept of control-volume crossing rate. The direction of the crossing rate
is implied by the direction of the LES-prescribed mass fluxes. High flux
implies high crossing rate, corresponding to high displacement per time
step, and vice versa. High flux also implies the transfer of a relatively large
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1.4. LARGE-SCALE ADVECTION MODELING

mass of the LEM domain across an LES cell face. It follows that larger

mass transfers undergo more displacement, and vice versa, as illustrated in
Fig. 1.4.

LEM line

High-flux segment | — i More diplacement

Low-flux segment Less diplacement

Figure 1.4: Principle of the new splicing algorithm

Figs. 1.5 and 1.6 show how this principle is applied to the sequenc-
ing of segment removals and attachments during splicing. The segments
to be spliced are considered as flowing along the LEM domain (meaning
starting from the domain state prior to modification by splicing) and being
ejected from the domain through the output boundary, and thus available
for transfer across an LES face. For the lower-flux segments to flow a shorter
distance than the higher-flux segments, they need to be closer to the output
boundary and the high-flux segments need to be farther from that boundary.
This implies that the ordering of removal is first the lowest-flux segments
and then the higher-flux segments as shown in Fig. 1.5.

LEM line

- - . —> Outflux

Figure 1.5: Order of removal of the LEM segments from the output bound-
ary on the basis of flux

Using the same principle, the highest-flux segments are attached first to
the inflow side of LEM line, followed by the lower-flux segments as shown
in Fig. 1.6.

LEM line

oo —s [ I

Figure 1.6: Order of joining of the LEM segments to the input boundary
on the basis of flux

Further implementation details are as follows and summarized in Fig. 1.7.
The new splicing algorithm is implemented by looping three times over all
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Figure 1.7: The new splicing algorithm implementation. Here nf and ncells
denote the total (in whole computational domain) number of LES cell faces
and LES cells respectively.

LES cells in the whole computational domain. During the first loop, the
magnitude and direction of mass flux on each LES cell face are calculated.
An empty list is attached to each LES face. In the second loop, all outflux
faces of an LES cell are identified and their respective outflux masses are
gathered and sorted in ascending order. Then the outflux LEM segments
corresponding to the outflux masses are spliced (cut and paste) in ascending
order of outflux mass from the splicing donor LEM line to the corresponding
empty lists (attached to each LES face). This procedure is repeated for all
other LES cells until the second loop is finished and all the empty lists are
now filled. Using the same principle, in the third loop, all the influx faces
of a LES cell are recognized and their respective influx masses are sorted in
descending order. Then the LEM segments are spliced in descending order
(of influx mass) to the splicing receiver LEM line from the corresponding
filled lists (attached to each LES face). The third loop goes through all
LES cells and in the end all the filled lists resulting from the second loop
are empty again. The splicing process is complete.

1.4.2 Parallel splicing

LES-LEM is computationally expensive and is not feasible without parallel
computation. The standard splicing algorithm on a single processor domain
has been implemented very efficiently using a pointer based LEM data struc-
ture where splicing is realized via simple pointer re-arrangements. However,
domain decomposition for parallel computations on distributed memory ar-
chitectures leads to processor domains which have a priori no input from
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neighboring processor domains. If splicing is not done correctly (e.g. by a
simplified cell averaged approach) at processor boundaries, it can lead to
unphysical results.

In order to perform splicing across processor boundaries, LEM lines
across processor boundaries (called ghost LEM lines) are copied to the
neighboring processor. Then splicing is performed between LEM lines that
are next to the boundary and the ghost LEM lines by each processor.

1.4.3 Splicing at inlet and outlet boundaries

For LES cells at the inlet boundary, inlet mass needs to be added to their
respective LEM lines. This inlet spliced mass is calculated using the same
Egs. 1.21 and 1.22 and is added on the influx side of the LEM line. The
remaining properties of this added fluid are taken from the inlet bound-
ary. For inlet splicing mass calculations, the direction of the subgrid mass
contribution (Eq. 1.21) is taken to be influx.

For the outlet boundaries, the calculated outlet splicing mass is removed
from the outflux side of the LEM line. For outlet splicing mass calculations,
the direction of the subgrid mass contribution (Eq. 1.21) is taken to be
outflux.

1.5 Closure of the chemical source terms with
LEM

Fig. 1.8 shows the coupling between the LES and the LEM subgrid com-
bustion model. The LES provides information about the cell spacing A,
the subgrid turbulent kinetic energy l%sgs, the time step of the simulation
At and the pressure to the LEM. With this information, the LEM subgrid-
scale simulation advances Eqgs. 1.12-1.19 for the LES time interval At. The
chemical source terms S, and S, are obtained by taking the median value
along various LEM elements for the current LES time step. The median
source term is calculated by first sorting the source term values of all the
LEM cells in ascending order, and then picking up the middle value. The
median is a robust measure since it prevents outliers. These source terms are
then used in the LES conservation equations for the species mass fractions
and sensible enthalpy. The temperature on the LES side is then calculated
from the caloric equation of state, Eq. 1.8.

In the present implementation, the PISO algorithm for pressure-velocity
coupling [92] is used. It has an outer loop which starts with predicting a
velocity (using Eq. 1.4), which is followed by an inner iterative loop to
correct the velocity field using the outcome of a pressure Poisson equation
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Figure 1.8: Coupling between the LES and the LEM subgrid model.

obtained by fulfilling the continuity equation. In the inner iterative loop,
the LES density is obtained from the equation of state Eq. 1.7. Splicing is
done with the correct LES velocity resulting from the PISO loop.

The last step shown in Fig. 1.8 is to correct the temperatures and the
species mass fractions in the LEM domains to take into account the fact that
the convection due to the solution of Eqs. 1.3-1.6 differs from that of the
splicing algorithm. This difference is not surprising because the convection
of species by the solution of Eq. 1.6 differs from that produced by the splicing
in at least two ways. First, the solution of Eq. 1.6 numerically smears
the species in a way that the splicing is not prone to because the splicing
corresponds to diffusion-free advection in a Lagrangian way. Second, the
splicing produces an artifact [93] that the solution of Eq. 1.6 is not prone
to.

There is not a unique way to conduct this correction of the temperatures
and the species mass fractions in the LEM domains, and the following al-
gorithm is a result of trial and error and has been found to be robust. The
goal of this correction algorithm is to keep the Favre-averaged temperatures
and species mass fractions from the LEM domains within some tolerance
of those from the solution of Egs. 1.3-1.6. LES quantities are not altered.
Fig. 1.9 summarizes the correction for the temperature. A similar process
is used for the species mass fractions.

The first step of the correction computes the difference T” between the
LES temperature T" and the Favre-averaged LEM temperature 11 gy, the

20



1.5. CLOSURE OF THE CHEMICAL SOURCE TERMS WITH LEM
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Figure 1.9: Steps of correcting the temperature in a LEM domain. Here 7;
is the temperature of LEM cell ¢ and ny g, is the total number of LEM cells.
The temperature difference 7" is a difference between the LES temperature
T and the Favre-averaged LEM temperature TL EM-

latter of which is obtained via:

= Zz piAzT;

T, = 1.2
LEM S bz, (1.23)

where T; denotes the LEM cell temperature, and summation (index i) is
over all cells of the LEM line. In the second step, T” is added to each
T; and this results in updated T, rem. 1f the new updated difference 77 is
within a specified tolerance, the correction is stopped, otherwise the updated
difference T” is added again to each T; and the aforementioned steps are
repeated.

It is important to highlight a distinctive conceptual feature of the present
LEM closure using the chemical source terms. It is common in LES to make
a sharp distinction between the closure of diffusive processes (micro-mixing)
and reaction. This is evident by noticing that in Eqgs. 1.3-1.6 separate closure
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is needed for, on one hand, g; and j, j, and, on the other hand, Sp, and S,.
However, a more realistic picture is that diffusive and reacting processes are
closely coupled at the subgrid level (meaning reaction and diffusive terms
can be of the same order), for example, in some premixed flames. Now, with
LEM S; and S, are computed as explained above using a 1D structure that
represents both reaction and diffusion. Thus, it is perhaps more accurate to
say that the present closure, although given for S, and S,, is not a closure
for subgrid reaction, but for subgrid reaction-diffusion processes, i.e. with
proper resolution the LEM is capable of fully resolving flame structures
in 1D. This is why the present LEM closure can also be called as subgrid
reaction-diffusion closure with LEM.
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Model validation
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CHAPTER 2. MODEL VALIDATION

2.1 Introduction

This chapter presents in section 2.2, the combustion simulations performed
with the present LES-LEM formulation. The dedicated splicing investiga-
tion is discussed in section 2.3.

2.2 Combustion simulations

The experimental setup of the bluff-body stabilized combustor [94-96] called
Volvo combustor from now on consists of a rectilinear channel, with an inlet
section where air and (gaseous) propane mix before entering a honeycomb,
and a downstream section where the premixed reactants burn in a flame that
gets stabilized downstream of a wedge [94]. The cross section of the wedge
is an equilateral triangle with side of 40 mm. The end of the downstream
section is connected to a round exhaust duct with a cross sectional area
about 3.4 times larger than that of the channel [97]. Atmospheric conditions
are used.

The computational domain used for the current work is shown in Fig. 2.1
and has the following geometric parameters: h; = 40mm, hy = hy15in60,
Tmin = -820mm, T, = 680mm, Y, = -60mm, 4, = 60mm, and a
spanwise length of 40 mm. The honeycomb is ignored as done in previous
CFD studies. The pressure gradient normal to the inlet plane is set to
zero. No turbulent fluctuations are imposed at the inlet because the region
of interest is downstream of the wedge which is responsible for generation
of strong turbulence. All walls are modeled as no-slip and non-adiabatic.
At the outlet, velocity, temperature and species are set to a zero-normal-
gradient condition or a fixed value, depending on the direction of the flow.
Pressure is dealt with a similar way at the outlet. Cyclic boundary condi-
tions are used in the z-direction. A non-uniform 3D mesh with 77400 cells
is used as well as a tetrahedral 3D mesh with 101134 cells. With the former
a time step of 1x107% s is used, while a time step of 4x10~7 s is used with
the latter mesh.

The conservation Eqs. 1.3-1.6 are solved with an adaptation of reacting-
Foam which is the standard solver of the OpenFOAM library for chemically
reacting flow. This solver is transient, pressure-based and can handle un-
structured meshes [98]. A low-Mach-number assumption is used as done in
reactingLMFoam [99,100] by splitting the pressure into a fluid-mechanical-
induced pressure and a thermodynamic pressure, the latter of which is spa-
tially constant and which is used to evaluate the equation of state. As
a result, acoustic waves are eliminated from the solution. The time dis-
cretization is done with a second-order backward-differencing scheme that

24



2.2. COMBUSTION SIMULATIONS

¥

I

— y=ymax
7
n B X

— y=ymin

bl

x=xmin %=-h2 X=X A

Figure 2.1: Schematic of the Volvo test problem.

Table 2.1: Summary of the simulation settings for case 1

Simulation No. ‘ Denomination Mesh ‘ Cy ‘ Correction
1 WSR model Hexahedral | NA NA
2 LES-LEM baseline Hexahedral | 1 on
3 LES-LEM C, =10 Hexahedral | 10 on
4 LES-LEM correction off | Hexahedral | 1 off
5 LES-LEM tetra Tetrahedral | 1 on
6 PaSR tetra Tetrahedral | NA NA

uses the current and previous two time step values. OpenFOAM'’s limited
linear differencing scheme is used for the convective and diffusive fluxes. p*9*
is computed with OpenFOAM’s implementation of Yoshizawa & Horiuti’s
one-equation eddy model [86].

Of the various operating conditions of the Volvo test problems, the one
considered for the present work is the so-called case 1. In case 1, the inlet
conditions are 288 K temperature, 17 m/s velocity, and 0.61 equivalence
ratio. Tab. 2.1 summarizes the various simulations conducted for the present
study. A single-step chemical reaction mechanism is used.

2.2.1 Comparison with experiments and WSR model

Fig. 2.2 shows instantaneous temperature maps for the case 1 using the
WSR model (simulation 1 c¢f. Tab. 2.1) and the LES-LEM baseline case
(simulation 2 cf. Tab. 2.1). Notice that right downstream of the flame-
holder the flame is symmetric about the y = 0 plane. This agrees with
experiments [96] and many other simulation studies. However, the tran-
sition towards an asymmetric flame shape further downstream agrees with
some simulation studies [101-103] and disagrees with others where the flame
is predominantly symmetric all the way towards the outlet [104-106]. This
latter predominantly symmetric shape seems to be the physically correct one
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Figure 2.2: Case 1 instantaneous temperature maps with the WSR model
(top), the LES-LEM baseline case (center), and a LES-LEM case without
the correction (bottom), cf. Tab. 2.1.

for the present boundary conditions because many of the most recent sim-
ulation studies show this shape [107-111]. The use of a low-Mach-number
formulation instead of a fully-compressible one [109] in the present study
may be the cause for the transition from symmetric to asymmetric flame
shape seen in the present simulations. Furthermore, it must be stressed
that, from the open literature, it is unclear how the flame looks like close to
the outlet in the experiments. Fig. 2.2 also compares the effect of the cor-
rection step, cf. Figs. 1.8 and 1.9. Notice in Fig. 2.2 that by not using this
correction there is an artificial extinction of the flame. Thus, the correction
step or some alternative is required.

Spatial variations of mean quantities are shown in Figs. 2.3 and 2.4 for
the WSR model (simulation 1 c¢f. Tab. 2.1) and LES-LEM with C) =1
(simulation 2 cf. Tab. 2.1) and 10 (simulation 3 cf. Tab. 2.1). These
quantities are averaged in the spanwise direction and over time, the latter
of which is done for a time interval of 0.02 s. Overall, Figs. 2.3 and 2.4 show
that the sensitivity to the type of model and LES-LEM model constant is
small, although the best agreement with the experiments is given by the
LES-LEM simulation with C) =10. In Fig. 2.3, the largest disagreement
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Figure 2.3: Vertical profiles of mean quantities for the case 1 at different
streamwise locations obtained with the WSR model (red) and the LES-LEM
with C) = 1 (blue) and C\ = 10 (green), c¢f. Tab. 2.1. The experimental
data is denoted with black circles. Here, U denotes the mean horizontal
velocity, V' the mean vertical velocity and U, is the inlet velocity of 17
m/s.

between the experimental data and predictions is seen in the temperature
profiles near the outlet. This disagreement could be due to the lack of
near-wall mesh refinement in the present simulations, or due to the fact
that the wall thermal boundary condition from the experiments is unknown.
Nonetheless, the overall agreement between the simulations and experiments
shown in Figs. 2.3 and 2.4 is within that seen in some simulation studies
[102,104-106, 112] but slightly less accurate as those seen in other studies
[48,113], the latter of which includes a previous LES-LEM study which is
compared to the current study in next Sec. 2.2.2.

Fig. 2.5 shows the vertical variation of rms quantities computed from
the resolved fields using the WSR model and the LES-LEM simulations.
Close to the flameholder, the largest discrepancy between simulations and
experimental results is seen. This discrepancy is not surprising due to the
rather coarse mesh used. In addition, Fig. 2.5 shows that the sensitivity of
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Figure 2.4: Streamwise profiles of the mean horizontal velocity at the y =
0 plane for the simulations in Fig. 2.3. For the simulation numbers, cf.
Tab. 2.1.

rms quantities to the choice of the turbulent combustion model and LES-
LEM model constant is small, except for the rms values of the horizontal
velocity at x/h = 9.4, where the LES-LEM model with C\ =10 gives the
best agreement with experiments. The LES-LEM model not showing a more
accurate prediction than the WSR model in the current tested low Reynolds
number Volvo test problem could be due to the subgrid LEM being not so
active. It has been shown in another test case [93] that by increasing the
Reynolds number, the subgrid LEM became very active.

2.2.2 Comparison with traditional LES-LEM

Fig. 2.6 shows the comparison of the results obtained from the present LES-
LEM implementation with the LES-LEM study of Porumbel and Menon
[48] which employed the primitive-variable approach. It can be seen that
predictions from Porumbel and Menon seem to be slightly more accurate.
However, their study employs more than ten times the LES cells used in
the present study. Thus, the present study puts LES-LEM model through a
more stringent test since a larger portion of the inertial range physics needs
to be captured by the 1D LEM and is not directly resolved by the LES.
The present LES-LEM code can handle unstructured meshes which can
be seen in Fig. 2.7. This is the first and only implementation of LES-LEM
on arbitrary unstructured meshes. When using a very coarse tetrahedral
mesh, Fig. 2.7 shows that a prediction with the present LES-LEM model
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Figure 2.5: Vertical profiles of rms quantities for the case 1 at different
streamwise locations obtained with the WSR model (red) and the LES-LEM
with C\ = 1 (blue) and C) = 10 (green), cf. Tab. 2.1. The experimental
data is denoted with black circles.
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Figure 2.6: Vertical profiles of mean quantities for the case 1 at different
streamwise locations obtained with the present LES-LEM study (red) and
the LES-LEM of Porumbel and Menon (blue). The experimental data is
denoted with black circles.
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Figure 2.7: Instantaneous temperature maps for the case 1 with the PaSR
model (top) and the LES-LEM baseline case (bottom) when using a very
coarse tetrahedral mesh, cf. Tab. 2.1.

is similar to that using the PaSR model [114]. LES-LEM predictions with
this mesh does not compare as well (with the experiments) as compared to
the predictions done by using the hexahedral mesh. However, the goal here
is to use a very coarse mesh, as often applied in engineering and industrial
environments, to test the robustness of the current LES-LEM implementa-
tion.

2.3 Splicing investigation

Focus of this chapter is now shifted on treatment of a very important part
of LES-LEM, i.e. treatment of large-scale advection via splicing. The dedi-
cated investigation of the splicing is done without the complexity of chemi-
cally reacting flow physics, which makes it impossible to isolate and investi-
gate the impact of the splicing on the global solution. Therefore, LES-LEM
is qualitatively explored for turbulent passive scalar mixing.

The simulations of passive scalar transport in a co-flowing confined rect-
angular liquid jet are performed in OpenFOAM 2.0.x. Fig. 2.8 taken origi-
nally from [115] shows the test section of the jet. The Reynolds number is
20,000 and the inlet streams have velocities of 0.2, 0.4 and 0.2 m/s respec-
tively. The passive scalar Rhodamine 6G was injected only in the middle
stream while the outer two streams were pure water.

The computational domain is divided into 240, 90, 110 cells in x, y and
z direction, respectively. The linear interpolation schemes and a second
order least squares gradient scheme are used. The fixed walls are treated as
no-slip and wall functions are used for the boundary layers. The exit uses
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Figure 2.8: Schematics of jet test section [115]

a convective outflow boundary condition and zero gauge pressure. Zero-
normal-gradient condition is used for pressure at the walls and the inflow
boundary. For details see [98]

2.3.1 Comparisons with experiments

Fig. 2.9 shows plot of the instantaneous velocity at the middle z-normal
plane.

U m/s)
ES
— -— — 04

0.2

E

Figure 2.9: Instantaneous velocity contour plot in the middle z-normal plane
at simulation time = 2.4 s

The results from the simulations were compared with the experiments at
the middle z-normal plane at the same four downstream locations as done
by Kong et al. [115], i.e. x/d = 1, 4.5, 7.5 and 12 (where d = 2cm). The
simulations [98] predicted the velocity and passive scalar mixing statistics
successfully.
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Table 2.2: LES residence times at the four line locations.

Line locations LES residence times/LES time step
x = 150 mm, y = 30 mm 30.3
x = 150 mm, y = 45 mm 48.8
x = 240 mm, y = 30 mm 32.6
x = 240 mm, y = 40 mm 39.7

2.3.2 Comparison of the new and old splicing strategy

The new splicing strategy should cause fluid residence times in a given LEM
to agree more consistently with residence times on the LES side, which can
be represented by Al/|u|. Here, Al is a characteristic length scale of the LES
cell and |u| is the LES cell velocity. To test this, the new splicing strategy
was compared to previous approach by Menon and Kerstein [44]. Compared
to the new approach, the approach of Menon and Kerstein [44] has the same
order of attaching LEM segments to the input boundary, see Fig. 1.6 but the
order of removal of LEM segments from the output boundary, see Fig. 1.5,
is reversed, i.e. the highest-flux segments are removed before the lower-flux
segments. Both strategies are compared here by looking at the PDF of
residence times on the LEM domain. The construction of the PDF started
from a statistically stationary solution. At the start of data gathering the
residence time of each LEM cell was assigned to zero. After each LEM time
advancement, the residence times were incremented equal to the advanced
solution time. When a LEM cell is spliced out, its residence time was noted
and set to zero for the spliced-in LEM cells. The residence times were
collected for a total of 15500 LES time steps and PDF was constructed
from the collected residence times.

The PDFs at four different line locations have been constructed as shown
in Fig. 2.10. Y positions for the chosen lines were both in the middle of the
domain (the left column in Fig. 2.10) and within the shear layer (the right
column in Fig. 2.10). The PDFs in Fig. 2.10 show that the residence times
fluctuate higher in the shear layer than in the middle of the domain which
is an expected result as the highest velocity fluctuations are expected to be
in the shear layer. By comparing the PDF's in Fig. 2.10 with Tab. 2.2, it is
clear that the LEM residence times agree well with the residence times on
the LES side.

Fig. 2.10 shows that there is a little difference between the PDFs of
the new and the old splicing. This similarity can be explained here by the
fact that in the current mixing test case, the splicing mass contribution in
streamwise direction is much larger (and the dominant one) than in the
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Figure 2.10: PDFs comparing residence time of spliced LEM segments for
the new and the old splicing. The line x and y positions are shown in the
title of each PDF.

two transverse directions. So whatever order the removal of LEM segments
from the output boundary is, it does not influence the residence times much.
However, for other mixing cases in which there is a comparable splicing mass
contribution from all different directions, it is expected to have a bigger
difference and therefore the new splicing strategy is expected to be better
than the old one.
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Conclusion

The main contributions of this thesis are:

e Implementation of LES-LEM in a pressure-based and unstructured
grid solver in OpenFOAM.

e Development and implementation of a new LEM closure for LES with
the reaction-rate approach. LES-LEM model with the new LEM clo-
sure was tested on the premixed Volvo combustor and the predictions
were found to be within those of previous simulations.

e Development and implementation of a new splicing strategy based on
an ordered flux of spliced LEM segments. The new splicing strategy
was tested by simulating passive scalar mixing. The simulation results
were compared to experiments and it was shown that the simulations
correctly predict velocity statistics and passive scalar mixing. It was
shown that the splicing represents large-scale advection in LES-LEM
reasonably well, which has been implicitly assumed in combustion
LES-LEM but never demonstrated in an isolated setting.

e Development and implementation of the super-grid LES-LEM. First
demonstration of the expected computational speed-up compared to
standard LES-LEM.
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Future work

Although the tested case of the premixed Volvo combustor is challenging
and showed similar results for LES-LEM and other, computationally more
efficient models, it is not the type of problem where LES-LEM can demon-
strate it’s full potential which is mode and regime independence and a direct
simulation of turbulence-chemistry interactions involving all scales. Future
test cases for LES-LEM should focus on applications where these distin-
guished features of LES-LEM are relevant, e.g. low temperature combustion
in engines and pollutant formation.

Super-grid LES-LEM

The LES-LEM combustion simulations are expensive because of having one
LEM residing in each LES cell. To make LES-LEM less computationally
expensive, a new LES-LEM modeling is proposed, called super-grid LES-
LEM. In the super-grid LES-LEM, each LEM sits on a coarser mesh than
the LES mesh called super-grid. Fig. 2 shows generation of the super-grid
from the LES mesh. This concept of clustering LES cells in a super-grid
cell results in reduced computational costs as compared to LES-LEM. The
reason is that there are less number of LEM domains to advance the subgrid-
scale LEM solution and also there are less number of splicing operations.

The super-grid LES-LEM does not lower the resolution on the LEM side,
i.e. flame structures and turbulent flame chemistry interactions are still fully
resolved. There is another modeling technique called the representative
interactive LEM (RILEM) [116] in which there is one super-grid cell for all
LES cells in the computational domain. Therefore, RILEM and LES-LEM
are the two extremes and super-grid LES-LEM lies in between both of them.

During generation of the super-grid only coarsening (fusing together) of
LES cells and LES mesh internal faces is done. There is no coarsening done
on the LES mesh boundary. The super-grid exactly overlaps the LES mesh
as shown in Fig. 2. Therefore, cell boundaries of the super-grid are faces of
the LES mesh.
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.....

Figure 2: Super-grid generated from an unstructured LES mesh. LES mesh
is shown by thin lines, whereas the generated super-grid (overlapping the
thin lines of LES mesh) is shown by thick lines. In this figure, four super-
grid cells (highlighted by a similar pattern) are generated from a total of
fourteen LES cells.

Model formulation:

The super-grid is generated by using a geometric multigrid library from
OpenFOAM extended 3.1. The library uses another library MGRIDGEN
[117], which is based on METIS and contains various algorithms for gen-
erating a sequence of coarse meshes containing well-shaped cells. For the
super-grid LES-LEM, only one level of coarser mesh is needed from the
multigrid library. The LES mesh cells are fused together to form the super-
grid cells based on a user input of minimum and maximum number of LES
cells allowed to fuse together while having good quality super-grid cells.
The super-grid quality becomes the objective function which is optimized
by MGRIDGEN. See [118] for further details of the MGRIDGEN and [119]
for the algorithms used by the MGRIDGEN.

The initial super-grid LEM line length is chosen to be equal to the local
super-grid spacing. All the LEM cells in a super-grid cell are initialized
uniformly with the thermochemical states in that super-grid cell. The ther-
mochemical states in a super-grid cell are obtained by volume averaging
the states in the corresponding LES cells (contained within that super-grid
cell).

The chemical source terms obtained from a super-grid LEM domain are
distributed equally to the LES cells (contained within that super-grid cell):

Sh,i = Sh,SG/na

Som‘ = Sa,SG/na
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Table 1: Computational speed-up obtained by using the super-grid LES-
LEM as compared to the LES-LEM. Left column of the table shows the
user-input values for minimum and maximum number of LES cells allowed
to fuse together to form a super-grid cell.

Super-grid coarsening parameters ‘ Computational speed-up factor

min = 27, max = 30 12
min = 100, max = 125 25

where S, s¢ and S, ¢ are the source terms obtained from a super-grid
cell SG and n denotes the total number of LES cells contained within that
super-grid cell. These LES source terms S‘h’i and S’aﬂ- (for each LES cell i
contained within that super-grid cell SG) are then used in the conservation
equations for the species mass fractions and sensible enthalpy.

In the super-grid LES-LEM, splicing happens between individual LEM
domains sitting on the super-grid. The splicing mass flux on a super-grid
cell face is obtained by adding the mass fluxes on all the corresponding LES
cell faces (which comprise that super-grid cell face).

Model validation:

The super-grid LES-LEM simulations were run on the Volvo test prob-
lem. The results are shown in Tab. 1, in which the comparison is done
for advancing the subgrid-scale LEM solution. As shown in Tab. 1, the
super-grid LES-LEM resulted in a high computational speed-up. However,
the super-grid LES-LEM simulations resulted in an artificial extinction of
the flame. The reason is that the current mapping of source terms from the
super-grid LEM to the LES cannot capture the thin flame front structure
in the premixed Volvo case.

A better strategy for coupling the super-grid LEM to the LES is pro-
posed for future implementation, in which the super-grid LEM is coupled
to the LES states using the RILEM [116] strategy. Namely, the LES time
advances transport equations for mixture fraction mean and variance and
for progress variable. The LES chemical states are then determined using
the appropriate conditional averaging of LEM property profiles weighted by
the assumed-shape joint PDF of the LES state variables. As shown in [116],
this can provide the needed resolution of the types of features seen in the
Volvo case.
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Summary of papers

Paper 1

Effect of the turbulence modeling in large-eddy simulations of
nonpremixed flames undergoing extinction and reignition

In this paper the effect of three turbulent combustion models, i.e. no-model,
PaSR and LEM was studied for a flame with extinction and reignition.
Two levels of mesh refinement and two eddy-viscosity models were used
and two types of temporal jets were considered and their DNS results were
qualitatively compared with LES results. It was found that LES captures
qualitatively the extinction and reignition observed in the DNS simulations.
The sensitivity to the turbulent combustion model was not negligible and
the PaSR model showed the best accuracy. I implemented the LES-LEM
model and ran the simulations together with Adhiraj Dasgupta. Esteban
D. Gonzalez wrote the paper with support from me and Adhiraj Dasgupta
who performed post-processing. Michael Oevermann provided supervision
of the work.

Paper 2

Turbulent-combustion closure for the chemical source terms using
the linear-eddy model

A new method to use LEM to close the filtered chemical source terms in
the conservation equations of the thermochemical quantities is tested on a
bluff-body stabilized flame case. The predictions using this closure were
found to agree with experimental data within the same range of accuracy
as the previous simulations. I implemented the new LEM closure for the
LES-LEM model and improved the model from Paper 1 by further imple-
mentations. I assisted Esteban D. Gonzalez in the writing, by writing parts
of the paper. Simulations were run by both me and Esteban D. Gonzalez.
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This work was performed under guidance of Michael Oevermann and Suresh
Menon.

Paper 3

A strategy for large-scale scalar advection in large eddy simula-
tions that use the linear eddy sub-grid mixing model

A new strategy for splicing is implemented in a pressure-based fluid solver
and tested by simulation of passive scalar transport in a co-flowing turbu-
lent rectangular jet using unstructured grids. The simulation results showed
good agreement with the experiments. This dedicated investigation of splic-
ing concluded that the new splicing strategy represents large-scale advection
in LES-LEM in a reasonable way. The new splicing strategy was proposed
by Alan Kerstein and Michael Oevermann and Bo Kong provided the experi-
mental data and simulation setup of the case. I implemented LES-LEM with
the new splicing strategy, performed all the simulations, post-processed and
analyzed the results. I wrote the paper with input from all the co-authors
and presented it at the International Conference on Computational Heat
and Mass Transfer held in Krakow in May 2016. The paper was chosen
for publication as a Journal article in International Journal of Numerical
Methods for Heat and Fluid Flow.

Paper 4

Subgrid reaction-diffusion closure for large eddy simulations using
the linear-eddy model

In this paper a more detailed evaluation of the reaction-rate approach pre-
sented in paper 2 is done and more simulations were performed including a
non-premixed syngas flame. After several months of simulating, post pro-
cessing and analysis of the results I wrote this paper with input from all
co-authors. The paper has been accepted for publication in Flow, Turbu-
lence and Combustion.
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