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ABSTRACT

Fossil energy is widely used since the 1900s to satisfy the global increasing energy
demand. However, combustion is a process releasing pollutants such as CO; and NO.,.
One of the major challenges of the 21** century is to reduce these emissions and car man-
ufacturers are involved in this race. To increase fuel efficiency of piston engines, some
technical solutions are developed such as downsizing'. It consists in reducing the engine
size while maintaining its performances using a turbocharger to increase the trapped
mass in the combustion chamber. Unfortunately, downsizing can lead to abnormal com-
bustions: intense cycle to cycle variations can appear, the fresh mixture can auto-ignite
(ignition before spark-plug ignition) leading to knock or rumble. Large Eddy Simulation
has proven to be a reliable tool to predict these abnormal combustions in real engines.
However, such computations are performed using models to predict the flame propagation
in the combustion chamber. Theses models are generally based on correlations derived
in cases where turbulence is assumed to be homogeneous and isotropic. Defining theo-
retically or numerically such a turbulence is a simple task but experimentally it is more
challenging. This thesis focuses on a apparatus used in most experimental systems: fans
stirred vessel. The objective of this work is twofold:

characterize the turbulence generated inside the vessel to check wether it is homo-
geneous and isotropic or not,

finely characterize laminar and turbulent combustion in this setup in order to in-
crease the knowledge in this field, and thereby improve models used.

First, a laminar flame propagation study has been conducted to address both confine-
ment and curvature effects on the laminar flame speed in a spherical configuration. The
main difficulty to perform the simulation of the whole configuration consists in finding
a numerical method able to compute accurately the flow generated by one fan and able
to handle six fans simultaneously too. Two numerical methodologies have been tested.
First an Immersed Boundaries method was implemented. Despite good results obtained
on academic test cases, this method was shown to be unadapted to compute accurately
the flow generated by one fan. On the other hand, a numerical approach, coming from
turbomachinery calculations and based on code coupling (called MISCOG), demonstrates
its ability to do it and it is used to compute the flow generated by the six fans inside the
closed vessel. Non-reacting flow is first analyzed and reveals a zone at the vessel center
of around 6 cm of diameter where mean velocity is near zero and turbulence is almost
homogeneous and isotropic. After that, the premixed fresh mixture is ignited depositing
a hot gases kernel at the vessel center and the turbulent propagation phase is analyzed.
In particular, it is shown that the amount of energy deposited at ignition is a critical
parameter.

Keywords: fan-stirred vessel, premixed flames, immersed boundaries, code coupling,
turbulence, ignition

il



v

RESUME

Les énergies fossiles sont largement utilisées depuis les années 1900 pour satisfaire
] augmentation mondiale de la demande d énergie. Cependant, la combustion est un
procédé qui libere des polluants comme le CO;y et les NO,. Un des principaux chal-
lenges du 21°™¢ siecle est de réduire ces émissions et les constructeurs automobiles sont
impliqués dans cette course. Pour augmenter le rendement des moteurs a pistons, des
solutions techniques, tels que le downsizing , sont développées. Cette technique con-
siste a réduire la cylindrée des moteurs tout en maintenant leurs performances grace
a un turbocompresseur qui permet d augmenter la masse enfermée dans la chambre de
combustion. Malheureusement, |1 augmentation de la pression dans les cylindres induite
par le turbocompresseur est a | origine de combustions anormales: des variations cycles
a cycles importantes apparaissent, les gaz frais peuvent s auto-allumer (allumage avant
le claquage de la bougie) entrainant des phénomenes de cliquetis ou de rumble. La
Simulation aux Grandes Echelles (SGE) a déja prouvé qu elle était un outil fiable pour
prédire ces combustions anormales. Cependant ces calculs reposent sur des modeles pour
prédire la propagation de la lamme dans la chambre de combustion. Ces modeles sont
généralement issus de corrélations réalisées dans des cas ou la turbulence est supposée
homogene et isotrope. Définir théoriquement ou numériquement une telle turbulence
est relativement simple mais expérimentalement la tache est plus délicate. Cette these
s intéresse a un dispositif classiquement utilisé: une enceinte fermée dans laquelle la tur-
bulence est générée par des ventilateurs. L objectif de ce travail est donc double:

caractériser la turbulence générée dans ce type d enceinte pour vérifier si elle est
homogene et isotrope.

caractériser finement la combustion, laminaire et turbulente, afin d enrichir les con-
naissances dans ce domaine et ainsi améliorer les modeles utilisés.

Une premiere étude sur la propagation des flammes laminaires a été menée. Elle
présente les effets de 1 étirement et du confinement sur la vitesse de flamme laminaire.
La principale difficulté pour la simulation de 1 enceinte complete consiste a trouver une
méthode numérique permettant de reproduire précisément 1 écoulement généré par un
ventilateur mais aussi d en gérer plusieurs simultanément. Deux méthodes ont alors été
testées. Premierement, une méthode type Frontieres Immergées a été implémentée dans
le code de calcul AVBP. Malgré les bons résultats obtenus sur des cas tests simples,
cette méthode ne s est pas montrée adaptée pour reproduire précisément 1 écoulement
généré par un seul ventilateur. Une autre approche, provenant du monde du calcul des
turbomachines, et basée sur le couplage de codes (appelée MISCOG), a quant a elle
démontré ses capacités a le faire et est donc utilisée pour calculer 1 écoulement généré
par les six ventilateurs a | intérieur de 1 enceinte. L écoulement non réactif est d abord
analysé: les résultats montrent qu il existe une zone d environ 6 cm de diametre au centre
de 1 enceinte dans laquelle la vitesse moyenne de 1 écoulement est proche de zéro et dans
laquelle la turbulence est quasiment homogene et isotrope. Enfin, le pré-mélange de gaz
frais est allumé en déposant un noyau de gaz chauds au centre de 1 enceinte et la phase
de propagation turbulente est analysée. En particulier, il est montré que la température
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des gaz brulés déposés au moment de | allumage est un parametre critique.

Mots clés: enceinte agitée par ventilateurs, flammes de pré-mélange, frontieres im-
mergées, couplage de codes, turbulence, allumage
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INTRODUCTION

The number of combustion systems used in power generation and transportation indus-
tries is growing rapidly. Today, combustion of fossil and biofuels provides more than 90%
of the world s energy [1]. However, burning these fuels causes very dramatical environ-
mental problems in our society. It is known that anthropological activities are the leading
cause of air pollution and global warming. Despite the global energy consumption in-
crease, pollutant emissions and greenhouse gases must be controlled that is why players
in the energy sector must produce energy with systems as efficient as possible. It is
clear that an improvement of the performance - even of a few percent - of devices using
combustion leads to huge decrease of pollutant emissions.

Transport industry is involved in this challenge and especially the road transport.
Indeed, the worldwide passenger car production increase linearly since 1945, end of the
second world war, to reach more than 80 millions of units today (see Fig. 1). In Europe
the production reaches near 15 millions cars even tough it was affected by the 1993 and
2009 crisis. According to the European Environment Agency, 93% of greenhouse gas
emissions from transport came from road transport in 2004. To face this environmental
issue, European standards in term of pollutant emissions (see Tab. 1) were setup in 1992
to make car manufacturers do more and more efficient engines. In addition, the French
government implemented in 2010 a bonus/penalty system on C'O, emissions: one the
one hand, if the car does not reach the objective clients have to pay a fee; on the other
hand, if the car emits few pollutants clients receive a financial aid. Moreover the fuel
price has still increased since 1990 (see Fig. 2) which encourages consumers to buy the
most fuel-efficient car possible. Regarding all reasons described before, car manufacturers
have to develop new solutions to make piston engines as efficient as possible to remain
competitive: at the beginning of september 2013, the French president Francois Hollande
presented the national industrial priorities. These priorities are organized in 34 recovery
plans. The second of these 34 plans - highlighting its importance - consists in developing
a car consuming less than 2 liters of fuel per 100 km. This challenge can be handled only
if new technological breakthroughs are found.

Internal combustion piston engines can be classified into two categories: spark-ignition
(SI) engines (typically gasoline engines) where ignition is controlled by a spark from a
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Figure 1: European (
units.

) and worldwide ( ) passenger cars production in millions of

European Standard Euro 1 | Euro 2 | Euro 3 | Euro 4 | Euro 5 | Euro 6

Year 1992 1996 2000 2005 2009 2014

) ) Diesel - - 500 250 180 80
Nitrogen Oxides (NOv) o e | ; 150 80 60 60
) Diesel 2720 1000 640 500 500 500

Carbon monoxide (CO) o 1o | 9720 | 2200 | 2200 1000 1000 1000
Diesel - - - - - -

Hydrocarbures (HC) ¢ e : ; 200 100 100 100
Particles Diesel 140 80 50 25 5 5
° Gasoline - - - - 5 )

HC + NO, Diesel 970 700 560 300 230 170
HCNM Gasoline - - - - 68 68

Table 1: European standards in terms of pollutant emission in mg/km when driving the New
European Driving Cycle (NEDC) source : http://www2.ademe.fr

spark plug and compression-ignition (CI) engines (typically diesel engines) where pressure
and temperature conditions inside the combustion chamber leads to auto-ignition. In
France, diesel engines represent about 70% of the automotive fleet. But the Euro 6
standard enforces a drastic reduction (50 %) for diesel engines in term of nitrogen oxides
NO, emissions. Moreover, the recent controversy on particles produced by diesel engines
have been classed by the World Health Organization in 2012 as one of most carcinogen
substances. For the reasons mentioned above, this trend is changing and new development
for gasoline engines are encouraging this reversal. This thesis focuses only on gasoline
engines.

The operating principle of spark-ignition engines is described in the next paragraph.
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Figure 2: Evolution of fuel prices: Unleaded-Petrol ( —— ) and diesel ( ----) source:
www.developpement-durable.gouv.fr

The spark-ignition (SI) engine

Basically, the SI engine transforms chemical energy into mechanical energy according

to combustion process. Most of SI engines are based on a four-stroke cycle describes
below (see Fig. 3):

Intake Exhaust Fresh gases Spark
valve ~ valve ) mixture i ignition )
=" 1 ’t Exhaust ﬂ
. == S i
w\gﬁr g 'g‘ gases'\ @
= =~ = ‘_’* - e, =

Piston
. movemen

.
tT N=
N

Intake stroke Compression stroke Power stroke Exhaust stroke

Figure 3: Four-stroke cycle of a spark-ignition engine.

1. Intake Stroke. During this stroke the piston moves downward forcing the air into
combustion chamber through the intake valve. The exhaust valve remains closed
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in this stroke.

2. Compression Stroke. The piston moves upward and intake and exhaust valve
remain closed so that the fresh gases mixture is compressed. Just a little before
the end of the compression stroke, the mixture is ignited by a spark produced by
the spark plug.

3. Power Stroke. The air-fuel mixture which burns at the end of compression stroke
expands due to heat of combustion. Under this impulse the piston moves downward
thus doing useful work. Intake and exhaust valves remain closed during this stroke.

4. Exhaust Stroke. During this stroke the intake valve remains closed while the
exhaust valve opens. The greater part of burnt gases escape because of their own
expansion. The upward movement of piston pushes the remaining gases out of the
open exhaust valve.

In the early development of gasoline engines, engines work at atmospheric pressure and
a stoichiometric premixed mixture was generated using a carburetor and introduced in
the combustion chamber. In the last twenty years, new strategies and technical solutions
were developed to improve the efficiency of these engines and are described below:

Direct injection and strati ed combustion: Nowadays, stratified combustion us-
ing direct fuel injection are commonly used in gasoline engines instead of injecting fuel
in the intake pipe (see Fig. 4). Thanks to direct injection, the gasoline engine can work

a b [ d
Homogeneous Sl PFI Stratified Wall-Guided SIDI Stratified Spray-Guided SIDI DI HCCI

Ignition Air
+EGR

Ignition

Fuel+Air
+EGAR
——

Stratified

b=1 D=1 ~Homogenous
Flame Propagation o

Stratified

Homogeneous ogen
Flame Propagation ; Flame Propagation Autoignition

Figure 4: Gasoline engine types classified by fuel-injector location, ignition mode, and combus-
tion mode. (a) Port-fuel-injection. (b) Wall-guided spark-ignition direct-injection. (c) Spray-
guided spark-ignition direct-injection. (d) Homogeneous-charge compression-ignition [2].

with a global equivalence ratio lower than the unity: the flame propagates in a stoichio-
metric zone near the spark-plug while a very lean mixture takes place in the rest of the
combustion chamber.

Controlled auto-ignition: Auto-ignition is used for diesel engine but this ignition
mode can be used for gasoline engines. Homogeneous-charge compression-ignition (HCCI),
see Fig. 4, is now used because this technology can achieve up to 15% fuel savings and
generate lower peak temperature leading to lower pollutant emissions.



Introduction 5

Downsizing: From the point of view of C'Os, gasoline engines suffer from an handicap
in comparison to diesel engines due to a lower efficiency. Size reduction of gasoline engines
appears to be a promising way to improve engines efficiency [3]. For gasoline engines,
the power depends on the mass of fresh gases to burn. In order to balance the reduction
of the size of the engine, a turbocharger is added to increase the mass of fresh gases in
the combustion chamber and thus maintain the engine power. However, the pressure
increase in the combustion chamber can lead to abnormal combustions such as important
cycle-to-cycle variations and auto-ignition leading to knock or rumble.

Objectives and motivations of this work

This work is part of a project funded by the French National Agency denoted ICAM-
DAC! involving the IFP Energies Nouvelles, the laboratory PRISME at Orléans, CER-
FACS, PSA Peugeot Citroén, Renault and the Institut de Mécanique des Fluides de
Toulouse (IMFT) in order to study instabilities and abnormal combustions in downsized
gasoline piston engines. In this project, the objective at IMFT is to use DNS and high
resolution LES to study the ignition and propagation phase of laminar and turbulent pre-
mixed flames which is one of the key-point in CFD codes and especially in piston engine
computations. As previously shown by L. Thobois [4], B. Enaux [5] and V. Granet [6],
one of the critical phase in gasoline engines, in terms of abnormal combustions, is the
ignition and flame propagation in the combustion chamber (power stroke in Fig. 3)

Turbulence has been studied for decades in its most canonical form: homogeneous
isotropic turbulence (HIT) [7, 8, 9, 10, 11, 12, 13]. This limit case is the cornerstone of
multiple theoretical approaches as well as the building brick of Large Eddy Simulation
(LES) models where the Kolmogorov cascade assumption allows to model the effects of
small scales from information available for the resolved ones [14, 15]. HIT is also the only
generic case where the interaction of other phenomena with turbulence can be defined
using a limited number of parameters: evolution of large droplets in HIT [16, 17, 18],
interaction of evaporating droplets with HIT [19], flame / turbulence interaction [20, 21,
22].

While defining HIT theoretically or numerically is a reasonably simple and clear task,
creating HIT experimentally is more challenging. This thesis focuses first on one classical
technique used to generate HIT: fan-stirred closed vessels. Sometimes these apparatus
are called bombs , a denomination that will be used in this report. Stirring vessels with
fans to study turbulent flame propagation has been used for more than a century (see
Laffitte s book [23]). A classical paper where this turbulence was qualified as HIT is due
to Semenov [24] who showed that properly designed bombs with multiple fans were able to
generate reasonable HIT in a zone located near the center of the chamber where the mean
flow is almost zero and turbulence is homogeneous and isotropic. A significant amount of
work has been based on correlations obtained in such bombs. The most famous example
is probably the quest for ‘turbulent flame speed correlations in which the speed sy of
premixed turbulent flames is expressed as a function of the initial turbulent velocity u’.

from the original French name: Instabilités et Combustions Anormales dans les Moteurs Downsizés
a Allumage Commandé.
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Such correlations continue to be frequently published [25, 26, 27, 28, 29] and interestingly,
few of them agree. One reason for this may be that the notion of a generic turbulent
flame speed depending only on a limited number of flow and flame parameters may not be
relevant [20]. Another one could be that the initial turbulence in such bombs is not really
close to HIT and that more parameters should be taken into account. Therefore, since
most models are based on measurements performed in bombs, an interesting question
is to study whether the flow created in a fan-stirred bomb really mimics HIT and over
which spatial extent. This question has been investigated experimentally [24, 30, 31] but
using CFD would be a useful addition.

Even though the largest CFD simulations to date have been published for HIT with
meshes up to 64 billions points [32], all of them were performed in simple cubic meshes,
initialized with a flow which has all the properties of theoretical HIT. None of these
simulations address the question of how HIT is created (if it is) in a real fan-stirred
bomb. This question is much more complicated and existing experimental diagnostics
are not always sufficient to guaranty that the flow in this situation matches all properties
of theoretical HIT: in a bomb, fans obviously induce a strong mean, pulsated flow. In
the center of the vessel, the mean flow is expected to be zero and turbulence assumed to
diffuse to a central zone where HIT is expected. This involves a series of questions which
are rarely addressed:

By which mechanisms does turbulence transfer from the fan region to the central
zone?

Since the number of fans is usually limited, are there preferential straining axes in
the bomb which could affect isotropy near its center?

The fans flow being by nature unsteady, is turbulence at the center of the apparatus
sensitive to the pulsating nature of the flow created by the blades rotation?

How large is the zone where HIT is obtained?

The two main objectives of this work, in order to answer issues presented above, are
the following:

to compute the full geometry of the fan-stirred vessel experiment conducted in the
PRISME laboratory in Orléans, including the fans geometry, using high-resolution
LES to check whether turbulence is homogeneous and isotropic or not. This simu-
lation is used to complement experimental diagnostics.

finely characterize laminar and turbulent combustion in this setup in order to in-
crease the knowledge in this field, and thereby improve models used.

Here again, instead of producing extensive sets of results for various fuels, pressure and
temperature this work focuses on methodologies and questions the accuracies of the meth-
ods used in these vessels. For example, the methods used to extract flame speeds from
measurements of spherical flame radii versus time will be specifically discussed. Simi-
larly, we will discuss initialization methods used to create the first flame kernels in DNS
and LES and show that this part, which is often viewed as a secondary element of the
simulation, actually plays an important role.
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Outline of the manuscript

This manuscript is divided into seven chapters. These chapters are briefly described
below and Fig. 5 presents a graphic overview of the actions performed to achieve the
project:

1.

Chapter 1 gives a general introduction to Computational Fluid Dynamics, presents
the concept and the governing equations for Large Eddy Simulations of turbulent
reactive flows. This chapter describes models used in fluid mechanics codes and
thereby in the AVBP code. In particular, turbulent combustion modeling and
mesh movement are briefly described.

Chapter 2 presents the Orléans bomb configuration conducted in the PRISME
laboratory. The geometry of the experiment is presented before describing the
operating procedure. This apparatus is a spherical closed vessel where turbu-
lent or laminar premixed flames propagates. This setup is the target numerical
configuration.

Chapter 3 discusses methods used to obtain laminar flame speeds in spherical lam-
inar premixed flames. Most recent studies express the laminar flame consumption
speed as pp/pudR/dt, where R is the flame radius and p,/p, is the ratio of the
burnt to the fresh gas density (p, is evaluated at chemical equilibrium and sup-
posed to be constant). This chapter investigates the validity of this assumption
by reconsidering it in a more general framework. Other formulae (first proposed
by Bradley and Mitcheson in 1976) are derived and tested on a DNS of cylindrical
flames.

In order to compute the flow inside the closed vessel stirred by six fans, a numer-
ical method able to deal with rotating parts must be setup. First an Immersed
Boundaries Method (IBM) was implemented in the AVBP code and is presented in
Chapter 4. The formalism implemented in the code is described. Several academic
test-cases of increasing complexity were successfully performed and are presented
in this chapter. Finally, the IBM is tested on a configuration with one isolated
fan. It is shown that the IBM implemented is not able to compute this flow which
shows that this method can not be used to compute the full geometry (vessel with
the six fans).

Since IBM can not be used to compute the flow generated by one fan, another tech-
nique coming from the framework of turbomachinery calculations is presented in
Chapter 5. The method is based on running multiple instances of the same solver,
working on different subdomains and communicating through small overlapping
zones where interpolations allow to handle moving meshes. First the accuracy of
this Multi Instances Solver Coupled on Overlapping Grids (MISCOG) approach is
evaluated for the convection of a single vortex. Then the configuration with one
isolated fan is computed. Results show a reasonable agreement between numerical
simulations and experimental data (in terms of mean and fluctuating velocities)
which confirms that the MISCOG approach can be used to compute the full ge-
ometry.

In Chapter 6, the MISCOG approach is applied to the LES of the six fan-stirred
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configuration: then non-reacting flow inside the closed vessel is computed. Mean
and fluctuating velocity fields obtained by LES are compared to experimental data.
The structure of the turbulence generated at the center of the vessel is studied and
the mechanisms allowing turbulence to travel from fans to the center of the vessel
are analyzed. The parallel efficiency of MISCOG is discussed in this chapter too.
. Chapter 7 presents well resolved LES of the flame propagation and compares
turbulent and laminar flame propagation in the closed vessel. The turbulent flame
propagates in the turbulence generated by fans computed in Chapter 6. The
influence of the velocity field and the temperature in the burnt gases kernel imposed
at the ignition time is studied.
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1.1 An introduction to Computational Fluid Dynamics 13

This chapter gives a general introduction to Computational Fluid Dynamics, presents
the concept and the governing equations for Large Eddy Simulations of turbulent
reactive flows. This chapter describes models used in fluid mechanics codes and
thereby in the AVBP code. In particular, a reduced kinetic scheme for octane
have been developed and is presented. Transport coefficients for octane / air flame
used in the AVBP code have been validated and the ignition procedure is presented.
Finally, turbulent combustion modeling and mesh movement are briefly described.

(a) Claude Louis Navier (b) George Gabriel Stokes
(1785-1836). (1819-1903).

1.1 Anintroduction to Computational Fluid Dynam-
ics

The aim of fluid mechanics is to study liquids and gases properties in various config-
urations. It starts by being able to predict its motion. The history of the equations
governing the motion of a fluid started in 1757 when Leonhard Paul Euler published an
important set of equations to describe the motion of inviscid flows that are known as
the Euler equations. Then in 1822 Claude-Louis Navier, a French engineer, introduced
the notion of viscosity. Finally in 1845 George Gabriel Stokes wrote the final equations
describing the motion of a viscous fluid (including the terms proposed by C.L. Navier).
These equations are now known as the Navier-Stokes equations . These equations are
nonlinear partial differential equations and they are used to study a wide range of sit-
uations: the design of aircraft and cars, the study of blood flows, the weather or ocean
currents. These nonlinear equations can not be solved analytically, except in some very
simple cases that is why they are solved numerically thanks to computers.

This first section is divided in two parts. Section 1.1.1 presents the governing equations
in fluid dynamics and a short description of the methods available to solve them is given
in Sec. 1.1.2.

13



14 Chapter 1 : Governing equations for LES of turbulent reactive flows

1.1.1 The Navier-Stokes equations

All the physics required to predict the exact behavior (including turbulence) of non-
reacting and reacting flows in a given configuration is contained in the “full Navier-Stokes
equations:

% + aii (pu;) =0 (1.1)
ag?j + a%j(ﬂuz‘uj) = _8%]- (Pdij — 7ij) (12)
‘9§_f+a%(pEuj) = —a%[uxpaij — 7)) t gl v+ @ (1.3)
agi/k - %(kauj) = —%(JJ‘ )+ & (14)

with p the density, u; the i-component of the velocity, P the static pressure, 7;; is the
viscous tensor, E the energy, ¢; the i-component of the the energy flux, 7 the heat
release due to combustion, (), the heat source term due for example to an electric spark,
a laser, a radiative flux which must not be confused with the reaction term r, Y} the
mass fraction of species k, J; is the i-component of the diffusive flux of species k£ and
r the reaction rate of species k.
The viscous tensor for Newtonian fluids is (Boussinesq [33] model):

1
with g the dynamic viscosity and S;; is the deformation tensor:
1 (0u;  Ouy
S == J N 1.6
2 <8xi * &vj) (1.6)
The reaction term is expressed as:
N
k=1

where N is the number of species in the flow, hgl i 1s the mass enthalpy of formation of
species k at T'= Ty and  j is the reaction rate of species k. All details on , are given in
Sec. 1.4. The computation of the exact formulation of the diffusive flux of species k, J; 1,
is a very difficult and costly task. The best first-order approximation is the Hirschfelder
and Curtiss approximation [34]. The diffusive flux of species k, J;, is expressed as:

W 90X,
Ji=—p( Deme 2k _ i)
¢ p( Woox, )
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1.1 An introduction to Computational Fluid Dynamics 15

where Dy is not a binary diffusion but an equivalent diffusion coefficient of species k in
the rest of the mixture:
1-Y;

Dy=—"_"+ (1.8)
j=k Xj/Djk

W, is the molecular weight of species k and W is the mean molecular weight of the
mixture. X}, is the mole fraction of species k£ and Y}, is the mass fraction of species k. V;°
is a correction velocity to ensure global mass conservation:

N
Wi 0X},

Vc - D p—
i "W o,

k=1

(1.9)

For multi-species flows, an additional heat flux term appears in the diffusive heat flux.
This term is due to heat transport by species diffusion. The total heat flux vector then
writes:

q = —

—Y.Ve | hy 1.10
e kz) K (1.10)

oT N ( W 0X,
k=1 W O

Heat conduction
Heat flux through species diffusion

where is the heat conduction coefficient of the mixture.

1.1.2 How to solve them ?

Unfortunately, the exact resolution of Egs. 1.1 - 1.4 using Computational Fluid Dynamics
(CFD) for turbulent flows in complex geometries is and will remain a challenge for a long
time. Indeed, turbulent flows are characterized by a wide range of length scales (eddies):
from the integral scale (the largest) to the Kolmogorov' scales (the smallest). The size of
the largest eddies I; is typically of the order of the geometry considered. These structures
contain most of the energy of the flow. The smallest eddies are the ones where the energy
is dissipated. There is a cascade of energy from the large scale to the smallest scales
because large eddies interact with each other and breakdown into smaller eddies. The
size of the Kolmogorov scale is noted . Kolmogorov showed in 1941 [35] that the ratio
between the integral length scale [, and s (see Fig. 1.2):

Ly 3/4 pu'ly
ot ==

L =Re 1.11
. (1.11)

where Re; is the turbulent Reynolds number based on a turbulent velocity u’ and the
integral length scale. The ratio l;/ represents the number of points in each direction
required to compute all the scales in the flow. Therefore, the total number of points N,
needed to compute the flow in the three dimensions scales as:

3
Ny ~ (Re§/4) — Re)* (1.12)
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16 Chapter 1 : Governing equations for LES of turbulent reactive flows

For example, lets imagine the number of points required to compute the flow around a
car moving at U, = 100 km/h ~ 30 m/s. The turbulent velocity can be estimated at
' >~ 0.1 % Ugyr = 3 m/s. If the car has a length L., ~ [, ~ 4 m, the turbulent Reynolds
number is:

pPUcarLear ~ 1.2%3 x4
po 181077

Re; = ~ 8.10° (1.13)

According to Eq. 1.12, the total number of grid points needed to compute this configu-
ration is around N,; = 2.10'%. It is not feasible to compute such huge grids with current
computer resources.

Three numerical approaches have been developed to describe flows using CFD:

the Reynolds Averaged Navier-Stokes (RANS) computations have historically been
the first possible approach thanks to their affordable computational costs. RANS
techniques were developed to solve the mean values of all quantities. The balance
equations for the averaged quantities are obtained by averaging the instantaneous
balance of equations and require closure models for turbulence and combustion.
The second level corresponds to Large Eddy Simulations (LES). The largest scale
of the turbulence are explicitly calculated whereas the effects of smaller scales
are modeled using subgrid closure rules. The balance of equations for LES are
obtained by filtering the instantaneous balance of equations. Opposite to RANS,
LES capture instantaneous motions. Not only mean values are calculated.

The third level of computations is Direct Numerical Simulations (DNS) where the
full instantaneous Navier-Stokes equations are solved without any model for turbu-
lent motions: all turbulence scales are explicitly determined. DNS would predict
all time variations exactly like a high-resolution sensor would measure in an exper-
iment. This approach have changed the analysis of turbulent combustion. DNS
represent a very important computational cost however it is developing thanks to
High Performance Computing (HPC). Today, this approach is mainly used to study
flows in academic configurations (low Reynolds number, very small configuration).

Figure 1.1 shows an example of the time evolution of local temperature predicted by
RANS, LES or DNS for a stabilized flame. RANS capture only the mean value, LES
capture the low frequency variations and DNS captures all time variations. These prop-
erties can also be presented in terms of energy spectra as shown by Fig. 1.2. All spatial
frequencies are resolved in DNS. In LES, the largest scales (up to a cut-off wave number
k.) are computed whereas the smallest are modeled. By construction, LES is expected to
tend toward DNS when the cut-off length goes to zero (ie. the mesh is fine). In RANS,
only mean flow fields are resolved: no turbulent motion is explicitly calculated.

1.2 The LES concept

Large Eddy Simulation is nowadays recognized as an intermediate approach in com-
parisons to the more classical RANS methodologies and the very expensive DNS. As
previously discussed, in RANS, only mean fields are calculated (the derivation of the

16



1.2 The LES concept 17
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Figure 1.1: Time evolutions of local temperature computed with RANS, LES or DNS in a
turbulent brush [20].
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Figure 1.2: Log-log turbulence energy spectrum versus wave number. k. is the cut-off wave
number used in LES.
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18 Chapter 1 : Governing equations for LES of turbulent reactive flows

method consists in a temporal averaging of the Navier-Stokes equations Eqs. 1.1 - 1.4).
It means than only a steady state can be expected. The unclosed terms (appearing during
the derivation of the mean equations) are representative of the physics taking place over
the entire range of frequencies (see Fig. 1.2) and the closure models have a an important
forecasting job to do. It explains the big impact of the model on the results. In LES, the
operator is a spatially localized time independent filter of given size . Resulting from
this spatial average' is a separation between the large (greater than the filter size) and
small (smaller than the filter size) scales. The unclosed terms are in LES representative
of the physics associated with the small structures (with high frequencies) present in the
flow. LES allows a dynamic representation of the large scale motions whose contributions
are critical in complex geometries. The LES predictions of complex turbulent flows are
henceforth closer to the physics since large scale phenomena such as large vortex shed-
ding and acoustic waves are embedded in the set of governing equations. It was shown
for example by Rodi [36], Liibcke et al. [37], Cheng et al. [38] and Salim et al. [39]
that significantly better predictions have been obtained with LES methods compared to
RANS.

For these reasons, LES has a clear potential in predicting turbulent flows encountered
in industrial applications. All simulations performed in this thesis are LES (and DNS for
laminar flows). They were realized with the AVBP code.

1.3 Multi-species flows

Combustion necessarily involves multi-species flows: at least one fuel (for example methane
C'Hy) and one oxidizer (for example Oy). In this section, the equation of state, the trans-
port coefficients and the thermodynamical variables (enthalpy, energy and entropy) of
such flows are presented.

1.3.1 The equation of state

In a flow composed of N species, the proportion of each species k can be described by its

mass fraction Y or by its molar fraction Xj. Y (resp. X) is defined as the mass (resp.

the mole number) of species k, my (resp. ny) divided by the total mass m (resp. the

total mole number n) in a given volume: Yy = my/m (reps. Xy = ni/n). Necessarily,
The equation of state for an ideal gas mixture writes:

P=prT (1.14)

where r is the gas constant of the mixture dependent on time and space: r = R/W where
W is the mean molecular weight of the mixture:

_ I (1.15)
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1.3 Multi-species flows 19

The gas constant r and the heat capacities of the gas mixture depend on the local gas
composition as:

N N

R Y,

r=— = W’“R: Yirs (1.16)
W W k=1
N

C,=  YiCoy (1.17)
k=1
N

C,= YOy (1.18)
k=1

where R = 8.3143 J/mol.K is the universal gas constant. The adiabatic exponent for
the mixture is given by = C,/C,. Thus, the gas constant, the heat capacities and
the adiabatic exponent are no longer constant. Indeed, they depend on the local gas
composition as expressed by the local mass fractions Yy (x, ).

The temperature is deduced from the the sensible energy, using Eqgs. 1.27 and 1.28.

1.3.2 Transport coe cients

In CFD codes for multi-species flows the molecular viscosity p is often assumed to be
independent of the gas composition. However, it depends on the temperature and a
power-law gives a good estimation of this evolution:

= uo(%)b (1.19)

with b typically ranging between 0.5 and 1.0. For example b = 0.76 for air. The heat con-
duction coefficient of the gas mixture can then be computed by introducing the molecular
Prandt]l number of the mixture as:
)
~ Pr
The Prandtl number Pr is supposed to be constant in time and space and is given in
an input file in the AVBP code. For the molecular diffusion coefficients Dj the same
approximation can be used in CFD codes. The Schmidt number of species k, Scg, is
supposed to be constant (in space and time) so that the diffusion coefficient for each
species is computed as:

_ M
pSck

(1.20)

Dy, (1.21)

An important dimensionless number is defined in combustion: the Lewis number Le. It
compares the thermal heat diffusivity Dy, = /(pC,) to the molecular diffusivity Dy:

Lej, = = (1.22)
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20 Chapter 1 : Governing equations for LES of turbulent reactive flows

1.3.2.a Octane / air flame transport coe cients

To find the Schmidt number of species k, Scg, and the Prandtl number Pr, a reference
flame with a complex transport is computed with CANTERA [40]. CANTERA is an
object-oriented, open source suite of software tools for reacting flow problems involving
detailed chemical kinetics, thermodynamics and transport processes. For example, this
software can compute one-dimensional laminar premixed flames with detailed chemistry
and complex species transport. Then the same flame is computed with AVBP using a
one-dimensional mesh. In both codes, flames are computed using a the 2S_.C8H18_AB
two-step chemical scheme (described in Sec. 1.4.1) for a octane / air flame.

Figure 1.3(a) presents the evolution of the Schmidt number of octane through the
flame. With CANTERA, the Schmidt number is not assumed to be constant but in
AVBP it is. Procedure recommanded by CERFACS to choose a Schmidt value is that
the value chosen for AVBP should match the value given by CANTERA in the burnt
gases. With this value, the diffusion coefficient of octane is well predicted in AVBP
(see Fig. 1.3(b)). This methodology is applied for all species. The same methodology

—4
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%22 22 s
3 \ =
O
A
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(a) Schmidt number of CgHis. (b) Diffusion coe cient of CgHis.

Figure 1.3: Validation of the diffusion coe cient of octane (Py = 101325 Pa and Ty = 323 K).
CANTERA (complex transport) ; ---- AVBP.

is followed for the thermal diffusion. Figure 1.4(a) presents the evolution of the Prandtl
number through the flame. In AVBP this number is constant and is chosen at Pr = (0.74.
With this value the heat conduction coefficient computed in AVBP is in agreement with
the coefficient computed in CANTERA.

As a result, Fig. 1.5 compares the same flame computed with AVBP and CANTERA.
All profiles match very well which means that the approximation which consists in assum-
ing that the Schmidt and the Prandtl numbers are constant is valid (it does not change
the flame structure) if these values are well chosen. Table 1.1 summarizes the Schmidt
number for each specie.
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Figure 1.4: Validation of the heat conduction coe cient at Py = 101325 Pa and T = 323 K.

CANTERA (complex transport) ; ---- AVBP.

Specie | Sci

CsHyg | 2.06

CH, |0.68

02 0.74

Ny 0.70

Hy0 ]0.54

co | 0.75

CO; | 0.95

Table 1.1: Schmidt numbers for all species.

The diffusion coefficients characterize the diffusion of each species in the mixture.
However, in practice, these values can be used independently of the equivalence ratio
since the mixture is mostly represented by air.

1.3.3 Thermodynamical variables

Species energy and enthalpy are defined in reference to a given temperature 7. Mass
enthalpy of species k, hy, is the sum of a reference enthalpy at T" = T and a sensible
enthalpy hgp:

he = hop + h(}k (1.23)
sensible ch-emi;al

The internal energy of species k, e, = hy — RT /W), can also be split into a sensible and
a chemical contribution e, = ez + . h?c k-
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Figure 1.5: Validation of species transport for octane / air flames at Py = 101325 Pa and
Ty = 323 K. CANTERA (complex transport) ; ---- AVBP.
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1.4 Kinetics 23

The standard reference state used in AVBP is Py = 1 bar and Ty = 0 K. The sensible
mass enthalpies (hsx) and entropies (si) for each species are tabulated for 51 values of
the temperature (7; with i = 1...51) ranging from 0K to 5000K with a step of 100 K.
Therefore these variables can be evaluated by:

T; hm Tz —hm T
hsk(m:/ Gy 7 = "4 )Wk”( ). (1.24)

To=0K

and:

sit(T;) — sit(To)

sk(T) = W

(1.25)

The superscript m corresponds to molar values. The tabulated values for hg(7;) and
sk(T;) can be found in the JANAF tables [41]. With this assumption, the sensible energy
for each species can be reconstructed using the following expression:

T;
ean(T}) = /T | CoudT = hi(T) = T (1.26)
.

Note that the mass heat capacities at constant pressure C), ;, and volume C,, , are supposed
constant between T; and T;,1 = T; + 100. They respectively are defined as the slope of
the sensible enthalpy and the slope of the sensible energy (Cp, . = 0hs/0T and Cy\ =
Oes ;/OT'). The sensible energy henceforth varies continuously with the temperature and
is obtained by using a linear interpolation:

€s k:(iri—i-l) — €5 k(T‘z)

€s k(T) = €5 k(ﬂ) + (T - E) T‘+1 T

for T € [Tl, Ti+1] (127)

The sensible energy and enthalpy of the mixture may then be expressed as:

N N

pes = Prlsk = P Yies (1.28)
k=1 k=1

N N
k=1 k=1

1.4 Kinetics

During combustion, reactants are transformed into products once a sufficiently high en-
ergy is available to activate the reaction. This process can be modeled by a global reaction
where a budget between reactants and major products is written. For example, the global
reaction of octane oxidation is:

25
Cngs + E 02 — 8002 +9 HQO (130)

23



24 Chapter 1 : Governing equations for LES of turbulent reactive flows

Such a global reaction does not describe elementary reactions that effectively occur during
combustion process. Combustion of reactants is in fact a set of reactions involving major
and minor species. Generally, N species My; react through M reactions:

/,chkj = ]/g/ijﬁ ] = 17 M (131)

The reaction rate of species k, , is the sum of rates ; produced by all M reactions:

M M
k= ki = Wi ki Qj (1.32)
7=1 =1
where ;= ;— ;; and Q; is the rate progress of reaction j. The total mass conservation
gives:
N
=20 (1.33)
k=1

N ) N )
PYi\ ¥ pYi\ ¥
o -ry, (%E)"-ny () (1.34)
k=1 k=1 k

Ky and K, ; are the forward and reverse rates of reaction j:
Kpj = Asjexp(—==) (1.35)

where Af; and E, ; are the pre-exponential factor and the activation energy given in an
input file. K, ; is deduced from the equilibrium assumption:

Ky
K,; = K—“ (1.36)

eq

where K., is the equilibrium constant defined by:

Shlt ki SY HY
Keq:<p0> klkexp( J —J) (1.37)

RT R RT
where pg = 1 bar. H JQ and SJQ are respectively the enthalpy (sensible + chemical) and

the entropy changes for reaction j:

HO = (1) = hy(0) = Wilho D)+ BO,) (1.38)

J
k=1
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1.4 Kinetics 25

k=1

where h(} & is the mass enthalpy of formation of species k at temperature 7y = 0 K and
is given in an input file (molar value). The heat released by combustion 7 in the initial
enthalpy equation [20] is calculated as:

N
r=— & h‘}k (1.40)
k=1

1.4.1 2S_C8H18_AB reduced scheme

In real flames, the combustion process involves many species and reactions. For example,
the widely used GRI-MECH 3.0 mechanism describes the reaction of methane with air.
It consists of 325 reactions that involve 53 species. These full schemes can be used only
on very simple configurations (one-dimensional laminar flames for example). In an LES
or DNS code, it is nor reasonable neither necessary to transport such a large number of
species (the code must solve one conservation equation for each specie). Moreover some
of these reactions can be very fast and could limit the time step. One possible solution
consists in reducing the true chemistry. Reduced mechanisms are built to reproduce a
minimum of flame features. In practice reduced schemes with two reactions are sufficient
to reproduce the flame speed, the adiabatic flame temperature and the flame thickness
for lean flames. Three criteria are usually sufficient to capture the important kinetic
phenomena in most lean premixed turbulent flames.

1. For methane a scheme [42] called 2S_CH4_CM2 is employed.

3

CH, + 3 Oy — CO+2 H,O (1.41)
1
CcO + 5 O, CO, (1.42)
2. For octane, a scheme called 2S_.C8H18_AB was developed following the same
methodology?!.
17
CsHis + ? Oy, — 8 CO+9 Hy,O (1.43)
1
CO + 3 O, CO, (1.44)

!The 2S_C8H18_AB scheme is now available in the chemical library of AVBP.

25



26 Chapter 1 : Governing equations for LES of turbulent reactive flows

Both schemes account for fuel oxidation through an irreversible reaction at a rate ¢; while
a second reaction accounts for the equilibrium between CO and CO, with a rate gs:

F Og
pYr\™ (pYo, ™ E.q
— A [l e ) 1.45
Q) ) e
nCoO nOQ
o (2) (2)"
Weo W,
Y COo E
1 (pYco, ™ a2
_ = EECCe 1.46
Ke(Wcog) eXp<RT> (1.46)

where K, is the equilibrium constant for the CO/COy equilibrium and R the perfect-gas
constant. The coefficients for the two schemes are recalled in Tab. 1.2. While the reduced

a1 Al Ea 1 nf TL102
methane | 2.00 10"® 35000 0.9 1.1
octane | 6.05 10" 41500 0.55 0.9

g2 A, E,o nS° n202 n§02
methane | 2.00 10° 12000 1.0 0.5 1.0
octane | 4.50 10'° 20000 1.0 0.5 1.0

Table 1.2: Coe cients for the reduced kinetic scheme 2S_C8H18_AB. Activation energies are
in [cal.mol™!] and pre-exponential constants in [cgs] units.

scheme for methane has already been validated [42], the validation of the 25_C8H18_AB
scheme for octane versus a detailed scheme proposed by Jerzembeck [43] is presented in
Fig. 1.6 (the CANTERA code is used to compare these two chemical schemes). For a
one-dimensional planar flame at Fy = 101325 Pa and Ty = 323 K, the reduced scheme
reproduces accurately the laminar flame speed and burnt gases adiabatic temperature,
for equivalence ratios up to = 1.2 which cover all experiments performed in Orléans.
Franzelli et al. [44] developed a methodology to get better results in terms of flame
speed and adiabatic temperature when computing reach flames (> 1.2) with two-step
schemes. This is done by introducing two functions fi( ) and f( ) which modify the
pre-exponential constants in the chemical scheme: A; = Ay f1( ) and Ay = Ay fo( ). This
strategy is not necessary here and is not employed in this thesis because all computed
flames are lean.

1.5 Governing equations for non-reactive LES
As previously discussed, the LES concept consists in applying a spatially localized time
independent filter of given size = on the Navier-Stokes equations. This filtering inttro-

duces a separation between the large (greater than the filter size) and small (smaller
than the filter size) scales. This operation also exhibits unclosed terms which must be
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Figure 1.6: Validation of the reduced scheme 2S_C8H18_AB for octane / air flames at Py =
101325 Pa and Ty = 323 K. (O Jerzembeck et al. [43], —— 2S_C8H18_AB.

modeled. These equations and the closure models are presented in this section. It is a
close transposition of the AVBP handbook 2.

1.5.1 The Itering operation

A low-pass (in wavenumber) filter, G, is applied to the Navier-Stokes equations Eqs. 1.1
- 1.4. Mathematically, it consists of a convolution of any quantity, f, with the filter
function Ga.

flx) = /f(a:’)GA(x —2')da (1.47)

The resulting filtered quantity, f, represents the large-scale structures of the flow (ie.
resolved in the LES) whereas all the structures of size smaller than the filter length, |
are contained in the residual field, f' = f — f. Contrary to RANS averaging, the filtered
value of a LES perturbation is not zero: f" = 0 and the double filtered values are not
equal to the filtered values in general: f = f. For variable density p, a mass-weighted
Favre filtering is introduced according to:

pfa) = [ pf()Gale ~ a'yde' = ] (1.43)

Filtering the instantaneous balance equations (Egs. 1.1 - 1.4) leads to the following equa-
tions:

agp 0 _
% + a—xl(puz) =0 (1.49)

2 AVBP handbook: http://www.cerfacs.fr/ avbp/AVBP_V6.X/HANDBOOK/AVBP/HTML2/main.html
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dpu; o _ 0 — _

815] + a_xj(puiuj) = _a_mj(P(Sij —Tij = Tij) (1.50)

OpE 0 ,_ 0 —s—— - 1, — =

gt + 5g; PEw) = =5 - [ui(Poy; — 1) +; +ql+ r+Q, (1.51)
J J

Y. 0 9 - o _

0tk + 8_333-(/)quj) = —a_xj[ij: + itk (1.52)

where u;, I/ and Y}, denote the filtered velocity vector, total energy per unit mass and
species mass fractions, respectively. A repeated index implies summation over this index
(Einstein s rule of summation). Note also that the index k is reserved for referring to the
kt" species and does not follow the summation rule.
Writing the vector of the filtered conservative variables as follows: W = (pu, pv, pw, pE, pY),

Eqgs. 1.50 - 1.52, can be expressed as:

ow N

ot
where § is the filtered source term and F is the flux tensor which can be divided in three
parts:

V F=s (1.53)

F=F +F +F (1.54)
where ' is the inviscid term, F is the viscous term and F' is the turbulent subgrid-scale
term.

1.5.1.a The inviscid term FI

The three spatial components of the inviscid flux tensor are the same as in DNS but
based on the filtered quantities:

puiuj + Fdw
PrU;j
1.5.1.b The viscous term FV

The components of the viscous flux tensor take the form:
I ~Tij

Fl= —(mm)+ (1.56)

Jj

The filtered diffusion terms are:
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1.5 Governing equations for non-reactive LES 29
- Laminar Itered stress tensor 7;; (for Newtonian fluids)
1
Tij = 24 (Sij - §5ij5kk) (1.57)
1
approximation: 7;; =~ 2u (Sij — gdijskk) (1.58)
1 (0u; Ou
ith: Sii = = J . 1.59
W J 2 (8:52 + 8:173) ( )
and: w o~ p(T) (1.60)
- Diffusive species flux vector J;
Wy 0X},
k P( k W O k ( )
— Wi 0X
approximation: J;, >~ —p Dk:k 5 LA Y, Ve (1.62)
X
N
— Wy 0X
with: Ve =  Dy—m -t (1.63)
W Oz;
k=1
- H
d: Dy, ~ 1.64
an k pSCk ( )
- Filtered heat flux g;
or %
= — ; 1.
qi 81‘2 + Jzk sk ( 65)
k=1
oT S—
approximation: @ ~ — 5 + Jihs i (1.66)
i o
. UGP(T)
th: ~ 1.67
wi Py ( )

These forms assume that the spatial variations of molecular diffusion fluxes are negligible

and can be modeled through simple gradient assumptions.

1.5.1.c The turbulent subgrid-scale term F

The components of the turbulent subgrid-scale flux take the form:

(1.68)

As highlighted above, filtering the transport equations leads to a closure problem evi-
denced by the so called subgrid-scale (SGS) turbulent fluxes. For the system to be
solved numerically, closures need to be supplied. Details on the closures are:
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- The Reynolds tensor 7;;'

T = —p (wu; — uu;) (1.69)
1
modeled as (Boussinesq [33] model) : 7;' = 2p , (Sij - 35@5%) (1.70)
1 [0u; Ou; 18uk
ith: R e B 5y (171
W Sj 2 ((‘3@ + 830]) 8[)’)}; ( 7 )

In Eq. 1.70, 73;" is the SGS tensor, S;; is the resolved rate tensor and , is the SGS
turbulent viscosity. The modeling of ; is explained in Sec. 1.5.2.

- The subgrid scale diffusive species flux vector mt

T =—p (qu - uiYk> (1.72)
_ X,
modeled as: J; kt =—p D! T;//k %xk Y,J/;Ct (1.73)
_ . Wi 0X},
with: Vel = D,c T (1.74)
k=1 ¢
and: Dl = S—;t (1.75)
%

The turbulent Schmidt number S¢i, = 0.6 is the same for all species. Note also that

having one turbulent Schmidt number for all the species does not imply, Vft = 0 because
of the Wy, /W term in Eq. 1.73.

- The subgrid scale heat flux vector g’

7= —p (UE_UE) (1.76)
N
T _
modeled as: §' = — tgm + Ji khs i (1.77)
b k=1
C
with: ¢ = M];rtp (1.78)

The turbulent Schmidt number is fixed at Prt = 0.6.

1.5.2 Models for the subgrid stress tensor

LES models for the subgrid stress tensor (see Eq. 1.70) are derived on the theoretical
ground that the LES filter is spatially and temporally invariant. Variations in the filter
size due to non-uniform meshes or moving meshes are not directly accounted for in the
LES models. Change of Cell topology is only accounted for through the use of the local

cell volume, that is = Vce”

30



1.5 Governing equations for non-reactive LES 31

The filtered compressible Navier-Stokes equations exhibit SGS tensors and vectors
describing the interaction between the non-resolved and resolved motions. Generally,
the influence of the SGS on the resolved motion is taken into account by a SGS model
based on the introduction of a turbulent viscosity, ; (Boussinesq [45] model). Such an
approach assumes the effect of the SGS field on the resolved field to be purely dissipative.
This hypothesis is essentially valid within the cascade theory of turbulence introduced
by Kolmogorov [35].

LES models for the subgrid stress tensor only differ through the estimation of ;. In
this document, only the two models used during the thesis are presented: the Smagorinsky
model and the WALE (Wall Adapting Local Eddy-viscosity). More information on the
other models implemented in AVBP can be found for example in [46].

- The Smagorinsky model

1=(Cs )* 2559 (1.79)

where  denotes the filter characteristic length (cube-root of the cell volume), Cg is
the model constant set to 0.18 but can vary between 0.1 and 0.18 depending on the
flow configuration. The Smagorinsky model [47] was developed in the sixties and heavily
tested for multiple flow configurations. This closure has the particularity of supplying the
right amount of dissipation of kinetic energy in homogeneous isotropic turbulent flows.
Locality is however lost and only global quantities are maintained. It is known to be too
dissipative and transitioning flows are not suited for its use [12].

- The WALE model

Sgsgl‘ 3/2
1= (Cy )’ R ” (1.80)
<SWSU> + S%S;jj
with:
a_ 1 2 1,
Sij =5 95t 95— ggkkfsij (1.81)

where  denotes the filter characteristic length (cube-root of the cell volume), C, =
0.4929 is the model constant and g;; denotes the resolved velocity gradient. The WALE
model [48] was developed for wall bounded flows in an attempt to recover the scaling laws
of the wall. Similarly to the Smagorinsky model locality is lost and only global quantities
are to be trusted.

1.5.3 Numerical schemes

To resolve equations presented in Sec. 1.5.1, numerical schemes are needed. The AVBP
solver is based on the finite volume method [49] with a cell-vertex discretization. Because
they are less dissipative than non-centered schemes (up-wind or downwind), centered
numerical schemes are implemented in AVBP. All the numerical schemes developed in
AVBP are presented in [50]. The two numerical schemes used in this thesis are:
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- The Lax-Wendroff (LW) scheme The LW scheme [51] is a finite volume centered
scheme. This scheme uses an explicit time integration with a single Runge-Kutta step.
Its accuracy in both space and time is of second order. The scheme is quite robust due
to a diffusive term that stabilizes it very effectively (even if it is a centered scheme in
space). Furthermore, it is characterized by low computational cost.

- The Two step Taylor-Galerkin C® scheme The TTGC scheme [52] is a finite
element centered scheme. Its accuracy in both space and time is of third order (4" on
regular grids [53]). It is characterized by very good properties regarding dissipation and
dispersion making it well-suited for LES applications. However, it is less robust than the
LW scheme and approximately 2.5 more expensive in terms of computational cost.

1.5.4 Arti cial viscosity

The numerical discretization methods in AVBP are spatially centered. These types of
schemes are known to be naturally subject to small-scale oscillations in the vicinity of
steep solution variations. This is why it is common practice to add a so-called artificial
viscosity (AV) term to the discrete equations, to avoid these spurious modes (also known
as wiggles ) and in order to smooth very strong gradients. These AV models are char-
acterized by the linear preserving property which leaves unmodified a linear solution
on any type of element. The models are based on a combination of a shock capturing
term (called 2"¢ order AV) and a background dissipation term (called 4 order AV).
In AVBP, adding AV is done in two steps:

first a sensor detects if AV is necessary, as a function of the flow characteristics,
then a certain amount of 2"¢ and 4" AV is applied, depending on the sensor value
and on user-defined parameters.

The 2™ order AV acts just like a classical viscosity activated only in certain regions of
the flow. It smoothes local gradients, and introduces artificial dissipation. The 4*" order
AV is mainly used to control spurious high-frequency wiggles.

1.6 Combustion modeling

As described in Sec. 1.4, combustion is a process in which reactants are transformed into
products. The domain where these transformations take place, called the flame front, is
very small. Typically a flame thickness at atmospheric pressure for gasoline/air flames
is around 0.1 to 0.5 mm. This raises a problem encountered for Large Eddy Simulation
of reactive flows: the thickness §? of a flame is generally smaller than the standard mesh
size  used for LES. In order to resolve the flame front correctly, about 5 to 10 points
are needed. This leads to very large grids, out of the capacity of the current calculators
for large and complex industrial configurations.

Different models have been proposed to approximate the filtered species reaction rates
& (see Eq. 1.52) for turbulent premixed combustion using the LES approach. They may
be separated into two main categories:
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1.6 Combustion modeling 33

1. Models assuming an in nitely thin reaction zone: the turbulent premixed
flame is modeled by fresh reactants and burnt products separated by an infinitely
thin reaction zone. The local structure of the flame is assumed equal to a laminar
flame for which the inner structure is not affected by turbulence (flamelet assump-
tion). The Bray-Moss-Libby (BML) models [54], the flame surface density models
[55], and G-equation models [56, 57] are some of the most common examples

2. Models describing the structure of the reaction zone thickness: the tur-
bulent premixed flame is characterized by a finite thin reaction zone that could
interact with the turbulent flow and often behaves as a stretched laminar flame.
Some examples are the Probability Density Function (PDF) models [58, 59], the
F-TACLES approach (the chemistry is tabulated as a function of a progress vari-
able) developed by Fiorina et al. [60] and the artificially Thickened Flame (TF)
models [61, 62].

Only the Thickened Flame model is described in details in this document because
only this model was used during the thesis.

1.6.1 The Thickened Flame model for LES (TFLES)

An attractive solution to propagate a flame on a coarse’ grid consists in artificially thicken
this flame. This idea was first proposed by Butler and O Rourke in 1977 [63]. Figure 1.7
presents the concept of this approach. For sufficiently large values of the thickening
factor F', the thickened flame front can be resolved explicitly on the grid nodes. Since the
reaction rate is still expressed using Arrhenius law, various phenomena can be accounted
for without requiring ad-hoc submodels (ignition, flame/wall interactions).  Following
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Figure 1.7: Thickened flame approach. The flame is artificially thickened but it flame speed
is conserved.

simple theories of laminar premixed flames [64, 65], the flame speed s, and the flame
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34 Chapter 1 : Governing equations for LES of turbulent reactive flows

thickness 69 may be expressed as:

D D
s. /DuwB ; & - Fth (1.82)

SL

where Dy, is the thermal diffusivity and B the pre-exponential constant. If the thermal
diffusivity is multiplied by a factor F' while the pre-exponential constant is divided by F,
the flame thickness 6% is multiplied by a factor F' but the flame speed s;, is conserved.
So the flame propagates to the good speed on the computational domain.

When the flame is thickened by a factor F', the interaction between the flame and
the turbulence is modified: the flame becomes less sensitive to turbulent motions and
vortex may affect the reaction zone. This interaction is characterized by the Damkohler
number D, which compares turbulent 7; to chemical 7. time scales (for large values of
D,, turbulence is not able to affect the inner flame structure which remains close to a
laminar flame wrinkled by turbulence motions):

T ly st

D, = (1.83)

)
It is straightforward to show that increasing the flame thickness by a factor F' decreases
the D, number by the same factor F' (D* = D, /F). This point has been investigated
using DNS by Angelberger et al. [66] and Colin et al. [61] (see Figure 1.8). To account for
this unwanted effect, an efficiency function , corresponding to a subgrid scale wrinkling

factor has been derived. This efficiency function depends on velocity (u'/sy) and length
scale ( /F$?) ratios.

Figure 1.8: DNS of flame turbulence interactions. Reaction rate and vorticity fields are
superimposed. Left: Reference flame ; Right: flame artificially thickened by a factor F' = 5 [20].

In practice, the thickened flame approach is implemented by changing the thermal
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diffusivity and the reaction rate according to:

Diffusivity: Dy, FDy, FDy,
Pre-exponential constant: B B/F B/F

thickening wrinkling

According to Eq. 1.82, the flame speed s;, and the flame thickness 69 become respectively:

ST = S, ] (ST = F&% (184)

This TFLES model has been first developed for perfectly premixed combustion. But
applying a uniform thickening in the whole domain accelerates diffusion in non reactive
zones, where thickening is not necessary. In other words, the TF model can remain
unchanged in the flame zone but must be adapted outside the flame region. So a dynamic
thickening procedure [62] (called D-TFLES) depending on the flame position and the local
resolution has been developed and is therefore preferred.

The thickening factor F' is not a constant any more but it goes to F},,, in flame zones
and decreases to unity in non reactive zones. This is obtained by writing:

F = FruuS (1.85)

with:
N
Frae = —6% (1.86)

N. being the number of cells used to resolve the flame front (typically N, = 5 guarantees
a good behavior). S is a sensor depending on the local temperature and mass fractions:

S = tanh( '—) (1.87)

where ' is a constant equal to 500, is a sensor function detecting the presence of

a reaction front and ( corresponds to its maximum value. One possible method to
construct  is to use the kinetic parameters of the fuel breakdown reaction:

— nFEY\, _no Ly
= Yr"TYo" exp (— RT) (1.88)
o can be found running a 1D premixed non-thickened flame and measuring ¢ on it.
is used to start the thickening before the reaction, that is why < 1 (usually = 0.5).

The main advantages of the TFLES model are its simplicity and its performances for
premixed and stratified flames. It has been used successfully in multiple configurations
(61, 67, 42, 68, 69] and is also integrated now in commercial softwares such as Fluent or
Charles (from Cascade Technologies). In the present work, even though the TFLES was
used, grids were sufficiently refined to offer a 'DNS-like accuracy. The results will show
that most thickening factors were less than 1.4 leading to efficiency functions less than
1.3. For such fine grids, the effect of the TFLES model is clearly very small.
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1.6.2 Ignition procedure

In most combustion devices, and especially in gasoline piston engines, spark-plugs are
used to ignite flames. A very high-tension (30 kV) is applied between two electrodes
which generates a plasma at a very high temperature containing enough energy to ignite
the flame. Physic of this complex process has been widely studied [70, 71, 72, 73| and 4
main phases have been highlighted:

1. The pre-breakdown phase where the electrical discharge occurs.

2. The breakdown phase when voltage decreases and current increases between the
two electrodes. A plasma phase at about 60,000 K is generated at this moment.
Then this plasma generates a shock wave which propagates, absorbing a large
portion of the initial energy.

3. The arc phase: the volume of the plasma phase increases while its temperature
decreases to reach about 6000 K. During this phase, chemical radicals are produced
due to high-temperature.

4. The glow phase: during this final phase which last about 1 ms, the gas temperature
close to the spark-plug is near 3000 K. It is during this phase that most of the
energy is transmitted from the spark-plug to the gas.

The first three phases, where the plasma phase is generated, can not be fully described
in a simulation CFD code because they involve very short times and length scales so that
models have been developed and are presented below.

To ignite a flame in CFD codes, two classical approaches are commonly used in the
combustion community:

1. The Energy Deposition (ED) model: A gaussian (in time and space) source
term is added in the energy equation [74]. The AVBP code can not compute the
plasma phase but the ED model mimics the discharge of a spark beginning at the
end of the plasma phase.

2. The kernel deposition: A burnt gases kernel is artificially imposed in the fresh
gases. If the energy contained in the kernel is sufficient, the kernel grows and the
flame propagates. This method is used in this thesis and more details are given
below.

The ignition with a burnt gases kernel (method 2) raises the problem of the composition
of this kernel. Profiles of temperature and species at the instant where the kernel is
introduced are supposed to match the flow state after the plasma phase when only a hot
sphere of burnt gases is left. Choosing such profiles involves some arbitrariness since the
plasma phase can leave certain traces in the flow (temperature higher than the adiabatic
flame temperature for example). Here we decided to deposit a kernel at a temperature
equal to or larger than the adiabatic temperature. These conditions are sufficient to ignite
a flame but AVBP is a compressible code and acoustic waves are created if the initial
solution is too far from reality. To avoid these acoustic waves a good method consists in
using the profiles of a one-dimensional flame previously computed with CANTERA. Thus
the species mass fractions, density, temperature are closer to a real flame. Moreover, for
laminar spherical propagations, the velocity profile can also be derived and introduced at
t = 0. Assuming that the velocity is only a function of the radial coordinates r (spherical
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symmetry), the mass conservation writes in spherical coordinates:

op N 1 Opu,r?
gt r?2 Or
To solve Eq. 1.89, the three-dimensional density profile is assumed to be the same as the

one-dimensional one py4 (previously computed with CANTERA) convected at the flame
speed velocity p;/pas?:

=0 (1.89)

p(r) = pralr — %s%w (1.90)

By injecting Eq. 1.90 in Eq. 1.89 an analytical solution for u, can be derived:

u,(r) ;[)180/ TQapld(r) dr (1.91)
0

= ()2 py F or
Equation 1.91 offers a correct behavior for limit cases (r =0 and r = ): one can show
that if » < Ry, u, = 0 (burnt gases do not move) and if r» > Ry:
Ry 2 p1\ dr .
(r=R)=|—= l-—|)— ;withR>R 1.92
wir=r)= (F) (1-2) % it R > £y (192)

which is in agreement with the relation proposed by Poinsot and Veynante [20] for an
infinitely thin flame. Figure 1.9 displays the radial velocity profile u, and the one-
dimensional density profile p;4 used to compute wu,..

1.7 Moving mesh

The computation of turbomachinery or piston engine requires to deal with moving bound-
aries (a rotation for the blades of the turbomachinery and a translation for the piston).
In CFD codes, two numerical approaches are usually found:

1. The Immersed Boundaries Method method (IMB) [75, 76]: This method
consists in imposing a given speed on an arbitrary surface (or immersed boundary)
which does not necessarily coincide with the mesh. This speed is imposed by
adding a right-hand-side source term in the momentum equation (see Eq. 4.2).
Thus, complex moving geometries can be simulated even on fixed Cartesian grids.
But an important drawback is that imposing characteristic boundary conditions
is very difficult. During this thesis, one IBM method has been implemented and
tested in the AVBP code. More details are given in Chapter 4.

2. Arbitrary Lagrangian Eulerian (ALE) method [77]: In this method each
grid node ¢ has a given displacement speed. This approach was first proposed by
Hirt et al. [77] and has been implemented in AVBP by Moureau [78, 79]. The
development of this method has been motivated by the relative facility to trans-
pose the boundary conditions on fixed mesh to moving mesh. The movement of
the mesh is supposed to be linear during a time step t so that the grid speed
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Figure 1.9: Ignition radial velocity profile. One dimensional density profile (input from
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Figure 1.10: ALE method principle. Each grid node ¢ has a given displacement speed X[
(constant during the iteration n).
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X, is piecewise constant. This approximation allows to integrate the governing
equations on moving node-centered volumes and on moving cell-centered volumes.
The ALE method was derived for all convective schemes in AVBP. All details of
the derivation of the LW and TTGC schemes can be found in [78]. Corrective
terms appear in this new formulation of the numerical schemes due to the mesh
displacement and the mesh deformation. In this thesis this method is used for mov-
ing mesh (the computation of rotating axial fans) but without mesh deformation
(more details are given in Chapter 5 where the TurboAVBP code is described).

1.8 Few words about the AVBP code

Historically, the AVBP code was started at CERFACS in January 1993 as an initiative
of Michael Rudgyard and Thilo Schonfeld. The aim of this project was to build an
efficient code handling unstructured grids of any cell type. Nowadays, AVBP is a parallel
CFED code that solves the laminar and turbulent compressible reactive (or non-reactive)
Navier-Stokes equations in two and three space dimensions®. It is also the baseline code
of the ERC (European Research Council) advanced grant won by IMFT in 2013 on
thermoacoustics (http://intecocis.inp-toulouse.fr).

The important development of the physical models done at CERFACS is completed
by academics studies carried out at the IFP Energies Nouvelles, the EM2C lab of Ecole
Centrale Paris (ECP) and the Institut de Mécanique des Fluides de Toulouse (IMFT).
The ownership of AVBP is shared with IFP-Energies Nouvelles (IFP-EN), following an
agreement of joint code development oriented towards piston engine applications. Impor-
tant links to industry have been established with Safran Group (Snecma, Snecma DMS,
Herakles, Turbomeca), Air Liquide, Gaz de France as well as with Alstom, Ansaldo and
Siemens Power Generation.

3More details on AVBP here: http://www.cerfacs.fr/4-26334-The-AVBP-code.php.
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42 Chapter 2 : Description of the Orleans bomb con guration

This chapter presents the Orléans bomb configuration conducted at the PRISME
laboratory. Geometries of the wvessel and the fans are presented. The basic oper-
ating procedure is described. Average and fluctuating measured velocity fields are
also shown (non-reactive case) to illustrate the flow inside the spherical vessel.

The configuration studied in this thesis is the spherical vessel experiment of the
PRISME laboratory in Orléans [80] (see Fig. 2.1). This apparatus is used to study
both laminar and turbulent premixed spherical flames. The radius of the closed vessel

(a) Overview. (b) Inside view.

Figure 2.1: Experiment setup at PRISME laboratory (Orléans).

Ry is 100 mm and it has six windows for experimental visualizations. Six fans are placed
inside the spherical vessel. A mixture of fresh gases is trapped in the closed vessel and
flames are ignited at the bomb center by a spark (electrodes can be seen in Fig. 2.1(b)).
For laminar flames, fans are removed so that the flow inside the vessel remains immobile.
For turbulent flames, fans rotate at a given speed to generate a turbulent flow inside the
vessel. Once steady state is reached, flames are ignited. A wide range of operating points
can be handled with this experimental device:

four fan geometries have been tested,

the fan rotation speed N4, was varied from 1,000 rpm to 15,000 rpm,

the pressure F, inside the vessel was varied from 1 bar to 10 bar,

the temperature Tj from 323 K to 473 K,

the equivalence ratio  was varied from 0.6 to 1.5.
With such an experiment, initial conditions (temperature, pressure, composition, etc.)
are well controlled.
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In this thesis, only one fan geometry has been computed. Figure 2.2 presents the
geometry of the fan. The fan is an axial turbomachinery device with an external diameter
of 60 mm, the blade thickness is 0.8 mm and the fan length is 22 mm. At a rotation
speed of Ngg, = 10,000 rpm, the Reynolds number, based on tip radius (30 mm) and
rotor tip speed (31.5 m/s) is about 60,000.

=22 mm

Figure 2.2: Characteristics of the fans.

Table 2.1 gives the position of each fan in the bomb. They are localized by a point F
and a direction-vector d:c. I} is located at the center of the rear face of the fan and the
direction-vector is aligned with the fan body (see Fig. 2.3). The point F} is at the center
of the front face of the fan. 4 fans are located in the y + z = 0 plane and distributed
uniformly (90° between each fan). The two others are located in the x = 0 plane and
the axis of these fans (d}) is perpendicular to the y + z = 0 plane. The distance between
two fans diametrically opposed (two times the distance from Fy to the bomb center By)
is 93 mm and the distance from the wall bomb and fans backside is 31.5 mm.

To place fans in the numerical domain, only one fan is meshed in a reference position:
the center of the fan backside Fj, is located at the bomb center By = (0;0;0) and the fan
direction-vector d} is oriented in the —z direction. Then this initial mesh is duplicated
and each fan is moved at the right place following geometrical transformations (1 or 2
rotations and 1 translation). Table 2.2 summarizes these transformations for all fans.

Figure 2.4 displays average and fluctuating velocities measured using Particle Image
Velocimetry (PIV) in the XY plane. Experimental measurements are performed in this
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44
Figure 2.3: Reference initial fan position.
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Figure 2.4: Experimental average and fluctuating velocities measured using PIV. Fans rotation

speed is N4, = 10 000 rpm.
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H Direction-vector d}: ‘ Point Fy,:
0
Fan n° 1 n, = 2/2 F, = (0; —48.36; —48.36)
2/2
0

Fan n° 2 n, = — 2/2 F, = (0; 48.36; 48.36)
- 2/2
—0.709
Fan n° 3 n; = 0.500 F, = (48.36; —34.20; 34.20)
—0.497
0.709
Fan n° 4 n; = —0.500 F, = (—48.36; 34.20; —34.20)
0.497
0.709
Fan n° 5 n; = 0500 F, = (—48.36; —34.20; 34.20)
—0.497
—0.709
Fan n° 6 n; = —0.500 F, = (48.36; 34.20; —34.20)
0.497

Table 2.1: Position of each fan in the bomb. Positions are given defined using a direction-
vector dg and a point located at the center of the rear face of the fan (the coordinates of the
bomb center are (0;0;0)).

plane since there is no fan in front of corresponding windows which enable the laser sheet
to go through the closed vessel. The full geometry of this experiment is computed in this
study: only the rods which maintain fans in the bomb have been removed in simulations
compared to the experimental device. This simplification has been done in order to avoid
the sliding condition between the rear face of the fan and the extremity of the rod, which
is not easy to handle in CFD codes. This simplification should have a very limited impact
on the flow inside the vessel. Figure 2.5 presents the numerical configuration.

45



46 Chapter 2 : Description of the Orleans bomb con guration

Figure 2.5: Sketch of the geometry computed. Velocity instantaneous field in the central plane
and isosurfaces of vorticity in fan regions (for 2 fans only).
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Transformation n° 1: Transformation n° 2 : Transformation n° 3:
rotation rotation translation (mm)
1 0
Fan n° 1 n= 0 ; =135 X T= —48.36
0 —48.36
1 0
Fann°2 |{n;= 0 = —453g X T = 48.36
0 48.36
0 -0.7 48.36
Fan n° 3 n= 1 ; =55 | mp=—Lt— 0 ;=305 T= -34.20
0 Oy 34.20
0 —-0.7 —48.36
o _ _ _ 1 . _ _
0 1 —34.20
0 0.7 —48.36
Fann°5 ||n;= 1 =55 | Me=—— 0 ; =305 T= -3420
0 7y 34.20
0 0.7 48.36
Fan n° 6 n; = 1 = —55@ Ny — ﬁ 0 ; = 210@ T= 34.20
0 1 —34.20

Table 2.2: Description of the transformations to place fans in the bomb (the coordinates of

the bomb center are (0;0;0)).
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50 Chapter 3 : Laminar flame propagating in a spherical bomb

During the ICAMDAC project, an important part of the work has been devoted to the
characterization of turbulent flames in the turbulent bomb of Orléans. Before doing
this, performing the same exercise for a laminar flame had to be done both experi-
mentally and numerically, this is what the present chapter describes. Interestingly,
even though the determination of the flame speed of a spherical laminar flame might
appear as one of the ‘easy’ problems in combustion science, it is not and multiple con-
troversial issues must be discussed, many of them due to the importance of stretch
effects and of the finite thickness of the flame front. These issues were studied during
this PhD work and we used theory and simulation to revisit methods which can be used
experimentally to analyze data (flame radii vs time and bomb pressure). This chapter
discusses this work which has also appeared in Combustion and Flame in 2013 [81].

3.1 Introduction

The experimental determination of the laminar consumption flame speed, s%, is an over-
arching problem in combustion [82]. Indeed the knowledge of the rate at which the fresh
gases are consumed is instrumental in the study of flame dynamics as well as the devel-
opment of kinetic schemes. For modeling purposes, the laminar flame speed is the central
ingredient of most turbulent-combustion models [83, 84, 21, 85, 20].

Despite the apparent simplicity in the formulation of the problem, measuring accu-
rately s{ is a delicate task. Since the early attempts, which date as far back as a hundred
and fifty years ago [86, 87, 88, 89, 23], a variety of methods have been devised. These
methods find their roots in analytical solutions of reacting fluid mechanics but most of
them suffer from approximations or experimental difficulties that strongly affect their
precision. For example, the flat flame propagating in a tube is strongly perturbed by
instabilities or the presence of walls [90, 91]. Other techniques require extrapolation or
correcting factors in order to account for the effects of curvature or strain [92, 93, 64, 94].

In the present work, we revisit the classical technique of the “spherical flame in a
bomb (Fig. 3.1): in a closed vessel, a mixture of fresh gases is ignited, a spherical flame
develops and its radius, R(t), is measured versus time using simple optical methods.
Such experiments are fairly easy to conduct. Moreover initial conditions (temperature,
pressure, composition, etc.) are well controlled and can be extended to high temperatures
and pressures.

However, extracting flame speed values from spherical flames is a much more difficult
exercise which has lead to multiple controversies in the past [95, 96, 97, 98, 99]. Two
quantities can be measured experimentally to construct a flame speed in a bomb: (1) the
flame radius evolution R(t) and (2) the bomb pressure P(t). Most existing methods use
one of these two quantities (or the two) to deduce flame speeds’.

Assuming that R(t) and/or P(t) are available, two independent steps are then required

'Recent methods using direct flow and front speed measurements have begun in the last two years
[100] but they are not discussed here.
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FLAME FRONT

| DOMAINLMIT

Figure 3.1: Generic configuration for a spherical flame in a bomb.

to obtain flame speeds:
STEP I: the instantaneous flame speed must be obtained from R(t) and/or P(t),
STEP II: since a spherical flame is a stretched flame, the speed which is measured in
STEP I is not the unstretched laminar flame speed s but a stretched flame speed
sr(k) where k = 2/R dR/dt is the instantaneous flame stretch. Therefore a model
for sz (k) is needed to obtain s9. This model is usually based on a Markstein-type
correlation [98, 101, 102], for example the linear expression:

sp(k) =8 — Lk (3.1)

where £ is the Markstein length which becomes an additional unknown quantity to
determine [103]. In the past five years, other expressions have also been proposed
to replace Eq. 3.1 (mostly based on the non linear form of s, advocated by Kelley
and Law [104] and the Orléans group [98]).

This work does not discuss STEP II and focuses on STEP I. During this step, ap-
proximations between the various flame speeds characterizing a front are utilized and the
present work shows that they can have a direct impact on the result. Indeed, the only
speed which is unambiguously measured in a bomb is the flame speed of the front relative
to the burnt gases s,(k) = dR/dt because the burned gases do not move.

Obtaining a relation between s,(x) and s (k) is a delicate task because it requires
well chosen assumptions. A classical, albeit approximate, relation used in multiple recent
studies is:

sp(k) = 22sy(k) (3.2)
pu
where pj is the density of the burnt gases and p, that of the unburnt gases.
In addition to stretch, other factors modify the flame speed in a spherical explo-
sion [104, 98, 105, 106]:
1. In the early stages, the energy of the spark modifies the burnt gases temperature
as well as the flame speed.
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52 Chapter 3 : Laminar flame propagating in a spherical bomb

2. Curvature effects induce preferential diffusion phenomenon (for non unity Lewis
number) which also influence the evolution of the flame and the burnt gases tem-
perature. In Eq. 3.2, most authors recognize that s, depends on stretch but neglect
the influence of stretch on p,. However, the burnt gases density, like the burnt
gases temperature, is affected by stretch too. And even if this effect is smaller
than the effect of x on sy it must be taken into account.

3. For large radii, the confinement of the flame in a closed vessel influences p, and
pp and therefore changes the flame speed.

The objective of this chapter is to revisit the formulation of Eq. 3.2 and to propose theo-
retical expressions for the consumption flame speed that alleviate the problems of Eq. 3.2.
The derivations are presented in Sec. 3.2 and Direct Numerical Simulations (DNS) are
conducted in Sec. 3.3 where the formulae can be compared to the true consumption speed
based on the integral of the reaction rate [20] in the case of a cylindrical flame. All deriva-
tions are performed in two cases (see Fig. 3.2): (1) INF where the flame propagates in an
infinite medium, confinement effects do not exist and curvature effects due to non-unity
Lewis number can be isolated, and (2) BOMB where the flame propagates in a closed
bomb where both curvature and confinement affect the burnt and fresh gases density.

- OUTLET (INF)
‘ ~ . or
& i WALL(BOMB)
N
\\
FRESH \

GASES ‘

\
i

SYMMETRY

Figure 3.2: Configuration for expanding flames.

3.2 Theoretical results

Deriving an expression for flame speeds in a spherical or cylindrical flame (cf. Fig. 3.1) is
a complex exercise [104, 107, 108, 109]. It is presented here without invoking an infinitely-
thin-flame assumption. The formulae for the consumption flame speed presented in this
work are based on the conservation equation for the species. The definition of the con-
sumption flame speed in a spherical flame is obtained from the integral of the reaction
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rate  of one species k (fuel or products for example):

1 Ro 2
.= 3.3
TR ), 3

where p, is the fresh gases density, Y;* and Y are the mass fraction of species k in

the fresh and burnt gases respectively and Ry is the integration boundary? (Ry > R).
Since ; can not be measured experimentally, other indirect expressions are required for
Sc. They can be derived by starting from the conservation equation of species k (see
Eq. 1.4):

ot

+V(pu+ Vi)Y = (3.4)

Vi is the diffusion velocity of species k:

VX,

Vi=-D
k ka

+V, (3.5)

where V. is the correction velocity to ensure mass conservation (see Eq. 1.9). Integrating
Eq. 3.4 over the control volume (0 7 Rp) yields:

d M, ) Ho )
5 + 4T R5puYr(r = Ro)[u.(r = Ro) + Vi (r = Ry)] = pdmradr (3.6)
0

where M, is the total mass of species k in the domain: M, = fv pYrdV . The second left
hand side term represent the flux of species k leaving the domain at » = Ry. Including
the definition of the flame speed s. (Eq. 3.3) in Eq. 3.6 gives:

dM,
7‘“ + 47 R2p,Yi(r = Ro)[u,(r = Ro) + Vi r(r = Ry)] = 54T R?p, [V — Y] (3.7)

To obtain an explicit relation linking s. to R, the second left hand side term in Eq. 3.7
must be cancelled. So the optimal choice of the species k depends on the configuration:

In a hypothetical infinite medium (INF configuration) w,.(r = Ry) > 0. But if a
product is used (Y,(r = Ry) = 0), as long as the flame has not reached the position
r = Ry the second term on the LHS of Eq. 3.7 is also cancelled.

In a closed vessel (BOMB configuration) u,(r = Ry) = 0 and Vi .(r = Ry) = 0, so
that any species can be used in Eq. 3.7.

At this point in the derivation a consumption speed has been defined but no as-
sumptions were made. The idea is now to link M} to the flame radius R in order to
get an expression for s. that is accessible to experimental measurements. Two cases are
distinguished depending on which species k is used:

2Ry goes to the infinity for the case of a flame propagating in an infinite medium.
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54 Chapter 3 : Laminar flame propagating in a spherical bomb

1. A product (k = p): a flame radius R, based on the mass of products is defined
as:
M,

p 3.8
%PbYZ’ ( )

3
R, =

where Y;,b is the mass fraction of the product (e.g. COgz) in the burnt gases and
py is the burnt gases density (averaged spatially between r = 0 and r = R,).
Eq. 3.8 does not imply that the flame is thin: the mass of products M, is defined
unambiguously and R, is the equivalent” radius of a sphere containing this mass.
Combining Eqgs. 3.7 and 3.8 to eliminate M, yields:

podlty Ty dpy

3.9
pu dt 3py dt (39)

Y
S =

where the product mass fraction Y;f’ is supposed to be constant. Eq. 3.9 is derived
without assumptions on the domain where the flame propagates: it can be used
in a bomb of any size or in an infinite domain [110].

In a simulation Eq. 3.9 can be used directly because py, p, and R, can be measured.
In an experiment, however, assumptions on p, and p, are required. The most usual
is to suppose that densities are constant (in space and time). Thus, it is generally
assumed than p, remains equal to its initial value (neglecting confinement effects,
as expected if the bomb is sufficiently large). And pj is obtained by assuming that
its value does not vary with r from 0 to R, and is equal to the burnt gases density
at equilibrium p;? so that Eq. 3.9 leads to:

il _dR,
pu(t =0) dt

p expe __
Se

(3.10)

which is the expression used in most studies?® .

2. The fuel (k = f): in an infinite domain, fuel can not be used in Eq. 3.7 because
its flux is not zero at r = Ry. However, in a bomb where u(r = Ry) = 0 and
Vi(r = Rg) = 0, fuel can be used in Eq. 3.7 leading to a formulation given by
[111]. In this case, the radius of the flame based on the mass of fuel is defined by
4.

M
3 _ p3 f
3 Puly
3Note that an intermediate formulation could be s¢*P%2 =/ dR,/dt if a good approximation

can be found for ;. We tested this solution but it shows that in Eq. 3.9 a good evaluation of both
and d p/dt is important. In practice, even if this solution had worked in the DNS where we can have
access to p, it would have been di cult to use in an experiment since  is hardly measurable. sP-¢*P¢:2
is not discuss anymore in this work.

4The present derivation is valid for lean flames and is based on the fuel balance. For rich flames, a
similar derivation based on oxygen leads exactly to the same expression
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where Y} is the mass fraction of the fuel in the unburnt gases, which is constant.
Combining Eqgs. 3.7 and 3.11 yields:

de B R% — R?i%
dt 3R;  pu dt

sh = (3.12)

Assuming an isentropic compression for the fresh gases which is a very reasonable
approximation here, one has (1/p,)dp,/dt = 1/( ., P) dP/dt, where . is the ratio
of the heat capacities in the fresh gases. Equation 3.12 is then recast into:

dR; R}—R} 1 4P
dt  3RZ Pt

sh = (3.13)

Note that Eqgs. 3.10 and 3.13 are very different: Eq. 3.13 includes no density ratio
in front of dRy/dt which suggests that the pressure term dP/dt is important. Both
expressions use a flame radius which is defined differently. For Eq. 3.10, the flame radius
R, is defined from the mass of products while for Eq. 3.13, the flame radius R is obtained
from the mass of fuel. In practice, experimentally, the flame fronts are thin and it is
probably impossible to distinguish R, and R; which are both equal to the observed flame
radius R. In other words, an infinite thin flame assumption is implicitly done when post
processing experiments. Eq. 3.13 can be used in bombs but not in an infinite medium. It
has been previously derived [108, 107, 111] but it does not seem to be used, even though
it is directly accessible in an experiment because it requires only Ry and P versus time
as input data. It will be shown in Sec. 3.3.2.c using DNS that Eq. 3.13 is insensitive to
curvature and confinement effects, unlike Eq. 3.10.

3.3 Validation with numerical simulations

Direct Numerical Simulations are performed using the AVBP code [53, 112, 113] with a
third-order (in space and time) scheme called TTGC [52]. Flames are ignited using the
procedure presented in Sec. 1.6.2.

The definition of the true consumption speed, given in Eq. 3.3, can not be used in
an experiment but can easily be computed from a DNS. Egs. 3.9, 3.10 and 3.13 are
compared here with the true consumption flame speed s, defined by Eq. 3.3. All flame
speed expressions derived in Sec. 3.2 are summarized in Tab. 3.1.

In order to address both confinement and Lewis number effects, two simulations with
different fuels are conducted: a lean methane/air (Lecy, = 0.996, = 0.8) flame and a
lean octane/air flame (Lecym,, = 2.78, = 0.8). The Lewis number compares ther-
mal diffusion Dy, to the diffusion coefficient of species k, Dy (see Sec. 1.3.2). The
thermodynamic conditions for all simulations presented in this chapter are = 0.8,
Py, = 101325 Pa and Ty = 323 K. In these conditions, the thermal flame thickness, de-
fined by 6) = (T, — T,)/ max (dT'/dr) is 0.43 mm for octane and 0.51 mm for methane.

Three configurations are also compared. First, a one-dimensional configuration is
computed to mimic the propagation of a planar flame in an infinite medium. Then, two
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Symbol Name Expression Validity
. R
5 True consumption Se = W 0 O ridr Definition
¢ speed (Eq. 3.3)
Speed based on P
sP conservation of burnt | s = 2+ 4 Frdy (Eq. 3.9) Bombs 01." infinite
¢ gases ¢ wdt 3w dt medium
d based
Spee pasec ot Bombs of very
» cape conservation of burnt D expe “ 4R, .
K gases & constant Se = =0 a (Fa310) large size or
e . infini i
densities assumption infinite medium
RS_R3
of Speed based on fuel sf = % — ?,)R? : ulp% Bombs only (of
¢ conservation (Eq. 3.13) any size)

Table 3.1: Consumption flame speed expressions in laminar deflagrations. Ry is the radius of
the spherical bomb. R, R, and R; are evaluations of the flame radius. zq is the burnt gases
density at equilibrium.

cylindrical configurations are tested: the first one mimics the propagation of cylindrical
flames in an infinite medium (called INF) while the other one corresponds to ignition in
a closed vessel (called BOMB).

3.3.1 One-dimensional propagation

First, a one-dimensional simulation of a laminar premixed flame is performed to study a
flame propagation with no curvature and confinement effects.

3.3.1.a Numerical con guration

A one-dimensional propagating flame is considered to mimic the propagation of a planar
flame. The sketch of the configuration is presented in Fig. 3.3. Only octane is used in this
configuration (Lecym,s = 2.78) and the flame propagates from left to right. The length

X symmetry

outlet

St

fresh gases

symmetry

Figure 3.3: Sketch of the one-dimensional configuration.

of the domain is 4 cm and the cell size is 20 um to ensure that the flame front is fully
resolved: 20 points in the thermal flame thickness (6 = 0.43 mm for octane). The left
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3.3 Validation with numerical simulations 57

boundary is a wall and the right one is a non reflecting outlet [114]. This configuration
looks like a spherical propagation because the velocity of the burnt gases is zero. However
there is no curvature effect because the flame is flat (one-dimensional) and there is no
confinement because the right boundary is an outlet which mimics an infinite domain
(pressure does not go up). The flame is initialized with a burnt gases kernel (note that
the velocity profile is not initialized here: it is set to zero in the whole domain). The
temperature of the burnt kernel is the adiabatic flame temperature. We will see that
this temperature plays an important role in turbulent case (Sec. 7). For laminar flames,
its influence was not tested to avoid the introduction of an additional parameter. This
simplification is justified if the spark energy remains small to avoid overdriven® flames
where the initial kernel is warmer than the adiabatic flame temperature.

3.3.1.b Results

Figure 3.4 shows temperature profiles along the x-axis at several times when the flame
propagates. Figure 3.4 confirms that if the flame is flat (not curved), non unity Lewis
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Figure 3.4: Temperature profiles versus the flame radius R when the octane / air flame

propagates. Initial solution (T = Tyg) ; ---- Temporal evolution: time varies from ¢ = 0
to t = 20 ms by step of 2 5 ms.

effects do not appear and the burnt gases temperature remains constant and equal to the
adiabatic burnt gases imposed in the initial kernel.

As a result, Fig. 3.5 displays the consumption speed versus time®. If there is no

5In a one-dimensional framework, Eq. 3.3 writes s, = W - kdz and Eq. 3.10 writes
ul Yy =Xy
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Figure 3.5: Normalized consumption speed versus time for an octane/air flame in a config-
uration without compression and confinement with SOLC8H18 = 0264 m/s. sec (Eq. 3.3) ;
-4~ sE P (Eq. 3.10).
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confinement and curvature effects, the classical relation Eq. 3.10 predicts very well the
true consumption flame speed Eq. 3.3 (even for non unity Lewis fuel).

3.3.2 Cylindrical con gurations

Simulations of spherical flames are presented here. First the two numerical configurations
(BOMB and INF) are presented then results are discussed.

3.3.2.a Numerical con gurations

A cylindrical flame propagating in a domain of size Ry = 10 cm is considered (Fig. 3.2).
When non reflecting boundary conditions [114] are used at r = Ry, the configuration
mimics an infinite medium where pressure is constant (INF configuration). If a wall is
setup at r = Ry, the configuration corresponds to a closed vessel (BOMB configuration).
Table 3.2 summarizes these two configurations. Using symmetry boundary conditions,

Case Boundary conditions at r = R, Expression
INF Non reflecting outlet at P = F Infinite medium, constant pressure
BOMB u=20 Bomb of radius Ry, pressure goes up

Table 3.2: Computed configurations: in real systems, only the BOMB case can be tested but
in simulations both can be computed.

only a quarter of the bomb is meshed. The grid is refined within a radius r < 30 mm from
the center with a cell size = 25um to ensure that the flame front is fully resolved: 17
to 20 points in the thermal flame thickness () = 0.43 mm for octane and §) = 0.51 mm
for methane). As suggested by Bradley [110], the time interval used for plots corresponds
to phases where the flame has grown enough (R > 5.5 mm) to have forgotten initial
conditions but is still small enough compared to the size of the bomb (R < 26.5 mm) to
avoid wall effects and remain perfectly spherical. The flame is initialized by introducing a
sphere of burnt gases of radius 1 mm. As presented in Sec. 1.6.2, temperature, density and
species mass fractions come from a previous computation (CANTERA) and the velocity
profile is initialized following the relation Eq. 1.91.

3.3.2.b Curvature effects only: cylindrical flame in an in nite medium

Numerical simulations are performed now in an idealized spherical case (INF configura-
tion) where there is no compression in order to study the impact of the curvature effects
only. This is achieved by using a non reflecting outlet boundary condition [114] (cf.
Fig. 3.2) at r = Ry. Thus, pressure, fresh-gases temperature and density remain con-
stant. In this configuration, there is a flux of fresh gases through the boundary r = Rq so
that Eq. 3.9, based on the conservation of the product species is used. Equation 3.13 can
not be used in the INF configuration. Consequently, Fig. 3.6 presents the comparison of

eq
spempe = - ‘(’1?:0) dji” where X, is the position of the flame according to the mass of product.
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Figure 3.6: Normalized consumption speed versus stretch for a configuration without compres-
sion (INF) with S%CH4 = 0255 m/s and 50LC8H18 =0264 m/s: sc (Eq. 3.3) ; -49- sk ¢
(Eq. 3.10) ;O st (Eq. 3.9).
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3.3 Validation with numerical simulations 61

Eq. 3.9 and Eq. 3.10 with the true consumption flame speed s, (Eq. 3.3) for both fuels.

Equation 3.9 matches the true consumption speed for both fuels. Moreover all curves
extrapolate to s at x = 0. Interestingly, the simplified expression used by most authors
(Eq. 3.10) shows a different behavior for the two fuels: while for methane it matches the
true consumption speed, except in the very early times, for octane, there is a clear gap
between the two curves. In other words, Eq. 3.10 does not predict the correct stretched
flame speed for the octane / air flame. This phenomenon is due to a Lewis number effect.
Unlike the planar flame of Sec. 3.3.1.b, the present flame is stretched and this affects
the burnt gases temperatures. When the flame is stretched, the burnt gases temperature
is not equal to the adiabatic burnt gases temperature 7,4. Figure 3.7 displays various
temperature profiles versus radius r when the octane / air flame propagates. Shortly
after ignition, the maximum temperature drops from equilibrium 7,4, = 2051 K to about
1840 K. When the flame propagates, the temperature goes up again and comes back to
T,q at the end of the simulation. These changes are due to stretch: like the flame speed,
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Figure 3.7: Temperature profiles versus the flame radius R when the octane / air flame

propagates . Initial solution (T} = T,q) ; -==-- Temporal evolution: time varies from ¢ = 0
tot =17 5 ms by step of 2 5 ms.

the adiabatic flame temperature is influenced by stretch and this effect has been analyzed

in the literature [115, 116]. The relation between the burnt gases temperature 7, and
stretch & is:

Ty — Ty 1 D
L SN 3.14
Tad <L€ ) 02"<U ( )

61



62 Chapter 3 : Laminar flame propagating in a spherical bomb

where Le is the Lewis number of the limiting reactant and D a characteristic diffusivity.
For the methane / air flame since Lecgs = 0.996, Ty is almost insensitive to stretch so
that p, is close to its equilibrium value and Eq. 3.10 is close to the true flame speed
(Fig. 3.6(b)). This result is similar to the result obtained in Sec. 3.3.1.b where the flat
octane/air flame propagates (no confinement and no Lewis effect because the flame is
not curved). On the other hand, for octane (Lecsgmis = 2.78), T < T,q so that p, > pi?
leading to an underestimation of s.(x) in Fig. 3.6(a) by 2 to 3 %. To compare Eq. 3.14
and simulations, a temperature that represents fairly the burnt gases temperature for a
given stretch must be defined. The maximum temperature 7;"** seems to be reasonable,
as presented by Fig. 3.8. Here, the characteristic diffusivity D used is the fuel molecular
diffusivity in the fresh gases D}. Figure 3.9 presents the comparison of Eq. 3.14 and results
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Figure 3.8: Definition of T;"** using the temperature profiles versus flame radius r.

obtained in methane and octane air flame simulations. A good agreement between theory
and simulation is found: it confirms that the burnt gases temperature (and therefore the
burnt gases density in Eq. 3.10) is not constant and changes with stretch if the Lewis
number is not equal to unity. Figure 3.9 shows that for methane, Lewis effects are
negligible but not for octane. This explains why in Fig. 3.6, s?“¢ matches the true
consumption flame speed s. for methane (Le ~ 1) but not for octane (Le ~ 2.75).
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Figure 3.9: Normalized burnt gases temperature (7% —T},q)/Toq versus the flame radius R.
-£3- C8H18 ; -€5- CH4 ; Theoretical expression of Clavin and Williams (Eq. 3.14).

3.3.2.c Combined curvature and con nement effects: cylindrical flame in a
closed bomb

Figure 3.10 shows the evolution of the various expressions for the consumption speed®,
normalized by the unstretched laminar flame speed 59, versus stretch. Using the classical
expression Eq. 3.10 (open circles) one recovers the classical shape for the flame speed:
fairly linear at high stretch (small radii) but bent downward for lower stretch (large radii).
However, the true consumption speed based on the integral of the fuel consumption rate
(Eq. 3.3, solid line in Fig. 3.10) does not show a reduction as the flame grows. In the
present configuration, for x < 150 s~!, the departure between Eq. 3.3 and Eq. 3.10 is
significant (~ 8 % at low stretch).

The reason why Eq. 3.10 is not right here is that it uses the approximation py = puq-
Figure 3.11 displays the time variation of p, is the BOMB case for octane and methane.
As expected:

for methane, at small times, curvature effects have no influence on p,. At later
times, curvature effects decrease but confinement effects appear: pressure goes up
and so does pp, an effect which is ignored by Eq. 3.10.

SEquations 3.9 and 3.13 are derived for a spherical flame but it is straightforward to modify them

o . dR R

for a cylindrical flame. In this case Eq. 3.9 becomes s? = Z—b - + ﬁ% and Eq. 3.13 becomes
u u

of — Ry _ RO-R} 1 ap

c T dt 2Ry v P dt”
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Figure 3.10: Normalized consumption speed versus stretch in a closed bomb (BOMB) with
9 M — 0255 m/s and s ¥ = 0264 m/s - se (Bq. 3.3) ; -2~ s (Eq. 3.10) ;
O £ (Eq.3.9); sl (Eq.3.13)

64



3.3 Validation with numerical simulations 65

1 15; Curvature effects Confinement effects |

A
v
A
v

11

Py/Pag

1.05

0.95 e o e

Figure 3.11: Normalized burnt gases density j/ .4 versus time. ---- C8HI8 ; -+ CH4 ;
isentropic compression (P/ , b =cste).

for octane flames the situation is not better: curvature effects lead to an increase
of py at small times and confinement effects only make it worse at later times.

The standard procedure with such data is to extrapolate the linear portion of the
curve towards k = 0. As illustrated in [104] (their Fig. 5), the length of this linear
portion is greatly influenced by the size of the apparatus, i.e. by confinement. This
sensitivity affects the precision of the extrapolation procedure, as shown in [106] using
both linear and non-linear methods. However, the consumption speed s? (Eq. 3.9, open
squares in Fig.3.10) does not match exactly the true consumption flame speed s, (Eq. 3.3)
at large stretch. This can be explained by the difference between R; and R,, especially
when the flame is very small. Indeed, replacing R, by R; in Eq. 3.9 leads to a better
result. In practice, s? is not used in an experiment because dp,/dt is not easily accessible.
Conversely, the consumption speed s/ based on the conservation of the fuel (Eq. 3.13)
is can be measured and is unaffected by the confinement as shown in Fig. 3.10. This

expression matches perfectly the true consumption flame speed s..

For methane, in the early development of the flame x > 150 s7!, s/ does not seem to

match the true consumption speed because the pressure increase is very small initially.
At later times (the region in which we are interested and where stretch is smaller) the
accuracy of Eq. 3.13 is very good as shown in Fig. 3.10.

Note that the simulations of Sec. 3.3.2.b and 3.3.2.c were conducted in a 2D con-
figuration. In a cylindrical flame, the pressure increase is stronger than for a spherical
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66 Chapter 3 : Laminar flame propagating in a spherical bomb

flame so that confinement effects are overestimated in the present simulations. The first
consequence is that for a spherical bomb with the same radius Ry, the diminution of s, at
low stretch would be less pronounced. Nevertheless, even with an exaggerated pressure
increase, Eq. 3.13 is more precise than the classical formulae, which can only improve the
accuracy of the extrapolation method. The second consequence is that even at moderate
flame radii, the pressure and temperature increase in the fresh gases changes the flame
speed. This is particularly striking for the methane flame in Fig. 3.10(b) as the normal-
ized consumption flame speed exceeds unity at x < 70 s~! because the fresh gases are
not in the nominal conditions any more. This peculiarity of the cylindrical flame does
not affect the conclusion about the precision of Eq. 3.13 versus Eq. 3.10.

3.4 Conclusion

This chapter has discussed the post-processing methods of flame radii, obtained from
spherical flames in bombs, to deduce laminar flame speeds and Markstein lengths. These
experiments raise difficult questions [104]: when the flame is too small, it is influenced
by curvature and non-unity Lewis number effects; when it is too large, it is affected by
the confinement effect of the bomb. In the present work, the limitations of the classical
formula used experimentally to construct flame speeds from flame radius measurements
(s = pv/pu dR/dt) are discussed.

Two expressions for the consumption speed were derived from the conservation equa-
tion of the species, without the assumption of an infinitely-thin flame front. The first
one:

o Py | By dpy

© py dt - 3p, dt
is the generalization of the classical formula that accounts for the temporal evolution of
the density in the fresh and burnt gases. Because this formula requires the mean burnt
gases density as an input, a quantity which can not be measured in experiments, another
expression using only the flame radius and the pressure inside the bomb (two quantities
which are directly measured):

dR; Ry—R} 1 dP
dt 3R P dt

of =

is presented (existing in the literature [111] but seldom used).

A cylindrical flame computed with DNS was used to evaluate the precision of these two
expressions for the consumption flame speed. In a configuration where confinement effects
do not exist (propagation in an infinite medium where pressure is rigorously constant but
never happens in experiments),

gPexpe — qu %
¢ pu(t =0) dt
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incorrectly predicts the flame speeds for non-unity Lewis number (octane) but performs
correctly for methane because Lewis number is close to unity in this case. In a second
configuration, corresponding to a bomb, results show that sfP¢ incorrectly predicts
flame speeds for both octane and methane / air flames because the burnt gases density
increases with pressure (in addition to curvature effects for octane) while s/ captures the
correct consumption speeds. Since s/ only requires the knowledge of R(t) and P(t), it is
simple to use experimentally and the present work suggests that it is a good candidate
for a more precise determination of the flame speeds.

The main difficulty of this method may be the measurement and treatment of the
pressure signal because the pressure increase in a large bomb may be difficult to measure
accurately and to post process to obtain the pressure derivative required in s/. The
experimental measurement of the flame radii Ry and R, is not possible but these radii
are very close, except at the very early stage of propagation. Assuming R(t) = Ry = R,
should have a limited impact on flame speed definitions.
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Chapter 4 : Implementation of an Immersed Boundaries Method in AVBP

There have been quite a few numerical studies dedicated to turbulent flame propaga-
tion in isotropic turbulence. Such DNS or LES are usually performed in cubic boxes
where turbulence is introduced at t=0 assuming a given spectrum for the fluctuations.
In the ICAMDAC project, it was decided to try a more ambitious strateqy where the
turbulence itself would be computed and not arbitrarily imposed at the initial simu-
lation time. In other words, the complete bomb with the fans had to be computed
before ignition to propagate the flame in a realistic turbulent flow. This required a
complete shift in DNS paradigms: instead of using a cubic box with high-order com-
pact schemes [117, 118, 119] or spectral methods [120, 121] and an ad-hoc initial
condition for turbulence, an unstructured mesh solver had to be used, incorporating
the sixz fans in the bomb and therefore representing a much more difficult numerical
challenge. The first step for this challenge was to identify a code and we chose to use
AVBP [53, 112, 113] because it offered high-fidelity schemes together with unstruc-
tured mesh capacities. The second step was to choose a mesh movement strateqy since
the movement of the six fans had to be explicitly captured. At this point, the ALE
(Arbitrary Lagrangian Eulerian) [78, 122, 53] strategy available in AVBP for piston
engine LES [5, 74] was discarded because it was not adapted to fans and two other
strategies were evaluated. The first one is based on Immersed Boundaries Methods
(IBM) and is described in this chapter. First the method implemented is presented,
then academic test-cases of growing complexity are performed. Finally, the method
15 tested on a one-fan isolated test-case where results are not satisfactory. The sec-
ond strategy is called MISCOG (for Multi Instances Solver Coupled on Overlapping
Grids). Initially developed at CERFACS [123, 124, 125] for turbomachinery simula-
tions, it is the method which proved to be the most precise for our simulations and it
will be discussed in Chapter 5.

I would like to acknowledge Dr.  Antoine Dauptain and Dr.  Olivier Ver-
morel from CERFACS for their help when I worked on IB. Thanks to
their knowledge of the AVBP code sources and their scientific background
in the IB field, they gave me wvery precious advices to develop the method.

4.1 Introduction to Immersed Boundaries Methods

In traditional CFD, a flow domain is first discretized (meshed) and boundary conditions
are applied to the domain boundaries (typically inlet/outlet or walls). As long as bound-
aries do not move this approach is very efficient. But fluid-structure interactions, piston
engine or turbomachinery computations (this list is non-exhaustive) require to deal with
moving boundaries. As presented in Sec. 1.7, one approach to handle moving boundaries
is to use Immersed Boundaries Methods (IBM). Meshes are generated over the whole
domain and do not have to match the shape of the moving body. The body boundary
conditions are introduced later into the governing equations via forcing terms. Figure 4.1
shows an example for a standard Body-Conformal (BC) mesh and an IB representation
of an ellipsoidal shape.
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4.1 Introduction to Immersed Boundaries Methods 71

(a) Standard Body Conformal ap- (b) Immersed Boundaries Method.
proach.

Figure 4.1: Comparison of the Immersed Boundaries Method (IBM) to the classic Body
Conformal (BC) approach.

The approach which consists in decoupling the mesh generation from the body ge-
ometry makes the method particularly interesting for complex and moving geometries.
Indeed, the mesh does not move nor deform and only one mesh is needed. This is a very
interesting point in terms of complexity meshing time. That is why the implementation of
an IBM method in the AVBP code seems very attractive to compute the flow generated
by fans.

IBM were first introduced by Peskin in 1972 [126] to simulate the flow inside the
beating human heart. So far, IBM have been applied to a wide range of applications:
compressible [127, 128] particulate flows [129], micro-scale flows [130], interaction with
solid bodies [131], conjugate heat transfer [132], environmental flows [133] or bio-fluids
[134]. However, only a small number of studies have been published for cases with high
Reynolds numbers. All these techniques differ essentially by the formulation of the forcing
term. The introduction of a forcing function leads to a division of IB methods into two
groups [135], namely direct (or discrete) forcing or continuous forcing.

1. Direct forcing method: This approach consists of an imposition of the velocity
boundary conditions on the immersed surface: the forcing term is computed so
that it directly compensates for the differences between the calculated velocities
and the desired velocities on the IB.

2. Continuous forcing method: This approach consists in adding a source term in
the right-hand-side term of the Navier-Stokes equation to force the fluid velocity
at the boundary position to be equal to the boundary velocity.

A review on immersed boundary methods for solid surfaces can be found in [136]. In
this work an IBM based on a continuous forcing method was implemented (based on the
initial development of A. Dauptain and O. Vermorel at CERFACS) in the AVBP code.
The formulation of the source term used is the one proposed by Goldstein in 1993 [137].
More recently, Saiki and Biringen [138] applied this method to simulate the flow past a
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cylinder. This method is implemented on the basis of the Lagrangian module introduced
by M. Garcia [46] in 2009: indeed, many features required to implement an IB technique
can be obtained from the Lagrangian modules of AVBP initially developed for droplets
and described below.

4.2 The Lagrangian module in AVBP

To deal with two-phase flows using a Euler-Lagrange approach, a Lagrangian module
was implemented in 2009 by M. Garcia [46] in the AVBP code. This Lagrangian module
includes:
a specific data structure. Two arrays are dedicated to particles depending on their
data type: integer or real. The integer data type contains the particle identifier, the
processor number containing the particle, the cell number containing the particle
and the kind of particle (solid, liquid). The real data type contains the particle po-
sition (x,, y, and z,), the particle velocity (u,, v, and w,), the particle temperature
T, and its radius r,,
an efficient algorithm to locate and track the particles (based on neighbor to neigh-
bor approach),
an algorithm to find gas-phase properties at the particle position (in general, the
particle position does not match with a grid node). This data is obtained by
interpolating the gas-phase variables at the vertices of the cell that contains the
particle using Taylor series, Linear Least Square or Lagrangian polynomials.
two-way coupling. The flow can modify the particles behavior and the particles
can modify the flow.
In Lagrangian two phase flow modeling, the filtered Navier-Stokes equations (see Eqgs. 1.49
- 1.52) can be modified to take into account particles and droplets mass, momentum and
energy exchanges with the gas. This is done by adding to the right-hand side of gas
equations, the corresponding source terms, p,, Fp,;, ¢, and S, for mass, momentum,
energy and species equations, respectively:

% + 61 (pui) = pyp (4.1)
82?- + %(ﬁuiuy‘) = —%(F&ij —Tij = Tij) + Fpi (4.2)
ag_er%(ﬁEuj) - _%[M+qj+q§]+_T+@r+Qp (4.3)
agf’“ + %(muj) = —a%j[jjk + T+ T Spi (4.4)
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During this thesis, the IBM has been developed to mimic adiabatic no-slip walls. Thus,
all terms with variations in the particle mass are zero. This leads directly to:

pp=0 and Spr=0 (4.5)

In two-phase flow modeling the F,,; term is the fluid-particle interaction force (taken into
account through drag force). But this source term can easily been modified to introduce
the source term proposed by Goldstein [137]. Note that F),; is a volume force expressed
in [N/m?]. The term added in the energy equation (Eq. 4.3) Q, writes Q, = F}, ;u;.

4.3 Implementation of the Immersed Boundaries
Method

The implementation of the Immersed Boundaries Method (IBM) in the AVBP code is
based on the Lagrangian module developed by Marta Garcia [46] for the treatment of
two-phase flows. Figure 4.2 shows how a wall can be modeled by Lagrangian particles on
an eulerian mesh. To define a wall, each eulerian cell must have at least one particle to be
airtight. In this thesis, it was decided to put Lagrangian particles only on the skin of the
solid part to save Lagrangian particles (calculations with a large number of Lagrangian
particles requires more memory and increases the CPU cost of the simulation) but it
could also be possible to add particles within the solid part. The wall can be motionless
or at a known/imposed velocity up. Then the objective is to set the fluid velocity at the
position of the particle urap equal to up. In practice, the fluid velocity is not imposed at
the exact position of particles but at the grid nodes surroundings particles.

LES
mesh size A

« Lagrangian
” particles

Nodes where —|
@ source term
is scattered

Solid

domain |
| |

Figure 4.2: Modeling of a wall with Lagrangian particles. Particles are only located on the
wall but could also be added within the solid part.

73



74 Chapter 4 : Implementation of an Immersed Boundaries Method in AVBP

Lagrangian source term

Various formulations can be used for the fluid-particle interaction force Fj,;. During
this thesis a feedback forcing, first proposed by Goldstein et al [137], was implemented.
The expression for the source term in the eulerian momentum equation (Eq. 4.2) at node
m writes:

1 a
Fyi= fi Wiy, =) (4.6)

- NP Wi, a)

n=1

where N, is the number of particles, f/* is the fluid-particle interaction force on a single
particle located at z] and W is the projection weight of the Lagrangian force onto the
grid node m. The weights in the projection operation are constructed to be inversely
proportional to the distances d; between the particle and the nodes of the cell containing

the particle:
1/d;
W; = N/—ldeP (4.7)
k=1 / k

where j is the index of the cell vertex and N is the number of vertices of the cell. Figure
4.3 sketches the coupling force exerted by a particle on the fluid and its projection onto
the grid nodes. The source term in the energy equation yields:

Qp —= Fp Zup’b (48)

node 3
W, | W,
N &S
\\ d" -‘//
R e e
V4
d, - W~ fl:
”~ & p T
W, W,

Figure 4.3: Example of projection of a particle two-way coupling contribution into the vertices
of a quadrilateral cell

The formulation of the forcing term f* proposed by Goldstein [137] is:

t
[ = /ugi_uf@pidt,+ (uy; — upapi) (4.9)
0
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where usap, is the i-component of the gas velocity at the particle position.  and
are two case-dependent parameters. This feedback forcing is a straightforward feedback
of the velocity field at the particle velocity up. In the framework on control systems
theory, it is called a Proportional-Integral (PI) controller. One should think that using
concepts from linear control theory in simulations of turbulent and highly non-linear lows
would be difficult but we only need to control small regions of the flow where near-linear
responses might be expected. The first term in Eq. 4.9 with integral feedback is sufficient
to create a force field that will bring the flow to rest on the surface points: the force
increase (or decrease) with time to oppose the flow to go through the interface. But in
practice this integral controller is slow and a proportional controller (the second term
in Eq. 4.9) is added to handle fast variations which could occur in a turbulent flow. A
general description of possible forms for Eq. 4.9 is given below.
1. The proportional controller (P):

fi'= (uy; — usapi) (4.10)

Equation. 4.10 is a particular case of the feedback forcing (Eq. 4.9). Considering
the Navier-Stokes equation Eq. 4.2, if 0, the forcing vanishes and Eq. 4.2
recovers the standard Navier-Stokes equation. In contrast, if , the forcing
becomes dominant in the equation yielding the solution ufap = up. For 0 < <
, the forcing can be modulated to provide a momentum loss in a desired region,

thus simulating porous media.

2. The integral controller (I):

t
fi= /uZ,-—uf@pidt’ (4.11)
0

This formulation accumulates a force from zero to the force leading to ufrap = up.
Thanks to a system regulation analogy, this formulation is slower than the direct
forcing method but it has the advantage of giving a null static error. Like in the
proportional method, the forcing can be modulated for 0 < <
The problem with these formulations is the determination of the and coefficients.
The choice of this value is case dependent: if the values are too high, the source terms
become too big and the code crashes but if the values are two low, the source terms are
not sufficient and the wall is porous. So that the classical formulation of f* in Eq. 4.9
is not easy to parametrize in terms of and and a new formulation is proposed below.
The objective is to determine a new formulation for f/* which is easier to use than
Eq. 4.9. Typically the method should not depend on the mesh and the configuration.
The intensity of the source terms could be controlled by the user only by specifying a
relaxation time: the number of iterations needed to reach the equilibrium ufap = up. To
do this normalization, a simplified analysis is necessary. The equation really solved by
the code can be reduced to:

ou F,

— == 4.12

Par ~ v, (4.12)
where F), is a force expressed in Newton and V,, is the fictitious volume surrounding
each grid node m. The proportional and the integral formulation can be injected in F},.
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1. The proportional formulation (P)
The source term is F, = (u, —u). Injecting F,, in Eq. 4.12 yield:

ou

Par = V—m(up —u) (4.13)
Equation 4.13 is a linear ordinary differential equation of first-order with constant
coefficients. A trivial solution of this equation is:

u—u, =Aexp | ———t 4.14
= Ao (1) (114)
The ratio pV,,/ is the relaxation time 7p associated to the proportional corrector:

- (4.15)

Then 7p can be expressed as a number N of iterations : 7p = N t. Thus an
expression for  can be found:

_ PV

= 4.16
N 1 (4.16)
2. The integral formulation (I)
The source term is F, = fot u, —u dt’. A similar derivation for the integral
formulation leads to:
PV
=1z 2 (4.17)

where M is the number of iterations in the relax time associated to the integral
formulation 7 = M t.
Finally, the formulation for f* is the following (it replaces Eq. 4.9):
t
fir= % Uy — Ugapi + Afszth/o Uy — Upap dt’ (4.18)
where M and N are respectively the relaxation time, in number of iterations, for the
integral and proportional source term. N must be higher than one (the code can not
impose Ufap = U, in less than one iteration). Typically N € [2;10]. M must be higher
than one: the objective of the integral source term is to find the mean force to apply to
fluid to ensure the no-slip condition and must be slower™ than the proportional. Typically
M € [100; 1000].
To monitor the IMB, two quantities were added in the real data type array (presented
in Sec. 4.2) dedicated to particles:
the slip velocity at the particle position |ufap — up|. This quantity checks the
accuracy of the method and is a measure of the error since the objective is to get
Urap = Up
the Lagrangian source term f/*. It is important to verify that the N and M pa-
rameters allow f to remain in a reasonable range.
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4.4 Numerical strategy for the Immersed Boundaries

A robust numerical strategy to perform computations using IB is presented in this chap-
ter. This numerical strategy is employed for all simulations (using IB) realized in this
thesis. In order to evaluate the behavior of the IBM, a very simple computation with only
one Lagrangian particle translating at constant velocity in a stagnant fluid is performed.

A
particle \ particle
velocity ‘\ velocity
\ slip at
\ particle position
N
Time

Figure 4.4: Sketch of the numerical configuration used to developed the numerical strategy
to perform computations using IB.

It is expected that the slip velocity at the particle position goes to zero: the fluid
velocity goes from zero (stagnant fluid) to the velocity of the particle. In control systems
theory, this test characterizes the response of the fluid to a step. The response using the
P controller, the I controller or a combination of both are presented in this section.

4.4.1 The proportional controller (P)

First the computation is performed using only the proportional controller (P). Three
different values of N are tested: N =1, N = 10 and N = 100. M is set to infinity
(in practice M = 1.10?) to disable the effect of the I controller. Figure 4.5 presents the
results: as expected, the response time of the controller depends on the coefficient N (N
controls the response time). The proper trend is recovered: when N is increased the time
response of the P controller increases too. Moreover, one can see that the accuracy of
the P controller depends on N. When N = 100 the slip at the particle position is bigger
than when N = 1. So one would choose N = 1 but the problem is that when N = 1 the
source term at the first iteration is 100 times bigger than when N = 100. This overshoot
can lead to crash depending on the configuration. Moreover setting N = 1 always leads
to large oscillations of the source term because the history of the source term is not taken
into account when using a P controller.
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Figure 4.5: Lagrangian source term and slip at the particle position when using P controller
M= ). — N=1,; N=10;---- N =100

4.4.2 The integral controller (I)

The computation is now performed using only the integral controller (I). Three different
values of M are tested: M = 10, M = 50 and M = 100. N is set to infinity (in practice
N = 1.10%) to disable the effect of the P controller. Figure 4.6 presents the results
obtained. Once again, the response time depends on the coefficient M. But in this case,
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(a) Lagrangian source term f*. (b) Slip at the particle position |ufrap — up|.

Figure 4.6: Lagrangian source term and slip at the particle position when using I controller
(N= ). — M=10; M =50;---- M =100
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the slip at the particle position does not depend on the value of M. This is a typical
behavior for an integral controller. The source term is continuously adapted (thanks to
the integral formulation) to reduce the error between the instantaneous value of the fluid
velocity and the target. This controller is slower than the proportional controller but it
always reaches the target.

4.4.3 The proportional-integral controller (PI)

When using the PI controller, the computation is performed in two steps. First the I
controller is used to find the steady value of the source term needed to get ufap = up
without overshoot on the source term at the beginning of the simulation. Then the PI
controller is turned on with an infinite response time for the I controller (M = ) and
a very strong P controller (N = 1). Figure 4.7 presents the results. This methodology is

—1I controller
—PI controller

£
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_3]
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L

—I controller only ]
==PI controller — I contribution
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(a) Lagrangian source term f". (b) Slip at the particle position |ufap — Up.

Figure 4.7: Lagrangian source term and slip at the particle position when using I (N =
and M = 100) then PI (M =  and N = 1) controller.

very robust and can be applied to a wide range of applications (all further cases presented
later are performed using this methodology): there never are overshoots on the source
term. It combines the integral controller which finds the good steady state value at the
beginning of the simulation (in practice about 1,000 iterations are enough) then the PI
controller is turned on. The P controller is turned on with a response time equal to one
iteration N = 1 and the I controller is turned on with an infinite response time (the
objective is just to store the steady state value). The P controller can be set with N =1
because it just needs to add a ‘small contribution since the mean value is added by the I
controller. In other words, in a turbulent flow, the I controller get the mean value of the
source term (at the beginning of the simulation) and the P controller handles fluctuations
to ensure the no-slip condition at the particle position.
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4.5 Validation test-cases of the Immersed Bound-
aries Method

Various academic test-cases were performed to validate the IBM implemented in AVBP.
These test-cases are of growing complexity and the solutions obtained are compared to
analytical solutions or/and solutions obtained with the classic Body Conformal (BC)
approach.

4.5.1 Two-dimensional Poiseuille flow

The first test-case computed is a 2-dimensional Poiseuille flow. Lagrangian particles
mimic the channel walls. These two walls do not move. The flow goes from left to right.
To be able to compare the solution found to an analytic one, the flow remains laminar.
The sketch of the configuration is presented in Fig. 4.8. There are several particles in
each cell to ensure that no cell is empty which can lead to a leak through the wall.
The main characteristics of the configuration are summarized in Tab. 4.1. With a ratio

Symmetry

Inlet
m
1910

------- .

Symmetry

Figure 4.8: Sketch of the 2-dimensional Poiseuille flow configuration: within the domain
delimited by the Lagrangian particles a classical Poiseuille flow is expected. 0 Computational
domain j -+ Lagrangian particles.

e/L ~ 100, the channel can be considered as an infinitely channel. With a Reynolds
number Re = 130, the flow remains laminar. Table 4.1 summarizes the flow conditions.

e 1mm
Uinlet 2m S_l
L 93.4 mm
po | 1.807 10°kgm !s!
Re 130

Table 4.1: Main characteristics for the 2-dimensional Poiseuille flow.

Figure 4.9 presents a magnitude velocity field with a vector velocity field. Before
the inlet of the channel, the flow is uniform with an inlet velocity Uy = 2 m/s and
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a pressure P, = 101372 Pa. In the channel, at the Lagrangian particles position the
velocity is expected to be zero and maximum at the center. The analytical solution of

(o

A

T
(A

Axail Velocity [m/s]

= 1
1.60 2.40

0.8

Figure 4.9: Steady state velocity field: zoom at the inlet of the channel.

the axial velocity in a Poiseuille flow is well-known and can be expressed as:

u(y) = 4Umam% (1 - y> (4.19)

e

where U4, is the maximum velocity reach at the center of the channel. U,,,, writes:

3 3 [°
mar — §_Wv — & 0.z d 4.2
Unos = 5@ = 5 [ 2 dy (4.20)

@, is the flow rate calculated with the velocity found in the simulation. An analytical
expression can also be derived for the pressure gradient [139] along the x-axis:

0P 3 Qu

5= 2 (4.21)

Figure 4.10 plots analytical velocity and pressure profiles. A very good agreement
is found between the analytical and the IBM velocity profiles. The velocity at the La-
grangian particles is zero as expected (the mean value over all particles is 7.107% m/s and
the maximum value is 6.5.1072 m/s during all the simulation), the maximum of velocity
is recovered as well as the shape of the curve. The pressure drop is slightly overestimated
using IBM however the agreement is reasonnable.

4.5.2 Two-dimensional Couette flow

The second test-case is a 2-dimensional Couette flow. This configuration is based on
two co-axial cylinders. The inner-one rotates while the other remains fixed. Figure 4.11
presents the sketch of the configuration. This test-case is more complicated than the
Poiseuille flow because the particles of the inner cylinder move: they rotate. However,
this test-case is still laminar and steady. The main characteristics of the configuration
are summarized in Tab. 4.2. At this operating point, no Taylor-Couettte instabilities
are expected (the Taylor number is lower than 1700). The grid contains 18532 cells
(triangles). The analytical solution of this flow is known. The radial velocity u, is zero
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(a) Velocity profile. (b) Pressure profile.

Figure 4.10: Velocity profile. () Theoretical profile ; Immersed Boundaries Method

Noslip wall

Figure 4.11: Sketch of the 2-dimensional Couette flow configuration.
domain, ——  Lagrangian particles (to mimic a wall)

Computational
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R, 20 mm

R; 5mm

N 1500 rpm

po| 1.54 103 kgmts!

Table 4.2: Main characteristics for the 2-dimensional Couette flow

and the tangential velocity v is function of the radius r:

N7 if r € [0, R;] 199
— 2 > . :
E—ON—R;}R? <% — r) if r € [R;, R.] ( )

Figure 4.12 shows the comparison between the analytical velocity profile and the results
obtained with the IBM. A very good agreement between theoretical and numerical so-

0.8 A ‘
0.6 Zé x
- 04
£ f v%%
© 02

0% 5 10 15 20
r [mm)]

Immersed Boundaries

Figure 4.12: Tangential velocity profile. () Theoretical profile ;
Method

lutions is found. The shape of the curve is retrieved: from r = 0 to r = R; the curve
is linear then from » = R; to r = R., the curve is non-linear. Over all the particles,
the mean slip value is 5.5.107® m/s and the maximum value is 1.4.107® m/s during the
simulation.

4.5.3 Cylinder in a flow

A classical validation test-case performed to evaluate numerical methods is the cylinder
in a free stream. This configuration is widely studied experimentally and numerically in
the literature [138, 140, 141, 142, 143, 144, 145, 146, 147]. In this test-case the cylinder of
diameter D is fixed and a flow coming from left to right. Figure 4.13 presents the sketch
of the configuration. The results obtained with IB are compared both to the literature
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Figure 4.13: Sketch of the configuration computed

and to a classical’ computation called Body Conformal (BC). In the Body Conformal
approach the cylinder is meshed and a no-slip boundary condition is applied. Figure 4.14
shows the two different approaches. With the IBM, the flow inside the cylinder is resolved
too. This test-case is conducted at two operating points. First it is computed in laminar

(a) Body Conformal (b) Immersed Boundaries Method

Figure 4.14: Zoom on the mesh closed to the cylinder
regime at Re = 20 then it is computed at a transitional regime (where vortices start to

appear) at Re = 100. The main characteristics of the configuration are summarized in
Tab. 4.3. For practical reasons the Reynolds number is changed by modifying the fluid
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Re = 20 Re =100
D 2 mm 2 mm
I 101325 Pa 101325 Pa
Ty 300 K 300 K
Usiniet 10m s 10m s
L 1.17 103kgm™ts™t|234 107%*kgm™!s™!

Table 4.3: Main characteristics for cylinder case at Re = 100

viscosity rather than the inlet velocity.

4.5.3.a Laminar regime Re = 20

First a comparison between the Body Conformal approach and the Immersed Boundaries
Method is done in a laminar regime (at Re = 20). At this regime no vortex appears and
it is easy to compare velocity profiles. Table 4.4 compares the computational costs for
BC and IBM. The time step in BC is smaller than in IBM because the mesh is refined
near the wall but the computational times are almost the same. Figure 4.15 presents

Body Conformal | Immersed Boundaries Method
Cells (triangles) 521558 525392
Time step ~0.18 107 "s ~0.26 107 "s
CPU-time 17900 s 15000 s
Nb. CPU 128 128

Table 4.4: Main characteristics for cylinder case at Re = 100

the velocity fields obtained with both BC and IB methods. Qualitatively a very good
agreement is observed. Getting the good velocity field is one important thing but a
more difficult task is to get the good pressure field. Figure 4.16 shows the pressure fields
obtained with both methods. Even the pressure fields are qualitatively in good agreement.
To compare qualitatively the velocity and pressure fields between the BC approach and
the IBM vertical cuts are performed upstream, at r;1 = —D, and downstream of the
cylinder at xo = D, x3 = 2D and x4 = 3D (x = 0 is located at the center of the
cylinder). Figure 4.17 presents the axial velocity u, Fig. 4.18 the transversal velocity v
and Fig. 4.19 the pressure P. The velocity and the pressure are well predicted by the
Immersed Boundaries Method in a laminar regime. Finally, to compare the BC approach
to the IBM, the recirculation zone can be observed. Figure 4.20 displays streamlines
around the cylinder. As expected, the shape and the length of this recirculation zone
downstream of the cylinder is well predicted too by the IBM.

4.5.3.b Transitional regime Re = 100

Since the flow around the cylinder in a laminar regime in Sec. 4.5.3.a was validated, the
IB method can be tested in a transient regime where vortices appear. At Re = 100 a
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Velocity [m/s]

Velocity [m/s]

0.00 3.00 6.00 9.00 12.00 0.00 3.00 6.00 9.00 1200
(a) Body Conformal (b) Immersed Boundaries Method

Figure 4.15: Velocity fields at Re = 20 with iso-lines

Pressure [Pa]

Pressure [Pa]

101250 101290 101330 101370 101410 101250 101290 101330 101370 101410
(a) Body Conformal (b) Immersed Boundaries Method

Figure 4.16: Pressure field at Re = 20 with iso-lines
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Figure 4.18: Transversal velocity v. () Body Conformal ;
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Figure 4.19: Pressure P. () Body Conformal ; —— Immersed boundaries Method

(a) Body Conformal (b) Immersed Boundaries Method

Figure 4.20: Streamline around a cylinder at Re = 20
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Kéarman vortex street appears downstream of the cylinder. This test-case is computed
both with the BC approach and with the IBM. Figure 4.21 presents vorticity fields to
compare vortex shedding with the two methods. Six solutions are displayed during one
period of the vortex shedding (the period of the vortex shedding is known a posteriori).
The structure of the vortex is well predicted by the IBM.

To validate the IBM, three coefficients are checked:

1. the Strouhal number St which is the dimensionless frequency of the vortex shed-
ding: St = f * D/Uinletu

2. the drag coefficient C'p,

3. the lift coefficient CY..

To find the Strouhal number of the vortex shedding, a probe is placed downstream of the
cylinder to record the transversal velocity v. The signal recorded with IBM is displayed
in Fig. 4.22 and a Fast Fourier Transform of the signal is performed to exhibit its spectral
content. With the IBM the first mode is found at f;gy = 827 Hz. The same treatment is
done for the BC approach and the frequency found is fgc = 821 Hz. The Strouhal number
associated for both approaches is about 0.16 as expected at Re = 120 [141, 142, 143].

Because it is based on forces, the drag and lift coefficients can easily be found with
the IBM. The principle of the IBM is to apply the force needed to ensure the no slip
condition. Integrating this force over the computational domain gives the drag force F,.
Then the expression of the drag coefficient is:

B %pDU-2

inlet

Ch (4.23)

where F, writes:

F, = ///V F,, dV (4.24)

F, ; is the eulerian force applied to the fluid (see Eq. 4.2). The lift coefficient writes:

Y
__F 4.25
1pDU2 (4:25)

inlet

CL

where F, writes:

F, = ///V F,, dV (4.26)

Figure 4.23 displays a field of F),, on the grid mesh. As expected, the force is applied
only on the grid nodes surrounding the Lagrangian particles. The major part of the force
is applied in the frontside of the cylinder (at the stagnation point). When the boundary
layer detaches, the force needed to stop the flow decreases. Figure 4.24 presents the
drag and lift coefficients calculated with the IBM and compare these results to those
obtained by other authors. These results are presented as a function of a dimensionless
time t* = tUjye/D. An acceptable agreement is found for the mean steady state value
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(a) Body Conformal (b) Immersed Boundaries Method

Figure 4.21: Vortex shedding at Re = 100. Isolines of vorticity. Temporal evolution from top
to bottom. Time step between to filed is 201 1075
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(a) Temporal signal. (b) Fast Fourier Transform.

Figure 4.22: Vortex shedding. Signal recorded by a probe downstream the cylinder at x =
375D
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Figure 4.23: Eulerian force Fj, , applied to the fluid with iso-lines of vorticity.
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Figure 4.24: Drag and lift coe cient of a cylinder in a flow at Re = 100.
; -—-- Shu et al. [141] ;- Haeri et al. [148]

even if there are discrepancies for the growth rate for drag and lift coefficients. The lift
coefficient oscillates at a frequency equal to the frequency of the vortex shedding while
the drag coefficients varies two times faster. Table 4.5 summarizes the results obtained
in this work and those obtained by other authors. Authors do not agree on exact values
for the Strouhal number and the drag coefficient and a clear variability can be found in
the literature.

Case fa [Hz] | St | Cp
Present work - Body Conformal 821 0.164 | -
Present work - IBM 827 0.165 | 1.35
Saiki et al. [138] - 0.171 | 1.26
Joran & Fromm [140] - 0.16 | 1.28
Shu et .al [141] ; 0.16 | 1.38
Tseng & Ferzieger [142] - 0.164 | 1.42
Braza et al. [143] - 0.16 | 1.28

Table 4.5: Reference results

Figure 4.25 shows the probability density function of the velocity slip at the particle
position (at the end of the simulation). For both laminar and transient regimes, the slip
velocity at the particle position is very low compared to the flow velocity (less than 1%
in transient regime). However one can show that the IBM is more efficient when the
Reynolds number is low.
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Figure 4.25: Probability Density Function of the slip at the Lagrangian particles. Re =

20 (laminar regime) ; ---- Re = 100 (transient regime)

4.5.4 Translating inclined plate

In this test-case, the IBM is tested with a translating inclined plate. The sketch of
the configuration is presented in Fig. 4.26. The aim of this test-case is to mimic the
movement of a blade of a rotating-fan. The plate thickness is e = 1 mm, the height of
the front surface is h = 1.2 em and the laminar viscosity is g = 1.807.1072 kg.m~'.s71.

This test-case is computed in a laminar regime. The reference computation is performed

Symmetry
L=25¢cm
- A ~ o
= | h=1.2cm H=8 cm 5
Faes v ﬂ
y
e = plate thickness y
=1 mm
Symmetry

Figure 4.26: Sketch of the configuration: inclined plate.

with the Body Conformal approach where a no-slip boundary condition is applied on
the plate. The flows comes from left to right at a velocity U = 20 m/s. On this
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94 Chapter 4 : Implementation of an Immersed Boundaries Method in AVBP

reference computation, the plate does not move. Then the same computation is done
with the IBM. Finally, to test the IBM when the wall are moving, the plate translates
from left to right at a velocity u, = —10 m/s and the flow velocity coming from the inlet
is decreased at Ujner = 10 m/s. Thus, the difference Ujpier — u, remains constant and
the Reynolds number is unchanged for the three computations. The Reynolds number is
Re = p (Uiniet — up) h/p =~ 16. Figure 4.27 illustrates the moving and non-moving cases.
The simulations are performed on the same physical time T" = 18 ms. The initial position

Movin
ate. Une10m/s o= = =
Fixed I J—
ixe -- - -
plate hd - -

time
Figure 4.27: Inclined plate: moving and fixed configuration

of the translating plate is chosen so that at the end of the simulation, the plate reaches
the position of the non-moving plate. To compare the results, Figure 4.28 and Fig. 4.29
shows the axial and transversal velocities. Once again, the agreement between the BC
approach and the IBM is very good. However, in the configuration where the plate is
moving, results are worse than when the plate is non-moving. Severals tests have been
conducted to explain this. The temporal convergence was tested (the physical time of
the simulation was doubled), the mesh grid was refined (8 points in the plate thickness
instead of 4) but this phenomenon is not explained yet.

4.6 One-fan validation test case: failure

All academic test-cases previously presented in Sec. 4.5 give very encouraging results: all
the comparisons between results obtained with the IBM and references solutions (ana-
lytical solutions and/or body conformal solutions) match very well.

Before computing the full configuration (the spherical vessel stirred by six fans), an
experiment with only one fan (Fig. 2.2 in Sec. 2) in a rectangular box was setup in the
PRISME laboratory in Orléans. Figure 4.30 shows a picture of the experimental setup
and Fig. 4.31 presents the sketch of the configuration. The length of the box is 40 cm, the
height and the width are 20 cm. The fan is located in the middle left hand side of the box.
The back side of the fan is at 11 mm of the backside of the box. The rectangular box has
two large windows to do PIV measurements in the axial direction. The box is closed so
that the flow recirculates. This setup aims to validate the IBM implemented in a complex
configuration (high Reynolds number, complex geometry): numerical and experimental
solutions are compared to check if the IBM is able to predict the flow generated by a
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96 Chapter 4 : Implementation of an Immersed Boundaries Method in AVBP

Figure 4.30: One-fan experiment setup in the PRISME laboratory in Orléans.

single axial fan. The experiment is conducted in ambient conditions and the fan rotation
speed is Ngqn, = 10,000 tr/mn (the Reynolds number, based on tip radius (30 mm) and
rotor tip speed (31.5 m/s) is about 60,000). The procedure to go from the fan geometry
(coming from a CAD software) to an immersed boundary is the following. First the
interior domain of the fan is meshed. Then a specific tool was developed to find all nodes
on the skin of the fan and particles are generated at these points. Thus the number of
particle can be easily changed by controlling the mesh resolution at the beginning of the
procedure. Figure 4.32 displays the cloud of particles to mimic the fan boundaries. Here
93180 particles are generated with a resolution of about 4 particles in the blade thickness.

Figure 4.33 presents the experimental results obtained with PIV. Figure 4.33 shows
average fields of axial u and transversal velocity v over 200 instantaneous fields. The
convergence is ensured.

The computation with the IBM method is performed with the Lax-Wendroff scheme
and the WALE subgrid scale (SGS) model. The grid is presented in Fig. 4.34. 13.7
millions of tetrahedra are used. The entire zone spanned by the fan is meshed with a fine
cell size of the order of 0.5 mm (2 points in the plate thickness). This is the minimum
cell size acceptable (the computation of the whole bomb with six fans would become
impossible if the method requires more points to work). In the region surrounding the
fan, the mesh size is 1 mm (about 30 points in the fan radius). Since the zone spanned
by fans is meshed with only two points in the blade thickness, the real geometry of the
fan is simplified in this computation: the geometry of the leading and trailing edges are
originally curved but here they are replaced by flat leading and trailing edges (see 4.35).
This simplification is then discussed in Sec. 5.2.2.
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Figure 4.31: Sketch of the one-fan experiment conducted in the PRISME laboratory in
Orléans.

Figure 4.32: Cloud of particles to mimic the fan boundaries (walls). 93180 particles are
disposed on the skin of the fan.

The procedure to compute this configuration is the same as the one described in
Sec. 4.4. First, the computation is started using only the I controller to find the mean
value of the source term. In this case, this value varies with the fan radius. Then the PI
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Figure 4.33: Average velocities measured experimentally with PIV over 200 instantaneous
solutions (black lines display the cuts position).

Figure 4.34: One-fan experiment mesh. 13.7 millions of tetrahedra.

controller is turned on. After that, several fan revolutions are computed to reach steady
state. Figure 4.36 displays the mean flow computed with the IBM over 20 fan revolutions
(which is enough to ensure fan convergence). Figure 4.33 and Fig. 4.36 show qualitative
differences. The typology of the flow is not the same. One can see that the penetration of
the air blast computed with the IBM is widely under estimated. The radial component of
the flow at the fan outlet is over estimated with the IBM. To get more quantitative com-
parisons, Fig. 4.37 plots axial and vertical velocities cut downstream of the fan (see black
lines in Fig. 4.36 to locate cuts position). Figure 4.37 confirms the previous observations:
profiles obtained using the IB method do not match the experimental measurements.
To check the accuracy of the IBM in this test case, Fig. 4.38 shows the slip velocities
at the immersed boundary position. The cumulative probability density function shows
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Figure 4.36: Average velocities computed with IBM.

that 90% of the Lagrangian particles have a slip inferior at 0.5 m/s. The maximum slip
velocity is about 3 m/s and is located on the tip of the leading edge. At this place,
the blade velocity is 31.5 m/s. This indicates that the maximum slip is about 10% of
the boundary velocity which is acceptable confirming that the method gives reasonable
results in term of no-slip boundary condition.

This test case is not widely described but many tests were performed to try to increase
the accuracy of the method on this configuration. Several numerical setups were tested
(TTGC scheme, Smagorinsky SGS etc.). Many grids have been tested but this one is the
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100 Chapter 4 : Implementation of an Immersed Boundaries Method in AVBP

finest and the one which gives the best results. This failure can be explained by the lack
of resolution in the region spanned by the blades. Indeed, the resolution in this region
is only of the order of two points in the plate thickness. So the shape of the blade seen
by the fluid is not the expected shape (see Fig. 4.39). Even if the intensity of the source
term scatter on node m depends on the distance between the node m and the Lagrangian
particles, the shape seen by the fluid is not the original shape of the blade. That is why
the flow generated is not the good one. The reason of this failure will be confirmed further
in Chapter 5 where both geometries (flat and curved) will be computed and compared
(flow structure, mean velocity).
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4.7 Conclusion

An Immersed Boundaries Method was implemented in the AVBP code. This method
is based on a continuous forcing approach using a source term in the RHS term in the
momentum equation. The formulation of the source term used is the one proposed by
Goldstein in 1993 [137].

Various academic test cases were performed such as a Poiseuille flow, a Couette flow,
the flow around a cylinder or the flow around an inclined plate. Very good agreements
were found between IBM computations and reference solutions for all these simple cases.

Finally, the method was used to compute the flow generated by one isolated fan
in a simple configuration. Comparisons between computations and experimental data
(obtained using PIV) in terms of mean and fluctuating flow gave bad results showing
that the IBM method implemented can not be used to simulate the flow in the fan-stirred
bomb.
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106 Chapter 5 : Presentation and validation of the MISCOG approach

An Immersed Boundary Method was implemented in the AVBP code and tested
(see Chapter 4). Even though it gave good results on academic test cases, it was
shown that the IB method is not able to predict correctly the flow generated by
one isolated fan, that is why this approach can not be used to compute the full
geometry of the fan-stirred bomb. After this partial failure, a mew method had
to be wused in this PhD work to reach our objectives. Therefore, an approach
based on the simultaneous execution of multiple instances of the same solver, called
MISCOG for Multi Instances Solver Coupled on Overlapping Grids, first devel-
oped for turbomachinery [123, 124, 125] calculations was adapted to handle rotat-
ing parts. A three-dimensional vortex case was performed to check the ability of
MISCOG to convect vortices, then the one-fan validation test case was performed.

5.1 The MISCOG approach

The objective of this section is to show how the turbulent flow in a fan-stirred bomb can
be studied today using high-resolution LES to complement experimental diagnostics. To
reach this objective, the simulation code must satisfy three criteria:

1. Considering the complexity of the objects to mesh, the need to correctly cap-
ture the blade geometry and the necessity to handle moving objects, unstructured
meshes are required so that classical DNS codes used for HIT (spectral meth-
ods [120, 121], high-order compact schemes [117, 118, 119]) cannot be used.

2. The method must be able to accommodate a large number of moving objects (the
fans) close to each other. Classical techniques such as ALE [78, 122, 53] are difficult
to implement for a flow with multiple fans because of meshing issues. Immersed
Boundary methods [75, 76, 135] are easier to develop for moving objects but the
method implemented in AVBP was shown to be unable to predict correctly the flow
generated by one isolated fan. Here a new multidomain high-order LES technique
with mesh overlapping (called MISCOG for Multi Instances Solver Coupled on
Overlapping Grids) developed by Wang et al. [123, 124, 125] is used on a real
bomb.

3. To capture turbulent structures explicitly, a high fidelity LES solver is needed and
the corresponding CPU cost is expected to be large so that the implementation of
the multidomain method must be fully parallel.

The MISCOG approach, initially developed for turbomachinery [123, 124, 125], was
extended to bomb configurations. In MISCOG, two or more instances of the same LES
solver (namely AVBP), each with their own computational domain, are coupled through
the parallel coupler OpenPALM [149, 150]. For the bomb case, the whole flow domain is
initially divided into 7 parts: the bomb itself has a static mesh (AVBPO01) while each fan
is computing in a moving framework (AVBPOi, i € [2;7]). For moving parts, the code uses
the ALE block rotation approach [77, 79, 53]: the grid is rotated without deformation.
The remaining unit AVBPO01 simulates the flow in the static part of the bomb in the same
coordinate system. The solution retained to handle interfaces between the units involving
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rotating and non-rotating parts consists in reconstructing the residuals using an overset
grid method and exchanging by interpolation the multi-domain conservative variables
wherever needed. To do so an efficient distributed search algorithm is implemented in
the OpenPALM coupler to locate the points in parallel partitioned mesh blocks and a
linear method is used to interpolate residuals (the interpolation is of 2°¢ order). This
coupling phase is implemented outside the CFD instances in conjunction with second
order interpolation.

The domains used for the Orléans bomb configuration are displayed in Fig. 5.1: six
cylindrical rotating domains (i = 2 to 7) are used for each fan zone while AVBPO1 is
used for the rest of the bomb. In general, the number of cells used for each domain
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(fixed)

v/, Overlapping
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Figure 5.1: Domain decomposition in the Orleans bomb configuration. Six cylindrical rotating
domains (AVBP02 to AVBPO07) containing each fan and one fixed domain (AVBPO01) for the
rest of the bomb.

can be different. Here the grids for the six fans (AVBP02 to AVBP07) have the same
number of cells but the bomb grid (AVBPO01) is different so that load balancing becomes
immediately an issue which will be discussed in Sec. 6.2. The timetable used in the
MISCOG approach for each iteration is the following:

1. All AVPOi (i € [1; N]) entities run.

2. When AVBPO01 and AVBP02 have computed one iteration, they exchange conser-
vative variables in the buffer zone of regions 1 and 2. After this exchange, AVBP02
starts to compute the next iteration.

3. When AVBPO3 finishes its iteration and AVBPO1 is done exchanging, AVBP01
and AVBPO03 start to exchange, otherwise AVBPO1 waits. This is repeated for all
AVBPO0: instances (i € [2; N]).

Note that AVBPO1 starts to compute the next iteration as soon as it has exchanged
residuals with the last instance AVBPON.
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108 Chapter 5 : Presentation and validation of the MISCOG approach

5.2 Validation test cases

Many academic test cases have been performed by CERFACS and University of Sher-
brooke to validate the MISCOG approach in cases where a single mesh or an analyti-
cal solution can be used as a reference solution. For example, acoustic wave and two-
dimensional vortex propagation cases were tested successfully using MISCOG by Wang
et al. [123, 124, 125]. Rotor/stator computations with ALE and MISCOG were com-
pared by Duran during its PhD. These results show good performances of the MISCOG
approach and a negligible loss of precision through the overlapping zone thanks to the
second order interpolation. Here, two test-cases are performed:

a three-dimensional vortex case through a rotating domain closer to the Orléans
bomb geometry was tested by propagating a vortex with the TTGC scheme

the one-fan validation test case, previously presented in Sec. 4.6, is performed to
check the ability of MISCOG to predict the flow generated by one isolated fan.

5.2.1 Convection of a vortex

A first good test case is to compute a flow which can be computed on a fixed grid (for
reference) but is computed using a moving part to verify that MISCOG remains accurate
when the meshes move. Here a simple vortex convection case was tested in a box where
the grid contains a rotating cylinder part (Fig. 5.2). The computational domain is a tri-
periodic cubic box where the cylindrical grid is inserted. The cylinder rotates at 10,000
rpm corresponding to the rotation speed of the fans in the real bomb. The mean flow
goes from left to right at Uy = 50 m/s. In this test case, the vortex must travel through
interfaces without being affected by the inner rotating mesh so that the exact solution is
simple to derive as a reference. Indeed, the analytical solution of this case can be derived
easily: the velocity field u(X,t) at a given time ¢ is the initial velocity field u(X, o)
translated at the convection velocity: u(X,t) = u(X — Uy(t — ty),t) This test case is
representative of the target configuration where fans are encapsulated in finite cylinders:
vortices created by the fan blades must travel through the coupling interface. This case is
simulated both with the MISCOG approach and with a single domain (fixed grid) AVBP
computation with the TTGC scheme (LW was successfully tested but results are not
shown here). Figure 5.3 shows a qualitative comparison of the velocity field with both
methods after two convection times through the full domain. Figure 5.4(a) presents the
time evolution of the axial velocity at the center of the rotating cylinder while Fig. 5.4(b)
shows a cut of the pressure field after two convection times. A very good agreement is
found between the analytical solution, the single domain computation and the MISCOG
approach. The vortex is convected at the expected speed Uy (no dispersion) and its
structure is preserved (no dissipation). Note that formally, when the vortex goes through
the overlapping zone, the third order of the TTGC scheme is lost since the current
interpolation is of 2"¢ order. However, the pressure and the velocity profiles are both well
convected.

This test case demonstrates the ability of the MISCOG approach to convect a 3D
vortex through different interfaces and confirms the accuracy of this approach for coupled

108



5.2 Validation test cases

109

ex
ement

1
7

1y
e e

-------------------------------------- -

a) Side view

X

c¢) Perspective view

P

b) Front view

Figure 5.2: Sketch of the 3D convection vortex test case: a rotating cylinder (AVBP02) is
placed inside a tri-periodic box (AVBPO01). Views are colored by the velocity field.

(a) Single instance computation. (b) MISCOG computation.

Figure 5.3: Comparison between a classic” single mesh AVBP computation and the MISCOG
approach. Isolines of velocity after two convection times (the vertical lines in Fig. 5.3(b) indicate

the position of the rotating cylinder and of the overlapping zone).
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Figure 5.4: Comparison between a classic” single mesh AVBP computation and the MISCOG
approach. : analytical solution ; -=--- : single mesh approach ; : MISCOG.

LES. On the long term, it is clear that the interpolation method used in the overlapping
zone combined with the numerical scheme in each domain leads to global dispersion and
dissipation properties which would require a much more precise analysis. This is left for
further studies because it would require much more numerical analysis work. Here we will
concentrate on the fan-stirred bomb simulations using the existing MISCOG method.

5.2.2 One-fan validation test case

The one-fan validation test case is performed now to check if the MISCOG approach
is able to give better results than the IB method (presented in Sec. 4) to predict the
flow generated by one isolated fan. The configuration is presented in Sec. 4.6. The
operating point computed is the same: ambient air conditions and the fan rotation speed
is Ntqp = 10,000 tr/mn.

The computational domain is decomposed into two instances (see Fig. 5.5):

the box which is fixed (AVBPO01),
a rotating domain which contains the fan geometry (AVBP02).

All boundary conditions are no-slip walls. Prism layers are added on all blade-walls to
describe the boundary layer [151]. The typical thickness of the prism layers is about
0.04 mm, so that the maximum wall y+! on the first grid point near the blade wall is
about 7 and is located at the leading edge of the blade. All around the fan, the mesh
size is about 1.5 mm then the cell size is increased until the end of the box. This leads to

grid of about 16 millions of tetrahedra. Computations are performed using LW scheme
and WALE as SGS model.

!The non-dimensional wall distance y* is defined by u* = yu,/ where u, is the friction velocity. wu.,

is defined by tr = v/ wanr/
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(a) Front view (b) Side view

Figure 5.5: Domain decomposition in the one-fan configuration. Gray: rotating cylindrical
domain ; Gray : fix domain.

Thanks to the MISCOG approach, both geometries of blades (curved and flat leading
and trailing edges) presented in Sec. 4.6 (see Fig. 4.35) can be computed and compared.
Specialists of turbomachinery CFD insist on the necessity of properly resolving the blade
geometrical details, at leading and trailing edges. With the IB method this was difficult
(because the shape must be resolved on a mesh which is not body fitted) but the MISCOG
technique allows to resolve these details because the mesh rotates with the blade and can
capture the exact geometry. This will also allows us to evaluate the impact of any
approximations on the results, for example, when leading and trailing edges are assumed
to be flat. Here, the curved shape of leading and trailing edges is discretized using 6
points in the blade thickness for the MISCOG computations.

Figure 5.6 compares average axial velocity fields using flat or curved edges. These
fields show qualitative differences. The penetration length of the air blast is much more
important when the real leading and trailing edges are considered: assuming that they
are flat leads to erroneous results.
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(a) Flat edges (b) Curved edges
Axial velocity [m/s]
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Figure 5.6: Mean axial velocity comparison between flat and curved leading and trailing edges
(black lines in display the cuts position).
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Figure 5.7 shows mean axial and radial velocity cuts downstream of the fan (black
lines in Fig. 5.6 display the cuts position). Results are compared to PIV measurements.
In all cases, results obtained using the MISCOG approach are much better than results
obtained using IB method (Fig. 4.37). Moreover, a significant improvement is obtained
when the real geometry of edges (curved) is considered: the airflow opening is narrow
and the penetration length is longer. For axial and radial velocities, the position and the
magnitude of the maximum of velocity are displaced in the right direction compared to
experimental data. In the far field the agreement is good.

Taking into account curved edges leads to important variations in the blade boundary
layer (see Fig. 5.8). When flat edges are considered, the leading edge acts like a step and

(a) Flat edges (b) Curved edges

Figure 5.8: Laminar to turbulent boundary layer transition. Isosurface of vorticity colored by
the velocity.

the boundary layer is turbulent all along the blade: from the leading to the trailing edge.
On the contrary, when curved edges are considered, the boundary lawyer is first laminar
then becomes turbulent. This small® geometric variation leads to important variations,
not only at the boundary layer scale but even at large scales (the mean flow is completely
different).

As a conclusion, the MISCOG approach is able to predict the flow generated by an
axial fan provided that the exact geometry of blades is computed: even minor simplifi-
cations of the fan geometry (at the leading and trailing edges) leads to large errors. This
result explains why the IBM is not able to do the job: the mesh resolution required, in
the region spanned by the fan, to capture the exact shape of the blade is prohibitive in
terms of CPU cost. Indeed, at least 6 points in the blade thickness will be necessary
leading to a cell size of 150 pm, which is not realizable especially with the objective of
computing the six-fan-stirred vessel. For all result described now, the MISCOG approach
will be used. The next chapter describes how it was applied to the full six-fan bomb.
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5.3 Conclusion

In order to compute the full geometry of the Orléans closed vessel, an approach coming
from turbomachinery calculations was adapted to handle rotating parts. This method
couples multiple instances of the same code, exchanging residuals on small overlapping
zones. A first test case shows that the MISCOG approach is able to convect vortices with
limited dispersion and dissipation effects. The second test case shows that the method is
able to predict the flow generated by one isolated fan.

115



116 Chapter 5 : Presentation and validation of the MISCOG approach

116



CHAPTER 6

LAERODYNAMICAL STUDY OF A SPHERICAL BOMB
STIRRED BY SIX FANS

Contents

6.1 Numericalsetup . . ... .. ... ..., 118
6.2 Efficiency of the MISCOG approach in the bomb configuration120
6.3 Characterization of the flow inside the vessel . . . . ... .. 122
6.3.1 Velocity at the bomb center . . . . . . ... ... ... ... .. 122
6.3.2 Mean and RMS velocities in the closed vessel . . . . .. .. .. 123
6.3.3 Turbulence structure . . . . . ... .. ... ... ... .. ... 127
6.3.3.a Integral length and time scales . . . . . .. ... ... 127

6.3.3.b Isotropy . . . . . .. .. . .. ... 130

6.3.3.c Spectra . . . . . .. ... 131

6.3.4 Mean turbulent kinetic energy balance . . . . . . . . . ... .. 132

6.4 Conclusion . .. .. ...t 136

117



118 Chapter 6 : Aerodynamical study of a spherical bomb stirred by six fans

The MISCOG approach, presented in Chapter 5, has demonstrated its ability to sim-
ulate the flow generated by one isolated fan. First, the parallel efficiency of MISCOG
technique applied to the bomb configuration (closed vessel with siz fans) is discussed.
Then, this chapter discusses non-reacting flow results in the full closed vessel with six
rotating fans: quantities that can be obtained both from LES and PIV are first com-
pared (using mean flow fields and RMS values for all three velocity components). LES
results are used to analyze quantities which can not be experimentally obtained such as
the velocity tensor to identify the structure of the turbulence or the budget of turbulent
kinetic energy in order to understand how turbulence reaches the center of the vessel.

6.1 Numerical setup

Simulations used to gather statistics are performed with the TTGC scheme. The sub-
grid scale (SGS) model is WALE [48] which was developed for wall bounded flows. All
boundary conditions are no-slip and adiabatic walls (fans and closed vessel).
Experimental results obtained in the PRISME laboratory, give values for the RMS
velocity Upmsexp and the integral length scale L .,, at the bomb center: Upmsexp =~ 3
m/s and L ., ~ 3 mm. The time scale associated to the integral length scale 7 is
T =1L crp/Urmsexp = 1 ms. Knowing the viscosity = 1.78.107° m%.s™! the turbulent
Reynolds number can be evaluated Re;erp = Upms expl exp/ =2 600. The experimental
Kolmogorov length scale ., can be estimated with the relation:
cop = L cop/ Rell, (6.1)
giving a value of the order of .;, ~ 40 pm. Theses information are summarized in
Tab. 6.1. The computation with a constant mesh size in the whole bomb of 2 =1 mm

Urms exp 3 m/s
L cap 3 mm

T 1 ms
Rey eqp 600
exp 40 pm

Table 6.1: Experimental data about the flow at the bomb center.

in the closed vessel gives a ratio x/ 4, =~ 25 corresponding to a mesh of 21 million of
cells for AVBPO1. For the mesh of the fan, a fine discretization at the blade-walls is
used to capture the flow generated by fans (Fig. 6.1): four prism layers are added on
all blade-walls to describe the boundary layer [151]. The typical thickness of the prism
layers is about 0.05 mm, so that the maximum wall y+! on the first grid point near the

!The normalized wall distance y* is defined by u™ = yu,/ where u, is the friction velocity. u, is

defined by u, = \/ wait/
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6.1 Numerical setup 119

blade wall is 10 and is located at the leading edge of the blade (see Fig. 6.2). The mesh
size around the fan (away from the walls) is 1 mm leading to a mesh of 3.3 million cells
for each fan instance AVBP02 to AVBPO7. Thus the full mesh including the bomb-mesh
and the six fan-meshes contains 41 million cells.

Figure 6.1: Mesh of the fan. Four prism layers were added near blade-walls.

I
0.00 2.50 5.00 7.50 10.00
Figure 6.2: y™ field on the fan walls.

119



120 Chapter 6 : Aerodynamical study of a spherical bomb stirred by six fans

6.2 E ciency of the MISCOG approach in the bomb
con guration

The load balancing of the MISCOG approach strategy raises much more questions than
the usual optimization of single instance codes on parallel systems: the present configu-
ration requires the coupling of 7 AVBP entities (one for the bomb and 6 six for the fans).
Timers were added to measure the times needed for (1) computation, 7T, (2) exchange,
T, and (3) waiting, T,

Defining a waiting time 7}, in a multiple instances run requires caution. Here we define
T,, using the following convention: T, is negative when fans (AVBP02 to AVBP07) wait
while it is positive if the bomb (AVBPO01) waits. Note that 7, corresponds to exchanges
between AVBPO1 and individual fans: communication times between cores inside each
instance are included in the computation time. Two computation times are defined: T)
and T?, the fan and the bomb standalone computational times, respectively.

A theoretical model of performance for MISCOG can be derived using simple relations.
Two limit cases are considered. The bomb-limited case (BL) where fans have to wait -
corresponding to T,, < 0 - and the fan-limited case (FL) where the bomb has to wait -
corresponding to T,, > 0. Timetables of BL. and FL cases are displayed in Figs. 6.3 and
6.4, respectively.  According to timetables presented in Figs. 6.3 and 6.4 and using the

Figure 6.3: Timetable of the operations performed in the MISCOG approach for the BL case
(only fans wait). =3 : Computing ; %% : waiting ; Bl : exchanging

convention previously proposed for the waiting time, leads to an expression for T;,, which
is valid for all cases:

T, = (T =T — (N - 2)T, (6.2)

c c

The exchange time, T, can not be estimated simply (its dependance on load balancing is
not easy to evaluate) and it was measured in the solver. The total time for one iteration
T;; can be expressed using two relations: communications between instances in MISCOG
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6.2 E ciency of the MISCOG approach in the bomb con guration 121

Figure 6.4: Timetable of the operations performed in the MISCOG approach for the FL case
(only bomb waits). &3 : Computing ; #Z : waiting ; Bl : exchanging

approach are sequential so that (except for the first iteration) the time needed by the
bomb (AVBPO01) to compute one iteration T4 is equal to the time needed by each fan
(AVBP02 to AVBP07) to compute one iteration T} (Figs. 6.3 and 6.4). This leads to two
expressions for Tj:

Ty = (N — DT, + T? + max(0,T,,) = T, + T — min(0, T,,) (6.3)

b
Tit Ti{t

To validate this model, computations were performed where the total number of cores
was fixed (400 on SGI Altix ICE 8200) and the ratio R. = N?/N/ of the number of cores
allocated to the bomb instance AVBPO1 (N?) to the number of cores allocated to fan
instances AVBP02 to AVBP07 (N/) was varied (all fan instances have the same number
of cores). Table 6.2 summarizes the computations performed to evaluate the performance
of MISCOG. Figure 6.5 compares the model (Egs. 6.2 and 6.3) to waiting and total times

Name R. T, T, T;
MISCOG 1| 2 | 0.593 | -4.35 | 6.19
MISCOG 2 | 4.5 | 0.345 | -2.42 | 4.37
MISCOG 3 | 9.9 | 0.347 | -1.28 | 3.93
MISCOG 4 | 19 | 0.423 | -0.34 | 4.03
MISCOG 5 | 34 | 0.606 | -0.25 | 7.84

Table 6.2: Simulations performed to evaluate the performance of MISCOG. The ratio R, is
increased for MISCOG 1 to 5. All times are given in seconds per iteration.

measured in simulations. Figure 6.5(a) shows the waiting times. When Rc is increased

(more cores are allocated to the bomb instance AVBPO01), the waiting time is expected
to go from negative (fans wait) to positive (bomb waits) values as shown by Eq. 6.2.
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(a) Waiting time Ty,. (b) Total time for one iteration Tj;.
Figure 6.5: Performance of MISCOG. o : Computations ; : model.

A good agreement is found while Rec is less than 20. For large Rc values, the trend is
good but values differ slightly: in simulations the waiting time goes to zero but remains
negative. When there are extreme differences in load balancing between AVBP01 and
AVBPO02 (R, > 20) the behavior of MISCOG is not well understood yet. According to
Eq. 6.2, in order to cancel the waiting time (7}, = 0), the load balancing must be chosen
such as T/ = T + (N — 2)T,. This leads here to a ratio R, ~ 19, where 303 cores are
allocated to AVBPO1 (the bomb) and 16 cores are used for each fan domain. Figure 6.5(b)
displays the absolute execution time of the code for one time-iteration. The agreement
with Eq. 6.3 is reasonable.

In an ideal computation, the minimum computing cost of such a simulation is obtained
when T, = 0. In practice, the R, range which minimizes the total time for one iteration
is R. € [10;20] showing that the MISCOG efficiency is weakly dependent on this ratio. In
this range, T, is close to zero but can be negative showing that the optimal performance
of MISCOG can be obtained in a situation where fans wait.

6.3 Characterization of the flow inside the vessel

The LES computation of the spherical bomb is performed using the same operating
procedure than the one following experimentally: fans rotate until steady state is reached.
Only one operating point is studied numerically: Fy = 101325 Pa and T = 323 K.

6.3.1 Velocity at the bomb center

Figure 6.6 presents the temporal evolution of the three velocity components u = (u, v, w)
at the center of the vessel. The signal recorded by the probe is zero until t* = 6. This
time represents the time needed by large turbulent scales generated by fans to reach the
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6.3 Characterization of the flow inside the vessel 123

center of the vessel. The distance between the fan blades to the center of the vessel is
Ly, = 65 mm. A velocity V; can be estimated by the relation V; = Ly, /t" ~ 2 m/s.
This velocity is very small compared to the flow velocity at the blade tip Vi ~ 30 m/s,
suggesting that turbulence is not convected® from the fan region to the bomb center.
The mechanism by which turbulence goes from fan regions to the bomb center will be
described in Sec. 6.3.4.
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~
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|
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Figure 6.6: Velocity components versus number of fan rotations t* at the center of the vessel.
: coarse grid LW ; : coarse grid TTGC ; : fine grid TTGC.

The RMS velocity values? at the center of the vessel are respectively 2.3, 2.0 and
2.1 m/s. Probability density functions of the velocity fluctuations components u’ are
plotted on Fig. 6.7. The pdf s of v/, v' and w’ are compared to a Gaussian distribution
which characterizes random processes. A good agreement is found between a Gaussian
distribution and the distribution of the velocity components at the bomb center. These
first results suggest that turbulence at the center is close to HIT which is the objective
of this experimental set-up.

6.3.2 Mean and RMS velocities in the closed vessel

A second diagnostic is to compare average u and fluctuating u,,s velocities measured
experimentally to those computed by LES. These statistics are performed oven 60 fan
rotations (t* € [105;165]). Figure 6.8 shows fields of the magnitude of the average and
fluctuating velocities in the closed vessel. As expected, the average velocity is close to

N
2RMS values are defined as tpms = nzsl u;f

They do not include the SGS contribution.

/N where Ny is the number of samples and v’ = u—u.
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Figure 6.7: Local velocity fluctuations distributions at the bomb center. ---- : Gaussian

: LES.

distribution ;

zero at the bomb center. To compare these results to experimental data, Fig. 6.9 presents

0.00 125 250 375 500 2. WSU—%U—UBO

(a) Average velocity (modulus). (b) RMS velocity (modulus).

*

Figure 6.8: Average and RMS velocity fields. Statistics performed on 60 fan rotations (¢
[105; 165]).

x-axis cuts of average velocity components. As previously observed on Fig. 6.8, average
velocities are near zero at the bomb center. The agreement between experimental data
and LES calculation is good. Moreover the 'S shape of the u and v curves observed
experimentally is well predicted by the computation. The domain where the average ve-
locity is near zero is a sphere with a radius of about 3 cm. Figure 6.10 presents x-axis cuts
of fluctuating velocities components. Once again the agreement between experimental
data and LES is good. The u;.,s and v,,,s profiles are well captured. The LES results
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Figure 6.9: Comparison of the average velocities u and v along the x-axis. + experimental
data (PIV) ; : LES. (Statistics performed on 60 fan rotations)

slightly under-estimate the velocity fluctuations since only the resolved fluctuations are
plotted. Note that RMS velocities (Fig. 6.10) are actually better predicted than the mean
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Figure 6.10: Comparison of the fluctuating velocities s and vp,s along the x-axis.
experimental data (PIV) ; : LES. (Statistics performed on 60 fan rotations)

velocities (Fig. 6.9). This is unusual and certainly due to the fact that mean velocities
are close to zero.

To check the flow structure, streamlines of the average velocity are displayed in
Fig. 6.11. Streamlines are colored by the average velocity modulus. These streamlines
are plotted for only two fans to simplify the visualization. The fans are opposite to one
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Figure 6.11: Streamlines colored by the magnitude of the average velocity modulus. Gray
arrows summarize the flow direction.
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6.3 Characterization of the flow inside the vessel 127

another so that they generate two counterflowing streams. The stream generated by each
fan separates into two streams: one which recirculates directly back to the fan and an
other which go along the vessel boundary. Only few streamlines go from fans region to
the bomb center which is in agreement with Fig. 6.9 showing that the average velocity
at the bomb center is near zero.

6.3.3 Turbulence structure

This subsection presents the turbulence structure inside the closed vessel. Integral length
and time scales and isotropy are measured.

6.3.3.a Integral length and time scales

Integral length scales are interesting values to analyze the turbulence in the spherical
vessel. The following relations [11, 152] are used to measured the integral length scales
and integral timescales in the bomb LES computation. The autocorrelation of a signal
s(t) is defined by:

s(t)s(t + 1)
Acy(r) = 2T 6.4
n = (64

An integral timescale 7; can be deduced by integrating the autocorrelation functions:

T :/ Acg(T) dr (6.5)
0
The velocity fluctuations cross correlations are defined by:
Qij(A, B) = uj(A)uj(B) (6.6)

Then correlation coefficients are:

Qij(A, B)

Rij(A, B) = (6.7)
ui(A)* uy(B)’
Finally, the integral length scales are defined by:
L, = / Rij(21,0,0) dz (6.8)
0

If the turbulence is homogeneous and isotropic then wju’; = 0 (i = j) so that only Lé?j are

not zero. Moreover all L, are equals (L, = L3, = L3;) and according to the Karman

and Howarth relation [153]:

I
L= 6.9
= (6.9)
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Figure 6.12: Autocorrelations functions of the velocity components versus the number of fan
rotations.
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Figure 6.12 presents autocorrelations of the velocity fluctuations components at the
bomb center as a function of the number of fan rotations ¢ . Autocorrelations are similar
for the three components and after two fan rotations (¢ = 2), fluctuations are no more
correlated. Here the integral timescale found is 7 = 3.5 ms and is almost the same for
the three velocity fluctuations components.

Figure 6.13 presents the velocity fluctuations cross correlations R;; along the bomb
axis. R;; functions obtained in LES does not seem to be well converged so that the
determination of the integral length scales by integrating these R;; functions would not
be precise. However, one can see, for example in Fig. 6.13(a), that the uu correlation
along the x-axis L{, is bigger than the two others (L%, and L3;). The integral length
scales have been calculated by integrating the R;;(By, z;;) function along the z4-axis from
the bomb center By (z = 0) to the first zero of the function. Integral length scales are
summarize in Eq. 6.10.

| 13.48 7.90 10.05
L} mm] = 761 981 805 (6.10)
9.14 1052 11.65

The 0.5 expected factor (Eq. 6.9) is not clearly found but the integral length scale in the
LES computation L pgg can be estimated at L ppg ~ 11.5 mm. This value is larger
than the integral length scale L .,, measured experimentally. This is probably due to a
lack of resolution in the LES computation. Indeed, the mesh resolution in the vessel is
x =1 mm. With such a grid, it is not possible to find an integral length scale of 3 mm:
at least 10 points are needed to described the integral length scale which explains the
difference between L ppg and L .
The common way to estimate the integral length-scale was to use Taylor s hypothesis
of isotropic turbulence (Kostiuk et al. [154]): L pps = mJu|. Clearly, this estimation
is not valid for the zero-mean-velocity turbulence, as in our case. For the turbulence
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Figure 6.13: Velocity fluctuations cross correlations versus the number of fan rotations.
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without mean flow velocities, the relation of L pps = /8/7|upms|7 can used (Abdel-
Gayed et al. [155]). According to this relation, with 7; = 3.5 ms, and [Upms| = 2.5 m.s™,
L 1ps ~ 13 mm which is very close to the first estimation of the integral length-scale
founded using cross-correlations. Note that using experimental values for 7 = 1 ms and
[Urms expe] = 2.5 m.s™! gives L ., = 3.7 mm which is very close of the integral length
scale computed using autocorrelations of the velocity fluctuations components.

6.3.3.b Isotropy

To study the structure of the turbulence, the time average invariants defined by Lum-
ley [156, 157] are an useful tool. According to this theory an anisotropy invariant map
within which all realizable Reynolds stress invariants must lie can be defined. The bor-
ders of this domain describe different states of the turbulence. This theory is based on
the analysis of the non-dimensional form of the anisotropy tensor given by:
7L

O;i 6.11
m 3 J ( )

with 7;; = wju} the average Reynolds stress tensor. The principal components of the
anisotropy tensor may be found by solving the relation:

where are the eigenvalues (i.e. the principal stresses) of b. Equation 6.12 expands to
the following third-order equation for :

3-[1 2—|—12 —13:0 (613)

where I, Iy and I3 are respectively the first, second, and third invariants of the tensor
b;j. These invariants are related to the tensor terms according to the relations:

I, = trace(b) = by

1 1
I = 5 [trace(b)]” — trace(b?) = _ibijbﬁ (6.14)
I3 = det(b)

I is zero for incompressible flows and is not used here. The anisotropy invariant map
is constructed by plotting —Is versus I3. Isotropic turbulence is found at the origin
(I = I3 = 0). When I or I3 differ from zero, they quantify the type of turbulence which
is found locally (1, 2 or 3 components, axi-symmetry, etc.). The I, and I3 invariants were
computed locally (which means that the . operator in Eq. 6.11 is a temporal averaging
operator) in the LES on the fine mesh during the established phase (¢* > 105). This
analysis has been done on the x, y and z-axis (20 points in each direction) of the closed
vessel and results are reported in Fig. 6.14. Each point is colored by its distance r to the
center of the bomb.

Figure 6.14 shows that at the bomb center (x € [—30;430] mm), turbulence can
be assumed to be isotropic. In this spherical domain all structures generated by the
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Figure 6.14: Anisotropy invariant map (Lumley triangle). Each point is colored by its distance
7 to the center of the bomb. M :r < 15 mm ; © :r € [15;30] mm ; — > 30 mm. The figure
in the bottom-right hand side is taken from [157].

six fans impact and mix (by diffusion) leading to an homogenous turbulence. Outside
this spherical domain where turbulence is isotropic, the presence of the fans affects the
structure of the turbulence: at a distance of more than 35 mm of the bomb center,
turbulence becomes rod-like. This loss of isotropy is confirmed by results obtained
experimentally. Figure 6.15 presents the evolution of the ratio w,s/vmms versus the x-
axis. Figure 6.15 shows that turbulence is isotropic at the bomb center. The agreement
between LES and experimental measurements is good.

6.3.3.c Spectra
The flow generated by fans is, by nature, a pulsating flow. Because fans have four blades,

this flow is expected to exhibit a mode at a frequency f, equal to four times the fan
rotation frequency (f, = 4/Tfan). To check if turbulence at the center of the bomb
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Figure 6.15: Isotropy along the x-axis. : experimental data (PIV) ; —— : LES.

is affected by the pulsated flow created by the blades rotation, Power Spectral Density?
(PSD) of the velocity v(t) can be computed to track the existence of harmonic oscillations
at f,. Moreover, the Reynolds number at the bomb center is small (of the order of 600)
and it is interesting to know if the Kolmogorov cascade can develop. To compute PSD,
velocity signals (see Fig. 6.6) are sampled at a frequency f; = 5000 Hz. This cut-off
frequency corresponds to a Strouhal number St based on the mesh size and the RMS
velocity equal to unity St = fsurms/ « =~ 1: beyond this cut-off frequency, only noise is
recorded and must not appear in the spectral analysis.

Figure 6.16 shows the bomb configuration and the position where PSD are performed.
Two points in the domain are analyzed: close to a fan (point P0) and at the bomb center
(point P1). At PO, the PSD exhibits a mode at a frequency exactly equal to four times
the frequency of the fan rotation as expected. On the other hand, at the bomb center
(P1), this mode vanishes and the spectrum follows the Kolmogorov theory [35]. Here the
slope of the spectrum is near the -5/3 theoretical slope. This confirms that turbulence at
the bomb center is not affected by the periodicity of the unsteady flow generated by fans.
Moreover, PSD results show that more energy is contained in the spectrum at point PO
than at point P1 (showing that turbulence decays between these two points as expected).

6.3.4 Mean turbulent kinetic energy balance

The objective in this section is to show how turbulence is transferred from the fans regions
to the bomb center. A relevant quantity to characterize the turbulence inside the vessel
in terms of production, dissipation and transport is the mean turbulent kinetic energy

3If S(w) is the Discrete Fourier Transform (DFT) of the temporal signal s(t), the PSD of s(t) is
S(w)S*(w) where S*(w) is the conjugate of S(w).
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Figure 6.16: Velocity spectra close to a fan and at the bomb center.
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(TKE) e = 1/2uu}. The budget of e is given by Hinze [9]:
__Oe 0 —
—TUj— — up -
ox; Ox; P Ox;

Convection Pressure diffusion Turbulent diffusion

!/
eu;

0 ou;
+— (2 + sf-u’.> —2( + 4)sb.s. —uu =0 6.15
axj ( ) iJ 1 ( ) ] % jaxj ( )
Dissipation
Viscous diffusion P Production

where p’ is the pressure fluctuation, e is the instantaneous turbulent kinetic energy
e = 1/2uu; and s;; = 1/2 Ouj/0x; + Ou);/Ox; is the deformation tensor [158, 10,
159, 160]. Terms in Eq. 6.15 are calculated over 60 solutions: 1 solution is stored at each
fan rotation from ¢+ = 105 to t* = 165. These solutions are uncorrelated since the time
between two solutions is 6 ms and the time scale associated to the integral length scale
7 is around 1 ms (convergence was checked).

The procedure to compute terms in Eq. 6.15 is presented here. First, mean pressure
p and mean velocity u are computed over the 60 instantaneous solutions. Then for each
solution, the fluctuating quantities are computed: W' =u—1u, p’ = p—p and e = 1/2uu!.
With these fluctuating and mean quantities, each instantaneous term in Eq. 6.15 are
computed for each solution. After that, these instantaneous terms are averaged over
the 60 solutions to get mean values. As an example, the mean convection term Crgp in
Eq. 6.15 is computed as follow. The convection term is computed for the 60 instantaneous
solutions (thanks to mean and fluctuating quantities previously computed):

_ Oe

Crxp =1;
8@»

(6.16)

Then Crkg is averaged over the 60 solutions so that the mean convection term Crgg is:

o o Oe o Oe
TKE = Uza—xz = “’a_xl
Finally, all terms are spatially averaged assuming spherical symmetry so that they
are plotted as a function of the bomb radius r;, (r, = 0 at the bomb center). To spatially
average these terms, the bomb is divided into 50 concentric spherical caps and terms are
averaged in each cap.

Only terms of interest are plotted here: Fig. 6.17 displays the convection, turbulent
diffusion, dissipation and the production terms (resolved quantities). A fan is superim-
posed to the graph to show its position in the bomb. The dissipation rate found in this
work is about 100 m?/s® in the region of the bomb center. This value is in agreement
with the dissipation rate measured experimentally by De Jong et al. [161] in an eight-fan
cubic turbulence box. The production term is maximum at 7,/ Ry ~ 0.5: the turbulent
kinetic energy is produced by fans which are located at this position. Finally, over a
central region of diameter 30 mm, turbulent diffusion dominates convection as expected:
the mean flow is around zero in this region (see Fig. 6.9), confirming that turbulence is
not convected but diffused towards the bomb center from the fan regions.

(6.17)
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Figure 6.17: Budget of resolved TKE terms versus the normalized bomb radius r,/Ry. —2—:
Convection ; #=—: turbulent diffusion ; /5 : dissipation ; —«— : production.
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136 Chapter 6 : Aerodynamical study of a spherical bomb stirred by six fans

6.4 Conclusion

This chapter presented a computation of a spherical vessel stirred by six fans. This
configuration corresponds to an experiment conducted at the PRISME laboratory in
Orléans to study the propagation of turbulent premixed flames in homogeneous isotropic
turbulence. Non-reacting flow was studied in this chapter, just before ignition. At this
instant, the Reynolds number associated to the fans is 60,000 while the Reynolds number
based on the integral length and RMS speed is of the order of 600 at the bomb center.

A well resolved LES of the full geometry was performed. Average and fluctuating
fields match experimental data reasonably well. The structure of turbulence was studied
as a function from the distance to the bomb center assuming spherical symmetry, and it
was shown that turbulence is almost homogeneous and isotropic at the bomb center in
a region of around 6 cm of diameter. The budget of mean turbulent kinetic energy was
performed too and showed that turbulence is not convected from fans to the bomb center
but diffused since the average velocities are near zero at this location. The trace of the
blade passage frequency disappears near the bomb center.
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138 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

The non-reacting flow inside the closed vessel was studied is Chapter 6. It was
shown that turbulence at the bomb center is homogeneous and isotropic in a sphere
of approximately 6 cm of diameter before ignition takes place. Turbulent flame prop-
agation 1s now studied in this chapter. In the present simulations, flames propagate
in the experimental fan-stirred configuration and not in a synthetic homogeneous and
1sotropic turbulence: its is the originality of this work. LES is used here to com-
pare turbulent and laminar flame propagation in the closed vessel. A very fine mesh
in the central zone of the spherical vessel is used to reach a DNS-like computation
for combustion. This makes the present simulation an ‘embedded DNS* where LES
1s active everywhere in the bomb except in the flame zone where a DNS is used.

7.1 Flame speeds in turbulent premixed flames

This chapter presents simulations of laminar and turbulent premixed flames. Before
analyzing them, this section discusses how to utilize the results of these simulations in
terms of flame surface density , flame stretch x and flame speeds.

For premixed flames, it is usual to define a progress variable ¢ which goes from 0 in
fresh gases to 1 in burnt gases. Here it was decided to define a progress variable based
on the fuel mass fraction:

Y,
c=1- Y—J; (7.1)

f
From the progress variable, the flame surface density = can be defined. The flame surface
density measures the flame area per unit of volume: = |V¢|. One must paid attention

for the post-processing of a LES to measure the flame surface: in a LES, only the Favre
filtered progress variable c¢ is computed. To take into account the subgrid scale wrinkling,
the efficiency function is introduced in the flame surface density definition:

= [V¢ (7.2)

The total flame surface surface S is:

S:/V dV:/V IVe| dV (7.3)

A flame front propagating in a non-uniform flow is subject to strain and curvature
effects which leads to changes in flame area S. These changes are measured by the flame
stretch which is defined by:
~1dS
T Sat
A general expression of stretch may be derived from purely kinematic considerations for
a thin flame sheet [93]:

(7.4)

ks

Gui | O
al'j da!lfi

138



7.1 Flame speeds in turbulent premixed flames 139

where 1 is the unit vector normal to the flame surface pointing towards the fresh gases:

Ve

v

(7.6)
The first two terms on the RHS of Eq. 7.5 (—fn : Vu + V.u) represent the tangential
strain and V.1 is the curvature of the flame front. Equation 7.5 gives a local value of the
stretch k. To compare this relation to the stretch definition (Eq. 7.4) which is global, the
local stretch must be averaged on the flame surface and the following relation is used:

1
</<;>:—//1 dv (7.7)
Sy
It is easy to show that Eq. 7.4 leads to:
2 dR
- 7.8
KR R dt (7.8)

for a perfectly spherical flame of radius R. S. Richard [162] shows that the definition
Eq. 7.7 is fully consistent with the relation Eq. 7.8 for an infinitely thin perfectly spherical
flame. Whether Eq. 7.7 should also be used in turbulent cases is an open issue which will
be tested here.

The ‘speed of a flame is a central element in combustion theory. It is also the source
of many difficulties because there are multiple definitions for flame speeds. Three flame
speeds are introduced (see Fig. 7.1) and are summarized in Tab. 7.1. This section provides
a general framework to define flame speeds.

Burnt gases

c* isolevel at time t+dt

c* isolevel at time t

Fresh gases

Figure 7.1: Notations for flame speed definitions

7.1.1 Mean consumption speed

First, a mean consumption speed s. based on the fuel consumption can be derived [20]:

mf 1 /
Pu(Yf - qu)S Pu(y}) - qu)S v " (79)
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140 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

Identi cation | Symbols De nition
Consumption Se Speed at which reactants are consumed
Absolute Sa Flame front speed relative to a fixed reference flame
Displacement Sd4 Flame front speed relative to the flow

Table 7.1: Classification of flame speeds.

Here, p is the D-TFLES fuel consumption term and is equal to the laminar fuel con-
sumption term (Eq. 1.32) multiplied by /F. This speed is a spatially averaged velocity
and can be computed from a LES calculation easily and it characterizes the speed at
which reactants are consumed.

7.1.2 Absolute speed

Then speeds based on kinematics considerations can also be derived. Let us consider a
point on an isosurface ¢ = ¢*. The velocity w at which this point must move to remain
on the surface is given by:

00

— +w.VO =0 (7.10)

ot

The velocity component normal to the flame front s, = w.n is the absolute speed at

which an isolevel of ¢* moves relative to the laboratory frame. Combining Eqs. 7.6 and
7.11 gives:

1 00

R (7.11)

Sy = W.N =
All ©-isolevels move at the same speed if the flame thickness remains constant.

7.1.3 Displacement speed

The displacement speed measures the front speed relative to the flow ie. the difference
between the flow speed u and the front speed w:

L oo Ve 1 De
Vel ot ive| Vel Dt

—

Sd = (v_\?—u)ﬁ':

(7.12)

Using the energy equation Eq. 1.3 and the definition for the displacement speed given
by Eq. 7.12 yields the following expression for s; where all terms can be obtained in a
simulation:

Cy 1 YiVi s (7.13)

Sd

_ 1, 0 oy _or 7
— pCL|V | 7 ox, U Oxy ox; pk:l

Using Eq. 7.12, the displacement speed can easily be computed in simulations. However,
the displacement speed is difficult to use. Since the flow accelerates through the flame
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7.2 Combustion regimes 141

front, s; changes too and depends on the position where it is measured. It can vary from
negative values (on ©-isolevels where the flame thickness changes) to values of the order
of pu/pps? in the burnt gases.

7.2 Combustion regimes

The flame/turbulence interaction is characterized by two dimensionless numbers. The
Damkéhler number D, compares turbulent 7; to chemical 7. time scales (see Eq. 1.83).
The Karlovitz number K, corresponds to the smallest eddies and is the ratio of the
chemical time scale 7. to the Kolmogorov time 7, :

—1/2 , 4N 3/2
K, =& — (l_g> (%) (7.14)
Tk 5L Sr,

According to these numbers, turbulent combustion regimes can be identified and are
reported in a diagram proposed by Peters in 1999 [163] presented here in Fig. 7.2.

1000

Thickened flame
100

;0
u/sL

Thickened-wrinkled

/
M

Piston engines domain

10

Laminar
combustion

|Wrink|ed flamelets|

b1 1 Tage 100 1000
i

Figure 7.2: Turbulent combustion diagram proposed by Peters [163]: combustion regimes are
identified in terms of length (I;/6%) and velocity (u'/s}) ratios. * : operating point.

Here, the dimensionless numbers associated to the operating point which is simulated
are: u'/s% ~ 10, 1;/6? ~ 25 which gives a Karlovitz number K, ~ 7. The expected regime
is the thickened-wrinkled flame regime: turbulent motions are able to enter and modify
the flame preheat zone but not the reaction zone. An illustration of this regime was
proposed by Borghi and Destriau in 1998 [164]. This regime is representative of piston
engine operating points where 1;/6% € [5;100] and u'/s) € [0.5; 20].
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142  Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans
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Figure 7.3: Illustration of the thickened-wrinkled flame regime proposed by Borghi and Des-
triau [164].

7.3 Numerical set-up

The numerical setup used here is the one used to compute the non reacting flow in
Chapter 6: the numerical scheme is TTGC and the subgrid scale model is WALE. Kinetics
are described with the 2S_ C8H18_AB reduced mechanism presented in Sec. 1.4.1 and
previously used for laminar computations in Sec. 3.3. Two simulations are performed:
a laminar flame (where the fans are not rotating) and a turbulent flame where the fans
rotate at 10,000 rpm (Fig. 7.4). The laminar flame results will be helpful to understand

(a) Laminar flame. (b) Turbulent flame.

Figure 7.4: 3-dimensional laminar and turbulent flame propagation. Instantaneous velocity
field. A red isosurface of temperature at T=1500 K shows the flame.

and compare to results coming from the turbulent flame propagation. It is also a good
method to make sure that results for the turbulent case can be fully compared to a
reference laminar case.
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7.3 Numerical set-up 143

7.3.1 Mesh resolution

To compute the non-reacting flow inside the spherical vessel (see Chapter 6) a grid with
a constant mesh size (except on fans blades) x = 1 mm has been used. For reacting
cases, grid must now be refined in the region where flames are ignited and propagate
to minimize the combustion modeling effect. The mesh has been refined in a spherical
domain of 50 mm of diameter at the bomb center. Elsewhere the mesh is unchanged
compared to the mesh used to compute the non-reacting flow. The mesh size in the
refined zone at the bomb center is 0.2 mm. The laminar flame thickness for octane is
6% = 0.43 mm: imposing 5 points in the flame thickness (D-TFLES model is used in this
chapter with N, = 5, see Sec. 1.6.1), the dynamic thickening factor F' is expected to be
of the order of 2 showing that a DNS-like computation is performed which minimizes the
effect of the turbulent combustion model. This resolution leads to a grid of 75 millions
of tetrahedra for the AVBPO1 instance. Fan grids are unchanged (3.3 millions of cells)
so that the whole computational grid is composed of about 95 millions of cells.

To monitor the influence of the turbulent combustion model, Fig. 7.5 plots pdf s of the
thickening factor F' and the efficiency function for the turbulent propagation (which is
the worst case). The maximum values for F' and  are respectively 1.4 and 1.3 showing

10 ‘ ‘ ‘ ‘ 25
8 20
6 . 15¢
LL LL
° °
[a R [a
4 : 100
2 5¢
0 : : 0 ‘ : ‘
11 _ .12 . 13 1.4 15 1 11 12 1.3 14 1.5
Thickening factor F Efficiency function £
(a) Thickening factor F. (b) E ciency function E.

Figure 7.5: E ciency function Z and thickening factor F for the turbulent propagation 4.5 ms
after ignition.

that a wide part of the reaction rate is resolved on the grid mesh since the turbulent
combustion model parameters (F' and ) are close to unity. The impact of the turbulent
combustion model on the flame propagation is small which confirms that a DNS like
computation of the flame is computed.
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144 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

7.3.2 Ignition phase

To ignite flames at the bomb center a kernel of burnt gases is deposited. Temperature,
density and species profiles come from of a one-dimensional flame previously computed
with CANTERA (see Sec. 1.6.2). For the velocity field at the ignition time for turbulent
cases, it was decided that the turbulence inside the kernel, at the initial time, was not
affected by the flame so that the velocity field is not modified, even inside the flame kernel
(this hypothesis is checked in Sec. 7.5.1). For laminar cases (some of them are repeated
here in the bomb geometry for reference and verification purposes), the turbulent velocity
field is set to zero and initialized using Eq. 1.92. The flame kernel is a sphere of radius
R? of 4 mm. The energy deposited E,; can be estimated using Eq. 7.15:

Ey = gwR§3pbOpb(T£ ~T,) (7.15)
where C), ;, is the heat capacity in burnt gases and T} is the temperature inside the burnt
gases kernel. With R(} = 4 mm, the energy deposited is E; ~ 100 mJ. This energy is
sufficient to ignite the flame. However with an initial flame kernel of radius R(} of 3 mm,
the energy deposited is of the order of 40 mJ and is not sufficient and computations show
that the flame is subject to blow-off. This means that the amount of energy deposited is
close to the critical energy.

For the turbulent propagation, 2.7 fan rotations are performed! on the new mesh so
that turbulence develops before ignition. Figure 7.6 displays the 3 velocity components
at the bomb center. The ignition time ¢;, is highlighted by the red star. Note that at the
ignition time, the velocity at the bomb center is not zero for this realization: © = 1.7 m/s,
v=28m/s and w = —0.2 m/s®. To give an illustration of the new structures created
when using a finer mesh, Fig. 7.7 compares two instantaneous vorticity fields when using
the cold’ coarse flow mesh and the finer mesh used to compute combustion. Figure 7.8
displays instantaneous isosurfaces of vorticity at the bomb center colored by the velocity
magnitude. This mesh ensures a ratio z/ ., = 5 in the central zone of the closed vessel
which allows very small resolved structures to appear.

7.4 Turbulent flame diagnostics

This section presents diagnostics performed on the octane-air flame propagating in the
full closed vessel. Some comparisons with laminar flames are drawn.

Figure 7.9 proposes a visualization of the flame propagation inside the closed vessel.
The flame is visualized by an isosurface of temperature at T' = 1500 K and the velocity
field is colored in gray scale. Only two fans are shown to simplify the visualization. As
expected (the Karlovitz number K, is near 7), the flame is very wrinkled and does not

12.7 fan rotations represent about 16 ms or 4.5 times the integral time scale ; measured in Sec. 6.3.3.a.

2Spatially averaged velocities over the whole burnt gases kernel at ignition time are uf;%_g =14mst,

vfG, =224 ms" and wf§ = —139 ms~! confirming that the velocities at the ignition location

ig

differ from zero at a given time even if the turbulence is homogeneous and isotropic.
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Figure 7.6: Velocity at the bomb center: ignition time is highlighted by the red star.
non reacting flow mesh ; : reacting flow mesh

(a) Mesh size 2 =1 mm everywhere. (b) Mesh size = 02 mm at the bomb center,
x = 1 mm elsewhere.
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Figure 7.7: Instantaneous vorticity field in the bomb before ignition.
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146 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

Figure 7.8: Instantaneous isosurfaces of vorticity at the bomb center colored by the velocity
magnitude.

remain spherical. The flame surface is teared up into two pieces. However, the flame is
ignited everywhere and keeps growing in this highly turbulent flow. The flame does not
remain at the bomb center.

7.4.1 Flame surface measurement

Defining the flame surface for a turbulent premixed flame is not an easy task. Assuming
that the flame front is infinitely thin (as done in multiple theoretical approaches or in
the G-equation formulation) gives only one unambiguous flame surface. But in practice,
the flame front is not infinitely thin and exhibits many different flame surfaces depending
on the c-level where it is defined. The flame area can be measured using the area of an
isosurface of the progress variable:

Ser = /5(0— ") ds (7.16)

where ¢ is the Dirac function. Figure 7.10 shows flame surfaces obtained using different
values for ¢* in both laminar and turbulent flames. The flame surface definition based on
the flame surface density (Eq. 7.3) is presented too. Turbulent simulations are stopped
as soon as the flame leaves the central refined zone and this explains why turbulent sim-
ulations are shorter than laminar ones. For the laminar flame, all definitions give almost
the same surface. Indeed, the flame front remains thin during the flame propagation.
However for the turbulent flame, at the end of the simulation (¢ = 4.5 ms), a factor of
the order of 3 can be found between the area of a ©-isolevel in the fresh gases (© = 0.1)
and an isolvel in the burnt gases (© = 0.9). Figure 7.11 shows a slice of heat release
through the flame to confirm this fact. Two isolines at ¢ = 0.1 and ¢ = 0.9 are plotted
to show the corresponding flame surface. The flame surface S.«—g ;1 clearly overestimates
the flame surface where most of the heat release takes place. Most reaction takes place
near the ¢* = 0.9 surface but there is no clear reason to argue that the surface should
be measured on ¢* = 0.7 or ¢* = 0.9 while Fig. 7.10(b) shows that the corresponding
surfaces can differ significantly.
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7.4 Turbulent flame diagnostics 147

Figure 7.9: Visualization of the flame propagation in the turbulent flow. Flame is visualized
by an isosurface of temperature at T=1500 K. The velocity field is colored in black and white.
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Figure 7.11: Instantaneous heat release field with two isolines: ¢=0.1 and ¢=0.9.

7.4.2 Stretch and curvature effects on combustion

Laminar and turbulent spherical flames are all subject to stretch. For laminar spherical
flames, stretch is only due to the flame expansion and can be written analytically as
kr = (2/R)dR/dt where R is the flame radius. Turbulent flames are also wrinkled by
turbulence which leads to additional stretch.

Figure 7.12(a) presents the temporal evolution of stretch and curvature for the laminar
flame. Equations 7.4, 7.7 and 7.8 are compared. To compute Eq. 7.8, the flame radius
is determined using the isosurface of ¢* = 0.9: R = \/Se—p.9/(47). Equations 7.4 and
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7.4 Turbulent flame diagnostics 149

7.8 give same stretch values since all flame surfaces are almost the same (Fig. 7.10(a)),
as expected for a perfectly spherical flame. However, Eq. 7.7 underestimates the stretch.
This result is unexpected since Eq. 7.7 gives the same result as 7.4 for an infinitely thin
flame as shown by S. Richard [162]. The discrepancy observed here can be due to the
fact that the flame is not infinitely thin as assumed in the derivation of S. Richard [162].

For turbulent flames, stretch definitions differ since the flame surface is not easy to
measure. To illustrate the dispersion of stretch and curvature in the flame front, Fig. 7.13
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(a) Laminar flame. (b) Turbulent flame.

Figure 7.12: Evolution of stretch and curvature during the propagation phase.
(Eq. 74) ;- < > (Eq. 7.7) ;----: (Eq. 7.8)

displays pdf s function of these quantities. For laminar flames, pdf are sharp since all
points in the flame front are subject to the same stretch and curvature, only induced by
the flame geometry. For turbulent flames, pdf s are wider and negative values appear.
Turbulence wrinkles the flame and very high (positive and negative) values for stretch
and curvature can be generated. Mean values of stretch are positive (pdf s function are
centered on value greater than zero) which is consistent with the fact that the flame is
growing.

7.4.3 Consumption flame speed s.

The response of the consumption flame speed s. to stretch k is usually based on a
Markstein-type correlation [98, 101, 102] s.(k) = s% — Lx where L is the Markstein
length. The Markstein length is a quantity which essentially depends on the fuel and is
classically determined using laminar flame (spherical propagating flames are one of the
methods available to measure £ [98, 100, 165]). This quantity can be positive or negative,
depending on the fuel. The mean consumption flame speed is obtained using Eq. 7.9.

A two-step chemical mechanism is used to describe kinetics (see Eq. 1.44). In this
context, the combustion intensity (and thereby the total reaction rate) can be evaluated
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Figure 7.13: Pdf s function of local stretch and curvature during the propagation phase 4 ms
after ignition. : laminar flame ; ----: turbulent flame.

by the rate of progress of the first reaction (fuel oxidation) ¢ = ¢/ + ¢} where ¢/ and ¢
are the forward and reverse rates of the reaction (here ¢} is zero since the first reaction is
irreversible). Figure 7.14 plots a scatterplot of q{ as a function of the variable progress
during the propagation phase at t = 4 ms. Figure 7.14(a) compares q{ for the laminar and
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(a) Scatterplot of combustion intensity for laminar (b) Scatterplot of combustion intensity for turbu-
and turbulent flame. : laminar flame ;  : tur- lent flame conditioned by curvature values. : all
bulent flame. points in the flame front ; 45—: average scatterplot

conditioned by negative curvature ; —=—: average
scatterplot conditioned by positive curvature.

Figure 7.14: Scatterplot of the rate of progress of the first kinetic reaction 4 ms after ignition.
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turbulent flames. All values of ¢/ in the flame front (0 < ¢ < 1) are reported in the plot.
For the laminar flame, all points are contained in a narrow envelope as expected [20].
For the turbulent flame, the scatterplot of combustion intensity shows a dispersion of the
values of q{ in the flame front. Even if some higher values are reached in the turbulent
flame, most of them are below the envelope of the laminar flame. The scatterplots of q{
have been averaged on isosurfaces of the progress variable ¢ in order to get a curve of q{
as a function of c. The values of qlf have been conditioned by the sign of the curvature
leading to two curves q{ (c): one for positive curvature and one for negative curvature
(Fig. 7.14(b)). This diagnostic shows that the combustion intensity is higher in regions
of negative curvature. This result is typical of heavy fuel with a Lewis number greater
than unity®.

The response of the turbulent consumption flame speed s, to stretch is presented and
compared to the response of the consumption speed for a laminar flame in Fig. 7.15(a)%.
For the laminar flame, a classical behavior is found: close to the ignition time, the flame
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(a) Stretch. (b) Curvature.

Figure 7.15: Response of the consumption flame speed s, (Eq. 7.9) to stretch g_._, , (Eq. 7.4)
and curvature. : laminar flame ; ----: turbulent flame.

is sensitive to the ignition procedure (the velocity decrease) [110]. After that, for x < 300,
the flame speed varies linearly with stretch as predicted by the Markstein-type correlation.
As previously observed in Chapter 3 on laminar spherical flames, the extrapolation of
s¢(Kk) to zero stretch overestimates the unstretched laminar flame speed for confined
flames (Fig. 3.10). Close to the ignition time, turbulent and laminar flames have the
same consumption speeds and are subject to the same stretch® since turbulence has not
started to wrinkle the flame. During the propagation phase, the turbulent flame behaves
differently. When it propagates, turbulence wrinkles the flame and the consumption speed

3The Lewis number Le of the octane is Lecggis = 2 78

4When spherical flames propagate, the global stretch decrease.

5The ignition procedure for laminar and turbulent flame is the same: a kernel of burnt gases of 4 mm
of radius in adiabatic conditions is deposited at the bomb center.
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152 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

goes down even if the flame is not going to quench. Figure 7.15(b) plots the response to
s. to curvature. For a laminar flame, the response of s. to curvature is very similar to
its response to stretch since curvature and stretch play similar roles on s.. For turbulent
flames, when the flame propagates, first, curvature decreases slightly then it increases
due to strong flame/turbulence interactions which generates high curvature zone locally
in the flame front, especially when pockets of burnt gases are created.

7.4.4 Displacement flame speed sy

To understand the flame propagation mechanism, the displacement speed (Eq. 7.17) can
be split into two main terms: s; = Syeqac + Saiff- These terms can be extracted from a
simulation by:

1 1 0 oT oT N
= owl "t o\ o) o CpeYeVii 717
54 pCy|V | T+pCp\V | Ox; ( 8%) O, pk:1 p kY kVE (7.17)
S”‘eaC Sdlff

The speed s4 is a local quantity which is governed by the local balance between molecular
diffusion and reaction rate, which together determine its direction and magnitude.

Figure 7.16 displays the flame speed sq and the two terms S,cq. and sgir¢r. Equa-
tion 7.17 gives local values of s,c.. and sg;r¢. To obtain statistical values, these local
values are averaged on isosurfaces of the progress variable ¢ and plotted as a function of
c. These terms are compared for laminar and turbulent flames at two different times:
just after ignition and during the propagation phase. For laminar flames, s,cqc and sq;s¢
are the same at the ignition time and during the propagation phase. In the fresh gases
0.1 < ¢ < 0.3, the displacement speed sq is dominated by the diffusion term sg4; ¢ and the
reaction term S;,¢q. is nil. For ¢ > 0.5, S;¢qc 1s positive and counterbalance sg;¢; which is
negative. Globally, the displacement speed is positive and the flame grows up.

Turbulent flames exhibit a different behavior (Figs. 7.16(c) and 7.16(d)). Just after
ignition, the displacement speed terms are very similar to those obtained for laminar
flame. But when the turbulent flame propagates (¢ = 4.0 ms), turbulence wrinkles
the flame and modify the local (and thereby the global) reaction and diffusion term.
Turbulence modifies the diffusion term in the fresh gases and the reaction term for ¢ > 0.5.
In fresh gases, the diffusion term sz s becomes nil which leads to a displacement speed
close to zero. For ¢ > 0.5, the reaction term is decreased which decreases the flame speed
displacement in the burnt gases too.

Turbulence wrinkles the flame surface and induces high curvatures. Locally the flame
front is thickened and can make the local displacement speed negative. Figure 7.17 plots
pdf s function of the displacement flame speed s;. For laminar flames, the displacement
speed is always positive while the pdf is centered on zero and almost symmetrical for the
turbulent flame.
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(a) Laminar flame ¢t = 0 20 ms. (b) Laminar flame ¢ = 4 00 ms.
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(¢) Turbulent flame ¢t = 0 25 ms. (d) Turbulent flame ¢t = 4 00 ms.

Figure 7.16: Displacement flame speed analysis (Eq. 7.17) for laminar and turbulent flames
just after the ignition time and 4 ms after ignition. Local values of flame speeds are averaged
on isosurfaces of c. - 5—: 54 ; =~ Speac ; —E—: Sdiff-

7.5 Influence of the burnt gases kernel characteris-
tics imposed at ignition on the flame propagation

Computing the exact flow field and the composition a few microseconds after a sparking
event is beyond the capabilities of present solvers: the plasma phase and the high temper-
ature reached in the gas make such a simulation impossible today in a turbulent flow (see
Sec. 1.6.2). Therefore all DNS of turbulent flames begin after this plasma phase and use
an ad-hoc initialization. In this thesis, flames are ignited using a kernel of burnt gases
where the shape of the profiles of composition, temperature and velocity are imposed.
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Figure 7.17: Comparison of pdf s function of the displacement speed sg in laminar and
turbulent flame.

: laminar flame ; ----: turbulent flame.

This choice is an arbitrary one and it is usually assumed that it plays a limited role on
the following flame growth so that initial conditions are forgotten after a few flame times.
As done before in this thesis, we tried to revisit usual assumptions used in most DNS.
We test here the effect of two important parameters on the initialization of a flame kernel
in turbulent flow:

the velocity field in the burnt kernel and,
the temperature field imposed for the gas inside the burnt gas kernel.

Both fields are unknown in the real world but have to be specified for the DNS. The
composition (species profile) is always extracted from a previous CANTERA computation
(at equilibrium).

7.5.1 Influence of the velocity eld

What is the influence of the velocity field inside the burnt gases on the flame propagation?
Due to the viscosity increase in the burnt gases, the velocity field is smoother in burnt
gases than in the fresh gases. Two extreme options are possible to initialize the velocity
field inside the burnt gases kernel: (1) it can be set to zero to mimic the viscosity
increase (Fig. 7.18(a)) or (2), it can be unchanged and turbulence inside the kernel is
conserved (7.18(b)) from the non-reacting flow computation just before ignition. All
other parameters are the same for the two computations: the burnt gases temperature is
the adiabatic flame temperature.

Figure 7.19 compares the flame propagation in both cases: the flame is represented
by an isoline of progress variable at ¢* = 0.9. The flame propagation is very similar and
does not seem to be affected by the velocity field inside the burnt gases kernel at ignition.
The flame surface deformation is comparable in both cases. Here, the flow is highly tur-
bulent and structures go into the flame quickly. Thereby the ignition condition, without
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(a) Velocity field set to zero inside the (b) Velocity field unchanged inside the
burnt gases kernel. burnt gases kernel.

Figure 7.18: Velocity modulus fields at ignition. Flame is represented by an isoline progress
variable at ¢* =0 9.
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Figure 7.19: Flame propagation illustrated by instantaneous isolines at ¢* = 09. ——
velocity field unchanged (Fig. 7.18(a)) ; : velocity field set to zero (Fig. 7.18(b)).
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turbulence inside the flame kernel, is forgotten rapidly leading to similar propagations.
Finally, Fig. 7.20 compares the flame surfaces. Figure 7.20 confirms the previous
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Figure 7.20: Temporal evolution of the flame surface. : velocity field unchanged in the
burnt gases kernel ; ---- : velocity field set to zero in the burnt gases kernel.

observation: flame surfaces match very well which means that the flame propagation is
not affected by the velocity field inside the burnt gases kernel at ignition.

7.5.2 Influence of the temperature

Minimum Ignition Energy (MIE) is a critical property for safety standards as well as
for the fundamental understandings of the ignition process of combustible mixtures. In
particular, it is known that for a given mixture, MIE increases with the ratio u’/s%
[166]. In this thesis, MIE is not studied but the influence of the burnt gases temperature
imposed at ignition time on the propagation phase is investigated. Obviously, the spark
can create a kernel of hot gases of arbitrary temperature. Often, this kernel is super-
adiabatic: the temperature can be larger than the adiabatic flame temperature. It is
important to investigate the effects of this parameter. Up to now we have used an initial
temperature of kernel equal to the adiabatic flame temperature. Here we test higher
temperatures.

Two computations are compared: the first one where the flame is ignited with an
adiabatic hot gases kernel (procedure described in Sec. 1.6.2) and another one with a
temperature inside the burnt gases kernel larger than the adiabatic flame temperature:
the initial temperature profile imposed in the burnt kernel is increased to reach 200 K more
than the adiabatic temperature (Fig. 7.21). The kernel size is kept constant (R} = 4 mm).
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Even if the burnt gases temperature is raised, the energy deposited is almost constant
since the product p,T} is constant: the energy increase is only due to the variation of C),,
with the temperature which is very small.
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(a) Temperature profiles. (b) Density profiles.

Figure 7.21: Temperature and density profiles to compare flame kernel at ignition time.
: adiabatic flame kernel (Tl? = T,q and g = ad) ; ---- : over adiabatic flame kernel
(T = T,a + 200 = 2250 K).

Figure 7.22 compares the propagation phase for the two ignition conditions. When
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(b) TY = T,q + 200 = 2250 K.

Figure 7.22: Flame propagation illustrated by instantaneous isosurfaces of ¢* = 09 colored
by the velocity magnitude.

the burnt gases kernel is overheated, the flame develops faster, is more robust and is less
affected by velocity fluctuations and stretch. For example, 3.5 ms after ignition, the flame
surface is teared in two pieces when the burnt gases temperature is equal to the adiabatic
flame temperature while it still is in one piece otherwise.

The flame propagation can be compared using isolines of ¢* = 0.9 for the two ignition
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configurations (Fig. 7.23): using this visualization, flame surfaces can be superimposed
to give a more quantitative comparison.
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Figure 7.23: Flame propagation illustrated by instantaneous isolines of ¢* = 09. ——
TP = Thq = 2050 K ; : TY = Thq + 200 = 2250 K.

Figure 7.24(a) compares the flame surfaces for the two ignition conditions. As previ-
ously observed on Figs. 7.22 and 7.23, when the burnt gases temperature is upper than
the adiabatic flame temperature, the flame grows up faster. Increasing the burnt gases
temperature of 10% can lead to large discrepancies in the flame surface: 4.5 ms after igni-
tion, the flame surface is 60% bigger when the burnt gases temperature is larger than the
adiabatic temperature. Finally, Fig. 7.24(b) compares the temporal evolution of the mean
consumption flame speed s.. (Eq. 7.9) for two ignition conditions. The mean consumption
flame speed of the flame ignited with a burnt gases temperature Tp = T,4+ 200 = 2250 K
has a consumption speed slightly larger than the flame ignited with a burnt gases temper-
ature equal to the adiabatic flame temperature. However, the two curves have a similar
trend and reach an asymptotic value s./s} ~ 50%.
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(a) Flame surface Se—g9 (Eq. 7.16) versus time. (b) Mean consumption flame speed s. (Eq. 7.9) ver-
sus time.
Figure 7.24: Influence of the burnt gases temperature imposed at ignition. —: Tl? =Toa =
2050 K ; ---- : T = T,q + 200 = 2250 K.

This demonstrates that in all these DNS, there is a hidden parameter in the initializa-
tion phase: the temperature of the initial kernel. Since this temperature results from the
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plasma phase which is never computed, it is difficult to specify. Unfortunately, it seems
to play a strong role. Note that this probably does not affect statistics gathered at later
times. It changes the combustion timing but not the flame/turbulence interaction.

7.6 Conclusion

This chapter presents well resolved LES of turbulent premixed flames propagating in the
spherical vessel stirred by six fans. The mesh grid used leads to DNS like computations at
the bomb center to resolve the flame. First a laminar (fans are stopped) and a turbulent
flame propagation are compared. The difficulty of measuring the flame surface in a
highly turbulent flow is highlighted and it is shown that the turbulent consumption
flame speed is lower than the laminar flame speed. Finally, the influence of the velocity
field and the temperature inside the burnt gases kernel imposed at ignition is evaluated.
It is shown that the temperature of the burnt gases kernel imposed at ignition is an
important parameter controlling the propagation phase. On the other hand, the velocity
field (turbulence removed or not) imposed within the initial burnt gases kernel does not
modify the flame propagation.

159



160 Chapter 7 : Turbulent flame propagating in a spherical bomb stirred by six fans

160



CONCLUSIONS & PERSPECTIVES

The context of this PhD was the understanding of abnormal combustions in spark-ignition
piston engines. This project was funded by the French Research National Agency through
the ICAMDAC project. To increase the engine fuel efficiency and decrease pollutant
emissions, engine manufacturers decrease the size of engines ( downsizing’). To keep the
engine power constant, the trapped mass inside the combustion chamber is increased
using turbochargers. However, due to in-cylinder pressure increase, this may lead to
abnormal combustions (knocking or rumble).

Large Eddy Simulation has proved its ability to predict these abnormal combustions
[5, 6] in piston engines. In a spark-ignition engine, the premixed flame is ignited by
the energy deposited by the spark plug. Then the flame must propagate in the turbulent
premixed flow. This propagation phase is critical and its simulation the heart of this PhD.
A better understanding of premixed turbulent flame propagation properties is necessary
to improve turbulent combustion models used in full engine computations.

To focus on laminar and turbulent flame propagation, an experiment was setup at the
PRISME laboratory (Orléans): it consists in a closed spherical vessel fed with premixed
gases. To generate turbulence, six fans are placed in the vessel. A spark-plug located at
the vessel center is used to ignite premixed gases. The objective of this work was twofold:

characterize the turbulence generated inside the vessel to check wether it is homo-
geneous and isotropic or not,

finely characterize laminar and turbulent combustion cases in order to increase the
knowledge in this field, and thereby improve models used.

Conclusions are drawn below:

Reduced kinetic scheme for octane: First, a reduced kinetic scheme, called
2S_C8H18_AB, has been developed and validated using the reference Jerzembeck
scheme [43]. Laminar flame speed and adiabatic flame temperature have been
validated for lean mixture by comparison with a detailed scheme.

Stretch and con nement effect on laminar flame speed: Post-processing
methods of flame radii for laminar spherical flame to deduce laminar flame speeds
and Markstein lengths were discussed. It was shown that the classical relation

161



162

Conclusions & perspectives

based on time evolution of the flame radius only:

gP expe Iozq @
¢ pu(t =0) dt

is not adequate to predict the true consumption speed based on the fuel consump-
tion. An expression using only the flame radius and the pressure inside the bomb
(two quantities which are directly measured) [111]:

dR; R}—R} 1 4P
dt ~ 3R2 Pt

of =

gives better results than s? “P¢ and captures reasonably well the evolution of the
consumption speed versus flame stretch. Since s/ only requires the knowledge
of R(t) and P(t), it is simple to use experimentally. The present work suggests
however that this equation is a good candidate for a more precise determination
of the flame speeds. Results of this study have been published in Combustion and
Flame [81].

Immersed Boundary Method in AVBP: To compute the turbulence gener-
ated by fans inside the spherical vessel, two numerical strategies have been tested.
Fans rotate so that all strategies involving mesh deformations are proscribed due to
complexity and meshing time. First, an Immersed Boundary Method (IBM) was
implemented in the AVBP code. It is based on continuous forcing method. To
impose a velocity at the immersed boundary, a source term is added in the momen-
tum equation: a feedback scheme [137] was implemented. A procedure was set-up
to optimize the IB method efficiency. Various test cases were performed and a very
good agreement with reference solutions in simple cases was found. However, the
IB method was tested on a one-fan validation test case and very large differences
were found between experimental and numerical results. A lack of resolution in the
zone spanned by the blades is probably the reason of this failure.

MISCOG approach: To reach our objective, an other numerical strategy was
developed. The method comes from turbomachinery calculations: multiple in-
stances of the same solver run simultaneously and these instances are coupled on a
small overlapping zone (the method is called MISCOG, for Multi Instances Solver
Coupled on Overlapping Grids). A convection vortex test case was performed and
showed very good results. Then the method was validated on the one-fan validation
test case. First the computation was performed assuming flat leading and trailing
edges for the fan blades to save mesh points. Compared to PIV measurements,
the computation leads to large errors on the velocity fields. An other computation
with the real (curved) leading and trailing edges was performed and gives better
results demonstrating the impact of the blade shape on the average flow: taking
into account the real blade shape geometry is essential to predict the flow generated
by the fan.

Non-reacting flow in the fan-stirred vessel: Using the MISCOG approach,
the closed vessel stirred by the six fans was computed. The flow inside the vessel
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was studied using a well resolved LES of the full geometry. Average and fluctuating
fields match experimental data reasonably well. The structure of the turbulence
was studied and it was shown that turbulence is almost homogeneous and isotropic
at the bomb center in a region of around 6 cm of diameter. The budget of mean
turbulent kinetic energy was evaluated and showed that turbulence is not convected
from fans to the bomb center but diffused since the average velocities are near zero
at this location. The trace of the blade passage frequency disappears near the bomb
center.

Reacting flow in the fan-stirred vessel: Well resolved LES of turbulent pre-
mixed flames propagating in the spherical vessel stirred by six fans have been
performed. The grid used here leads to DNS-like® computation at the bomb center
to resolve the flame. Laminar and turbulent flames propagation have been com-
pared in condition of intense turbulence (u//s? ~ 10). The difficulty of measuring
the flame surface in a highly turbulent flow is highlighted and it is shown that the
turbulent consumption flame speed is lower than the laminar flame speed for this
case, an uncommon result in DNS. Finally, the influence of the velocity field and
the temperature inside the burnt gases kernel imposed at ignition is evaluated. It
is shown that the temperature of the burnt gases kernel imposed at ignition is an
important parameter controlling the propagation phase. On the other hand, the
velocity field (turbulence removed or not) within this hot initial kernel does not
modify the flame propagation.

More generally, even tough this work has not tried to analyze all DNS results, it has
demonstrated that usual DNS could be improved by explicitly computing the flow in
turbulent bombs (and not assuming it is homogeneous and isotropic) and that the tem-
perature of the initial kernel was a problem. It is actually the whole plasma phase which
is neglected in most DNS and this may have an important effect on all conclusions.
Moreover, the grid resolution at the surface of fan blades was clearly shown as a key
parameter to get reliable results (in terms of turbulence inside the vessel) since the flow
is only piloted by the fans.

Further investigations will be necessary to complete the numerical study in order to
compare numerical results to the experimental database. In this PhD, only one fan rota-
tion speed (N4, = 10,000 rpm) was considered but it was shown experimentally (in the
Orléans bomb [80] and in similar configurations [167, 30]) that a linear relation links the
fans rotation speed and the velocity fluctuations at the bomb center. It will be interesting
to see if LES is able to retrieve this property. Moreover, computing other fan rotation
speeds will enable to study turbulent combustion in regimes where turbulence is less en-
ergetic (in order to decrease the ratio u’/s?). Finally, this work could be completed by
changing the thermodynamic conditions (pressure and temperature) and the equivalence
ratio in the spherical bomb before ignition as it was done experimentally.

An important part of this PhD was devoted to develop numerical methods (Immersed
Boundaries and MISCOG). These numerical methods are not specific to computations
performed during this work but can be applied to a wide range of applications such as
piston engine or turbomachinery calculations.
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radius evolution are used. It is shown to provide more precise results for the consumption speed than p,/
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1. Introduction

The experimental determination of the laminar consumption
flame speed, s?, is an overarching problem in combustion [1].
Indeed the knowledge of the rate at which the fresh gases are con-
sumed is instrumental in the study of flame dynamics as well as
the development of kinetic schemes. For modeling purposes, the
laminar flame speed is the central ingredient of most turbulent-
combustion models [2-6].

Despite the apparent simplicity in the formulation of the prob-
lem, measuring accurately s? is a delicate task. Since the early at-
tempts, which date as far back as a hundred and fifty years ago
[7-11], a variety of methods have been devised. These methods
find their roots in analytical solutions of reacting fluid mechanics
but most of them suffer from approximations or experimental dif-
ficulties that strongly affect their precision. For example, the flat
flame propagating in a tube is strongly perturbed by instabilities
or the presence of walls [12,13]. Other techniques require extrap-
olation or correcting factors in order to account for the effects of
curvature or strain [14-17].

In the present paper, we revisit the classical technique of the
‘spherical flame in a bomb’ (Fig. 1a): in a closed vessel, a mixture
of fresh gases is ignited, a spherical flame develops and its radius,
R(t), is measured vs. time using simple optical methods.

* Corresponding author.
E-mail addresses: adrien.bonhomme@imft.fr (A. Bonhomme), laurent.selle@
imft.fr (L. Selle), thierry.poinsot@imft.fr (T. Poinsot).

Such experiments are fairly easy to conduct. Moreover initial
conditions (temperature, pressure, composition, etc.) are well con-
trolled and can be extended to high temperatures and pressures.

However, extracting flame speed values from spherical flames is
a much more difficult exercise which has lead to multiple contro-
versies in the past [18-22]. Two quantities can be measured exper-
imentally to construct a flame speed in a bomb: (1) the flame
radius evolution R(t) and (2) the bomb pressure P(t). Most existing
methods use one of these two quantities (or the two) to deduce
flame speeds.!

Assuming that R(t) and/or P(t) are available, two independent
steps are then required to obtain flame speeds:

o STEP I: the instantaneous flame speed must be obtained from
R(t) and/or P(t).

e STEP II: since a spherical flame is a stretched flame, the speed
which is measured in STEP I is not the unstretched laminar
flame speed s? but a stretched flame speed s;(x) where x = 2/R
dR/dt is the instantaneous flame stretch. Therefore a model for
si(x) is needed to obtain s?. This model is usually based on a
Markstein-type correlation [21,24,25], for example the linear
expression:

si(k) =Y — LK (1)

1 Recent methods using direct flow and front speed measurements have begun in
the last two years [23] but they are not discussed here.

0010-2180/$ - see front matter © 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

http://dx.doi.org/10.1016/j.combustflame.2013.02.003
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where £ is the Markstein length which becomes an additional un-
known quantity to determine [26]. In the past five years, other
expressions have also been proposed to replace Eq. (1) (mostly
based on the non-linear form of s, [27,21]).

This paper does not discuss STEP II and focuses on STEP I. Dur-
ing this step, approximations between the various flame speeds
characterizing a front are utilized and the present work shows that
they can have a direct impact on the result. Indeed, the only speed
which is unambiguously measured in a bomb is the flame speed of
the front relative to the burnt gases sy(x)=dR/dt because the
burned gases do not move.

Obtaining a relation between s,(x) and s;(x) is a delicate task
because it requires well chosen assumptions. A classical, albeit
approximate, relation used in multiple recent studies is:

mm:%mm 2)

where p,, is the density of the burnt gases and p,, that of the unburnt
gases.

In addition to stretch, other factors modify the flame speed in a
spherical explosion [27,21,28,29]:

1. In the early stages, the energy of the spark modifies the burnt
gases temperature as well as the flame speed.

2. Curvature effects and preferential diffusion (for non-unity
Lewis number) also influence the evolution of the flame and
the burnt gases temperature. In Eq. (2), most authors recognize
that s, depends on stretch but neglect the influence of stretch
on p,. However, the burnt gases density, like the burnt gases
temperature, is affected by stretch too. And even if this effect
is smaller than the effect of k on s; it must be taken into
account.

3. For large radii, the confinement of the flame in a closed vessel
influences p, and p, and therefore changes the flame speed.

The objective of the present work is to revisit the formulation of
Eq. (2) and to propose theoretical expressions for the consumption
flame speed that alleviate the problems of Eq. (2). The derivations
are presented in Section 2 and Direct Numerical Simulations (DNS)
are conducted in Section 3 where the formulae can be compared to
the true consumption speed based on the integral of the reaction
rate [6] in the case of a cylindrical flame. All derivations are per-
formed in two cases: (1) INF where the flame propagates in an infi-
nite medium, confinement effects do not exist and curvature

effects due to non-unity Lewis number can be isolated, and (2)
BOMB where the flame propagates in a closed bomb where both
curvature and confinement affect the burnt and fresh gases
density.

2. Theoretical results

Deriving an expression for flame speeds in a spherical or cylin-
drical flame (cf. Fig. 1a) is a complex exercise [27,30-32]. It is pre-
sented here without invoking an infinitely-thin-flame assumption.
The formulae for the consumption flame speed presented in this
paper are based on the conservation equation for the species. The
definition of the consumption flame speed in a spherical flame is
obtained from the integral of the reaction rate ) of one specie k
(fuel or products for example):

1 ko
(Vi -Yi)R Jo

where p,, is the fresh gases density, Y} and Y} are the mass fraction
of specie k in the fresh and burnt gases respectively and Ry is the
integration boundary? (Ro > R). Since & cannot be measured exper-
imentally, other indirect expressions are required for s.. They can be
derived by starting from the conservation equation of specie k [6]:

Bka
ot
where Y is the mass fraction and V is the diffusion velocity of spe-
cie k. Integrating Eq. (4) over the control volume (0 < r < Ro) yields:

de
dt

Se = o ridr (3)

+V(p(u+Vi)Yy) = i (4)

+4TR2 Y i(1 = Ro) [t (1 = Ro) + Vir (T = Ro)]

Ro
= wdnridr (5)
0

where M, is the total mass of specie k in the domain:
My = [, pYrdV. The second left hand side term represent the flux
of specie k leaving the domain at r = Ry. Including the definition of
the flame speed s. (Eq. (3)) in Eq. (5) gives:

dM

dt" +47R2p, Y1 (r = Ro)[u;(r = Ro) + Vi (r = Ro)]

= s ATRp, [Yﬁ - Y;] (6)

2 Ry goes to the infinity for the case of a flame propagating in an infinte medium.
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To obtain an explicit relation linking s. to R, the second left hand
side term in Eq. (6) must be canceled. So the optimal choice of the
specie k depends on the configuration:

eIn a hypothetical infinite medium (INF configuration)
u{r=Ro)> 0. But if a product is used (Y,(r =Ro) = 0), as long as
the flame has not reached the position r = Ry the second term
on the LHS of Eq. (6) is also canceled.

e In a closed vessel (BOMB configuration) u{r=Rg)=0 and
Vi {r = Ro) = 0, so that any species can be used in Eq. (6).

At this point in the derivation a consumption speed has been
defined but no assumptions were made. The idea is now to link
M, to the flame radius R in order to get an expression for s. that
is accessible to experimental measurements. Two cases are distin-
guished depending on which species k is used:

1. A product (k = p): a flame radius R, based on the mass of prod-
ucts is defined as:
M
R = —t— (7)
AT

where Y),, is the mass fraction of the product (e.g. CO,) in the burnt
gases and p, is the burnt gases density (averaged spatially between
r=0 and r=Rp). Eq. (7) does not imply that the flame is thin: the
mass of products M, is defined unambiguously and R, is the ‘equiv-
alent’ radius of a sphere containing this mass. Combining Egs. (6)
and (7) to eliminate M, yields:

Py dR, | R, dp, @)
p, dt  3p, dt

v/
S =

where the product mass fraction Y), is supposed to be constant. Eq.
(8) is derived without assumptions on the domain where the flame
propagates: it can be used in a bomb of any size or in an infinite do-
main [33].
In a simulation Eq. (8) can be used directly because p,, p, and R, can
be measured. In an experiment, however, assumptions on p, and p,
are required. The most usual is to suppose that densities are con-
stant (in space and time). Thus, it is generally assumed than p, re-
mains equal to its initial value (neglecting confinement effects, as
expected if the bomb is sufficiently large). And p, is obtained by
assuming that its value does not vary with r from 0 to R, and is
equal to the burnt gases density at equilibrium p;’ so that Eq. (8)
leads to:
gp-expe _ qu @ (9)
© T plt=0) dt
which is the expression used in most studies.>
2. The fuel (k = f): in an infinite domain, fuel cannot be used in Eq.
(6) because its flux is not zero at r = Ro. However, in a bomb
where u(r=Rp)=0 and V\(r=Ro) =0, fuel can be used in Eq.
(6) leading to a formulation given by [34]. In this case, the
radius of the flame based on the mass of fuel is defined by*:

M

R=R-——L
! 0 4Tﬂpuyf-u

(10)

3 Note that an intermediate formulation could be s?**** = 5, /p,dR,/dt if a good
approximation can be found for p,. We tested this solution but it shows that in Eq. (8)
a good evaluation of both p, and dp, /dt is important. In practice, even if this solution
had worked in the DNS where we can have access to pj, it would have been difficult to
use in an experiment since pj is hardly measurable. s2®"*? is not discuss anymore in
this work.

4 The present derivation is valid for lean flames and is based on the fuel balance.
For rich flames, a similar derivation based on oxygen leads exactly to the same
expression.

where Yy, is the mass fraction of the fuel in the unburnt gases,
which is constant. Combining Eqs. (6) and (10) yields:

S=dt " 3r2 o, (11)

Assuming an isentropic compression for the fresh gases which is a
very reasonable approximation here, one has (1/p,) dp,/dt = 1/(y,P)
dP/dt, where 7y, is the ratio of the heat capacities in the fresh gases.
Eq. (11)is then recast into:

@ 3R P 12

Note that Egs. (9) and (12) are very different: Eq. (12) includes no
density ratio in front of dR/dt which suggests that the pressure term
dP/dt is important. Both expressions use a flame radius which is de-
fined differently. For Eq. (9), the flame radius R, is defined from the
mass of products while for Eq. (12), the flame radius Ry is obtained
from the mass of fuel. In practice, experimentally, the flame fronts
are thin and it is probably impossible to distinguish R, and Ry which
are both equal to the observed flame radius R. In other words, an
infinite thin flame assumption is implicitly done when post pro-
cessing experiments. Eq. (12) can be used in bombs but not in an
infinite medium. It has been previously derived [31,30,34] but it
does not seem to be used, even though it is directly accessible in
an experiment because it requires only Ry and P vs. time as input
data. It will be shown in Section 3.4 using DNS that Eq. (12) is insen-
sitive to curvature and confinement effects, unlike Eq. (9).

3. Validation with numerical simulations

All flame speed expressions derived in Section 2 are summa-
rized in Table 1. To check their accuracy, Egs. (8), (9) and (12)
are compared here in a simulation of cylindrical flames with the
true consumption flame speed s. defined by Eq. (3).

Direct Numerical Simulations of cylindrical flames are per-
formed using the AVBP code [35]. AVBP is an unsteady compress-
ible Navier-Stokes solver. The present simulations are performed
with a third-order (in space and time) scheme called TTGC [36].
In order to address both confinement and Lewis number effects,
two simulations with different fuels in air are conducted: a lean
methane/air (Lecy, = 0.996, @ = 0.8) flame and a lean octane/air
flame (Lecgy,, = 2.78, @ = 0.8). The Lewis number is defined by
Lex = Din/Dy, where Dy, = 2/(pcp) is the heat diffusivity coefficient
and Dy is the diffusion coefficient of specie k in the mixture. More-
over two geometrical cases are also compared (configuration INF
and BOMB).

3.1. Kinetic schemes
Reduced two-step mechanisms are used for this work:

1. For methane a scheme [37] called 2S_CH4_CM2 is employed.

CH4 +% 0, — CO+2 H,0 (13)
co+% 0, < CO, (14)

2. For octane, a scheme called 2S_C8H18_AB was developed fol-
lowing the same methodology.

CsHisg +g 0, - 8 CO+9H,0 (15)

o +% 0, — CO, (16)
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Table 1

Consumption flame speed expressions in laminar deflagrations. R is the radius of the spherical bomb. R, R, and Ryare evaluations of the flame radius. p is the burnt gases density

at equilibrium.

Symbol  Name Expression Validity
S, True consumption speed _ 1 Ro ;) 12 Definition
c N GEAL Jo° axr?dr
P Speed based on conservation of burnt gases sP = E"dﬁ + 3"4@ Bombs or infinite medium
py dt T 3p, dt
spewe Speed based on conservation of burnt gases & constant densities assumption spewe _ ,()fa O)H_;E Bombs of very large size or infinite medium
P, (t=0) dt
sl Speed based on fuel conservation o= ddﬁ _ Réff} dp Bombs only (of any size)
t 3R pPdf
7

Both schemes account for the oxidation of the fuel through an
irreversible reaction at a rate g; while a second reaction accounts
for the equilibrium between CO and CO, with a rate g,:

F 02
_ p_YF " pYOz " Eqq
q_A1<WF) ) en(G (17)
q,=A pYco\"™ (pYo, & 1 (pYeo, w exp Ea
2772 Weo W, K. \Weo, RT
(18)

where K, is the equilibrium constant for the CO/CO, equilibrium
and R the perfect-gas constant. The coefficients for the two schemes
are recalled in Table 2.

While the reduced scheme for methane has already been vali-
dated [37], the validation of the 2S_C8H18_AB scheme for octane
vs. a detailed scheme [38] is presented in Fig. 2.

For a one-dimensional planar flame at Py=101,325Pa and
To = 323 K, the reduced scheme reproduces accurately the laminar
flame speed and burnt gases adiabatic temperature, for equiva-
lence ratios up @ =1.2.

3.2. Numerical set-up

The definition of the consumption speed, given in Eq. (3), can-
not be measured in an experiment but it can easily be computed
from a DNS: this is how the formulae proposed in this paper
(Egs. (8) and (12)) as well as the approximation of Eq. (9) are val-
idated. A cylindrical flame propagating in a domain of size
Ro=10cm is considered (Fig. 1b). When non-reflecting boundary
conditions [39] are used at r = Ry, the configuration mimics an infi-
nite medium where pressure is constant (INF configuration). If a
wall is setup at r =Ry, the configuration corresponds to a closed
vessel (BOMB configuration). Table 3 summarizes these two
configurations.

Using symmetry boundary conditions, only a quarter of the
bomb is meshed. The grid is refined within a radius r < 30 mm from
the center with a cell size 4 = 25 pum to ensure that the flame front
is fully resolved: 17-20 points in the thermal flame thickness, de-
fined by ) = (T, — T,)/ maxdT/dr (5] = 0.43 mm for octane and
0.51 mm for methane). The thermodynamic conditions for all

Table 2
Coefficients for the reduced kinetic schemes. Activation energies are in [cal mol~!]
and pre-exponential constants in [cgs] units

0 Ay Eax nf n?z
methane 2.00 x 10" 35,000 0.9 1.1
octane 6.05 x 10" 41,500 0.55 0.9
a2 Az Eq2 nSo ngz ngoz
methane 2.00 x 10° 12,000 1.0 0.5 1.0
octane 4.50 x 10'° 20,000 1.0 0.5 1.0

simulations presented in this paper are & =0.8, Po=101,325 Pa
and T = 323 K. As suggested by Bradley [33], the time interval used
for plots corresponds to phases where the flame has grown enough
(R>5.5mm) to have forgotten initial conditions but is still small
enough compared to the size of the bomb (R < 26.5 mm) to avoid
wall effects and remain perfectly spherical. The flame is initialized
by introducing a sphere of burnt gases of radius 1 mm, at temper-
ature, density and species mass fractions corresponding to the
equilibrium conditions. This avoids to considers the details of the
ignition phase and corresponds to the assumptions required for
Eq. (9).

3.3. Curvature effects only: cylindrical flame in an infinite medium

First, numerical simulations are performed in an idealized case
(INF configuration) where there is no compression to study the im-
pact of the curvature effects only. This is achieved by using a non-
reflecting outlet boundary condition (cf. Fig. 1b) at r=Rg. Thus,
pressure, fresh-gases temperature and density remain constant.
In this configuration, there is a flux of fresh gases through the
boundary r =Ry so that Eq. (8), based on the conservation of the
product species is used. Eq. (12) cannot be used in the INF
configuration.

Consequently, Fig. 3 presents the comparison of Egs. (8) and (9)
with the true consumption flame speed s. (Eq. (3)) for both fuels.

Eq. (8) matches the true consumption speed for both fuels.
Moreover all curves extrapolate to s? at x =0. Interestingly, Eq.
(9) shows a different behavior for the two fuels: while for methane
it matches the true consumption speed, except in the very early
times, for octane, there is a clear gap between the two curves. In
other words, Eq. (9) does not predict the correct stretched flame
speed for the octane/air flame. This phenomenon is due to a Lewis
number effect. When the flame is stretched, the burnt gases tem-
perature is not equal to the adiabatic burnt gases temperature
T.q. Figure 4 displays various temperature profiles vs. radius r
when the octane/air flame propagates. Shortly after the ignition,
the maximum temperature drops from the equilibrium Ty = 2051 -
K to about 1840 K. When the flame propagates, the temperature
goes up again and comes back to T4 at the end of the simulation.

These changes are due to stretch: like the flame speed, the adi-
abatic flame temperature is influenced by stretch and this effect
has been analyzed in the literature [40,41]. The relation between
the burnt gases temperature T, and stretch x is:

Ty—Tu (1 D
Tiad_(E*l)s?K (19)

where Le is the Lewis number of the limiting reactant and D a char-
acteristic diffusivity. For the methane/air flame since Lecy, = 0.996,
Ty, is almost insensitive to stretch so that p, is close to its equilib-
rium value and Eq. (9) is close to the true flame speed (Fig. 3b).
On the other hand, for octane (Lecgyig=2.78), Tp < Tyq so that
Pp > pd leading to an underestimation of s{(x) in Fig. 3a by 2-3%.
To compare Eq. (19) and simulations, a temperature that represents
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Table 3

Details on INF and BOMB configurations.

Case Boundary conditions at r=R, Expression

INF Non-reflecting
BOMB u=0

Infinite medium, constant pressure
bomb of radius Ry, pressure goes up

fairly the burnt gases temperature for a given stretch must be de-
fined. The maximum of temperature T, seems to be reasonable
here, as presented by Fig. 5. In this paper, the characteristic diffusiv-
ity D used is the fuel molecular diffusivity in the fresh gases D?.

Figure 6 presents the comparison of Eq. (19) and results
obtained in methane and octane air flame simulations.

A good agreement between theory and simulation is found: it
confirms that the burnt gases temperature (and therefore the burnt
gases density in Eq. (9)) are not constant and change with stretch if
the Lewis number is not equal to unity. Figure 6 shows that for

50 100 150 200 250
Stretch [s7']

(a) Octane.

0.99
0.98

Ss 0.97

s/

0.96

0.95

0.94
0 50 100 150 200

Stretch [s71]
(b) Methane.
Fig. 3. Normalized consumption speed vs. stretch for a configuration without

compression (INF) with s* = 0.255 m/s and s>“"'® — 0.264 m/s: — s, (Eq. (3));
-6- s (Eq. (9)); O st (Eq. (8)).
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Fig. 4. Temperature profiles vs. the flame radius R when the octane/air flame
propagates. — Initial solution (T, = Taq); ---- Temporal evolution: time varies from
t=0to t=17.5 ms by step of 2.5 ms.
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Fig. 5. Definition of T;'™ with the temperature profiles vs. the flame radius r.

methane, Lewis effects are neglectible but not for octane. This ex-
plains why in Fig. 3, s2®?® matches the true consumption flame
speed s, for the methane but not for the octane.

3.4. Combined curvature and confinement effects: cylindrical flame in
a closed bomb

Figure 7 shows the evolution of the various expressions for the
consumption speed,” normalized by the unstretched laminar flame
speed s?, vs. stretch. Using Eq. (9) (open circles) one recovers the
classical shape for the flame speed: fairly linear at high stretch (small
radii) but bent downward for lower stretch (large radii). However,
the true consumption speed based on the integral of the fuel

5 Egs. (8) and (12) are derived for a spherical flame but it is straightforward to modify

them for a cylindrical flame. In this case Eq. (8) becomes s = f?‘% + ZRT”% and Eq.

_ R R 4 gp
(12) becomes s = % — IR T,P
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Fig. 6. Normalized burnt gases temperature (Ty — Taq)/Taq Vs. the flame radius R.
-[=}- - C8H18; -63- CH4; — Theoretical expression of Clavin and Williams (Eq. (19)).
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Fig. 7. Normalized consumption speed vs. stretch in a closed bomb (BOMB) with
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consumption rate (Eq. (3), solid line in Fig. 7) does not show a reduc-
tion as the flame grows. In the present configuration, for x < 150 s,
the departure between Egs. (3) and (9) is significant (~8% at low
stretch).

The reason why Eq. (9) is not right here is that Eq. (9) uses the
approximation p, = p,,. Figure 8 displays the time variation of p,

is the BOMB case for octane and methane. As expected:

o for methane, at small times, curvature effects have no influence
on p,. At later times, curvature effects decrease but confine-
ment effects appear: pressure goes up and so does p,, an effect
which is ignored by Eq. (9).

o for octane flames the situation is not better: curvature effects
lead to an increase of p, at small times and confinement effects
only make it worse at later times.

The standard procedure with such data is to extrapolate the lin-
ear portion of the curve towards x = 0. As illustrated in [27] (their

Curvature effects Confinement effects

0 0.005 0.01 0.015 0.02
Time [s]

Fig. 8. Normalized burnt gases density p,/p,q Vvs. time. -[Fl-- C8H18; -¢5- CH4; —
isentropic compression (P/p,” = cste).

Fig. 5), the length of this linear portion is greatly influenced by the
size of the apparatus, i.e. by confinement. This sensitivity affects
the precision of the extrapolation procedure, as shown in [29]
using both linear and non-linear methods. However, the consump-
tion speed s? (Eq. (8), open squares in Fig. 7) does not match ex-
actly the true consumption flame speed s. (Eq. (3)) at large
stretch. This can be explained by the difference between Ry and
R,, especially when the flame is very small. Indeed, replacing R,
by Ry in Eq. (8) leads to a better result. In practice, s? is not used
in an experiment because dp,/dt is not easily accessible. Con-
versely, the consumption speed s. based on the conservation of
the fuel (Eq. (12)) is easy to measure and is unaffected by the con-
finement as shown in Fig. 7. This expression matches perfectly the
true consumption flame speed s.

For methane, in the early development of the flame x > 150 s},
s/ does not seem to match well the true consumption speed be-
cause the pressure increase is very small initially. At later times
(the region in which we are interested and where stretch is smal-
ler) the accuracy of Eq. (12) is very good.

Note that the simulations of Sections 3.3 and 3.4 were con-
ducted in a 2D configuration. In a cylindrical flame, the pressure in-
crease is much stronger than for a spherical flame so that
confinement effects are overestimated in the present simulations.
The first consequence is that for a spherical bomb with the same
radius Ry, the diminution of s; at low stretch would be less pro-
nounced. Nevertheless, even with an exaggerated pressure in-
crease, Eq. (12) is more precise than the classical formulae,
which can only improve the accuracy of the extrapolation method.
The second consequence is that even at moderate flame radii, the
pressure and temperature increase in the fresh gases changes the
flame speed. This is particularly striking for the methane flame in
Fig. 7b as the normalized consumption flame speed exceeds unity
at x < 70 s~ because the fresh gases are not in the nominal condi-
tions any more. This peculiarity of the cylindrical flame does not
affect the conclusion about the precision of Eq. (12) vs. Eq. (9).

4. Conclusion

This study addresses the issue of post-processing flame radii,
obtained from spherical flames in bombs, to deduce laminar flame
speeds and Markstein lengths. These experiments raise difficult
questions [27]: when the flame is too small, it is influenced by cur-
vature and non-unity Lewis number effects; when it is too large, it
is affected by the confinement effect of the bomb. In the present
work, the limitations of the classical formula used experimentally
to construct flame speeds from flame radius measurements
(sL = pp/ pu dR/dt) are discussed.

Two expressions for the consumption speed were derived from
the conservation equation of the species, without the assumption
of an infinitely-thin flame front. The first one (Eq. (8)) is the gener-
alization of the classical formula that accounts for the temporal
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evolution of the density in the fresh and burnt gases. Because this
formula requires the mean burnt gases density as an input, a quan-
tity which cannot be measured in experiments, another expression
(Eq. (12)) using only the flame radius and the pressure inside the
bomb (two quantities which are directly measured) is presented
(existing in the literature [34] but seldom used).

A cylindrical flame computed with DNS was used to evaluate the
precision of these two expressions for the consumption flame
speed. In a configuration where confinement effects do not exist
(propagation in an infinite medium where pressure is rigorously
constant), Eq. (9) incorrectly predicts the flame speeds for non-
unity Lewis number (octane) but performs correctly for methane
because Lewis number is close to unity in this case. In a second
configuration, corresponding to a bomb, results show that Eq. (9)
incorrectly predicts flame speeds for both octane and methane/air
flames because the burnt gases density increases with pressure
(in addition to curvature effects for octane) while Eq. (12) captures
the correct consumption speed. Since Eq. (12) only requires the
knowledge of R(t) and P(t), it is simple to use experimentally and
the present work suggests that it is a good candidate for a more pre-
cise determination of the flame speeds. The main difficulty of this
method should be the measurement and treatment of the pressure
signal because the pressure increase in a large bomb may be diffi-
cult to measure accurately and to post process to obtain the pres-
sure derivative required in Eq. (12).
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1. Introduction

Turbulence has been studied for decades in its most canonical
form: homogeneous isotropic turbulence (HIT) [1-7]. This limit
case is the cornerstone of multiple theoretical approaches as well
as the building brick of Large Eddy Simulation (LES) models where
the Kolmogorov cascade assumption allows to model the effects of
small scales from information available for the resolved ones [8,9].
HIT is also the only generic case where the interaction of other
phenomena with turbulence can be defined using a limited num-
ber of parameters: evolution of large droplets in HIT [10-12], inter-
action of evaporating droplets with HIT [13], flame/turbulence
interaction [14-16].

While defining HIT theoretically or numerically is a reasonably
simple and clear task, creating HIT experimentally is more
challenging. This paper focuses on one classical technique used to
generate HIT: fan-stirred closed vessels. Sometimes these appara-
tus are called ‘bombs’, a denomination that will be used in this
paper. Stirring vessels with fans to study turbulent flame propaga-
tion has been used for more than a century (see Laffitte’s book [17]).
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E-mail addresses: adrien.bonhomme@imft.fr (A. Bonhomme), laurent.selle@imft.
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A classical paper where this turbulence was qualified as HIT is due
to Semenov [18] who showed that properly designed bombs with
multiple fans were able to generate reasonable HIT in a zone
located near the center of the chamber where the mean flow is
almost zero and turbulence is homogeneous and isotropic. A signif-
icant amount of work has been based on correlations obtained in
such bombs. The most famous example is probably the quest for
‘turbulent flame speed’ correlations in which the speed sy of pre-
mixed turbulent flames is expressed as a function of the initial tur-
bulent velocity u’. Such correlations continue to be frequently
published [19-23] and interestingly, few of them agree. One reason
for this may be that the notion of a generic turbulent flame speed
depending only on a limited number of flow and flame parameters
may not be relevant [14]. Another one could be that the initial tur-
bulence in such bombs is not really close to HIT and that more
parameters should be taken into account. Therefore, since most
models are based on measurements performed in bombs, an inter-
esting question is to study whether the flow created in a fan-stirred
bomb really mimics HIT and over which spatial extent. This ques-
tion has been investigated experimentally [18,24,25] but using
CFD would be a useful addition.

Even though the largest CFD simulations to date have been pub-
lished for HIT with meshes up to 64 billion points [26], all of them
were performed in simple cubic meshes, initialized with a flow
which has all the properties of theoretical HIT. None of these
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simulations address the question of how HIT is created (if it is) in a
real fan-stirred bomb. This question is much more complicated and
existing experimental diagnostics are not always sufficient to guar-
anty that the flow in this situation matches all properties of theo-
retical HIT: in a bomb, fans obviously induce a strong mean,
pulsated flow. In the center of the vessel, the mean flow is expected
to be zero and turbulence assumed to diffuse to a central zone
where HIT is expected. This involves a series of questions which
are rarely addressed:

e By which mechanisms does turbulence transfer from the
fan region to the central zone?

e Since the number of fans is usually limited, are there pref-
erential straining axes in the bomb which could affect
isotropy near its center?

e The fans flow being by nature unsteady, is turbulence at
the center of the apparatus sensitive to the pulsating
nature of the flow created by the blades rotation?

e How large is the zone where HIT is obtained?

The objective of this paper is to show how the turbulent flow in
a fan-stirred vessel can be studied using high-resolution LES to
complement experimental diagnostics. To reach this objective,
the simulation code must satisfy three criteria:

e Considering the complexity of the objects to mesh, the
need to correctly capture the blade geometry and the
necessity to handle moving objects, unstructured meshes
are required so that classical DNS codes used for HIT
(spectral methods [27,28], high-order compact schemes
[29-31]) cannot be used.

e The configuration includes a large number of moving
objects (the fans) close to each other. Classical techniques
such as ALE (Arbitrary Lagrangian Eulerian) [32-34] are
difficult to implement for a flow with multiple fans
because of meshing issues. Immersed Boundary methods
[35-37] are easier to develop for moving objects but are
usually associated to a low order of accuracy which is not
acceptable in a LES framework. Here, a new multidomain
high-order LES technique with mesh overlapping devel-
oped by Wang et al. [38,39] is used on a real configuration.

e To resolve turbulent structures accurately, a high-fidelity
explicit (in time) LES solver is needed and the correspond-
ing CPU cost is expected to be large so that the implemen-
tation of the multidomain method must be fully parallel.

This paper is organized as follows: first, the numerical method-
ology is described in Section 2. It is based on the simultaneous exe-
cution of multiple instances of the same solver, called MISCOG for
Multi Instances Solver Coupled on Overlapping Grids. These
instances are coupled on parallel computers using the OpenPalm
coupler [40,41]. This coupler is well suited for this task, however,
one limitation is that only two instances can exchange at the same
time so that the balancing strategy becomes much more complex
than it was for a single instance, which is also discussed in Section 2.

A validation test case of the MISCOG approach is presented in
Section 3. It consists in propagating a single vortex across two
overlapping computational domains. It is thought as an elementary
validation of the ability to convect turbulent structures. The
method is then applied to a fan-stirred bomb experiment devel-
oped in Orléans [42], where 7 instances are required to compute
the bomb and the six fans. Section 4 describes this configuration,
the numerical set-up and the parallel efficiency of the global
simulation.

Flow results are discussed in Section 5: quantities that can be
obtained both from LES and PIV are first compared (mean flow

fields and RMS values for all three velocity components). LES
results are used to analyze quantities which cannot be obtained
experimentally such as the velocity tensor - to identify the struc-
ture of the turbulence - or the budget of turbulent kinetic energy
in order to understand how turbulence reaches the center of the
vessel.

2. Numerical methodology

The filtered LES unsteady compressible Navier-Stokes equa-
tions that describe the spatially filtered mass, momentum and
energy conservation are solved by the unstructured compressible
LES solver, AVBP [43]. These equations can be written in the
conservative form:

W = o
E+V'F:0 (1)

where W is the vector containing the conservative variables
(p, pU, pE)" and F = (F,G,H)" is the flux tensor. The flux is divided
into two components: the convective flux depending only on W
and the viscous flux depending on both W and its gradient VW.
The contributions of Sub-Grid Scale (SGS) turbulence models are
included in the viscous flux through the addition of the so called
turbulent viscosity v;. Two schemes are used in this study: Lax-
Wendroff [44] (LW, with 2nd-order accuracy in time and space)
and the two-step Taylor-Galerkin finite element scheme TTGC
[45] (3rd-order in time and space). The LW scheme, which is faster
than TTGC is used for transient phases while all statistics are gath-
ered (when steady state is reached) using the TTGC scheme.

To compute the whole configuration and the flow created by the
fans the code must be able to deal with moving parts (in this case,
six rotating fans). Immersed Boundaries Methods [35,36] were
tested but were not able to represent correctly the blade geometry
of the fan because the entire zone spanned by the fans must be
meshed with a very fine grid size leading to a prohibitive cost
in term of CPU time. ALE methods with mesh deformation
[46,47,34] were also considered but introduced excessive deforma-
tion of cells and frequent interpolation phases [48].

To solve this problem, the MISCOG approach, developed initially
for turbomachinery [38,39], was extended to bomb configurations.
In MISCOG, two or more instances of the same LES solver (namely
AVBP), each with their own computational domain, are coupled
through the parallel coupler OpenPALM [40,41]. For the bomb case,
the whole flow domain is initially divided into 7 parts: the bomb
itself has a static mesh (AVBPO1) while each fan is computing in
a moving framework (AVBPO], i € [2;7]). For moving parts, the code
uses the ALE block rotation approach [46,47,34]: the grid is rotated
without deformation. The remaining unit AVBPO1 simulates the
flow in the static part of the bomb in the same coordinate system.
The solution retained to handle interfaces between the units
involving rotating and non-rotating parts consists in reconstruct-
ing the residuals using an overset grid method and exchanging
by interpolation the multidomain conservative variables wherever
needed. To do so an efficient distributed search algorithm is imple-
mented in the OpenPALM coupler to locate the points in parallel
partitioned mesh blocks and a linear method is used to interpolate
residuals (the interpolation is of 2nd order). This coupling phase is
implemented outside the CFD instances in conjunction with sec-
ond order interpolation.

The computational domain corresponding to the experiment of
Orléans is displayed in Fig. 1: six cylindrical rotating domains
(i=2-7) are used for each fan zone while one domain (i = 1) is
used for the rest of the bomb. In general, the number of cells used
for each domain can be different. Here the grids for the six fans
(AVBP02-AVBP07) have the same number of cells but the bomb
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Fig. 1. MISCOG decomposition for a fan-stirred vessel. Six cylindrical rotating
domains (AVBP02-AVBP07) for the fans and one fixed domain (AVBPO1) for the rest
of the bomb.

grid (AVBPO1) is different so that load balancing becomes immedi-
ately an issue which will be discussed in Section 4.2. The timetable
used in the MISCOG approach for each iteration is the following:

1. All AVPOi (i € [1;N]) entities run.

2. When AVBPO1 and AVBP02 have computed one iteration,
they exchange conservative variables in the buffer zone of
regions 1 and 2. After this exchange, AVBP02 starts to
compute the next iteration.

3. When AVBPO3 finishes its iteration and AVBPO1 has also
finished exchanging with AVBP02, AVBPO1 and AVBPO3
start to exchange, otherwise AVBPO1 waits. This is
repeated for all AVBPOi instances (i € [2; N]).

Note that AVBPO1 starts to compute the next iteration as soon
as it has exchanged residuals with the last instance AVBPON.

3. Validation test cases

Many academic test cases have been performed to validate the
MISCOG approach in configurations where a single domain compu-
tation or an analytical solution can be used as the reference solu-
tion. For example, acoustic wave and two-dimensional vortex
propagation cases were tested successfully using MISCOG by Wang
et al. [38,39]. These results showed good performances of the MIS-
COG approach and a negligible accuracy loss through the overlap-
ping zone thanks to the second-order interpolation. Here a new
three-dimensional vortex case closer to the Orléans bomb geome-
try was tested by propagating a vortex with the TTGC scheme in
the box of Fig. 2.

The computational domain consists in a tri-periodic cubic box
where a cylindrical grid is inserted. This cylinder is rotated at
10,000 rpm corresponding to the rotation speed of the fans in
the real bomb. The mean flow goes from left to right at Uy. In this
test case, the vortex must travel through interfaces without being
affected by the inner rotating mesh so that the exact solution is
simple to derive as a reference. This test case is representative of
the target configuration where fans are encapsulated in finite cyl-
inders: vortices created by the fan blades must travel through the
coupling interface. This case is simulated both with the MISCOG
approach and with a single domain AVBP computation. Fig. 3(a)
presents the time evolution of the axial velocity at the center of
the rotating cylinder while Fig. 3(b) shows a cut of the pressure
field after two convection times. A very good agreement is found
between the analytical solution, the single domain computation
and the MISCOG approach. The vortex is convected at the expected
speed Uy (no dispersion) and its structure is preserved (no dissipa-
tion). Note that formally, when the vortex goes through the over-
lapping zone, the third order of the TTGC scheme is lost since the

current interpolation is of 2nd order. However, the pressure and
the velocity profiles are both well convected.

This test case demonstrates the ability of the MISCOG approach
to convect a 3D vortex through different interfaces and confirms
the accuracy of this approach for coupled LES. On the long term,
it is clear that the interpolation method used in the overlapping
zone combined with the numerical scheme in each domain leads
to global dispersion and dissipation properties which would
require a much more precise analysis. This is left for further studies
to concentrate here on the fan-stirred bomb simulations.

4. Numerical set-up and parallel efficiency of the MISCOG
approach on a six-fan stirred vessel

This section describes the bomb configuration and the numeri-
cal set-up. The parallel efficiency of the global MISCOG simulation
is discussed because it raises new questions compared to classical
load balancing issues in a single instance solver.

4.1. Description of the bomb configuration and numerical set-up

The configuration is the bomb experiment of the PRISME labo-
ratory in Orléans [42]. This spherical vessel is stirred by six fans.
The radius of the closed vessel Ry is 100 mm and it has six windows
for visualization (see Fig. 4(a)). Fans are axial fans with an external
diameter of 60 mm. All characteristics of the fans are presented by
Fig. 4(b).

Simulations used to gather statistics are performed with the
TTGC scheme. The sub-grid scale (SGS) model is WALE [49] which
was developed for wall bounded flows. All boundary conditions are
no-slip and adiabatic walls (fans and closed vessel).

Experimental results obtained in the PRISME laboratory, give
values for the RMS velocity Ummsexp and the integral length scale
L;exp at the bomb center: Wmsexp >~ 3 M/s and L, ~ 3 mm. The
time scale associated to the integral length scale T is T = Ley/
Urms exp =~ 1 ms. Knowing the viscosity v = 1.78.107° m? s! the tur-
bulent Reynolds number can be evaluated Re;exy = UrmsexpLrexp/
v = 600. The experimental Kolmogorov length scale n,,, can be
estimated with the relation:

nexp = LT,eXP/Re?.{;p (2)

giving a value of the order of ,,, ~ 40 pm. All theses information
are summarized in Table 1. The computation with a constant mesh
size in the whole bomb of Ax = 1 mm in the closed vessel gives a
ratio Ax/1,,, ~ 25 corresponding to a mesh of 21 million of cells
for AVBPO1. Even though the computation is a LES, this resolution
leads almost to a DNS-like computation because very few intense
structures actually exist between the Kolmogorov scale # and a
length of the order of 207 [5]. For the mesh of the fan, a fine discret-
ization at the blade-walls is used to capture the flow generated by
fans (Fig. 5): four prism layers are added on all blade-walls to
describe the boundary layer [50]. The typical thickness of the prism
layers is about 0.05 mm, so that the maximum wall y+? on the first
grid point near the blade wall is 10 and is located at the leading edge
of the blade (see Fig. 6). The mesh size around the fan (away from
the walls) is 1 mm leading to a mesh of 3.3 million cells for each
fan instance AVBP02 to AVBPO7. Thus the full mesh including the
bomb-mesh and the six fan-meshes contains 41 million cells.

2 The normalized wall distance y* is defined by u* = yu,/v where u, is the friction
velocity. u; is defined by u; = /Ty /p-
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Fig. 2. Sketch of the 3D convection vortex test case: a rotating cylinder is placed inside a tri-periodic box. Views are colored by the velocity field.
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Fig. 3. Comparison between a single domain AVBP computation and the MISCOG approach. ——: analytical solution; ---: single mesh approach; - - - -: MISCOG.

4.2. Efficiency of the MISCOG approach

The load balancing of the MISCOG approach strategy raises
much more questions than the usual optimization of single
instance codes on parallel systems: the present configuration
requires the coupling of 7 AVBP entities (one for the bomb and 6
six for the fans). Timers were added to measure the times needed
for (1) computation, T, (2) exchange, T, and (3) waiting, T.

Defining a waiting time T,, in a multiple instances run requires
caution. Here we define T,, using the following convention: T,, is
negative when fans (AVBP02-AVBP07) wait while it is positive if
the bomb (AVBPO1) waits. Note that T, corresponds to exchanges
between AVBPO1 and individual fans: communication times
between cores inside each instance are included in the computa-
tion time. Two computation times are defined: T/ and T?, the fan
and the bomb standalone computational times, respectively.

A theoretical model of performance for MISCOG can be derived
using simple relations. Two limit cases are considered. The bomb-
limited case (BL) where fans have to wait - corresponding to
T, < 0 - and the fan-limited case (FL) where the bomb has to wait

- corresponding to T, > 0 -. Timetables of BL and FL cases are
displayed in Figs. 7 and 8, respectively. According to timetables
presented in Figs. 7 and 8 and using the convention previously pro-
posed for the waiting time, leads to an expression for T,,, which is
valid for all cases:

Tw=(T. =T = (N=2)Te 3)

The exchange time, T,, cannot be estimated simply (its dependance
on load balancing is not easy to evaluate) and it was measured in
the solver. The total time for one iteration T; can be expressed using
two relations: communications between instances in MISCOG
approach are sequential so that (except for the first iteration) the
time needed by the bomb (AVBPO1) to compute one iteration Tf’t
is equal to the time needed by each fan (AVBP02-AVBP07) to com-
pute one iteration T{[ (Figs. 7 and 8). This leads to two expressions
for T;:

T = (N = 1)T, + T + max(0, T,,) = T + . — min(0, T,,) (4)

b
Tie T{t




A. Bonhomme et al./Computers & Fluids 101 (2014) 183-193 187

(a) Sketch of the geometry. |Vi| instantaneous field in the central
plane and iso-surfaces of vorticity in fan regions (for 2 fans only).

(b) Characteristics of the fan used to stir the vessel.

Fig. 4. Sketch of the geometry (top) and fan characteristics (bottom) (configuration
setup at the PRISME laboratory, Orléans).

Table 1

Experimental data about the flow at the bomb center.
Urms exp 3 m/s
Leexp 3 mm
T 1ms
Reqexp 600
Nexp 40 pm

To validate this model, computations were performed where the
total number of cores was fixed (400 on SGI Altix ICE 8200) and

0.00 250 500 750 10.00

Fig. 6. y* field on the fan walls.

the ratio R. = N”/N. of the number of cores allocated to the bomb
instance AVBPO1 (N'Z) to the number of cores allocated to fan
instances AVBP02 to AVBP07 (Nﬁ) was varied (all fan instances have
the same number of cores). Table 2 summarizes the computations
performed to evaluate the performance of MISCOG. Fig. 9 compares
the model (Egs. (3) and (4)) to waiting and total times measured in
simulations. Fig. 9(a) shows the waiting times. When Rc is increased
(more cores are allocated to the bomb instance AVBP01), the wait-
ing time is expected to go from negative (fans wait) to positive
(bomb waits) values as shown by Eq. (3). A good agreement is found
while Rc is less than 20. For large Rc values, the trend is good but
values differs slightly: in simulations the waiting time goes to zero
but remains negative. When there are extreme differences in load
balancing between AVBPO1 and AVBPO2 (R, > 20) the behavior of
MISCOG is not well understood yet. According to Eq. (3), in order
to cancel the waiting time (T,, = 0), the load balancing must be
chosen such as T/ =T?+ (N—2)T,. This leads here to a ratio
Rc ~ 19, where 303 cores are allocated to AVBPO1 (the bomb) and
16 cores are used for each fan domain. Fig. 9(b) displays the
absolute execution time of the code for one time-iteration. The
agreement with Eq. (4) is reasonable.

In an ideal computation, the minimum computing cost of such a
simulation is obtained when T,, = 0. In practice, the R. range which
minimizes the total time for one iteration is R. € [10;20] showing
that the MISCOG efficiency is weakly dependent on this ratio. In
this range, T,, is closed to zero but can be negative showing that
the optimal performance of MISCOG can be obtained in a situation
where fans wait.

Fig. 5. Mesh of the fan. Four prism layers were added near blade-walls.
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Table 2
Simulations performed to evaluate the performance of MISCOG. The ratio R. is
increased for MISCOG 1-5. All times are given in seconds per iteration.

Name Rc Te Tw Tie

MISCOG 1 2 0.593 —4.35 6.19
MISCOG 2 4.5 0.345 —2.42 4.37
MISCOG 3 9.9 0.347 -1.28 3.93
MISCOG 4 19 0.423 -0.34 4.03
MISCOG 5 34 0.606 -0.25 7.84

5. Characterization of turbulent flow inside the fan-stirred
bomb

In the experimental set-up, many operating points have been
studied: four fan geometries have been tested, the fan rotation
speed wp, was varied from 1,000 rpm to 15,000 rpm, the pressure

(FL) case: g
bomb waits P

(BL) case: -
fans wa/lL 6

2
a

,
1
]
]
]
1
]
@

0 10 20 30 40
Re
(a) Waiting time Ty,.

Fig. 9. Performance of MISCOG. O: Computations;

Py from 1 bar to 10 bar and the temperature T, from 323 K to
473 K. Only one operating point is studied numerically:
Py =101325 Pa and Ty =323 K. The fans rotation speed is
wpn = 10,000 rpm  (the corresponding rotation period is
Trn = 6 ms). The Reynolds number, based on the blade tip radius
(30 mm) and speed (31.5 m/s) is about 60,000. A normalized time
t* giving the number of fan rotations that are computed is defined
as t* = t/Tpy, Where ¢ is the physical time.

To reach steady state, a first computation is performed on a
coarse grid. Fig. 10 shows the evolution of the mean resolved
kinetic energy in the computational domain E, = 1/V [J, u?dV. This
quantity is a relevant diagnostic to quantify the temporal conver-
gence of the flow inside the vessel. In this configuration, the flow
is established after about 20 rotations. From t* = 0—45, the LW
scheme is used. Then from t* = 45-95, the TTGC scheme is used.
Finally from t* = 95-165, the computation is performed on the fine
grid with the TTGC scheme. The resolved mean kinetic energy E;

10
8 ©)
o

E 6 \‘ -t
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(b) Total time for one iteration Tj;.
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Fig. 10. Mean kinetic energy in the closed vessel versus the number of fan rotations
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Fig. 11. Ratio R, of the turbulent viscosity u, on laminar viscosity g : R, = u, /.

increases slightly when the fine grid is introduced because new
structures are created. However the new steady state is reached
quickly and diagnostics are performed from t* = 105-165.

To check the quality of the LES, the ratio R, of turbulent viscos-
ity u, (created by the subgrid-scale model) over laminar viscosity
W, was computed: Fig. 11 shows a probability density function
(PdF) of R, over all grid nodes. The maximum value of R, reaches
15 times the laminar viscosity but is much less at most points. This
diagnostic shows that a large portion of the turbulence is resolved
on the mesh and not modeled.

5.1. Velocity at the bomb center

Fig. 12 presents the temporal evolution of the three velocity
components u = (u, v,w) at the center of the vessel. The signal
recorded by the probe is zero until t* = 6. This time represents
the time needed by large turbulent scales generated by fans to
reach the center of the vessel. The distance between the fan blades
to the center of the vessel is Ly, = 65 mm. A velocity V, can be esti-
mated by the relation Vs = Lr,/t* ~2 m/s. This velocity is very
small compared to the flow velocity at the blade tip V,; ~ 30 m/s.
The mechanism by which turbulence goes from fan regions to
the bomb center is described in Section 5.4.

The RMS velocity values® at the center of the vessel are
respectively 2.3, 2.0 and 2.1 m/s. Probability density functions of

3 The RMS values are defined as ums = a/zﬁilugz/Ns where N; is the number of
samples and v’ = u — u. They do not include the SGS contribution.
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Fig. 12. Velocity components versus number of fan rotations t* at the center of the
vessel. : coarse grid LW; : coarse grid TTGC; ——: fine grid TTGC.

the velocity fluctuations components u' are plotted on Fig. 13. The
pdf's of v/, 2/ and w' are compared to a Gaussian distribution which
characterizes random processes. A good agreement is found between
a Gaussian distribution and the distribution of the velocity compo-
nents at the bomb center. These first results suggest that turbulence
at the center is close to HIT which is the objective of this experimen-
tal set-up.

5.2. Mean and RMS velocities in the closed vessel

A second diagnostic is to compare average u and fluctuating
Ums velocities measured experimentally to those computed by
LES. These statistics are performed oven 60 fan rotations
(t* € [105;165]). Fig. 14 shows fields of the magnitude of the aver-
age and fluctuating velocities in the closed vessel. As expected, the
average velocity is close to zero at the bomb center. To compare
these results to experimental data, Fig. 15 presents x-axis cuts of
average velocity components. As previously observed on Fig. 14,
average velocities are near zero at the bomb center. The agreement
between experimental data and LES calculation is reasonable.
Moreover the ‘S’ shape of the &i and 7 curves observed experimen-
tally is fairly well predicted by the computation. The domain
where the average velocity is near zero is a sphere with a radius
of about 3 cm. Fig. 16 presents x-axis cuts of fluctuating velocities
components. Once again the agreement between experimental
data and LES is quiet good. The u,,s and v,,s profiles are well cap-
tured. The LES results slightly under-estimate the velocity fluctua-
tions since only the resolved fluctuations are plotted. Considering
the complexity of this simulation, capturing most of the trends
observed in the measurements is already challenging and we think
that results are sufficiently good to show that the whole approach
is promising.

5.3. Turbulence structure

To study the structure of the turbulence, the time average
invariants defined by Lumley [51,52] are a useful tool. According
to this theory an anisotropy invariant map within which all
realizable Reynolds stress invariants must lie can be defined. The
borders of this domain describe different states of the turbulence.
This theory is based on the analysis of the non-dimensional form of
the anisotropy tensor given by:

T 1
by = Ta 3% (3)
with ‘T,—,-:Tu} the average Reynolds stress tensor. The principal
components of the anisotropy tensor may be found by solving the
relation:

det[bij — 05,']'} =0. (6)
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where ¢ are the eigenvalues (i.e. the principal stresses) of b. Eq. (6)
expands to the following third-order equation for:

()

where I, I, and I5 are respectively the first, second, and third invari-
ants of the tensor b;. These invariants are related to the tensor
terms according to the relations:

(73—11(72+120'—I3 =0

I = trace(b) = by

L= % ([tralce(b)]2 - tface(bz)) =

I; = det(b)

1
~ 5 bibi ®)

I, is zero for incompressible flows and is not used here. The anisot-
ropy invariant map is constructed by plotting —I, versus Is. Isotro-
pic turbulence is found at the origin (I, = I3 = 0). When I, or I5
differ from zero, they quantify the type of turbulence which is found
locally (1, 2 or 3 components, axi-symmetry, etc.). The I, and I5
invariants were computed locally (which means that the - operator
in Eq. (5) is a temporal averaging operator) in the LES on the fine
mesh during the established phase (t* > 105). This analysis has
been done on the x, y and z-axis (20 points in each direction) of
the closed vessel and results are reported in Fig. 17. Each point is
colored by its distance r to the center of the bomb.

Fig. 17 shows that at the bomb center (x € [-30; +30] mm), tur-
bulence can be assumed to be isotropic. In this spherical domain all
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Fig. 16. Comparison of the fluctuating velocities u,,; and v,s along the x-axis.

t* € [105;165].)

structures generated by the six fans impact and mix (by diffusion)
leading to an homogenous turbulence. Outside this spherical
domain where turbulence is isotropic, the presence of the fans
affects the structure of the turbulence: at a distance of more than
30 mm of the bomb center, turbulence becomes ‘rod-like’. This loss
of isotropy is confirmed by results obtained experimentally. Fig. 18
presents the evolution of the ration u,s/vms versus the x-axis
showing that turbulence is isotropic at the bomb center. The agree-
ment between LES and experimental measurements is good. Note
that Fig. 18 is consistent with Fig. 17

5.4. Kinetic energy balance

The objective in this section is to show how turbulence is trans-
ferred from the fans regions to the bomb center. A relevant quan-
tity to characterize the turbulence inside the vessel in terms of
production, dissipation and transport is the mean turbulent kinetic

energy (TKE) e = 1/2uju}. The budget of e is given by Hinze [3]:

__oe 0

— 0 — 9 (oo
T 787&‘(pui) fa—xi(eui) +8—xj(2(v+vf)sijui)
—— ——

Convection Pressure diffusion Turbulent diffusion

Viscous diffusion

- ou;
—2(V+vy)sist —ulul—=20 9
Dissipation X
Production

where p’ is the pressure fluctuation, e is the instantaneous turbulent
kinetic energy e =1/2uju; and s; = 1/2(0u;/ox; +8uj’./8xi) is the
deformation tensor [53,4,54,55]. The turbulent viscosity v; = 1,/p
is taken into account in the budget of e. Terms in Eq. (9) are calcu-
lated over 60 solutions: 1 solution is stored at each fan rotation
from t* = 105 to t* = 165. These solutions are uncorrelated since
the time between two solutions is 6 ms and the time scale associ-
ated to the integral length scale 7 is around 1 ms (convergence
was checked). These terms are then averaged spatially assuming
spherical symmetry so that they are plotted as a function of the
bomb radius r,, (1, = 0 at the bomb center). Only terms of interest
are plotted here: Fig. 19 displays the convection, turbulent diffu-
sion, dissipation and the production terms (resolved quantities). A
fan is superimposed to the graph to show its position in the bomb.
The dissipation rate found in this work is about 100 m?/s> in the
region of the bomb center. This value is in agreement with the dis-
sipation rate measured experimentally by De Jong et al. [56] in an
eight-fan cubic turbulence box. The production term is maximum
at r,/Ro ~ 0.5: the turbulent kinetic energy is produced by fans
which are located at this position. Finally, over a central region of
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diameter 30 mm, turbulent diffusion dominates convection as
expected: the mean flow is around zero in this region (see
Fig. 15), confirming that turbulence is not convected but diffused
towards the bomb center from the fan regions.
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5.5. Spectra

The flow generated by fans is, by nature, a pulsating flow.
Because fans have four blades, this flow is expected to exhibit a
mode at a frequency f, equal to four times the fan rotation fre-
quency (f, = 4/Tgm). To check if turbulence at the center of the
bomb is affected by the pulsated flow created by the blades rota-
tion, Power Spectral Density (PSD) of the velocity can be computed
to track the existence of harmonic oscillations at f,.

Fig. 20 shows the bomb configuration and the position where
PSD are performed. Two points in the domain are analyzed: close
to a fan (point PO) and at the bomb center (point P1). At PO, the
PSD exhibits a mode at a frequency exactly equal to four times
the frequency of the fan rotation as expected. On the other hand,
at the bomb center, this mode vanishes and the spectrum follows

the Kolmogorov theory [57]. Here the slope of the spectrum is near
the —5/3 theoretical slope. This confirms that the turbulence at the
bomb center is not affected by the periodicity of the flow generated
by fans. Moreover, PSD results show that more energy is contained
in the spectrum at point PO than at point P1 (showing that
turbulence decays between these two points).

6. Conclusion

This study presents a computation of a spherical vessel stirred
by six fans. This configuration corresponds to an experiment con-
ducted at the PRISME laboratory in Orléans to study the propaga-
tion of turbulent premixed flames in homogeneous isotropic
turbulence. In this paper, only the non-reacting flow is studied, just
before ignition. At this instant, the Reynolds number associated to
the fans is 60,000 while the Reynolds number based on the integral
length and RMS speed is of the order of 600 at the bomb center.

An approach first developed for turbomachinery simulations
called MISCOG, has been adapted here to handle six fans inside
the vessel. This method couples multiple instances of the same
code, exchanging residuals on small overlapping zones. A first test
case shows that the MISCOG approach is able to convect vortices
with limited dispersion and dissipation effects. The parallel
efficiency of MISCOG is discussed too.

A well resolved LES of the full geometry is then performed with
the unstructured compressible code AVBP. Average and fluctuating
fields match experimental data reasonably well. Finally the struc-
ture of the turbulence is studied and it is shown that turbulence
is almost homogeneous and isotropic at the bomb center in a
region of around 6 cm of diameter. The budget of mean turbulent
kinetic energy is performed too and shows that turbulence is not
convected from fans to the bomb center but diffused since the
average velocities are near zero at this location. The trace of the
blade passage frequency disappears near the bomb center.
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