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Preface

This book reflects the outcome of the 1st International Workshop on Turbulent Spray
Combustion held in 2009 in Corsica (France). The focus is on reporting the progress
of experimental and numerical techniques in two-phase flows, with emphasis on
spray combustion. The motivation for studies in this area is that knowledge of the
dominant phenomena and their interactions in such flow systems is essential for the
development of predictive models and their use in combustor and gas turbine design.
This necessitates the development of accurate experimental methods and numerical
modelling techniques. The workshop aimed at providing an opportunity for experts
and young researchers to present the state-of-the-art, discuss new developments or
techniques and exchange ideas in the areas of experimentations, modelling and sim-
ulation of reactive multiphase flows.

The first two chapters reflect the contents of the invited lectures, given by experts
in the field of turbulent spray combustion. The first chapter concerns computa-
tional issues, while the second deals with experiments. These lectures initiated
very interesting and interactive discussions among the researchers, further pursued
in contributed poster presentations. Chapters 3 and 4 focus on some aspects of
the impact of the interaction between fuel evaporation and combustion on spray
combustion in the context of gas turbines, while the final chapter deals with the
interaction between evaporation and turbulence. In short, we believe that these con-
tributions individually and together are highly valuable for the research community.
They allow experts and young scientists to get insight in the many aspects of dilute
turbulent spray combustion.

It is our intention to continue our efforts to bring together experimentalists and
modellers of spray combustion. As a next step, in preparation of subsequent work-
shops, we intend to define ‘target test cases’, for which experimental databases are
available or will be made available and on which modelling and numerical algo-
rithm issues will be tested. We hope you enjoy reading this book and that it may be
the onset for you to participate in this quest.

Bart Merci
Dirk Roekaerts
Amsini Sadiki

The kind support of ERCOFTAC and SFB568 (TU-Darmstadt) to the organisation
of the 1st Workshop is strongly appreciated.
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Chapter 1
Issues in Computational Studies of Turbulent
Spray Combustion

Eva Gutheil

Abstract Turbulent spray combustion occurs in many technical applications such
as internal engine combustion, gas turbine combustion, liquid-fueled rockets, and
industrial burners. Major challenges are the modeling of detailed processes includ-
ing the atomization process, the turbulent flow field, particle motion and interaction,
chemical reactions as well as the strong coupling between these processes. The
method of choice to achieve an integral model for the modeling and simulation
of turbulent spray combustion is the detailed modeling of fundamental processes
and simplification of these models before they enter a more complex tool. Thus, it is
guaranteed that models are based on physical grounds and the degree of detailedness
is sufficient to capture the essential features of the underlying process. The final tool
then is based on physical grounds and it is not burdened with details not contributing
to the main features of the flame structure.

The present work aims to present an overview on the state of the art with respect
to underlying physical models and challenges that need to be addressed in the near
future. They include the modeling and simulation of turbulence, turbulent mixing as
well as the interaction of evaporation with the turbulent flow field and the chemical
reactions. Principal approaches to modeling sprays in a turbulent flow field such as
RANS (Reynolds averaged Navier-Stokes equations), DNS (direct numerical sim-
ulation) and LES (large eddy simulation) are addressed. Moreover, Reynolds stress
models (RSM), PDF (probability density function), and CMC (conditional moment
closure) models will be presented and discussed. These approaches can act both as
general spray models and as subgrid models for LES.

In order to address environmental concerns, detailed chemical kinetics need to
be considered to account for the prediction of pollutant emission and its reduction.
Appropriate methods such as direct closure methods and (spray) flamelet models
for turbulent spray flames are addressed. Also, reduced chemical mechanisms are
discussed.

E. Gutheil (<)

Interdisziplindres Zentrum fiir Wissenschaftliches Rechnen, Ruprecht-Karls-Universitit
Heidelberg, Im Neuenheimer Feld 368, 69120 Heidelberg, Germany

e-mail: gutheil @iwr.uni-heidelberg.de

B. Merci et al. (eds.), Experiments and Numerical Simulations of Diluted Spray 1
Turbulent Combustion, ERCOFTAC Series 17, DOI 10.1007/978-94-007-1409-0_1,
(© Springer Science+Business Media B.V. 2011
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It is shown that most often gas flame models are not appropriate for spray flame
modeling because of the high impact that both spray dynamics and evaporation have
on spray combustion.

Moreover, numerical results using different models and experimental data mainly
of research burners are discussed. The scope is the evaluation of present models, and
future research areas of interest are identified.

Keywords Spray combustion - Modeling and simulation - Two-phase flows
- Reactive flows

1 Introduction

Liquid fuels are used in many practical combustion systems such as internal com-
bustion engines, gas turbines, liquid-fueled rockets, and they significantly contribute
to our energy supply. Liquid fuels typically are delivered into the combustion
chamber as turbulent sprays. The combustion efficiency, combustion stability, and
pollutant formation strongly depend on the character of the turbulent spray, and
an improved understanding of the turbulent spray combustion systems is required.
Compared to gas phase combustion, the two-way coupling of the liquid and the gas
is an additional challenge in these systems. The modeling and simulation of turbu-
lent spray combustion is very complex because these processes involve turbulence,
heat and mass transfer, phase change, and chemical reactions. Moreover, all under-
lying processes are strongly coupled. The reliable prediction of pollutant emissions
asks for the consideration of detailed chemistry where non-equilibrium effects need
to be taken into account.

Modeling and simulation of technical sprays are essential tools for the design of
technical applications, and the study of their performance, efficiency, and optimiza-
tion are vital to both spray flows and flames. However, a numerical tool to design the
complete combustion process is not available, and current studies include derivation
and evaluation of models, their numerical solution and comparison with experiment.
In spray combustion systems, most often the process of injection and atomization
is neglected due to its complexity and the lack of suitable models, and very often,
initial profiles of droplet distributions are taken from experiments after atomization.

Droplet evaporation and combustion are the underlying processes of any
technical spray application, and special focus must be given to these processes.
In particular, droplets interacting with the (laminar or turbulent) flow field and the
flame as well as droplets influencing each other or droplets which interact with
walls and films are of particular interest in spray systems.

The most essential processes in a spray flame include injection and atomization,
droplet evaporation, consideration of the separated flow and the gas phase including
turbulence and chemical reactions. They strongly interact with each other and need
to be considered in turbulent spray flame computations. The challenge of numerical
simulations, in general, is to find a compromise between computational efficiency
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including the simplification of mathematical models and the need for detailed
mathematical description of relevant processes determining the entire performance.

In this situation, it is advisable to build models for underlying processes, evaluate
and simplify these models in order to include them in more complex applications
and simulations. Thus, the present survey concerns the mathematical base of droplet
and spray evaporation and combustion. In particular, single droplets, interacting
droplets, and sprays are considered in convective both non-reacting and reacting en-
vironments. Essentials here are the coupling of droplet evaporation and turbulence
as well as chemical reactions and the description of the spray. The latter process
includes droplet interaction, breakup and collisions as well as agglomeration.

There are several methods to account for the consideration of the droplets in a
dilute spray. They include models such as the discrete droplet model (also known as
particle-source-in-cell model), population models as well as methods of moments.
Major features, advantages and disadvantages are discussed.

Moreover, focus is on the modeling and simulation of turbulence, turbulent mix-
ing as well as the interaction of evaporation with the turbulent flow field and the
chemistry. Principal approaches to modeling sprays in a turbulent flow field such
as RANS (Reynolds averaged Navier-Stokes equations), DNS (direct numerical
simulation) and LES (large eddy simulation) are addressed. Also, Reynolds stress
models (RSM), PDF (probability density function), and CMC (conditional moment
closure) models are presented and discussed.

In the case of spray flames, chemical reactions must be considered. In order to
address environmental concerns, detailed chemical kinetics must be included to
account for the prediction of pollutant emission and its reduction. Among others,
direct closure methods and (spray) flamelet models for turbulent spray flames are
addressed. Also, reduced chemical mechanisms are considered which consume less
computational time and thus are more appropriate for technical applications. How-
ever, their prediction of pollutants is less powerful and fails in situations where
intermediates deviate from chemical equilibrium and steady state away from the
main chemical reaction zone.

In areas where both chemical reactions and spray evaporation occur, standard
models transferred from gas-phase models fail to predict major features of spray
flames. These regimes are particularly challenging since in these areas the coupling
of evaporation and combustion is strongest, and special care is required.

The survey shows a comparison of numerical results using different models and
experimental data mainly of research burners to estimate the capacities and short-
comings of present models, and future research areas of interest are identified.

2 Spray Atomization

Spray injection and atomization are not well understood even though they are the
processes which dominate the entire spray characteristics. Most modeling studies
start with the atomized spray, and initial droplet distributions from experimental data
are taken to define the inlet conditions for the simulation. The dense spray region
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is difficult to access both with experimental and numerical models. Laser-optical
methods cannot penetrate the dense spray and thus, characterization of this regime
is challenging. Numerical approaches include the dense spray core as a separate
phase, and a transitional region surrounding this core is described to account for the
atomization regime.

Numerical models for spray combustion range from one-dimensional models to
two- and three-dimensional models, where steadiness or time-dependence may be
chosen depending on the application. Figure 1.1 gives an overview of standard

Independent
Application Configuration Variables? Structure
Prevaporizing — z Steady
system: nonburning
afterburners, < 0—0:.<)
lean combustors, 27| 63&;
carburetors, < 000: -
ramjets
Liquid-fueled z Steady, more
rocket or less
engines premixed
Gas-turbine z Steady,
combustors diffusion flame
Industrial X,.Z SFead}/,
furnaces diffusion flame

Transient,
diffusion flame,
ignition
characteristics
needed

Diesel engines Lx,y,z

Fig. 1.1 Spray combustion systems (Reprinted with permission from Ref. [1]; © 1977, Elsevier)
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applications and the minimum degree of effort in terms of dimension and time
dependence [1]. Increased computer power enables the simulation of the three-
dimensional unsteady configuration, for instance, in Diesel engine combustion.
However, detailed models for all processes cannot be incorporated in such complex
simulations because of long and costly computational times.

Figure 1.2 displays different types of pressure and twin fluid atomizers [1].
Atomizers are characterized for different applications and the resulting spray struc-
ture is given. In particular, the formation of hollow and full cone or multiple cone
structures strongly affect spray dynamics. With respect to modeling issues, the full
cone spray is easier to access because it has only one interfacial boundary where
atomization and interaction with the surrounding gas phase may occur.

Type Configuration Structure Application

Pressure-Atomizing Injectors

Plain orifice Hollow cone  Diesel engines

Full coneor  Diesel engines,
multiple cones gas turbines

Pintle nozzle

Swirl nozzle

i norrle
rselt):lmype 1 ////

//

_

Twin-Fluid Injectors

// % Hollow cone  Furnaces,
gas turbines

Impinging jet Fan spray Rocket engines

Kz 0/ ////
—
222022 /

V///////////
////////

N Full or Furnaces,
hollow cone gas turbines

Internal
Mixing

%

\

LAAININIY, ////////////////////

External
mixing

— Hollow cone Furnaces,
o

z % gas turbines

QL i iz

rrsresrssrriitle

Fig. 1.2 Atomizers and their applications (Reprinted with permission from Ref. [1]; © 1977,
Elsevier)
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—

FUEL FORMS AN ANNULAR SHEET
AROUND ATOMIZING FLUID

FUEL DROPLETS IN AIR STREAM FORMED BY
SHEARING AT AIR/LIQUID INTERFACE

DROPLETS ARE ‘PULLED BACK’ IN THIS

FLUID STREAM, TO FORM LARGER DROPS

WHICH ARE THEN EJECTED

1
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" DIAMETERS

—
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DIAMETERS
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THE BREAK UP OF LIGAMENTS_\'\‘

L —
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Fig. 1.3 Structure of a hollow cone spray (Reprinted with permission from Ref. [7]; © 1974,

Maney Publishing)
DENSE SPRAY———— - DILUTE
MULTIPHASE
MIXING LAYER
LIQUID__
FLOW

LIQUID CORE
INJECTOR DISPERSED FLOW

Fig. 1.4 Sketch of a near-injector region of a pressure-atomized spray in the atomization breakup

regime (Reprinted with permission from Ref. [8]; © 1995, Elsevier)

Twin fluid and pressure atomizers produce quite different spray structures as
can be seen in Figs. 1.3 and 1.4. The formation of fuel sheets and ligaments at the
spray boundary close to the nozzle at about five nozzle diameters downstream are
a challenge for numerical models whereas spray treatment of pressure atomizers as

sketched in Fig. 1.4 is easier.
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Fig. 1.5 Kelvin-Helmholtz

(KH) and Rayleigh-Taylor A
(RT) instabilities KH
Breakup KH break :
Length, L O reakup Region A
o C[ocgl A
O y
O
Op°o
/. O Region B
. I
w " RT breakup

]

ART

Figure 1.5 shows two main regimes during droplet breakup for full cone sprays.
Inregion A, droplets detach from the intact liquid core, this process is called primary
breakup. It mainly occurs through Kelvin-Helmholtz (KH) instability at the droplet
surface, and it results from the relative velocity between the gas and the liquid phase.
Once the droplet is detached from the intact liquid core, secondary breakup follows
through Rayleigh-Taylor (RT) instabilities resulting from a dense, heavy fluid being
accelerated by the light fluid.

Reitz’s wave breakup model [2] is widely used to account for droplet breakup
processes. This method considers the shearing-off of droplets due to the growth of
KH instabilities on the droplet surface. Wavelength and growth rate of the instabil-
ities are used to determine breakup time and details of the new droplets. Su et al.
[3] improved the wave breakup model taking into account both the KH and RT
instabilities.

Chryssakis and Assanis [4] give a unified fuel spray breakup model for internal
engine combustion, where the breakup regimes are characterized through Weber
and Ohnesorge numbers. Ko and Ryou [5] developed a new model for droplet
collision-induced breakup accompanied by the formation of satellite droplets. Im-
portant regimes such as bounce, coalescence, and stretching as well as reflexive
separation are identified and included. Different collision regimes are depicted in the
right part of Fig. 1.6. Boundaries between these regimes are characterized through
the Weber number, We, and the impact parameter, b = 2B/(d; + d>), where d; and
dy are the droplet diameters of two colliding droplets, and B is the distance from
the droplet center of one droplet to the relative velocity vector, placed on the center
of the other droplet [5]. The model by Ko and Ryou [5] improves the widely used
model for droplet-droplet collisions developed by O’Rourke [6]. The new model
considers the collision-induced breakup process, and post-collision parameters of
droplets are determined based on conservation equations between before and after
collision.

Figure 1.7 shows numerical computations [9] where the influence of droplet
evaporation on droplet collision is investigated. A comparison of row (c), displaying
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Fig. 1.6 Left: Diagram of collision regimes: (a) bouncing; (b) coalescence; (c) reflexive sepa-
ration; (d) stretching separation. Right: Boundaries between collision regimes (Reprinted with
permission from Ref. [5]; © 2005 Elsevier)

Fig. 1.7 Binary droplet a
collision for We = 20 ' P '
without (a) and (b) and with 6' : ' o %

(c) evaporation (Reprinted

/ - b
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Cc
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droplet collision with evaporation, with row (b) without evaporation, reveals that the
influence of droplet evaporation on binary droplet collision is small for the case in-
vestigated.

Spray atomization and droplet breakup are the most challenging processes in
spray modeling because of their dominating nature. Atomization characterizes the
entire spray, and its effect on evaporation and combustion determines the entire
technical process. Pressure atomizers are better understood than twin-fluid atomiz-
ers because of the increased complexity involved in the production of fuel sheets
and ligaments characterizing twin-fluid atomization.

3 Droplet Evaporation and Combustion

Droplet evaporation and combustion are basic to both non-reactive and reactive
spray flows. Single droplet evaporation and combustion have been studied since the
mid of the last century, and basic findings such as the d? law [10, 11] which states
that the droplet surface decreases linearly with time, (d d 2 /dt = —Kt, where K
is the evaporation constant), are still used in complex technical applications such as
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Fig. 1.8 Model of droplet To
burning in an oxidizing Yo,
atmosphere (Reprinted with e N
permission from Ref. [15]; /

© 1973, Elsevier)

Flaﬁ‘\e zone

diesel engine combustion [12]. The d 2 law includes assumptions [13—15] such as
infinitely fast droplet heating and combustion in a thin flame sheet as well as quies-
cent, infinite oxidizing environment and constant liquid and gas properties, just to
name the most important ones, cf. Fig. 1.8.

Some assumptions may be relaxed through simple approaches such as Sparrow’s
one third rule [16] to account for the temperature dependent physical properties in
the immediate neighborhood of the droplet, others are more difficult to address, for
instance the use of detailed chemistry [17-20].

The equations governing droplet heating, evaporation, and motion may be written
for spherically symmetric droplets [14]

ATy . [epr(T =T,
Mlezd—l =m [M - LV(Tl)i| =0y (1.1
t Br
1 = 27p s D pr; Shin(1 + Byy) (1.2)
dv 3 1
Y2l _w-v|u-v|Cp+g=F, (13)
dr 8pi 1

where Ly is the temperature dependent latent heat of vaporization. Bys and Br
denote Spalding mass and heat transfer numbers, respectively.
3

The droplet evaporation rate, ni = %L = dd—l %np; ri’) is computed for a droplet

in a convective gas environment using the modified Sherwood number Sh [14].
Equation 1.1 describes uniform droplet heating, i.e., the temperature is assumed
to be spacially uniform. This assumption is valid for fuels with high volatility un-
der low pressure and for small droplets with short droplet heating times compared to
droplet life time. It can be relaxed through use of Eq. 1.4 for a spherically symmetric

droplet [14]
oT; a; 0 ,0T;
P _t 1.4

o r2or (r or )’ (14)
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where o = A;/(pscpr) is the heat exchange coefficient of the liquid. Equations 1.1
and 1.4 are rate limiting for fastest and slowest droplet heating, resp., and they
are employed depending on the requirements of the application. In complex ap-
plications, most often, liquid properties are taken to be constant even though
characteristic phenomena such as droplet expansion during heating are only pre-
dictable using variable transport properties [23].

Figure 1.9 shows an experimental setup of a suspended water droplet on two
glass fibers, and the experimental and numerical results of this droplet evaporation
using laser-induced evaporation is displayed in Fig. 1.10. Here, variable properties
of the droplet result in an increase of droplet volume in particular for the longer
laser pulse duration time.

A relaxation of the assumption of spherical symmetry requires the use of
volume of fluid methods [24] which enable the consideration of deviation from
one-dimensional treatment. Figure 1.11 shows a result of the volume of fluid

Fig. 1.9 Laser-induced
droplet evaporation
(Reprinted with permission
from Ref. [21]; (© 2004,
Springer Science+Business
Media)

15

-
(=]

Evaporated Volume [%]
o

Fig. 1.10 Evaporated droplet
volume versus time
(Reprinted with permission
from Ref. [22]; © 2007, i
Springer Science+Business 0 5 10 15 20
Media) Time [s]
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Fig. 1.11 Volume of fluid 0o T T T T T
method for a distorted droplet
(Reprinted with permission
from Ref. [24]; (© 2003,
Elsevier)

0.3

0.74

0.6

0.34 04 05 06 0.66

method for a distorted droplet. The figure reflects the difficulties associated with
sharp edges, and artificial smoothening is encountered in challenging cases as
shown in the figure.

Droplets typically are released into a convective environment, and the effect of
convection on both the droplet interior and the evaporation process itself has been
studied extensively [14]. The effect of convection on the droplet interior is of partic-
ular interest in multi-component droplets where differences in physical properties
of the liquid may lead to extraordinary phenomena such as micro-explosion [25].
In droplet and spray drying processes, differences in liquid properties may lead to
different structures in the resulting particle [26].

In technical applications, droplets do not exist in an infinite oxidizing environ-
ment, but they are influenced by neighboring droplets. There is a number of papers
that investigate two droplets side-by-side [27, 28] or in a tandem [18]. Scope of
these papers is the investigation of the effects of hydrodynamic forces in presence
of neighboring droplets where parameters such as droplet size and separation dis-
tance are studied. The flow field around the droplet changes with gas velocity and
flow separation may occur downstream of the droplets. This may affect the ignition
times as well as ignition positions in convective flow fields [18].

Figure 1.12 shows the ignition location downstream of a methanol droplet in air
at elevated pressure where the ignition is shifted away from the axis of symmetry
due to the flow separation in the droplet wake. Thus, droplet separation as seen in
the figure has a pronounced effect on droplet ignition time and particularly on the
position of droplet ignition. In situations where gas velocity is decreased [18], flow
separation does not occur and ignition locates on the axis of symmetry.

A parameter study of single methanol droplet ignition displayed in Fig. 1.13
identifies minimum ignition times for droplet diameters of about 50 pm. Ignition
times increase for smaller initial droplets due to gas-phase cooling during ignition
and for larger initial droplet sizes due to prolonged droplet heating times.

More recent developments use molecular dynamics computations to study droplet
evaporation in specific situations such as droplet evaporation under supercritical
conditions [29] as shown in Fig. 1.14. Dark particles represent droplet molecules
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Fig. 1.12 Methanol droplet: zoom of the gas phase velocity at ignition (Reprinted with permission
from Ref. [18]; © 2001, Taylor & Francis)
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Fig. 1.14 Saturated liquid oxygen droplet at 100 K (Reprinted with permission from Ref. [29];
© 1998, Taylor & Francis)
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and light particles are vapor molecules, respectively. The study concerns a sub-
micron liquid oxygen droplet released into quiescent environments. In particular,
conditions with vanishing surface tension are investigated.

Molecular dynamics is also used to study multi-particle collision [30], where
molecular dynamics is combined with the mesoscale dynamics of the surrounding
fluid. Figure 1.15 shows the flow field and the development of vortices behind a
cylinder. The vortices seen in this approach may be qualitatively compared to the
results of direct numerical simulation of the streamlines in and around a droplet
in a convective flow field, see Fig. 1.16, where two droplets are placed side by

Fig. 1.15 Simulation of a N ;
flow field past a cylinder o N S
showing the development of

vortices (Reprinted with

permission from Ref. [30];

(© 2004, Springer

Science+Business Media)
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Fig. 1.16 Droplet in a convective flow field (Reprinted with permission from Ref. [28]; © 2004,
Interscience Publishers)
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side and the effect of the existence of neighboring droplets is studied [28]. Vortices
and recirculation occur directly downstream the droplet, and they impose complex
internal recirculation, which typically is neglected in simulations of technical ap-
plications due to their complex mathematical treatment which is associated with
expensive computational cost.

More extended studies consider droplet streams or arrays, which are not add-
ressed here.

4 Spray Combustion

In technical spray applications, spray evaporation and combustion typically occur
in a turbulent flow where the cold spray is injected into an either cold or hot oxidiz-
ing environment. Major processes include the mathematical treatment of the spray
particles and their interaction, turbulence and coupling with the liquid as well as
chemical reactions and evaporation. Both turbulence and chemical reactions are is-
sues themselves even without consideration of a liquid phase. The present section
focuses on these processes with respect to their interaction with the liquid phase.

Spray models may be characterized depending on the density of the spray, de-
fined as the ratio of volume covered by the liquid and the gas. For dense sprays,
Euler-Euler models are appropriate whereas dilute sprays may be simulated using an
Eulerian-Lagrangian approach where the dispersed spray is described in Lagrangian
coordinates. The latter approach is more commonly used, but Eulerian-Eulerian
models have become more significant of late.

4.1 Euler-Euler Models

Typically, the dense spray core is surrounded by a dispersed flow region,
cf. Fig. 1.17, which eventually becomes a round dilute spray [31, 32]. The com-
parison of measurements with the locally-homogeneous flow (LHF) model shows
qualitative agreement with experimental data. However, LHF models are not suit-
able to account for spray processes where detailed flow characteristics is required,
and separated flow (SF) models are appropriate.

If the spray density is large, Euler-Euler methods [33] are applied which es-
sentially use two sets of Navier-Stokes equations for the gas and the liquid phase
containing source terms for the exchange between the two phases, and an indica-
tor for the phase volume fraction, «, ranging from zero to unity, depending on the
volume covered by the liquid, «, and the gas, 1 — «. These methods have the dis-
advantage that the shape of the liquid or droplet is lost and the description of the
evaporation becomes more difficult compared to the case of a dilute spray.

More recent models not only treat the gas and the liquid phases as separate sets
of equations, but the different components of the spray are accounted for through
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Fig. 1.17 Time-averaged 1.2
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use of different sets of Navier-Stokes equations for the phases as well as the droplet
size classes [34]. Thus, there is one phase for the gas and n phases for the liquid
where n refers to the number of different droplet size groups [34] or to the different
components of the liquid [33, 35]. These models require the definition of a liquid
volume fraction, oy, for the volume covered by phase k, over the total volume [34]:

d(akpr)

n
1 TV (@epevie) = > Tu (1.5)

I1=1,l#k

where the constraint Y «x = 1 must be satisfied. Here, py denotes density, v the
velocity vector of phase k, n the number of different liquid phases, and I; is the
interfacial mass exchange term.

These equations must be solved together with continuity, momentum, and energy
equations for the gas and the liquid phases as well as equations of state, interface
conditions and equations for the interaction between the different size classes of the
spray.

Another approach to simulate the dynamics of two-phase interfaces is the level
set method [36]. Figure 1.18 illustrates the definition of the interface and the scalar
field G(x, t)| [36] where I" is the phase interface between two inviscid fluids, and
the location and motion of the phase interface is captured by the level set equation

IG(x, 1)

5 +uVG(x,t) =0. (1.6)
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Fig. 1.18 Illustration of the
definition of the interface fluid 1 G>G
(Reprinted with permission
from Ref. [36]; (© 2005,
Elsevier)

GZGU

fluid 2 r G<G,

The method includes specific numerical difficulties such as unintentional movement
of the interface in regions of high curvature of G even if high order weighted es-
sentially non-oscillating (WENO) schemes are employed, and different numerical
methods to correct this problem are found in the literature [37,38].

4.2 Euler-Lagrange Models

Models for dilute sprays typically use an Euler-Lagrange formulation where the
dispersed phase is described by Lagrangian equations and the gas phase by Eule-
rian equations with source terms for mass, momentum, and energy, L,, L;,, L., to
account for the interaction with the spray. The instantaneous governing equations
for mass, momentum in i direction, i = 1,2, 3, for enthalpy, &, and for the mass

fractions of chemical species, Y;,i = 1,..., M, may be written as
ap 0
—_—=—— L, 1.7
5 onr (pug) + (1.7)
d(pui) Ipugui)  dte;  Ip.
= — - — wbn + Lo, 1.8
o1 dxx v 0w T Z Pnbn + 18
d(phyg) dark | <
g) _ E
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i 1.9
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where u; are the gas velocity components, t is the stress tensor, p pressure, p the
gas density, b outer forces. ¥; and w; denote the mass fraction and molar chemical
reaction rate of species i, respectively. The phase exchange terms L,, L,,, and L,
may be written as [13]

LV=//47rr12p1ledrldv=—//n'1fdr1dv (1.11)

Lm=—//M1vadrldv—f/nh(u—v)fdrldv (1.12)

L, — _//(Q, + e pr (T = Tis) + Ly (Tis)]) f dry dv
—//Ml F,v f dr; dv. (1.13)

In Eq. 1.12, M; = 4/ 3nr13 o1 denotes the droplet mass. F, is the drag force,
cf. Eq. 1.3, and f = f(r;,x,v,t)dr; dxdv denotes the distribution of the droplets
in a spray, i.e. the probable number of droplets in the radius range dr; around r;
within dx around x with velocity dv at v at time ¢.

Equations 1.1-1.3 or Egs. 1.2—1.4 for droplet heating, vaporization, and motion
discussed in Sect.3 enter Eqs. 1.11-1.13 and therefore, the gas and liquid equa-
tions are strongly coupled. Moreover, the distribution function f must be specified.
This may be achieved through several approaches. The droplet distribution function
within a spray may be considered through discrete droplet models [14,39,40] which
are quite well established. Here, the droplets are grouped in several size classes, and
the droplet number density is obtained, cf. Fig. 1.19. This procedure is appropriate
to account for droplet size distributions from experiment [41,42], since experimen-
tal methods such as particle image velocimetry (PIV) or phase Doppler particle
analyzer (PDPA) result in discrete droplet size distributions.

The shortcoming of this approach is the fact that it is unknown how many size
classes are needed to sufficiently represent the entire spray. On the one hand, a cer-
tain number is needed to describe the polydispersity of sprays, on the other hand the
computational time increases with number of droplet size class. Currently, there is
no mathematically profound criterion to determine the optimum number of droplet
size groups in discrete droplet modeling. The Lagrangian part of numerical codes
tremendously contributes to the computational time of a solver. Moreover, not only
the number of size classes may be a problem but also the choice of width of the
different size groups. Typically, equal-sized groups are considered.

Besides the discrete droplet model, the sectional approach is used where the
development of Eulerian multi-fluid models for polydisperse evaporating sprays
provides a promising tool. Figures 1.20 and 1.21 demonstrate the principal differ-
ences between the discrete droplet model (or method of classes) and the sectional
approach. They are a compromise between precision and computational cost, and
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Fig. 1.20 Discrete droplet model or method of classes (Reprinted with permission from Ref. [43];
© 2001, Taylor & Francis)

competitive with stochastic Lagrangian methods. They provide a Eulerian descrip-
tion of the dispersed phase compatible with the gas phase description, thus allowing
implicitation, vectorization or parallelization at relatively low computational cost.
This is all the more true since the number of sections necessary in order to precisely



1 Issues in Computational Studies of Turbulent Spray Combustion 19

Y]

|~ Momentum fluxes
Heat

Droplet number density

- | ——]

Fixed section boundaries : S(j) S(;:+1) Droplet surface

Fig. 1.21 Sectional approach (Reprinted with permission from Ref. [43]; © 2001, Taylor &
Francis)

reproduce the vaporization process can be reduced to only a few [43]. It generates
only one vaporization front for a given cloud, a feature that Lagrangian models
do not have. Finally, since such models can be rigorously related to a kinetic
formulation, they can be extended in order to take into account more complex
phenomena such as coalescence or fragmentation [44], an uncommon feature of
Eulerian models.

Another category of models to account for the spray processes within the
Eulerian-Lagrangian description are PDF (probability density function) methods.
Here, the droplet size distribution is assumed to be continuous and the spray equa-
tion yields [13,45]

af 9 vk f)  I(Fr f)
E - _3_7’] (le) B 3xk B E)vk

+Qr+1Ty. (1.14)

In Eq.1.14, R; = dr;/ dt = —n'1/(4yrr12p1) is the change of droplet radius, r;,
with time. Q s denotes the velocity of the formation or destruction of particles
through processes such as nucleation and breakup. The last term, 'y, describes
changes due to droplet collisions. The last two terms must be considered in non-
dilute sprays.

The numerical solution of this equation is particularly challenging when used
in dense spray computations. A novel approach of Fox et al. [46, 48] developed
for aerosols has a high potential to be applied in spray computations. The method
belongs to the group of population balance theory and is called DQMOM (discrete
quadrature method of moments).

DQMOM does not consider the probability density function (PDF) of the spray
distribution itself, but it focuses on the first moments of the PDF. In this sense, the
method is less precise than PDF methods since higher moments are neglected. How-
ever, both methods have shortcomings, and therefore, care must be taken to evaluate
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the advantages and disadvantages. A review of the development of the DQMOM
method may be found in [46]. The transport equation of the moments of a particle
size distribution suffers from the fact that in deducing the transport equations for
the moments, higher-order moments appear which must be closed using relations
including lower-order moments, the so-called closure problem. This causes insecu-
rity in the modeling of the moment equations. The DQMOM method assumes that
the particle size distribution is written as summation of weighted multi-dimensional
Dirac—delta functions [46]

N
FEXD) = g DS — (§)a(x.1)] (1.15)

a=1

where N is the number of delta functions, wy (X, ?) is the weight of node «, and
(&) (x, 1) is the property vector of node «. This presumed functional form may be
thought as N distinct dispersed phases each of which is characterized by the weight
factor and its property vector. This equation then is substituted into the population
balance equation. With the definition of weights wy and abscissas, {y = wy (€)a, the
DQMOM transport equations are written. The source terms of the transport equa-
tions of the weights, wy and the N weight abscissas, {y, can be defined through
a linear system involving the 2N integer moments, i.e., for N = 3, the moments
mo,muy, ..., ms are obtained where these moments are defined as [46]

oo N
me= [ €@ =Y walelh. (1.16)
e a—1

The accuracy of the method increases with the increase of N, and a value of N = 3
is considered reasonable. It should be mentioned that sometimes the solution matrix
becomes singular and the weights and abscissas do not represent an independent
system of equations. They may also become negative, and numerical methods are
discussed to prevent this non-physical behavior [47]. The advantage of the DQMOM
method [48] is the ease to include processes of droplet interactions such as nucle-
ation, aggregation, breakup, and growth [44]. A recent survey on population balance
modeling of polydispersed particles in reactive flows is given by Rigopoulos [49].

4.3 Turbulence Modeling

Typically, technical applications of sprays occur under turbulent flow conditions in
order to improve the mixing and to reduce the length of the spray core. Turbulence
causes statistical fluctuations of all variables determining the flow field, and they
need special numerical treatment.

The easiest and most precise but most computer time consuming method is direct
numerical simulation (DNS) of turbulent (reactive) flows [S0-52]. In this category
of models, all turbulent length and time scales are resolved directly, and no modeling
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Fig. 1.22 DNS of diluted combustion of evaporating droplets (Reprinted with permission from
Ref. [52]; © 2009, Elsevier)

of turbulent fluctuations is necessary. The disadvantage of the DNS is the high com-
putational cost. Figure 1.22 displays results from DNS of diluted combustion with
evaporating droplets [52] with focus on instantaneous interaction between evapo-
rating droplets and reacting flow. The left part displays the reaction rate (red) and
stoichiometric mixture fraction (black) as well as vapor mass fraction (flooded con-
tours), whereas the right part shows the scalar dissipation rate (bold red lines) and
the second invariant of the deformation tensor (flooded contours); droplets are su-
perimposed. The strong interaction of all processes involved is evident. For complex
technical applications, DNS is not suitable, and simplified model systems are con-
sidered [51,52].

In large eddy simulation (LES) [53-55], large turbulence scales are resolved di-
rectly, and a filter function determines which smaller time scales are modeled using
methods such as Reynolds averaged Navier Stokes (RANS) equations or probabil-
ity density function (PDF) models, Reynolds stress (RSM) models, or conditional
moment closure (CMC). Traditionally, the consideration of the liquid phase occurs
within a Lagrangian framework whereas the continuous phase is described in an
Eulerian system. A novel approach considers an Eulerian formulation for the spray
which then is coupled with the LES solver for the gas phase [55]. Figure 1.23 shows
the LES of an evaporating isopropyl alcohol spray using the dynamic Smagorinsky
subgrid model [53] which seems to be the most common subgrid model currently
used in connection with LES and evaporating sprays.

Models which refrain from directly resolving the large scales are RANS models,
Reynolds stress models, PDF and CMC models. RANS models can be characterized
by Reynolds averaging of the Navier Stokes equations where the instantaneous char-
acteristic variables, @, first are replaced by the sum of their time or Favre averaged
values, @ or d~5, respectively, and their fluctuations, @’ and @”. In turbulent reactive
flows, Favre (density) averaged values need to be taken into account because of the
high density changes associated with chemical reactions. After Reynolds averaging
of the set of Navier Stokes equations, unclosed terms appear which have the form
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Fig. 1.23 LES of an evaporating isopropyl alcohol spray on unstructured grids using the dynamic
Smagorinsky model (Reprinted with permission from Ref. [53]; © 2009, Elsevier)

puy @”, for Favre averaged values, the so called Reynolds stress terms. Here, p is
the gas-phase density, uy the gas-phase velocity component in k direction, and @
denotes a characteristic variable such as total mass, enthalpy, gas velocity compo-
nent, mixture fraction, or mass fraction of chemical species. The Reynolds stress
terms then need to be closed by either a gradient flux approximation (this type in-
cludes the widely used k — € turbulence model) or by derived transport equations
for these terms. The latter approach leads to the Reynolds stress model where trans-
port equations for the second moments are deduced and higher moments are closed
using simplified assumptions leading to a closure of order two.

The major benefit of Reynolds stress models compared to gradient flux models is
their capability of describing recirculation regimes as well as counter gradient dif-
fusion. Models of the k — € type additionally suffer from the assumption of isotropic
turbulence. However, the gain of precision in the Reynolds stress models goes with
additional computational cost for solving the additional transport equations of the
second moments. Reynolds stress models are discussed below.

For turbulent spray flows, the correlation between the characteristic variables of
the flow field and the evaporation rate needs special treatment in RANS models (for
the k — e model, see for instance Hollmann and Gutheil [40]). Considering turbulent
mixing in a spray flow using a mixture fraction of the gas phase, &, defined such
that it attains a value of unity for pure fuel and zero for pure oxidizer, the transport
equation for the Favre mean, § , and the variance, & 2 of the mixture fraction, yield
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Fig. 1.24 Fuel vapor mass fluctuations at 2 cm and # = 0.8 ms (Reprinted from Ref. [56])

where the last two terms in Eq. 1.18 denote the interaction with the spray, L, denotes
the evaporated spray mass.

There are several approaches in the literature to close these terms. A survey and
evaluation of current models is given by Subramanian et al. [56]. Figure 1.24 com-
pares three models for the closure of the interaction of the turbulent mixing and
the evaporation fluctuations. The model derived by Demoulin and Borghi [57] (DB)
assumes that the vaporization is restricted to the droplet surrounding and the lo-
cal mixture fraction is close to the saturation value. The model by Hollmann and
Gutheil [40] (HG) assumes proportionality between the evaporated liquid mass and
the mixture fraction as well as their turbulence intensities, this is a more global
model which considers the influence of the evaporation not only in the near droplet
surrounding. Réveillon and Vervisch [58] (RV) use an approximation of the condi-
tional spray evaporation source term as monotonic function of mixture fraction. The
numerical results from these models are compared with experimental data from laser
induced exciplex fluorescence (LIEF) [56]. The authors conclude that the evapora-
tion source term in the mixture fraction variance equation cannot be neglected [56].
Inside the core of the spray, its order of magnitude is close to the variance production
and dissipation terms due to average mixture fraction gradient and scalar dissipation
rate. In the experimental conditions used [56], the HG model performed better than
the DB and RV models which both over-predict variance due to evaporation.

Modeling of the correlation terms of evaporation and gas velocity is required in
Reynolds stress models [66]. Here the Favre-averaged Reynolds stress terms, pu u’]/ ,
are modeled through additional transport equations as discussed above.

The Reynolds stress model originally was successfully developed for turbulent
recirculating gas flows [60], and it is extended [22] for use in spray flows. Moreover,
Beishuizen [61] derived Reynolds stress equations with emphasis on the modeling
of the pressure rate of strain tensor.
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The major difference in gas-phase versus liquid/gas systems is the vaporization
process that must be considered if atomization as well as droplet breakup and coales-
cence are neglected. Thus, a dilute spray is considered here. Moreover, the turbulent
fluctuations caused by the flow field in reactive flows require the consideration of
Favre-averaged equations [62]. The formulation here is given in three-dimensional
coordinates, for generality. Equation 1.19 shows the transport equation for the
Reynolds stress term [22]
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where the terms in the last line describe the interaction of the turbulent flow field
with the vaporization source terms in the mass conservation equations, L,, and the
momentum equation, L,, cf. Eqs. 1.11 and 1.12. All other terms are standard terms
that also appear in gas-phase equations. These terms are closed following the e proce-

. . . our LY
dure discussed in Ref. [63]. In the above equation, P;; = —pu” uy, x“‘ pu ;/ ZTL

describes the production of Reynolds stresses through shear stress The constants
Cs, C1, Cz, and C3 are 0.22 [64], 3.0 [65], 0.33 [65], and 0.5 [59], respectively. §;;
denotes the Dirac—delta function, and g; is the gravitational force in i -direction.

The Reynolds-stress equation is solved together with the conservation equations
for the momentum, the energy, and mass fractions of chemical species. Special
care must be taken in discretizing the source terms of Eq. 1.19 in order to assure
convergence [63].

Figure 1.25 displays a comparison [22, 63] of the Reynolds stress terms of
a turbulent free methanol/air spray jet using the experiments of McDonell and

Samuelson [41]. The agreement of the axial velocity fluctuations, \/ﬁ is quite
good even though the Favre averaged mean value, u, is considerably lower in the
experiment compared to the simulation near the axis. There are various reasons for
this disagreement, and they are extensively discussed [40,63,67]. The major benefit
of the Reynolds stress model is its capacity of predicting swirl as shown in Fig. 1.26,
where eddies are predicted which cannot be computed using the k — € model [22].
There is another category of turbulence models which avoid the mathematical
modeling of the interaction of evaporation and other scalar shown in the previous
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Fig. 1.25 Comparison of simulated (lines) [22, 63] and measured [41] (symbols) Reynolds
stress terms at x = 25 mm (Reprinted with permission from Ref. [22]; © 2006, Springer Sci-
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Fig. 1.26 Structure of a methanol/air spray flame: gas side of the spray flame, a = 300/s [22,63]

(Reprinted with permission from Ref. [22]; (© 2006, Springer Science+Business Media)

paragraph since the spray source term appears in closed term. The probability den-
sity function (PDF) models were introduced by Pope [68] for turbulent reactive gas
flows. The advantages of the PDF model are exact treatment of convection, body
forces, and mean pressure gradient, and chemical reactions, if present, cf. Sect.4.4.
More recently, the approach was extended to (non-reacting and reacting) spray flows

since the spray source term appears in closed form, too [69].
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_ For a one-point one-time Eulerian mass-weighted PDF for the mixture fraction
f&x,t) = p(&)(8(E — ¢)/{p), the transport equation can be derived following
Pope’s work [68] as given in [69]

ey f) ey f) ALYS) T[] 9 08 .
2Dy 200 WD L (19025 K] 0o

The variable ¢ is the sample space variable of the mixture fraction £. The terms on
the left hand side of Eq. 1.20 appear in closed form, this is particularly true for the
spray source term, L., and the molecular mixing term on the right hand side of the
equation needs modeling.

For the closure of the molecular mixing, there are different approaches derived
from gas phase modeling. The most common approach is the interaction by ex-
change with the mean (IEM) model [68, 70] which must be extended to account for
spray evaporation [69]

dg* (1)

L,
dt ’

(p)

where the last term is added to account for evaporation. Other models known are the
Curl model [71] and the (modified) Curl model [72] as well as the Euclidean mini-
mum spanning trees (EMST) model [73]. To the author’s knowledge, the latter two
models have not yet been used in spray flames but only in gas flows. In gas flows, the
Curl model seems to give more exact results than the [EM model [72]. The EMST
model is the most computer time consuming and seems to give the best results [73].
Therefore, it may be interesting to investigate both the modified Curl and EMST
models to include evaporation effects for use in turbulent spray computations.

Joint PDF methods can be used to simulate the entire turbulent spray flow if all
dependent variables are considered in the PDF. This procedure, however, is very
costly because of the huge computational effort included. To the author’s knowl-
edge, the maximum number of dependents so far is two where particularly effects
of correlations between the two dependent variables have been studied for both non-
reacting and reacting sprays, cf. Sect. 4.4. Typically, flow characteristics are chosen
that are particularly sensitive to the process as well as to the models involved.

The PDF method is suitable to be used as a tool to improve critical model as-
sumptions. In gas flows, turbulent mixing is modeled through the assumption of
presumed shapes of PDFs such as the 8 function,

1 & .
= 3Gz E W=+ (1.21)

_ I'(og +a2)

0{]71 _ Olzfl
= —F(al)F(az)g (1=6%"", (1.22)

P (&)

where «; and oy are algebraic functions of § and 57’3 evaluated from transport
equations (1.17) and (1.18), and I'" is the gamma function. A study by Miller and
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Fig. 1.27 PDFs of the mixture fraction of a methanol/air spray along the centerline (left) and
comparison of the 8 PDF (8;), modified 8 PDF (8,) and Monte Carlo PDF (MC) (right) (Reprinted
with permission from Ref. [69]; (© 2006, Begell House, Inc.)

Bellan [74] shows that this presumed shape is not valid for spray flows. Studies by
Ge and Gutheil [69,75] show that an extension of the 8 function

—M _ e Ymar—ao g g o1 _ syl
P(E)_F(al)F(az)(gmax Emin) (& — &min) (Emax — &) , (1.23)

where two new parameters £y, and &, Were introduced, appears to overcome the
shortcomings of the standard formulation. For the limits &y, = 0 and &« = 1, the
standard 8 function, Eq. 1.22, is retrieved as special case.

The new parameters, &y and &p.x, shown in the right hand side of Fig. 1.27, are

close to the values § + \/ﬁ , however, this definition does not always lead to a good
approximation, and further research is required.

PDF methods constitute a valuable tool for the evaluation of basic model assump-
tions as well as modeling of turbulent spray flows.

4.4 Chemical Reactions in Spray Flows

Chemical reactive flows have been the subject of many numerical studies, and the
exponential temperature dependence of the Arrhenius rate expression requires spe-
cial consideration in both laminar and turbulent flames. Fuels such as kerosene or
diesel consist of many components, and the chemical reaction mechanisms are not
well known. Detailed chemical reaction mechanisms consisting of elementary reac-
tions are very long and chemical reaction rate constants again, are not well known.
For combustion problems, the CHEMKIN code [76] was developed by Sandia
National Laboratories in CA, USA. CHEMKIN is a data base for thermodynamic
data as well as reaction rate constants for elementary kinetic reaction steps for a big
variety of gas-phase fuels.
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Flames can be characterized through the way they are introduced into the com-
bustion chamber, i.e., either they are premixed or fuel and oxidizer are fed separately
into the system. The first category is called premixed flames and the second one
non-premixed, the latter having a higher impact in technical applications for safety
reasons. In practice, combustion may occur under partially premixed conditions.

There are several model categories for gas-phase combustion which can be
extended to spray flames where special attention is required to account for the
interaction of evaporation and combustion. Even though combustion in technical
applications typically occurs under turbulent conditions, laminar spray flames are
investigated to gain a better understanding of the chemistry as well as chemistry
interaction with the spray.

The counterflow configuration is a well-established setup which has been studied
extensively for both gas and spray flames. A paper by Li [77] gives an excel-
lent survey on this issue until the year 1997, but thereafter, several other groups
have published in this field [78-84]. The chemical reaction mechanisms typically
are taken from gas-phase models such as the GRI mechanism [85] or Warnatz’s
mechanism [86]. Laminar spray flame computations most often are performed on
two-dimensional [79] or one-dimensional [78, 81-84] grids, with the latter ones re-
sulting from transformation using similarity transformations [87]. Therefore, the
use of detailed chemical reaction mechanisms is affordable. At the same time, these
configurations have been used to reduce chemical reaction mechanisms by both
steady-state assumptions of chemical species and assumptions of partial equilib-
rium of certain elementary reactions [88]. An overview of systematically reduced
chemical reaction mechanisms is given by Peters and Rogg [89].

A more recent method of reducing detailed chemical reactions is the method
of intrinsic low-dimensional manifolds (ILDM). The ILDM approach uses the fact
that in typical reaction systems, a large number of chemical processes are so fast
that they are not rate limiting and can be decoupled. Intrinsic low-dimensional man-
ifolds in the state space are identified with the property that after a short relaxation
time the thermochemical state of the system has relaxed onto these attracting low-
dimensional manifolds [90]. This approach, however, to the author’s knowledge, has
not yet been introduced into the simulation of spray flames.

Flamelet models are extensively used in gas flame computations [91, 92], and
this approach was extended to spray flames [42, 67,69, 75]. Most publications in-
clude gas flamelets and ignore the effect of spray evaporation on the structure of
the flamelet [40]. More recently, spray flamelets have been studied [78, 81-84] to
account for flame interaction with the spray, and they are also used in turbulent
spray flame computations [42, 67, 75]. The basic idea followed in flamelet models
is that the combustion is determined by the mixing through the mixture fraction, &,
and its scalar dissipation rate, y, where the instantaneous scalar dissipation rate is
defined as

9% \*
x=2D (—) . (1.24)

an
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Fig. 1.28 Structure of laminar spray flames in the counterflow configuration for low (left) and
high (right) strain rate (Reprinted with permission from Ref. [67]; © 1998, Taylor & Francis)

All other variables, @, such as temperature and mass fractions of chemical species,
then are evaluated from £ and y through

® = D, y). (1.25)

These dependencies are tabulated for use in turbulent flame computations.
However, laminar spray flames have considerably different structures and depen-
dencies from gas flames. Figure 1.28 gives insight into characteristics of laminar
spray flame structures where two different strain rates of 55/s (left) and 1,000/s
(right) [67] are shown. A liquid monodisperse methanol spray enters from the left
with carrier gas air, and it is directed against an air stream leading to a double
flame where the left is a spray flame and the right hand side flame is a gas dif-
fusion flame. Flame temperature decreases with increased strain and the droplets
reverse and oscillate around the stagnation plane at axial position zero. Drag causes
droplet velocity to strongly differ from gas velocity, and differences increase with
higher strain. The mixture fraction, £, shows a non-monotonic behavior: in contrast
to pure gas flames, two values of mixture fraction at stoichiometric condition, & are
attained which correspond to the two flames characterizing the spray flames inves-
tigated here. Also, scalar dissipation rate, y, attains two maxima which is different
from one maximum found in gas combustion. The second maximum found on the
spray side corresponds to evaporation, where L, denotes the evaporated liquid mass.
Moreover, multiple solutions [84] of laminar spray flames in the counterflow con-
figuration were found to exist at low strain rate. In both solutions shown in Fig. 1.29,
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Fig. 1.29 Multiple structures of laminar spray flames in the counterflow configuration (Reprinted
with permission from Ref. [84]; (© 2005, Interscience Publisher)

the spray flame resides on the left side of the configuration whereas the gas-sided
reaction zone does not exist in the right part of Fig. 1.29. Existence of multiple
solutions was postulated earlier [78], but they had not been identified. The non-
existence of the gas flame corresponds to the “cold solution” in pure gas combustion
which essentially reflects mixing of the reactants in pure gas situations. Figure 1.29
also demonstrates the effect of the gas-sided flame on the droplets which are oscil-
lating around the stagnation plane. Multiple solutions obtained for low strain rates
up to 500/s do not persist at higher strain because the reaction zones merge due to
reduction of flame thickness. At the same time, it was argued [84] that these mul-
tiple solutions and the similarity of the gas-sided reaction zone to pure gas flame
structures facilitate flamelet computations in turbulent spray combustion modeling.
The effect of turbulent fluctuations on laminar flamelets is accounted for through
use of probability density functions. In the case of gas flames, the dependent
variables of the PDFs are mixture fraction, &, and its scalar dissipation rate, y,
cf. Eq. 1.25. The turbulent (Favre averaged) value of a variable & in the turbulent
flow field then is evaluated through integration over the laminar value weighted by
the Favre averaged PDF P (&, ). For turbulent spray flames, the approach must be
extended to account for the dependence of the laminar spray flamelet on the initial
droplet size, rg, and initial spray velocity, vo, and the equivalence ratio, E,, i.e.,

@ =D, x.ro.vo. Er). (1.26)

The Favre averaged value of any variable @ in the turbulent flow field then depends
on five variables, and it yields [67]

» oo 0O oo poo pl
@(E! XStsr()vavEr) - / / / [ / ¢(Ev Xster’VOsEr)
0 -0 JO 0 0

x P (€, xst. 70, Vo, Er) dE dyq drodvo dE,, (1.27)
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where the scalar dissipation rate, x, is replaced by its stoichiometric value, yy,
which is the standard procedure in turbulent flamelet computations [67,91].

The joint PDF depending on five variables is factorized, and simplified presumed
shapes of unimodal PDFs are used to describe these marginal PDFs. For the mixture
fraction, P (£), a B function or modified  function is used, cf. Egs. 1.22 and 1.23
[67,75]. For the scalar dissipation rate at stoichiometry, y, a logarithmic normal
distribution with standard deviation two is used [93]. For the initial droplet size, two
Dirac—delta functions were used, and the PDFs of both the initial droplet velocity
and equivalence ratio were taken to be univariate Dirac—delta functions with initial
droplet velocity and global equivalence ratio [67]. These assumptions as well as the
assumption of statistical independence may not be very good choices even though it
has been explored that the choice of one or two Dirac—delta functions for the droplet
size does not show significant influence on the results of numerical simulations
[63,67].

Figure 1.30 shows a comparison of the flame structure using a gas flamelet li-
brary (left) and a spray flamelet library (right), and major differences are obvious.
Artificial lift-off is predicted by the gas flame library and corrugation at the flame
boundary cannot be predicted neglecting droplets. The latter is a consequence of
large droplets crossing the flame front.

Another method to include chemical reaction mechanisms are flamelet generated
manifolds [94]. Here, the chemical reactions are parametrized through manifolds

T R B |

300 600 900 1200 1500 1800

Axial Position x [m]

0.15
Fig. 1.30 Structure of a
methanol/air flame: gas
flamelet (left) versus spray
flamelet (right) (Reprinted
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Science+Business Media) Radial Position r[m]
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that are obtained from laminar flamelet computations [95] as described above. This
is essentially a combination of ILDM and flamelet modeling where the chemistry is
taken from the flamelet computations and the tabulation method from ILDM. This
method of considering chemical reaction mechanisms in spray flames is not yet a
standard procedure either, and more research is warranted.

If spray flames are turbulent, the chemical rate expressions which appear in
Arrhenius form, include exponential temperature dependence, and the turbulent
fluctuations of temperature may greatly influence the chemical reaction rates. Direct
closure methods use assumed shapes of probability density functions to account for
the turbulent fluctuations in the turbulent flow field and their influence on the instan-
taneous chemical reaction rate, w;, for species i, compare Eq. 1.10

oo poo pl 1
w_=/ / /.../wi(Yl,...YM,T,p)P(Yl,...YM,T,,o)dY1...dYMde,o,

0 0 0 0
(1.28)

where P(Y1,...Ym, T, p) is a multivariate joint probability density function. In
practice, this PDF is not suitable because of the numerical difficulties involved.
However, if simplified chemistry as discussed above is used, the PDF depends only
on a few variables, and after factorization of the function (assuming statistical in-
dependence of the dependent variables), presumed shapes of the PDF such as the
function or modified B function, may be employed.

Recent studies by Miller and Bellan [74], Selle and Bellan [96] and Ge and
Gutheil [69, 75] demonstrate that first, the presumed B function is not suitable for
use in two-phase flows [69, 74], and second, the variables such as evaporation rate
and temperature [96] and mixture fraction and enthalpy [75] are not statistically
independent.

Figure 1.31 shows a comparison of the DNS-extracted PDF and the model PDF
at the subgrid scale of a LES computation for the gas temperature, 7" and the vapor
mass fraction, Y, for a non-reacting spray taken from Selle and Bellan [96]. For

Fig. 1.31 Comparison between the DNS-extracted PDF and the model PDF at the subgrid scale
(Reprinted with permission from Ref. [96]; (© 2007, Elsevier)
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Fig. 1.32 Contour plot of joint enthalpy-mixture fraction PDF at various positions (Reprinted with
permission from Ref. [75]; (© 2008, Elsevier)

pure gas flows, the variables are uncorrelated whereas for the two-phase flow, a
clear correlation is displayed [96]. The right hand side of Fig. 1.31 is obtained from
a primitive of a modified Bessel function of the second kind [96].

Another way of checking statistical independence is use of the joint PDF trans-
port equation for two variables of interest. The joint PDF for the mixture fraction
and specific enthalpy [42,75] is used to evaluate the correlation coefficients at dif-
ferent positions in reacting turbulent methanol [75] and ethanol [42] sprays in air.

Figure 1.32 displays contour plots of the mixture fraction and specific enthalpy
in the region where evaporation starts but no mixing occurs (top left), here the vari-
ables are statistically independent. In areas where both evaporation and combustion
occur (top right and bottom left), the variables are strongly correlated, and after
evaporation is finished, a linear dependence is obtained, see Fig. 1.32 (bottom right),
which is in agreement with the findings of Selle and Bellan [96] for reacting turbu-
lent sprays.

The spray flamelet model in connection with the joint PDF for mixture frac-
tion and enthalpy enables prediction of chemical species displayed in Fig. 1.33.



34 E. Gutheil

CO: 0.02 0.04 0.06 0.08 0.1 0.120.14 OH: 0.001 0.002 0.003 0.004 0.005
140 140
— = 120
g 120 e
.E. 100 % 100
=
9] S
= 80 = 80
% Z
o o
A~ 60 & 60
= =
T 40 g 40
-4 [~
20
% 50 100 150 200 o100, 150
Axial Position [mm] Axial Position [mm]
CO2: 0.02 0.04 0.06 0.08 0.1 0.12 CH20: 0.001 0.002 0.003 0.004 0.005 0.006
140
= = 120
E =)
& -g 100
= =
9] S
h= £ 80F
17} v
S S
~ 60
= E
3 T w
[~ ~o L
20
0 . 0
0 50 100 150 200 0 50 100 150 200
Axial Position [mm] Axial Position [mm)]

Fig. 1.33 Contour plot of CO, OH, CO,, and CH,O in a turbulent methanol/air spray flame
(Reprinted with permission from Ref. [75]; (© 2008, Elsevier)

In hot regions with high CO and OH values, the rate-limiting reaction CO + OH =
CO; + H with its high activation energy determines the production of CO,. More-
over, formaldehyde can be predicted which is unstable for high-temperature regions
as can be seen in Fig. 1.33.

A different type of models to predict turbulent mixing and combustion is con-
ditional moment closure (CMC) for turbulent combustion. This approach was
originally introduced by Klimenko and Bilger [97] for gas combustion: Here the
conditional averages of higher moments of quantities such as species mass fractions
and enthalpy, conditional on the mixture fraction in diffusion flames, or conditional
on the reaction progress variable in premixed combustion are considered.
Conditioning on the mixture fraction £ yields [98]

(¥;) = f_ £ (Vi ), (129)

where 7 is the sample space variable for £.

Mortensen and Bilger [98] also give an outline for use of CMC for spray
flames, where double-conditioning should be used [97], Q =(Y|é=n,¢ = f).
The variations of the mixture fraction, &, are related to turbulent macro-transport,
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and the variations of ¢ are related to inter-droplet micro-processes. The latter
process is considered more relevant, and equations are derived excluding macro-
fluctuations. Equations are given for homogenous turbulence with £ = const. and
0 = (Y |¢p = f). Mortensen and Bilger [98] derive a formulation of CMC for spray
combustion in connection with a level-set function tracking the interface between
gas and liquid. Moreover, an indicator function is defined for identification of gas or
liquid. Identical equations for the two phases are derived, and it is shown that addi-
tional terms arise to account for dynamic boundary conditions between the phases.

The treatment of chemical reactions within the framework of CMC is discussed
by Merci et al. [99]. In first-order CMC, it is assumed that the conditional chem-
ical reaction rate is (w;|§) = f((Y1]€),....(YNI|E)), (T|€)) neglecting turbulent
fluctuations. This can be relaxed through use of second-order conditioning on both
mixture fraction and its variance or through double conditioning, for instance on
the mixture fraction and enthalpy. So far, CMC has been applied to RANS simula-
tions [100], and studies of combined LES/CMC have not been reported.

It can be seen that models for pure gas flames may not be transferred to spray
flames because of the impact of the liquid phase on the flame structure. Droplet and
spray distribution greatly influence the entire flow field and combustion process, and
special care must be taken if gas-phase models are extended to sprays.

S Summary and Conclusions

There is a number of open issues in droplet and spray modeling and simulation.
They include droplet interaction and integration of these models into simulations
of technical spray flames. Moreover, the statistical distribution of droplets within
the spray is not sufficiently described by current methods, and further research is
warranted.

Research on the effect of turbulence on spray flames is in progress, also due
to the fact that nowadays computers become increasingly fast, and both DNS and
LES become more attractive. LES modeling suffers from a lack of suitable subgrid
models where special focus on statistical correlations on characteristic variables
such as mixing and evaporation is required.

Moreover, a number of open issues such as consideration of advanced chemical
reaction schemes for use in spray flows must be addressed. They include chemical
reaction mechanisms for alternative fuels such as biological fuels, which was not
addressed here.
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Chapter 2

Details and Complexities of Boundary
Conditions in Turbulent Piloted Dilute Spray
Jets and Flames

Assaad R. Masri and James D. Gounder

Abstract A good understanding of the details and sensitivities to boundary
conditions is essential for the development of reliable predictive tools for tur-
bulent spray flows. This chapter presents a comprehensive account of the boundary
conditions relevant to dilute spray jets issuing in a co-flowing stream of air. The
flames are stabilized with an annular pilot to prevent lift-off. Radial profiles of the
velocity and turbulence fields as well as droplets size distributions and number
densities are presented at the jet exit plane of a range of non-reacting and reacting
jets of acetone and ethanol fuels. A non-reacting spray jet of mineral turpentine
has been used as a base case to validate the liquid flux measurements. Laser-Phase
Doppler Velocimetry (LDV/PDA) is employed for the measurements of velocity
and droplet fluxes while Mie scattering is used for the high-speed laser imaging
of droplets at the jet exit plane. The probability density function of the droplet
size distribution measured at the exit plane is shown to be best represented by
the Nukiyama-Tanisawa fit. Droplets less than 10 wm in diameter are shown to be
adequate representatives of the gaseous flow. Larger droplets tend to exit the nozzle
with mean axial velocities lower than those of the gas (and hence negative slip
velocities). The rms fluctuations of the axial velocities of large droplets are found to
be higher than those of small droplets. High-speed imaging of Mie scattering from
sprays at the jet exit plane reveal that this anomaly is due to droplet shedding from
the liquid film that develops on the inner wall of the pipe.

1 Introduction

The development of reliable numerical tools to aid in the design and optimiza-
tion of combustors is now essential if demands for cleaner combustion systems are
to be met. Such developments, while gradual in nature due to the multitude and
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difficulties of the associated issues, have evolved significantly over the past decades
particularly for gaseous flames. The International Workshop on Measurements and
Calculations of Turbulent Non-premixed Flames (TNF) [1] was a key catalyst in this
process bringing together modelers, experimental and numerical scientist to study
generic flames that embody specific scientific issues such as turbulent-chemistry
interactions [2—4], auto-ignition [5—7], and more recently highly sheared premixed
combustion [8, 9]. Extensive data banks were made freely available to modelers
and the difficulty of the problems tackled was gradually increased by introducing
more complex flows involving recirculation and instabilities [10—-12]. A clear out-
come of this effort is a thorough understanding of turbulent gaseous combustion and
a breakthrough in the capabilities of approaches such as the conditional moment
closure [13, 14], flamelet/progress variable [15, 16] and the probability density func-
tion (PDF) methods [17, 18] to compute local extinction in turbulent non-premixed
flames.

Spray flames have not enjoyed the same level of advance in computation capabil-
ities as the gaseous counterparts despite their widespread use in applications such as
diesel engines, turbines, rocket propulsion and liquid fueled furnaces. Admittedly,
the issues here are far more complex with processes such as atomization, droplet
coalescence and evaporation requiring modeling in conjunction with combustion.
Interactions of droplets with the flowfield as well as with the heat release zones are
additional factors that exacerbate these difficulties. Another key reason for the mod-
est progress is the relative lack of detailed experimental data because the presence
of droplets in the measurement probes limits the techniques that can be applied to
such flows. Dense sprays are particularly prohibitive in this regard and require a
level of sophistication that challenges current capabilities both in modeling as well
as diagnostics. New measurements techniques, such as x-ray based methods [19]
and ballistic methods [20] are being developed. Similarly, detailed computations of
dense sprays resolving the complex process of atomization are emerging [21,22].

Such difficulties led to a nominal separation of research activities into two broad
schools, one studying dilute sprays and the other focusing on dense sprays including
engines. Dense sprays generally dominate the regions close to the injector tip and in-
volve transitions between a liquid core and an adjacent dispersed-flow region. Such
flows are characterized by large liquid volume fractions; fluid filaments or irregu-
lar shaped droplets; collision, coalescence and potential breakup of liquid elements
effects. The dispersed flow region generally begins at the injector exit for atomiza-
tion breakup and consists of a developing multiphase mixing layer where the liquid
core is present followed by a dispersed flow that eventually becomes a dilute spray.
Dilute sprays refer to regions where the volume fraction of droplets is less than about
1% so that droplets are dispersed and may be assumed spherical in shape. Droplet
collisions are infrequent in dilute sprays and heat and mass transfer and drag coef-
ficient of individual droplets are independent of neighboring drops. Quantitatively
a dispersed flow can be considered to be dilute if the mean inter-droplet spacing
is significantly larger than the arithmetic mean diameter D10. However, there is a
two way coupling between the phases, since transport from droplets influence the
structure of the continuous phase. Dilute flows still involve complex and vaguely
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understood phenomena such as evaporation of droplets, turbulent dispersion and
turbulence modulation of the gas phase flow due to the presence of droplets.

Thorough and extensive reviews of earlier research in spray laden flows [23-26]
show that these cover a broad range of configurations such as particle laden homo-
geneous turbulent flows; particle laden gas jets; non-evaporating and combusting
sprays; particle laden liquid jets, and non-condensing and condensing bubbly jets.
Jets loaded with glass beads, solid particles, mono dispersed spray particles and
poly-dispersed spray particles have been used by a number of authors [27-33] to
study turbulent dispersion of droplets and turbulence modulation of the gas phase
by particles/droplets. These studies have outlined the relationship between droplet
size and the turbulent dispersion of droplets. Ferrand et al. [27] have shown the
effect referred to as ‘two-way coupling’ in a turbulent jet loaded with droplets as
well as quantified turbulence attenuation by the dispersed phase. Gore and Crowe
[34], Hetsroni [30], and Yuan and Michaelides [33], studied the mechanisms for
turbulence modulation. Two mechanisms for turbulence enhancement and reduc-
tion have been identified; (i) energy dissipation due to acceleration of a particle is
the mechanism responsible for reduction of turbulence intensity of the flow, and (ii)
flow disturbance due to the motion of the particle, its effective wake and the vortices
shed behind, is the mechanism that contributes towards turbulence enhancement.

Two parallel international activities similar in nature to the TNF for gaseous
flames are now attempting to coordinate experimental and numerical advances in
the areas of dilute and dense sprays. The development of well designed generic
burners that embody specific themes for further investigations and the generation
of adequate and comprehensive data banks are essential requirements for success
in both areas. There is a need to develop advanced diagnostics tools to enable the
measurements of key quantities such as temperature and mixture fraction. Suffi-
cient details of the boundary conditions must be provided so that comparisons with
measurements as well as comparisons between separate calculations are valid. This
requirement is particularly relevant for spray flows where the interaction of droplets
with the solid wall of the burner as well as with any carrier fluid can impact signifi-
cantly on the characteristics of the flow.

This chapter focuses on dilute sprays and is aimed providing a detailed account
of the intricacies associated with the boundary conditions. The burner employed
here was designed and developed at the University of Sydney with the objective of
establishing it as model problem for studying streaming dilute jets and flames so the
boundary conditions are relatively simple and well defined [35, 36]. The resulting
flows are experimentally tractable as well as numerically simple to enable isolation
of effects such as turbulence-chemistry, turbulence-droplet interactions, and turbu-
lence effects on evaporation in dilute turbulent non-reacting and reacting spray jets.
The complexities of the atomization process is avoided here by mounting the neb-
ulizers at least 20 diameters upstream of the nozzle exit plane where an ultrasonic
nebulizer is used for spray generation [36]. The ultrasonic nebulizer produces larger
droplets of Sauter mean diameter around 40 jum, more akin to what is seen in indus-
trial applications.
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Section 2 gives a detailed description of the spray burner, the experimental setup
and the conditions selected for later studies including a base, non-reacting case that
uses mineral turpentine to validate the flux measurements. Mineral turpentine has a
high boiling point ranging from 150°C to 190°C and hence is representative of non-
evaporating sprays. Section 3 presents extensive details of the boundary conditions
including profiles of the mean velocities, droplet size distributions and number den-
sities. Section 3 compares the structure of a non-reacting spray jet with a gaseous jet
of similar density. Mean velocities and turbulence levels of droplets of various sizes
ranges are compared to those of gas. Section 4 describes the complexities that arise
from the droplet’s interaction with the inner walls of the fuel pipe leading to the jet
exit plane. This is referred to as the spray pipe anomaly.

2 Experimental

2.1 The Burner

The piloted spray burner shown in Fig. 2.1 [37] comprises a base, a contraction with
a contraction ratio of 10:1 and a pilot flame holder. A dimensioned schematic of the
spray burner is provided in Fig. 2.1b. The central jet nozzle diameter D is 10.5 mm.
The outer diameter of the annulus is 25.0 mm and the lip thickness is 0.2 mm. The
pilot flame holder is fixed 7.0 mm upstream of the nozzle exit and holds 72 holes
concentrically aligned at 7.0, 9.0 and 11 mm radius from the centre and each row
contains 24 holes with diameters 0.9, 1.0 and 1.1 mm respectively. A co-flowing air
stream with an inner diameter of 104 mm surrounds the burner and the entire co-
flow/burner assembly is mounted in a vertical wind tunnel which has a rectangular
exit cross section of 290 x 290 mm. The co-flow and nozzle exit plane is located
59.0mm downstream of the tunnel exit plane. The co-flowing air velocity in the
shroud as well as the wind tunnel was matched throughout the experiments and kept
constant at 4.5 m/s. A more complete description of the burner assembly is presented
elsewhere [37].

Spray is generated using Sono-Tek cooperation ultrasonic nebulizer model num-
ber 8700-48. A broadband ultrasonic generator is used for delivering the high
frequency electrical energy required to operate the nebulizer. The nebulizer is cen-
tered inside the burner using four sets of screws. The nebulizer head is 215 mm
upstream of the jet exit plane. Ultrasonically generated droplets of the liquid fuel
with zero initial momentum are entrained in the carrier stream through a contrac-
tion as shown in the inset of Fig. 2.1b. The contraction is located 15 mm downstream
of the tip of the nebulizer head and has a tapered inlet with a 9.5 mm radius. This
arrangement was found to be optimal in minimizing asymmetry in the spray profile
at the jet exit plane.
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2.2 The Measurement Techniques

The phase-Doppler anemometer (TSI Model FSA 3500/4000) was arranged in the
45° forward scattering configuration, with 300 mm receiver focal length and 3.2 um
fringe spacing. A variable power Argon-ion laser feeds the two channel fiber optics
assembly which had a focal length and beam separation of 250 and 40 mm respec-
tively and produced two pairs of transmitting beams of wavelength 514.5 nm (green)
for axial and 488 nm (blue) for radial components of velocity. The fiberlight’s Bragg
cell adds 40 MHz to the shifted beams which allow measurement of velocity com-
ponent in both positive and negative directions. The power of the un-shifted and
shifted, green and blue beam was balanced to 33 and 18 mW respectively and the
fringe spacing was 3.2 pm with a beam waist of approximately 85 wm. Due to phys-
ical constraints, axial location x/D = 0.3 (where x is the axial distance and D the
jet diameter) was the closest distant the probe volume could be placed to the jet
nozzle exit, thus boundary conditions at the jet exit plane for spray jets studied here
correspond to measurements taken at x/D = 0.3.

Droplet volume flux is difficult to measure due to high data rejection rates, which
are caused by weak and ambiguous signals. To maximize the quality of the flux
measurement, only the axial velocity is measured together with the size data, this
yielded the highest size validation percentage. The inherent phase difference be-
tween the three photomultiplier (PMT) detectors was calibrated using the procedure
provided by TSI [38] to eliminate phase shift introduced by electronic circuitry.
Software coincidence was applied on velocity measurements together with the in-
tensity validation scheme applied to drop size measurements. The built-in probe
volume correction (PVC) in FlowSizer software [39] has been implemented to cor-
rect for lower visibility of small droplets at the edge of the measurement volume. All
parameter settings of the receiver optic assembly was maintained constant through-
out the length of the jet in order to minimize any bias towards size distribution
relative to upstream results. These settings are thus determined by the saturation
constraints at the jet exit. Chen et al. [35] showed that the effect of temperature
on the refractive index of acetone which influences the slope of the phase verses
size curve is negligible. The photomultiplier voltage and burst threshold are set at
395V and 195 mV, respectively. This particular hardware and software settings al-
lows droplet size measurement in the range 0.5 to 100 wm. Droplets larger than
100 wm were not resolved. The evaporating spray jets being studied here have a
high percentage of droplets, smaller than 50 pm with the maximum size reaching
95 pm.

The LDV technique was used for measuring the mean axial velocity and tur-
bulence profile of a gas phase jet. Note, only axial component was measured due
to unavailability of the second channel since these measurements were performed
later, after the second channel was damaged. The PMT voltage is set at 420 V and
the burst threshold at 90 mV. The co-flow and gas phase jet stream was seeded with
Aluminum oxide (Al,O3) particles of nominal diameter of 0.05 pm. The particles
are entrained at a location upstream of the exit plane. Masri and Dally [40,41] have
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reported that there is uncertainty in these types of measurements due to velocity and
seeding bias, however these errors are negligible if the velocity fluctuations are less
than 10% which is the case for the jet studied here.

2.3 The Blow-Off Limits

The flames investigated here are generally steady and do not process. For a given
fuel and atomizer, the parameters that could affect the stability limit of the spray
flames are the mass flow rate of the main fuel and its carrier, the velocity and sto-
ichiometry of the pilot and the velocity of the co-flowing air. Visible inspection of
a spray flame for a fixed main fuel flow rate, pilot stoichiometry and velocity and
co-flow velocity has shown that increasing carrier flow rate causes the flame to thin
out, and gradually change color to light blue. Further increases in jet velocity causes
a slight rumbling noise and the flame becomes visibly and intermittently discon-
nected in the region downstream of the pilot flame and this state of the flame has
been defined as global blow off. Extensive tests have shown that the main control-
ling parameter in these flames is the carrier mass flow rate in the main fuel stream
and the droplet loading. Stability limits for various fuels are presented elsewhere
[42] and are reproduced here for convenience. Figure 2.2 shows the blow off lim-
its of acetone and ethanol flames plotted against liquid fuel mass flow rate injected
through the nebulizer. The broken lines represent the jet velocity (Uje) and the solid
lines the mass flow rate of the carrier at blow off. Two lines shown for Uj; and
mass flow rate of carrier are the extreme cases chosen from a number of separate
experiments. These lines in each of the plots reflect the level of measurement un-
certainty associated with identifying these limits. The limits are shown for acetone
and ethanol, in the respective figures plotted for a fixed co-flowing air velocity of
4.5m/s, pilot unburnt velocity of 1.5 m/s and pilot equivalence ratio of 1.0.

Y

Lol
o
wn

L g £
[ 2 103 E;
. Jos £ - 04 2
g 6or A:W:OAE Zoor Et:‘7:0-4 E
E 1... & [ i =
3 I AcFs AcF 51 03 é RN EtF 8 Fz‘sz 0.3 é‘
;340: u .:02"" 340. = .:02;"
AcF 6 AcF27 V.2 = EtF 6 EtF27 V.2 =
41 . ] f F m n n ] f
20 = AcF4 AcF 3 AcF 17 1 2 20 EtF4 EtF 3 E(F1 ] 0.1 2
r (Low) (Mid) (High) ’ 5 F (Low) (Mid) (High); ) ‘:é
Lot ity [N BTN RS N @) RN TN R TN R R ] o

002 003 0.04 0.05 0.06 007 0.08 002 003 004 005 006 007 0.08

Acetone Mass Flow Rate kg/min Ethanol Mass Flow Rate kg/min
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and dashed lines show two different sets of measurements of bulk jet velocity and mass flow rate
of the air carrier. Also shown are the flames selected for further measurements [37]
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2.4 The Selected Cases
A total of 24 cases were selected for further study as detailed in Tables2.1-2.3.
Eight cases correspond to non-reacting jets of acetone with air used as carrier. These

are referred to as SP1 to SP8 and relevant information about the liquid and va-
por flowrates are given in Table 2.1. Eight flame conditions have been chosen for

Table 2.1 Relevant data and initial conditions for the selected non-reacting acetone jets

Non-reacting spray

cases — acetone SP1 SP2 SP3 SP4 SP5 SP6 SP7 SP8

Bulk jet velocity Uje (m/s) 24 36 24 24 48 36 60 48

Carrier Air Air Air Air Air Air Air Air

Carrier mass flow rate 150 225 150 150 301 225 376 301
(g/min)

Liquid fuel injection rate 75 75 45 234 75 45 75 45
(g/min)

Measured liquid flow at exit 22.1 28.8 16.7 10.6 384 285 340 293
(g/min)

Vapor fuel flow rate at jet 529 462 283 12.8  36.6 165 410 157
exit (g/min)

Spray jet density (kg/m?)  1.52 1.44 1.42 1.33 1.40 1.38 1.36 1.34

Spray jet vapor phase 1.58 1.71 1.73 1.86 1.80 1.87 1.83 1.90
viscosity
(107%) (kg/m-s)

Jet Reynolds number 24,288 31,935 20,640 18,029 39,254 27,937 46,854 35,375

Table 2.2 Relevant data and initial conditions for the selected acetone flames

Reacting spray

cases — acetone AcF1 AcF2 AcF3 AcF4 AcF5 AcF6 AcF7 AcF8
Bulk jet velocity Ui (m/s) 24 36 24 24 48 36 60 48
Carrier Air Air Air Air Air Air Air Air

Carrier mass flow rate (g/min) 150 225 150 150 301 225 376 301

Liquid fuel injection rate 75 75 45 234 75 45 75 45
(g/min)

Measured liquid flow atexit  18.0  23.9 159 72 27.8 262 31.1 274
(g/min)

Vapor fuel flow rate at jetexit 57.0  51.1  29.1 162 472 188 439 176
(g/min)

Overall equivalence ratio 4.7 32 2.9 1.5 24 1.9 1.9 1.4
(qjoverall)

Equivalence ratio at jet exit 3.6 2.2 1.8 1.0 1.5 0.8 1.1 0.6
(Cbexill)

Spray jet density (kg/m?) 1.51 144 142 131 139 138 136 134

Spray jet vapor phase 156 169 173 1.8 177 186 1.82 190
viscosity (10™?) (kg/m-s)

Jet Reynolds number 24,417 32,131 20,730 18,103 39,609 28,076 47,076 35,526
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Table 2.3 Relevant data and initial conditions for the selected ethanol flames

Reacting spray

cases — Ethanol EtF1  EtF2 EtF3 EtF4 EtF5 EtF6  EtF7  EtF8

Bulk jet velocity Uje (m/s) 24 36 24 24 48 36 60 48

Carrier Air Air Air Air Air Air Air Air

Carrier mass flow rate 150 225 150 150 301 225 376 301
(g/min)

Liquid fuel injection rate 75 75 45 234 75 45 75 45
(g/min)

Measured liq. flow atexit ~ 45.7  66.6  30.7 145 70.1 413 730 36.6
(g/min)

Vapor fuel flow rate at jet 293 84 143 89 4.9 3.7 2.0 8.4
exit (g/min)

Overall equivalence ratio 4.7 32 2.9 1.5 2.4 1.9 1.9 1.4
((Doverall)

Equivalence ratio at jetexit 1.75 034 085 053 0.15 015 005 025
(Pexinn)

Spray jet density (kg/m?)  1.60 1.56  1.47 134 148 142 143 1.35

Spray jet vapor phase 1.79 1.92 1.88 1.92 1.96 1.96 1.97 1.96
viscosity
(107°) (kg/m-s)

Jet Reynolds number 22,525 30,661 19,678 17,506 38,190 27,422 45,735 34,848

each of acetone and ethanol fuels carried with air as shown in Tables2.2 and 2.3
respectively. The acetone flames are referred to AcF1 to AcF8 while the ethanol
flames are labeled EtF1 to EtF8. The eight flame conditions for the two fuels are
shown on the stability plot in Fig. 2.2 for the three fuel loading cases with increasing
carrier velocities. The relative liquid and gas flow rates were chosen to investigate
the effects of increasing droplet loading at fixed carrier velocity (example: Cases 4,
3, 1 have increasing droplet loading) as well as the effects of varying carrier veloc-
ity for fixed liquid fuel flow rate (example: Cases 1, 2, 5, 7 have increasing carrier
velocity). The three liquid fuel mass flow rates through the nebulizer were 23.4, 45
and 75 g/min and labeled as “Low”, “Mid” and “High” respectively and the four
carrier velocities were 24, 36, 48 and 60 m/s.

Relevant parameters for all the flames and the non-reacting jets are provided in
Tables 2.1-2.3. Liquid fuel volume flow rate measured at the exit plane was obtained
from phase Doppler particle anemometry measurements. The overall equivalence
ratio @y Of acetone and ethanol flames is calculated using initial mass flow rate
of carrier air and the injected fuel mass flow rate assuming all of the liquid fuel is
in vapor form. The equivalence ratio ®.;;, at the jet exit plane is calculated using
mass flow rate of fuel vapor measured at the exit plane and the initial carrier air flow
rate. Fuel air mixtures at the exit plane in acetone flames are richer compared to the
ethanol flames. This is due to larger amounts of acetone vaporizing inside the burner
due to its lower boiling point at atmospheric pressure of 56°C, whereas ethanol has
a boiling point of 78°C. The formulation for the spray jet density calculation is
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given in [42]. The gas phase temperature at the exit plane could not be measured,
therefore it has been assumed to be 20°C for the density calculations. This is not
true since there is significant amount of evaporation of fuel taking place inside the
burner which would give lower gas phase temperature. The density calculated is an
approximation thus the assumed gas phase temperature is valid. The viscosity of the
spray jets were calculated using Chapman and Cowling [43] approximation for gas
mixtures.

In addition to the non-reacting spray jets (SP1 to SP8), a gaseous jet has also
been selected as a baseline for comparison with the spray jets. The gas issuing
from the nozzle is chosen as a mixture of argon and nitrogen of equivalent den-
sity (1.4kg/m?) to the non-reacting acetone jet (case SP4 with a bulk jet velocity
of 24 m/s) at the exit plane. Table 2.4 provides some relevant parameters for the
gaseous jet baseline where the bulk wind tunnel and co-flow velocities were fixed
at 4.5m/s and the pilot stream has air flowing through at a bulk velocity of also
4.5m/s. These conditions are maintained for consistency with the non-reacting jets
so that comparisons of the velocity and rms fluctuations measured in the gaseous
and non-reacting spray jets would give an indication of the effects of droplets on the
flow and turbulence fields.

Normalised velocity and turbulence profiles at the exit plane of the gaseous jet
and co-flow case (argon/nitrogen mixture) are shown in Fig. 2.3. In the central jet,

Table 2.4 Relevant data and

s .. Argon/nitrogen mixture
initial conditions for the gas

Equivalent density spray case SP4 (1.33kg/m?)

phase jet ) :
Bulk jet velocity (m/s) 24
Density (kg/m?) 1.4
Viscosity (kg/m-s) 1.85x 107
Reynolds number 18,816
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Fig. 2.3 Radial profiles of mean axial velocity and its rms fluctuations for gaseous flows at jet exit
plane
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the measured mean velocity and its rms fluctuations are normalized with the bulk jet
velocity, ij = 24 m/s. The jet mean velocity and rms velocity profiles show a fully
developed turbulent pipe flow at the exit plane of the nozzle. In the pilot annulus
the exit plane condition was not measured but has been estimated as laminar flow
with i, = 4.5m/s. Exit plane velocity of the co-flow stream was measured for
Ucofiow = 4.5m/s. A uniform velocity profile is obtained at the exit plane of the
co-flow with relative turbulence intensity of about 5%.

With its low boiling point of 56°C at atmospheric pressure, acetone is a good can-
didate for studying evaporation of sprays but not so good for validating the mass flux
obtained from the LDV/PDA measurements. For this purpose, a much less volatile
liquid is needed and mineral turpentine, with a boiling point around 150°C, is in-
jected through the nebulizer at a bulk flow rate of 24.6 ml/min issuing at the jet exit
plane with air as carrier. PDA Measurements were performed at various axial lo-
cations in this non-reacting jet and the droplet flow rate at each axial location was
then obtained by integrating the measured droplet fluxes across the jet at the exit
plane. The same experiment was repeated for acetone Case SP4, which has a liquid
mass flow rate of 12.9ml/min at the jet exit plane and the results for both acetone
and mineral turpentine are shown in Fig.2.4 in the form of measured volume flow
rate plotted versus axial locations. Measurements in the mineral turpentine case re-
cover over 90% of the injected liquid flow even at axial location as far downstream
as x/D = 30, hence confirming the validity of the LDV/DPA measurements for
droplet flux as well as velocities in an evaporating jet. For acetone, the significant
reduction in the measured liquid flux with axial distance (over 50% at x/D = 30) is
expected due to the high evaporation rate.
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3 The Boundary Conditions

3.1 Droplet Velocity Profiles

Measured radial profiles of the mean axial velocity (i) and it rms fluctuations (u’)
measured for the droplets flowing at the nozzle exit plane are shown in Figs. 2.5
and 2.6. Each Figure shows composite plots with results for selected non-reacting
sprays (SP) as well as for acetone (AcF) and ethanol flames (EtF). For each fuel, six
plots are presented for cases 4, 3, 1, 5 and 7. Cases 4, 3 and 1 have the same carrier
velocity and hence illustrate the effects increasing the droplet loading while Cases
1, 5 and 7 have the same droplet loading and show the effects of increasing the jet
velocity. In each plot radial profiles are presented for the results unconditioned with
respect to droplet size (labeled as all sizes), as well as for measurements conditioned
with respect to different droplet sizes, namely five specific droplet size bands: d <
10, 10 < d < 20,20 < d < 30,30 < d < 40 and 40 < d < 50, where d is the
droplet diameter. Profiles corresponding to the smallest droplet size (d < 10 pm)
are most likely to correspond to the gas phase velocity. This aspect is confirmed
later. It should be noted here that plots for the mean axial velocity have a maximum
range of 35 m/s on the vertical axis for Cases 4, 3 and 1 increasing to 63 and 72 m/s
for cases 5 and 7 respectively. The rms velocity plots have a fixed range of 7 m/s for
spray jets with increasing fuel loading at constant carrier velocity (Cases 4, 3 and 1)
and 12 m/s for fixed high droplet fuel loading with increasing carrier velocity cases
(Cases 5 and 7). The horizontal axis represents radial distance (r) normalized by the
jet nozzle diameter D.

The plots shown in Figs. 2.5 and 2.6 are very informative. Conditional mean axial
velocities measured at the jet exit plane show consistent trends for the reacting (EtF,
AcF) and non-reacting (SP) flows as well as for variations in the droplet loading
(Cases 4, 3, 1) or the fuel jet velocity (Cases 1, 5, 7). Large droplets have lower mean
axial velocities than smaller droplets on the centerline with the difference decreasing
as the tube wall is approached. Assuming the gas phase velocity is represented by
that of droplets with d < 10 wm, then large droplets lag initially behind the gas phase
(small droplets) due to high inertia and thus exit the nozzle with a negative slip
velocity ug given by:

G, =i — 1, 2.1)

where u is the mean velocity of the droplet and u, is the gas phase velocity repre-
sented by velocity of droplets smaller than 10 wm. The magnitude of slip velocity
increases with droplet size. Only a small change in the slip velocity of the large
particles is observed as the fuel loading is increased. In spray cases with fixed fuel
loading and increasing carrier velocity, the magnitude of the slip velocity of large
droplets increases as gas phase velocity increases.

Radial profiles of axial turbulence (Fig.2.6) show consistent trends of low rms
fluctuations on the centerline with increasing towards the wall of the pipe and
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Fig. 2.5 Radial profiles of mean axial velocity # measured at the exit plane (x/D = 0.3) for cases
with constant carrier velocity and increasing fuel loading (4, 3, 1) and constant fuel loading (High)
and increasing carrier velocity (1, 5, 7) in non-reacting spray jets (SP) and reacting spray flames of
acetone (AcF) and ethanol (EtF). Results are presented for unconditioned case (all sizes) as well
as conditioned with respect to five droplet size bins (d < 10, 10 < d < 20), 20 < d < 30, 30 <
d < 40 and 40 < d < 50)

peaking either at the wall or just a small distance away from the wall. For the
non-reacting cases (SP) and most of the reacting cases (except for EtF3, AcF3,
EtF1 and AcF1), the rms fluctuations measured for all droplet sizes are similar
on the centerline. However, as the pipe wall is approached, larger droplets start
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Fig. 2.6 Radial profiles of rms velocity fluctuations u” measured at the exit plane (x/D = 0.3)
for cases with constant carrier velocity and increasing fuel loading (4, 3, 1) and constant fuel
loading (high) and increasing carrier velocity (1, 5, 7) in non-reacting spray jets (SP) and reacting
spray flames of acetone (AcF) and ethanol (EtF). Results are presented for unconditioned case
(all sizes) as well as conditioned with respect to five droplet size bins (d < 10, 10 < d < 20),
20 <d < 30, 30 <d < 40 and 40 < d < 50)

to show higher rms fluctuations. This is consistent with the finding of Starner et al.
[36] in turbulent spray flames of acetone, who reported rms fluctuations for the
axial velocity measured for large droplets near the wall at the jet exit plane higher
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than those measured for droplets smaller than 10 wm. This finding is contrary to
expectations that small droplets with lower inertia are more likely to follow the
turbulent fluctuations of the gas phase and show higher rms values. At larger diam-
eters, the inertia of the droplets increases and hence these maintain their speed but
are less likely to respond to flow turbulence fluctuations. The higher rms fluctua-
tions measured for larger droplets are, therefore, anomalous and this is referred to
as the spray pipe anomaly which is addressed in Sect. 5 of this chapter.

3.2 Droplet Size Distribution

Droplet size distribution measured close to the jet center at the jet exit plane (x/D =
0.3) are presented in Fig. 2.7 in the form of probability density functions for selected
cases in the non-reacting as well as the reacting acetone and ethanol sprays. The
effects of increasing the spray loading for a given jet velocity are shown in plots
on the left hand side for Cases 1, 3 and 4 while the effects of increasing the jet
Reynolds number for a given droplet loading are shown on the right hand side for
Cases 1, 2, 5 and 7. The measured droplet probability density function (PDF) has
been normalized by the maximum diameter count of that particular spray case.

For flows with constant carrier velocity but increasing droplet loading (Cases 4,
3, 1 shown on the LHS of Fig.2.7), both the non-reacting and reacting jets show
somewhat similar droplet size distributions with the peak of the PDF lying between
droplet diameters of 10 to 40 um. The only outliers here are the acetone flames
which show a gradually narrowing distribution for the more heavily loaded Cases,
AcF3 and AcF1. For a fixed droplet loading, increasing carrier velocity leads to a
decrease in the peak of the PDF distribution to a lower droplet size. This is consistent
for the non-reacting as well as the reacting cases of both acetone and ethanol fuels.
Increasing the jet velocity from Cases 1 to 7 shifts the PDF distribution by at least
10 pm towards smaller droplets. This implies that higher velocities cause higher
evaporation rates for larger droplets hence shifting the overall distribution towards
the smaller size range.

Evaporation of droplets into the carrier flow and the transit history in the pipe as
the spray/carrier mixture is proceeding towards the jet exit plane are thought to be
the main cause of the modified PDF’s measured at the nozzle exit. Non-uniformities
in the distribution due to interactions of the spray with the pipe walls are addressed
Sect. 5 of this Chapter. The droplet size distribution produced by the ultrasonic nebu-
lizer is known to be approximately lognormal. As the droplets evaporate and interact
with the carrier fluid the shape of the original distribution changes slightly. It is
found that the PDF’s measured at the jet exit plane and shown in Fig.2.7 are best
represented by the Nukiyama-Tanasawa [44] droplet size distribution. Figure 2.8
shows a comparison between the measured droplet size PDF in non-reacting spray
jet SP3 and Nukiyama-Tanasawa fit.
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Fig. 2.7 Droplet size distribution close to the jet central axis at x/D = 0.3 for non-reacting spray
jets, acetone and ethanol spray flames. First column contains size distribution for jets with increas-
ing fuel flow rate and constant carrier velocity, second column contains drop size distribution for
jets with fixed fuel flow rate and increasing carrier velocity
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Hinze [45] has shown that droplet deformation and secondary break up regimes
are functions of Weber (We) and Ohnesorge (Oh) numbers. Weber number is defined
as the ratio of dynamic force to surface-tension force and is given by:

_ dpglup — ug|2
o

We 2.2)

where d is the particle diameter, pg is the gas density, u,, is the stream wise particle
velocity, ug is the stream wise gas velocity and o is the surface-tension. Ohnesorge
number on the other hand is the ratio of liquid viscous forces to surface tension
forces and ven by:

152

Vvpido

where p; is the liquid viscosity, p; is the liquid density, d is the particle diameter and
o is the surface tension. Weber number (We) and the Ohnesorge number Oh of the
spray at the exit plane has been calculated using Eqs. 2.1 and 2.2 for all spray jets.
The drop deformation regime map as a function of We and Oh, provided by Faeth
[46] was used for determining if further droplet deformation or break up occurred in
the spray jets investigated here. The Weber number was found to be less than 0.3 and
Oh was less than 0.006 for droplets in the sizes range 40 < d < 50 pm indicating
that the droplets are spherical and will not undergo any further deformation due to
droplet break up, downstream of the nozzle exit plane.

It should be noted that the droplet distributions shown in Figs.2.7 and 2.8 are
measured on the jet centerline as close as possible to the jet exit plane. Radial scans
of the droplet size PDF at the exit plane are shown in Figs.2.9 and 2.10 for the
non-reacting (SP) as well as reacting jets of both acetone (AcF) and ethanol (EtF)

Oh = (2.3)
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Fig. 2.9 Radial distribution of droplet size PDF’s measured at the exit plane for cases with con-
stant carrier velocity and increasing fuel loading for non-reacting spray jets (SP4, SP3, SPI1),
acetone (AcF4, AcF3, AcF1) and ethanol (EtF4, EtF3, EtF1) flames respectively [37]

fuels. Figure 2.9 shows measured PDF’s for Cases 4, 3 and 1 which mark the ef-
fects of increasing the droplet loading for a fixed carrier velocity while Fig.2.10
shows PDF’s for Cases 2, 5 and 7 which show the effects of increasing the Reynolds
number for a fixed droplet loading. Each plot in Figs. 2.9 and 2.10 shows a range
of PDF’s for the droplet distributions measured at various radial locations at the jet
exit plane starting from the centerline at r/D = 0 and progressing towards the inner
tube wall at r/D = 0.5.

Figures 2.9 and 2.10 show that along the radial profile of the jet exit plane, the
droplet size distributions remain qualitatively similar to those measured on the cen-
terline except near the pipe wall where the PDFs start to show a bias towards small
droplets (d = 10 m). This trend is repeated in most of the 18 cases presented
here. With increasing droplet loading, as shown in Cases 4, 3, and 1 presented in
Fig.2.9, the radial distribution of droplet size PDF’s show little change with a peak
around 20 pm except near the wall. The only exceptions here are the non-reacting
jets SP4, SP3 and SP1 where the bias for small droplets expected near the wall
is not observed. Figure 2.10 shows that, for a fixed droplet loading, increasing the
jet velocity leads to a distinct transition in the peak of the droplet size PDF towards
smaller droplets as the carrier velocity is increased. A consistent further shift toward
smaller droplets is observed here for all cases as the jet wall is approached.
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Fig. 2.10 Radial distribution of droplet size PDF’s measured at the exit plane for cases with in-
creasing carrier velocity and fixed fuel loading (high) for non-reacting spray jets (SP2, SP5, SP7),
acetone (AcF2, AcF5, AcF7) and ethanol (EtF2, EtF5, EtF7) flames respectively [37]

4 Comparison with Gaseous Jets

In earlier work [36,47,48] it has been assumed that the gas phase flow field behavior
can be represented by mean and rms velocities of droplets with diameter less than
10 wm. To confirm this assumption, profiles of the mean axial velocity and its rms
fluctuations measured in a gaseous jet are compared to those measured from droplets
in an evaporating spray jet. The initial conditions of the gas phase jet consisting of
argon and nitrogen mixture are provided in Table 2.4. The bulk jet velocity of the
argon/nitrogen mixture is matched to the bulk carrier velocity of the non-reacting
spray case SP4 at 24 m/s. Similarly, the density of the argon/nitrogen mixture at the
jet exit plane is also matched to that of the SP4 spray jet.

The experimental set up for velocity measurements in the gaseous jet is described
above where 0.05 wm aluminum oxide particles seeded in the argon/nitrogen mix-
ture provide a measure of the mean and rms velocity. The Stokes number (St) marks
the rate at which particles or droplets respond to turbulent fluctuations and is defined
as the ratio of the droplet relaxation time tg4, and the turbulent time scale t;, which
are given by following expressions

_ ipdmplet d
3 pgas Cp(|itsl)

Td 2.4)
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Ri/2

7 = % (2.5)
u

St=24 (2.6)
Tt

where p is the density of the fluid, d is the diameter of the droplets, (|u|) is the
slip velocity between the gas phase and the droplets and Cp, is the drag coefficient.
The turbulence time scale is chosen as the ratio of a large eddy length scale which
is given here by the half radius Ry/,5, of the gas phase velocity profile and the
fluctuating gas phase velocity u’, taken on the jet centerline. The Reynolds number
Re,, and drag coefficient of the particles is given by Re, = (d (|its|))/vgas Where
Vgas is the kinematic viscosity of gas, and Cp = %(1 + 0.15Reg'678). Particles
which follow the fluctuations of the gas phase have St << 1 while droplets that
are unresponsive to any fluctuations have St >> 1. Particles with stokes number
close to unit have intermediate behavior where the droplets are partially responsive
depending on the droplet size.

Mean and rms velocity profiles of droplets smaller than 5 and 10 pm measured
in non-reacting spray case SP4, are compared with mean and rms velocity profiles
of a gas phase jet of argon/nitrogen mixture. Radial profiles of the droplet and gas
phase jet velocities measured at four axial locations x/D = 0.3, 10, 20 and 30 are
presented in Fig. 2.11. At the exit plane (x/D = 0.3) the droplet velocity profiles
match up nicely with the velocity profiles of the gaseous mixture. Profiles of u for
the argon/nitrogen mixture are lower than the droplet mean velocities in the cen-
tral core of the jet at x/D = 10 and 20 however the u’ profiles show very small
difference. Further downstream at x/D = 30 velocity profiles of droplets and the
argon/nitrogen mixture jet match up again. The difference in the mean velocity pro-
file at x/D = 10 is believed to be due to the variation in the level of entrainment of
co-flow air in the purely gaseous jet (argon/nitrogen mixture) and the evaporating
spray jet. The level of entrainment and the intensity of mixing affect the dilution of
the jet mixture thus changing the jet mixture density. In the gaseous mixture case,
the jet density would reduce while the same cannot be said for the evaporating spray
jet due to the presence of droplets, hence affecting mixing with the ambient air. The
variation in the density of the jet mixture and the level of mixing could be the influ-
encing factors responsible for the slow decay of mean velocity of droplet particles at
x/D = 10 and 20. Therefore, variation in the mean profile could be due to any one
of these factors. A final point to note is that there is very small difference between
velocity profiles of droplets smaller than 5 wm and droplets smaller that 10 pm.

A comparison is made between Stokes numbers (St) calculated for droplets less
than 10 wm based on two sets of assumptions for representation of turbulence fluc-
tuations of gas phase in the spray jet. Firstly assuming that droplets smaller than
5 pm follow the turbulent fluctuations of the carrier air and thus the turbulence time
scale is obtained from u’ of droplets smaller than 5 pm. The second assumption is
using turbulence fluctuations measured in the argon/nitrogen mixture to represent
the carrier u” in the spray jet. The St calculated using v’ = u/_s um range from 0.05
at x/D = 0.3 t0 0.01 at x/D = 30. Similarly St calculated using v’ = u.{Ar/N2mix is
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0.04 at the exit plane and 0.009 in the far field at x/D = 30. For both assumptions
the Stokes numbers are much less than unity throughout the jet, thus droplets smaller
than 10 pwm are able to follow the smallest turbulent scales and will be good tracers
for the continuous phase.

S The Spray-Pipe Anomaly

The spray pipe anomaly refers to the unexpected finding at the exit plane of a pipe
carrying dilute sprays showing the axial rms velocity fluctuation measured near
the wall are higher for larger droplets than for smaller ones. This behavior was
reported in earlier publications [49] and is clearly highlighted in the profiles shown
in Fig. 2.6. Scatter plots for the instantaneous realizations of velocity versus droplet
diameter measured at two radial locations at the exit plane (x/D = 0.3) of acetone
flame AcF8 are shown in Fig. 2.12. The first measurement radial location is close to
the jet centerline (r/D = 0.05) while the other is close to the jet wall (r/D = 0.41).
Also shown on Fig. 2.12 are velocity histograms for droplets within the size range
of 20 to 30 wm. The data bands that correspond to these histograms fall within the
vertical dashed lines shown on the scatter plots.

Close to the centerline at r/D = 0.05 the distribution of data points for a given
bin of droplet size is mono-modal and the velocity scatter for all size particles is
close to the mean velocity expected of a fully developed turbulent flow. This is
also evident from the histogram of droplets shown at this location for the droplets
with 20 < d < 30 um. Closer to the jet wall at r/D = 0.41, the velocity dis-
tribution is generally broader even for small droplets and becomes bimodal for
droplets larger than about 15 wm. The velocity histogram for droplets between 20
and 30 pm clearly illustrates this bimodality which becomes distinct as the jet wall
is approached. The larger rms fluctuations reported in Fig. 2.5 particularly for large
droplets are therefore due to this bimodality. It is interesting to note here from the
histogram shown in Fig. 2.11 that for droplets with the range 20 < d < 30 wm, while
the overall rms fluctuations of axial velocities will be high due to the bimodality, the
rms fluctuations within the individual lower velocity or higher velocity clusters are
comparable to, if not lower than, those of small droplets.

The mean velocities for specific droplet size are marked by the solid lines on
the scatter plots. At r/D = 0.41 the measured velocity data shows two separate
branches on either side of the mean velocity line where majority of the data points
are clustered together. It is noted that the mean axial velocity generally decreases
with increasing droplet diameter. This is expected since small droplets have larger
drag coefficient and thus small relaxation time and that enables them to move faster
with the flow. Larger droplets with greater inertia have longer relaxation time and
thus exit the nozzle with negative slip velocities.

In order to further shed light on the reasons behind this bimodal behavior, the exit
conditions of the pipe are examined with high-speed imaging at 5 kHz. The beam
from a dual-head, high-speed Edgewave Nd:YAG laser producing an output beam
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Fig. 2.12 (a) Real time velocity versus droplet diameter scatter plot for measurement taken close
to the center of the jet at r/D = 0.057 and at the jet edge closer to the nozzle wall at r/D = 0.41.
(b) Velocity probability function (PDF) for droplet in the size range 30 < d < 40 pm, measured at
the two radial locations

(about 20 pJ per pulse at 532 nm) was focused into a sheet, 13 mm high which was
directed through the centerline of the spray jet almost flush with the jet exit plane.
Mie scattering from the droplets was then collected on a high speed CMOS camera
(HSS6, LaVision) also operating at 5 kHz. A 532 nm interference filter with a 10 nm
FWHM (CVI, F10-532.0-4-2.00) was used to ensure only the Mie scattering signal
was detected. In addition, a Komura 85 mm F#1.4 lens was used to focus the image
onto the camera.

Figure 2.13 shows selected images for Mie scattering collected at the exit plane
of a non-reacting spray jet. The images illustrated here are not in time sequence and
the vertical bars at the lower edge of the image mark the walls and the centerline
of the jet. A very interesting finding revealed by these images is the occurrence of
droplet ‘shedding’ from the internal wall of the tube marked by the horizontal ar-
rows. Filaments or strings of droplets are emitted from the jet edge and subsequently
break down into droplets. These events are characterized by a dense stream of liquid
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Fig. 2.13 Selected images of Mie scattering showing droplet shedding (indicated by horizontal
arrows) from the walls of the spray jet. Tube internal diameter is 10.5 mm. Image size is 13 mm X
13 mm. Vertical arrows mark the edges and centre of the fuel pipe
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that builds up on the inner wall and releases after the thickness of the boundary layer
reaches a certain threshold. It can be seen from the images that the shedding may
occur on either sides so it is not uniform around the circumference of wall’s inner
boundary layer. The shedding frequency of these filaments is estimated at around
250 Hz by only counting shedding from one side of the tube.

The high speed imaging results obtained at the jet exit plane confirm the follow-
ing scenario for the bimodal distribution of velocities measured for large droplets
near the inner walls of dilute spray jets (Fig.2.11). A liquid boundary layer grad-
ually develops on the inner wall of the pipe and intermittently sheds filaments of
droplets from various points around the periphery of the pipe which further disinte-
grate into relatively large, slow droplets. Additionally, some droplets from the tube
centerline move radially out towards the wall and gradually slow down. These cat-
egories would form the slower moving droplets that are detected near the wall. The
faster droplets are those that are ejected from the tube without being affected by
the boundary layer or the presence of the wall. Further studies are being conducted
to understand the evolution of the boundary layer within the pipe and to determine
means of preventing or eliminating this bimodal behavior.

6 Concluding Remarks

Comprehensive boundary conditions are presented in this chapter for non-reacting
and reacting dilute sprays stabilized on a spray jet burner. The simple but repre-
sentative flows and the well-defined boundaries make this burner geometry an ideal
platform for development of validation of computational tools for turbulent sprays.
Non-reacting as well as reacting cases for two fuels are selected to study the effects
of changing the carrier velocity and the droplet loading. The Nukiyama-Tanasawa
distribution is a good representative of the probability density of droplets at the jet
exit plane and this remains largely unaffected with increasing droplet loading but
shifts towards smaller droplets as the velocity is increased.

Velocity measurements in a non-reacting gaseous mixtures of argon and nitrogen
show good agreement with velocity of small droplets less than 5 or 10 um, hence
these are seen to be adequate followers of the gaseous flow. Droplets larger than
about 10 pm exit the nozzle with an increasingly negative slip velocity so that their
mean axial velocity is lower than that of the gas. Close to the inner wall of the pipe,
it is found that the rms fluctuations of large droplets are higher than those of small
ones. This phenomenon is contrary to expectations and is referred to as the spray
pipe anomaly. Instantaneous scatter plots show that in these regions the PDFs of
the velocity for large droplets are bimodal and high speed imaging reveals that this
bimodality and hence anomaly is due to intermittent shedding of liquid filaments
from the liquid film that builds on the inner wall. Such filaments further disintegrate
into large droplets which then lead to the bimodal distributions measured at the jet
exit plane near the pipe wall.
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Chapter 3

Toward the Impact of Fuel
Evaporation-Combustion Interaction on Spray
Combustion in Gas Turbine Combustion
Chambers. Part I: Effect of Partial Fuel
Vaporization on Spray Combustion

Amsini Sadiki, W. Ahmadi, Mouldi Chrigui, and J. Janicka

Abstract This work aims at investigating the impact of the interaction between
evaporation process and combustion on spray combustion characteristics in gas
turbine combustion chambers. It is subdivided into two parts. The first part studies
how the evaporation process affects the behavior of partially pre-vaporized spray
combustion. The second part attempts to answer the question how the fuel evapora-
tion process behaves under premixed combustion conditions.

For this purpose an Eulerian-Lagrangian RANS based procedure under a full two-
way coupling was used. To describe the 3D-evaporation, two different (equilibrium
and non-equilibrium) evaporation models based on the uniform temperature as-
sumption were applied. For the combustion, the conditioned progress variable
approach based on the Bray-Moss-Libby model has been adapted and used to ac-
count for both premixed and partially premixed combustion.

To assess the numerical approach and to analyze the ongoing processes in the
first part of this work, a model gas turbine combustor fired by kerosene fuel was
considered. It features a partially premixed flame. Among others, the influence of
both parameters, the mixing air temperature and the vaporization tube length, on
the degree of vaporization and subsequently on spray flame characteristics has been
pointed out. An overall agreement with available experimental data was achieved
especially using the non-equilibrium evaporation model. With this confidence in
place, further parameter studies could be consistently performed and additional
information could be extracted to gain insights relevant to understanding the effects
under study.
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Nomenclature

Symbol Dimension Definition

Bm - Spalding mass transfer number

Br - Spalding heat transfer number

(o J/(kg.K) Specific heat capacity by constant pressure

Cy - Drag coefficient

Chye - Constant model for the turbulence modulation
Cy - Model constant

Cr - Model constant

c - Progress variable

D - Fractal dimension

D 57! Diffusion term in scalar transport equation

D, m Droplet diameter

77) /Fi N Force

? /& m/s’ Gravity acceleration vector/Cartesian components
h, J Latent heat of vaporization

k m?/s? Turbulent kinetic energy

1(L) mm Distance coved by spray

Le - Lewis number

Lg m Turbulent length scale

1yp kg/s Droplet mass flow cross a cell

My, kg/s Droplet evaporation rate

N, - Number of real droplets represented by one numerical parcel
p Pa Static pressure

PDF - Probability density function

Pr - Prandtl number

Q Jis Heat flux rate penetrating into the droplet interior
RMS (rms) Root mean square

Re - Reynolds number

Re, - Droplet Reynolds number

Sc - Schmidt number

Sh - Sherwood number

SMD mm Droplet Sauter mean diameter

St - Stokes number

Syp.s {r dependent Source term of the variable { for a non-evaporating droplet
Syp.y s dependent Source term of the variable s due to evaporation
57 m/s Laminar burning velocity

dx mm?/m Droplet axial volume flux

T, Tg, Ta K Temperature, gas phase temperature, droplet temperature
TL s Lagrangian integral time scale

t S time

(continued)
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(continued)

Symbol Dimension Definition

W /(u,v,w) m/s Velocity vector/Cartesian components

u, v, w m/s Gas phase velocity fluctuation components

s p/ (Up, Vp, Wp) m/s Droplet velocity vector/Cartesian components
up, Vi, Wy m/s Dispersed phase velocity fluctuation components
u,”:} m/s Fluid element velocity fluctuation along the stream line
u{f; m/s Fluid element velocity fluctuation at the droplet location
Vijx m? Volume of the cell ijk

X; m Coordinate components

Y - Vapor mass fraction

z_ - Filtered mixture fraction

77 - Filtered mixture fraction variance

ap - Droplet volume fraction

€ m?/ s Turbulent kinetic energy dissipation rate

At s Displacement in time

Ar m Displacement in space

W/ e kg/(m.s) Dynamic molecular/turbulent viscosity

v/ v m?/s Kinematic molecular/turbulent viscosity

Uy eq - Molar mass fraction

o Standard deviation

0 kg/m? Density of mass

¢ - Equivalence ratio

We kg/(m3.s) Reaction rate source term

1 Introduction

Spray combustion is used extensively in many technical combustion engines, such
as gas turbine, automotive engines, industrial furnaces, and liquid-fueled rocket
engines. Thereby, the liquid fuel is supplied with varying physical and chemical
properties to form a combustible mixture of fuel vapor and air after undergoing vari-
ous processes, like atomization, primary and secondary break up, droplet dispersion
along its impact on turbulence, vaporization and mixing [[1-11], and references
therein].

The understanding of the fuel-air mixture preparation process and its interaction
with combustion through the evaporation process is milestone for the improvement
of combustion efficiency and pollutant emission reduction. Indeed, poor mixing of
the fuel and oxidant streams leads to mixture inhomogeneities that affect combus-
tion efficiency and result in enhanced pollutants formation. Especially, combustion
processes with air excess exhibit a high potential for the reduction of the NOx-
emissions from spray flames in gas turbines. The concept of lean premixing has
been successfully considered for utility gas turbines operating with both gaseous
and liquid fuels, respectively. In [2] it is reported that the NOx-emissions are typi-
cally reduced to 25 and 50 ppm, 15% O», if full pre-vaporization and premixed can
be achieved. Since they are prone to autoignition and flashback, fully-premixed
systems are unlikely to appear in the near future. A promising method may consist in
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partial premixing of sprays with extremely low mixing times. However, the promise
of this method depends obviously on the link to the degree of vaporization to be
achieved for a given NOx-limit.

As pointed out in [1-7,9, 12-35] a considerable amount of works have been
done including diverse parameter studies. However, there are relatively few experi-
mental and numerical results devoted to the effects of degree of partial vaporization
on spray combustion and pollutant emission. It is worth mentioning that an accurate
capture of the turbulence and its modulation characteristics is determinant for an
accurate prediction of evaporation, that, in turn, affects significantly the spray com-
bustion along with the pollutant emissions [1-5]. In order to provide early detailed
information at moderate costs of all these processes, CFD has become an impor-
tant tool besides experiments [6—32,36—58]. With reasonably accurate achievements
in simulating single phase combustion in complex configurations [43-45, 47-53],
CFD tools have shown to lack in reliability regarding the prediction of spray com-
bustion properties [12—18, 33]. Especially the question how (partial) vaporization
may influence spray flame properties and pollutant emission of spray flames is not
yet well addressed.

A comprehensive insight can be directly attempted by a direct numerical sim-
ulation (DNS). However, a DNS approach for capturing the turbulence under
conditions of practical applications is nowadays economically unviable and ad-
vanced [10, 11, 35]. Physically consistent and fast sub-models are still needed, and
the prediction capability of these models has to be carefully evaluated.

There is today enough evidence that Large Eddy Simulation (LES) is able to
well capture intrinsically time- and space dependent phenomena [12—14, 42-45].
However, the compromise to be found between the grid size of complex geometries
and the computational time does not allow nowadays to perform LES for daily engi-
neering tasks, once focused on liquid fuel sprays [12—14]. Thus, Reynolds-Averaged
based Numerical Simulations (here RANS) appear to be for a long time the com-
promise technique [8, 15-31]. It needs to be further addressed in order to improve
its predictive capability. This effort is pursued in this work.

In the first part of this contribution, spray combustion in a model gas turbine
combustor exhibiting a partially premixed combustion is under study. It is fired by
kerosene fuel [2], and so designed that atomization and break up processes [30,31]
are negligible.

With regard to kerosene sprays, Becker and Hassa [30], among others, studied
kerosene droplet SMD distributions in airblast sprays under elevated pressures and
gas turbine conditions. A large amount of experimental research is being conducted
to strive low NOx production by designing devices that permit rapid spray phase
transition, mixing and combustion. Baessler et al. [2] studied the NOx emission of
premixed partially vaporized kerosene spray flame at atmospheric conditions and
found out that dealing with lean conditions a reduction of NOx requires that a pre-
vaporization of the kerosene spray should pass over 50% upstream of the flame.
They realized that increasing the prevaporization zone length reduces the emis-
sions. Rokke and Wilson [4] investigated venture LPP on mixing, atomization and
evaporation behavior as well as emission, while Schifer et al. [3] concentrated on the
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flashback phenomena. Nomura et al. [5] studied experimentally a partially prevapor-
ized spray burner with monodispersed ethanol droplets to investigate the interaction
between fuel droplets and a flame. They investigated the effect of mean droplet di-
ameter, and the entry length of droplets into a flame on the laminar burning velocity
of partially pre-vaporized sprays.

Real liquid fuels mostly used, whether they are petroleum-derived or biomass-
derived, are composed by many compounds with a wide range of properties.
Developing evaporation models and reaction mechanism under consideration of all
the compounds is a huge task that is still challenging (see e.g. [12, 54]). In order
to simulate multi-component (MC) fuels many investigators rather prefer to use a
variety of heavy (large molar weight) single component (SC) or mixtures known as
surrogate mixtures that adequately represent the desired physical and/or chemical
characteristics. As pointed out in [59] the accuracy of the simulated results obtained
from a chemical kinetic model for a surrogate depends in general on the compre-
hensiveness of the sub-mechanisms of individual fuel components considered in the
model. According to [9, 22-24,59] we assume such surrogate and remain in this
work focus on SC evaporation models.

A classical evaporation model (rapid mixing model) was first derived by Godsave
[26] and Spalding [27]. This model, also referred to as the “Df,-law”, was originally
derived assuming a constant droplet temperature fixed at the wet bulb condition,
and included the quasi-steady assumption for the gas phase. Since its introduc-
tion, the importance of transient droplet heating has been recognized [28], and the
evaporation rate is now generally coupled with a time dependent energy equation
typically with assumed infinite thermal conductivity of the liquid (e.g. Aggarawal
et al. [25]). In this form, the classical model is generally referred to as either the
infinite conductivity model, or the rapid mixing model. Aggarawal et al. evaluated
several evaporation models for stochastic spray simulations, including both constant
droplet temperature and transient heating versions of the classical model (rapid mix-
ing model). They recommended the use of a spherically symmetric formulation with
finite liquid conductivity when the droplet is stationary and an axisymmetric inter-
nal circulation model when the droplet Reynolds number is substantially larger than
unity. Unfortunately, neither of these forms is appropriate when many droplets are
involved due to the extreme computational expense of resolving both the droplet
interior and exterior boundary layers in either one or two dimensions.

In term of complexity, a variety of models exist as recently reviewed by Sazhin
[9] and Oefelein and Aggarwal [29]. We restrict ourselves to the model by Abram-
zon and Sirignano [24] who revised the infinite conductivity model to incorporate
the effects of Stefan flow on heat and mass transfer. In this model, heat transfer is
modified through the use of modified forms for the Nusselt, Sherwood and transfer
numbers. The model derived by using the Clausius-Clapeyron equilibrium equation
is mostly favored for droplet evaporation simulation due to its compact formulation
and direct analogy to the energy equation. It will be labeled later on as “equilibrium
evaporation model”.

When dealing with evaporation rates that are large or with a prompt changing
of the temperature on the liquid/gas interface, non-equilibrium processes cannot
be neglected [19-23]. The situation for non-equilibrium conditions due to large



74 A. Sadiki et al.

evaporation rate is, in fact, related to the droplet size, since the more the droplet
gets smaller, the higher is the phase transition. This condition, which is being
stronger at the end of the droplet life time, is perfectly fulfilled for the applica-
tion of a non-equilibrium evaporation model [9, 19-23]. The second condition for
non-equilibrium evaporation processes, which is present within the test case under
investigation, is a prompt changing on the temperature of the liquid gas interface.
This situation is often detectable when droplets leave the pre-vaporization zone and
approach to the flame front, where they are faced with a very high temperature gra-
dient. Thereby the droplet properties do not have enough time to relax toward their
thermodynamic equilibrium [4, 5, 19].

Bellan and Sommerfeld [20] first introduced the non-equilibrium Langmuir-
Knudsen evaporation law for use in droplet combustion models and found
non-equilibrium effects to be important for droplet sizes found in practical spray
configurations. For very small droplet sizes that occur during condensation and
nucleation processes, Jackson and Davidson [21] incorporate the non-equilibrium
Herz-Knudsen law (applicable to the free molecule regime) in their Eulerian-
Eulerian gas liquid flow model. Miller et al. [19] evaluated the predictability capac-
ity of equilibrium and non-equilibrium evaporation models for many droplet gas-
liquid flow simulations. They found out that the thermodynamic non-equilibrium
effects are important for initial droplet diameters D, < 50 pm. Sadiki et al. [23] in-
vestigated the effects of turbulence on the turbulent droplet dispersion, vaporization
and mixing for non-reacting sprays and coupling of the turbulence modulation on
the turbulent spray combustion. In particular they could show that for small droplets
the non-equilibrium effects are not negligible in the dynamic vaporization process.

Dealing with dilute sprays, the presence of group combustion as described by
Chiu and Liu [32] is not considered. A single droplet temperature sink effect is
also not accounted for. We rather rely on the fact that all droplets are completely
evaporated. In this case, several approaches for chemistry and combustion modeling
already published in the literature are useful. Among them, the so-called conditioned
progress variable approach (CPVA) based on the Bray-Moss-Libby (BML) model
will be adapted and used in this work to account for both premixed and partially
premixed combustion [51,52]. A comprehensive overview of various combustion
existing models within RANS and LES context can be found in [44] and [45] and
therein quoted references.

The present contribution aims at investigating the impact of evaporation pro-
cess on the flame characteristics under partially premixed combustion conditions.
For that purpose, a RANS-based approach including a spray module developed by
Sadiki et al. [23] in the framework of the collaborative research centre SFB568/TU-
Darmstadt is applied. It includes advanced models for turbulence, turbulence mod-
ulation, dispersion, evaporation and combustion. To assess the prediction ability of
the model combinations employed a model gas turbine combustion chamber operat-
ing under conditions similar to those found in industrial applications is considered.

The contribution is organized as follows: Sect. 2 describes the mathemati-
cal models and the numerical procedures. Especially the two different models
used for the description of the evaporation and the combustion are outlined. The
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configuration under study along with inflow and boundary conditions are pre-
sented in Sect. 3. Detailed comparisons of numerical results with experimental
data and various parameter studies are provided in Sect. 4. Section 5 is devoted
to conclusions.

2 Mathematical Models and Numerical Procedures

Among various approaches used to describe numerically turbulent multiphase flows
[6,7, 58], the approach adopted in this work is based on an Eulerian-Lagrangian
method.

2.1 Governing Equations for Turbulent Gaseous Flow

The carrier phase is considered as continuum phase and described using the
Reynolds averaging method. For this purpose, the governing transport equations
have been solved for mass, momentum, mixture fraction and its variance, reaction
progress variable and turbulent quantities. The volume variation of the carrier phase
as consequence of the presence of liquid droplets is neglected. The non-stationary,
general form of the transport equation applied emerges as [23]:

I(p P) +3(ﬁﬁ¢) +3(KTV¢) +3(/3W¢) @ (F 3¢) d (F 8¢)

at dx dy 3z ax " ox/) oy U a9y
3 (3¢ _ _ _

—— | =) =S¢+ S¢p+S¢,pv+Sc (3.1
0z 0z

in which ¢ may represent the mean value of mass, velocity, mixture fraction,
mixture fraction variance, turbulent kinetic energy, turbulent dissipation rate, and
reaction progress variable, respectively. I' represents an effective diffusion coef-
ficient and Sy the well-known turbulence source term in single phase flow cases
[7,8,38,42,43]. The additional source terms characterize the direct interaction of
mass, momentum, transported mixing and combustion scalar quantities and tur-
bulent quantities between the two phases and therefore account for the coupling
between the fluid turbulence and the evaporating droplets moving in the turbulent
flow. The first term, §¢, p» expresses especially the classical two-way coupling in
absence of evaporation and combustion; the term, Sy , ., takes into consideration
the transfer caused by the phase transition processes, like evaporation described be-
low. Details about these terms and their relationship can be found in [8, 13-19, 23],
among others. They are listed in Table 3.1 for self-consistency purpose of the present
contribution. The last term S, is the chemical source term.

Efforts to better capture streamline curvature effects and swirled flows phenom-
ena have been achieved in the last years by means of second order models or by their
corresponding algebraic formulations, besides advanced non-linear turbulence and
mixing models [42]. We apply here the RNG (ReNormalization Group) k-Epsilon
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Table 3.1 Source terms due to the presence of evaporating droplets
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model [57] modified for two phase flow description by including additional source
terms mentioned above [16]. For simplicity, the turbulent scalar flux vector in trans-
port equations of mixing and combustion scalar quantities has been postulated by
means of a gradient assumption.

2.2 Two-Way Coupling and Turbulence Modulation

The key physics in reacting dispersed multiphase flows are in the coupling between
the phases through the mass, momentum and transported mixing and combustion
scalar quantities. Furthermore, extra mechanisms of turbulence modulation includ-
ing turbulence production, distortion, and dissipation, that might influence strongly
the evaporation process, may become important, and the turbulent stresses can even
be either reduced or increased [6—8,36-38]. This is the case in configurations with
higher volume fraction or when D, > n (n: Kolmogorov length scale).

According to the classification criteria of interphase coupling by Elgobashi or to
Crowe (see in [6,7,36]), the flow systems under study belong to dilute two-phase
flows in which the droplet volume fraction is of the order of 10~*. Therefore a full
two-way phase coupling should be considered.

In polydisperse sprays several different mechanisms can cause turbulence
modulation, and sometimes multiple mechanisms act simultaneously, so that an
overbalancing of droplet-induced turbulence attenuation and production should be
expected. As pointed out in [6—8, 36—38] this complex phenomena cannot be well
captured by the state-of-the art approaches.
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Because both droplet-induced attenuation and production of continuous phase
turbulence due to interphase couplings or/and to interphase transport phenomena
are thermodynamic processes, we follow [39] and apply in this work a thermody-
namically consistent modulation model [8, 23]. This model has been designed in
[7,8,23] based on the exploitation of the entropy inequality expressing the second
law of thermodynamics for multiphase flows. The particle/droplet source term for
the turbulent kinetic energy is then given in this model by [8,23]:

Sk,p = ,3( upiSui,p —uj Su,-,p) + ( uiSLtj,p —uj St¢i,p) (3.2a)

where

(1-a) ( UpiSu;,p — Upi Su;,p )

( tpi Suzp =i Suz.p)
is amodel parameter. Such a consistent approach is proven to improve the prediction
of mass and heat transport processes involving evaporation and combustion, which
in turn affect the turbulence. The second term in Eq. 3.2a represents the usual dissi-
pative standard contribution as given in Table 3.1, while the first term accounts for
the production of the turbulent kinetic energy. So, this thermodynamically consis-
tent model captures well both the enhancement and the diminution of the turbulence
of the gas phase due to the presence of both big and small droplets in polydispersed
sprays. The parameter o’ in Eq. 3.2b depends on the droplets properties, as shown
in [8]. The relevance of this model has already been demonstrated in the frame of
RANS [8,23] and LES [40]. Note that in the model by Crowe reformulated by Lain
and Sommerfeld [38] in a Lagrangian form, the second term in Eq. 3.2a vanishes
while 8 = 1.

B=do + (3.2b)

2.3 Droplet Description, Dispersion and Evaporation

As pointed out above, a Lagrangian approach is employed to compute properties of
droplets moving in the turbulent flow. All numerical parcels are tracked by solving
their equations of motion. One parcel represents a packet of droplets having identical
characteristics.

2.3.1 Droplet Description

Following the Basset-Boussinesq-Oseen equations, the droplet position x,, ; and ve-
locity u,; are described by (see e.g. [6,8,12-19, 58]):

dxp i dup 3C
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where the other forces, like the Basset history term, the added mass effect and the
unsteady drag effect are negligibly small for large density ratios. The drag coeffi-
cient used within this work is determined for a spherical, not deformable, particle by:

Cw 24 1+1R2/3 Re, < 1,000
= — —Re e s
Re, 6 7 P =
Cw = 0.44 Re, > 1,000 (3.4)
where
D,|lu—u
Re, = 2221l =ty

m

denotes the particle Reynolds number.

2.3.2 Turbulent Droplet Dispersion

In the Lagrangian droplet tracking approach the instantaneous fluid velocity is un-
known. It influences the droplet trajectories that are especially important when
evaporation takes place, when temperature and chemical composition of the droplets
depend on their history. In order to quantify the instantaneous fluid velocity seen by
the droplets as it appears in Eq. 3.3 and its effect on the droplet distribution one
should model the Root Mean Square (RMS) values of the fluid parcel velocity at
the droplet location. This is done by dispersion models. Various models have been
proposed in the literature. Minier [56] suggested a Langevin equation model for
the instantaneous fluid velocity working on particles. He extended the “Simplified
Langevin Model” for fluid particles (see in [55]) to inertial particles. Simple mod-
els, such as the “eddy-life time” approach (see in [18, 58]) and the “random walk”
models, also called Lagrangian stochastic models [46], have shown good results for
particles in grid turbulence [55]. However, the prediction of the RMS of particles ve-
locity fluctuations failed and showed that the eddy-life time approach is insufficient
in anisotropic turbulent flows.

Here we apply the Lagrangian stochastic approach using the fluid turbulent
variables following [8, 23, 41, 55]. The discretized equations for a Markov-chain
random-walk of fluid particle velocity fluctuations for non-homogeneous turbulence
are given as:

 (tn1) = uf (ta) - Rpi(AL. Ar) + 0; \/ 1= R2 (AL, Ar) - Xi(tn)
Ouu;

+(1 —Rp’,'(AI,AV))TL’i .
Bxi

(3.5)

whose solution for given initial conditions represents a Markov sequence of succes-
sive fluid particle velocity at time interval of A¢. Hence, this model can be seen as a
Langevin model for an Orstein-Uhlenbeck process written in finite difference form.
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Hereafter it will be referred as Markov-sequence dispersion model. In Eq. 3.5 the
last term on the right-hand side was introduced to extend the well-established homo-
geneous turbulence formulations for flow anisotropy and then to avoid non-physical
behavior (i.e. the accumulation of particles in regions of low velocity variance). In
this equation, y; (z,) denotes a Gaussian random variable, ,4; and ¢, are the con-
secutive time steps. Ar represents the spatial displacements during the time interval
At and

Rp,,-(Al,Ar) = RL,i(AZ)- RE,,‘(A}’) 3.6)
is a typical correlation used to compute the fluctuation of the fluid element (] L
at the droplet location. Thereby, the evolution of the fluid element velocity fluctu-
ation along the stream line is determined using the Lagrangian correlation factor
Ry i (At), while the fluid element velocity fluctuation located at the droplet posi-
tion is correlated with the fluid element location using the Eulerian correlation factor
RE i (Ar). They are expressed by [8,16,23,55]

At
Rp.i (At) = exp (—T—) and Rg;(Ar)

i
s

= (f(Ar) —g(Ar )) L+ g(Ar)s;. (3.7

respectively. The quantity 77, ; represents the Lagrangian integral time scale cal-
culated for a k-Epsilon like-turbulence model as 77 ; = crk/e = cro? /e with
¢r = 0.3 and 62 = k. The longitudinal and transversal correlation functions f(Ar)
and g(Ar) in (3.7) are computed using the following expressions:

F(AF) = exp (—f—;) . g(Ar) = (1 — ﬁ—;) exp (—f—;) , (3.8)

where Ly = ¢y Tpo (with ¢ = 0.3) represents a simplified turbulent length scale.

2.3.3 Evaporation

To account for the 3D-evaporation of droplets, let us first observe that a small re-
gion of the droplet near the droplet surface will heat up quickly while the central
core of the droplet remains “cold” as a single droplet enters a hot environment
[9,18,24-29]. As the droplet penetrates further into the hot ambient gas the heat
conduction to its interior increases. The temperature will eventually become nearly
uniform within the droplet before the end of its lifetime. As outlined in [28], it is
not trivial to solve such a transient phenomena. Among the various models that have
been proposed (see in [9, 19, 25]), the so-called Uniform Temperature (UT) model
by Abramson and Sirignano [24] has been adopted in this work for its accuracy and
economical computing costs.



80 A. Sadiki et al.

The UT model describes the evolution of the droplet’s temperature and diameter,
i.e. evaporation rate and energy flux through the liquid/gas interface. This model
is based on the film thickness theory. All the main assumptions underlaying this
theory are valid in the investigated configurations: (a) Droplets are assumed spheri-
cal; (b) secondary atomization and coalescence of droplets are neglected, i.e. simple
elastic collisions between droplets and wall are assumed without any kind of film
formation. In fact the Weber number near the nozzle (x = 1 mm), which is used
as an indicator for the break-up phenomenon, varies between 0.01 and 0.2 in the
configuration while the critical value is about 100 orders of magnitude larger,
ie. We,, = 12.07; (c) the influence of the surface tension is neglected, i.e. uni-
form pressure around the droplet is assumed; (d) uniform physical properties of the
surrounding fluid and liquid-vapor thermal equilibrium on the droplet surface are
assumed; (e) the ambient air is not soluble in the droplet fluid; (f) chemical reac-
tions and radiation in the droplet are not considered; (g) single component model is
considered (the infinite conductivity model).

Droplet Mass Transfer

The equation governing the mass transport of the droplet is given by

dm °
Ttp = —m, where m, = (4/3)7rr;pp (3.9

The quantity m p 18 the net mass transfer rate for a droplet in a convective flow
field. According to the film theory it is given by [12—18]

My = 2707 pPm DmS* In(1 + Bay) (3.10)
where By = (J(";:iix)’) and y; = m are the mass transfer Spalding num-
ber and the surface mass fraction, respectively. Thereby 6 is the ratio of molecular
weights. yoo is the mass fraction in the gas phase. p, and D,, are the averaged
values of the mixture density and binary diffusion coefficient throughout the film.
In this study, equilibrium and non-equilibrium considerations during evaporation
are taken into account. For a detailed theoretical analysis and a comparative eval-
uation of different evaporation models, the reader may refer to [9, 19] and therein
cited references. For the equilibrium models usually used, the molar mass fraction,
Xs» 1s related to the saturation pressure through the Clausius-Clapeyron equation
by assuming local equilibrium between the droplet and the ambient gas. In order
to incorporate the effects of Stefan flow on heat and mass transfer, Abramzon and
Sirignano [24] introduced modified Nusselt Nu* and Sherwood SA* numbers de-
fined below. In the case of non-equilibrium evaporation model [19, 23], the molar
mass fraction y, is determined by the following relation:

Lk

Xs,neq = Xs,eq - (—) ,BL where ,BL = —(

7 (3.11)
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represents the half of the blowing Peclet number. Prg is the Prandtl number for the

2
gas phase, Lk represents the Knudsen length and 7; = PaDg e particle relax-

. . 181
ation time.

Droplet Temperature

To account for both equilibrium and non-equilibrium effects the Lagrangian equa-
tion describing the transient temperature of a single droplet is modified and given
by (see in [8, 10, 19]):

dT F*Nu (11 hy \ Hip
&ld _ — ) (Tg - T, — ) —= 3.12
dt 3Prg (rd)( ¢ a)+ (cp,l) m ( )

where F* represents a correction for the effect of droplet evaporation on the droplet
heating.

3P ]
F*=— (ﬂ) Zp / By for equilibrium case
Nu m
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m

(3.13)

Thereby B is the heat transfer Spalding number. It is related to By and calculated
iteratively with the help of the following system equations [8, 19]:

cpy Sh™ 1
By = (14 Bueg)? ! o= 20— —
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Nug—2 1+ B,
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(3.14)

In these relations, Sho represents the Sherwood number in negligible evaporation
(i.e. the Stefan flow is not accounted for):

Sho =1+ (1 +Re,Sc,)'? f(Re,), (3.15)
and

Nug =1+ (1 +Re, Pr)'3 f(Re,) (3.16)

expresses the Nusselt number for a spherical droplet in negligible evaporation. Note
that Sc,, is the Schmidt number, and f(Re,) is an empirical function defined as
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f(Rep) = Re‘},‘ow. The quantity IT represents the ratio of the gas heat capacity ¢,
to that of the liquid phase ¢, ;, Le is the Lewis Number and 4, the latent heat of
evaporation.

An important issue to droplet evaporation modeling is the specification of the
physical properties used in the above equations. It was shown in the literature that
evaporation-rate predictions are sensitive to the choice of property values of gas and
vapor. The general approach is to define a reference temperature and a vapor mass
fraction, which are used to evaluate both the gas and vapor properties [9]. Given the
vapor and gas properties evaluated at the reference temperature, the physical prop-
erties for the mixture can be calculated using the reference mass fraction weighted
averaging procedure. As pointed out by Luo et al. [10], this procedure is generally
needed at each time step and can significantly increase computational cost. For the
determination of thermodynamic properties of the air-vapor mixture while modeling
the evaporation process, the Simpson or Sparrow and Gregg “1/3 rule” was applied
[8,9,15-24].

2.4 Combustion Modeling

The spray flame in complex configurations is quite complicated. Generally, there
are not only isolated diffusion flames and premixed flames, but also their composite
structures [10, 11, 13,33, 35]. Thereby combustion and droplet evaporation should
interact for larger values of characteristic evaporation time [23] as pointed out in
[35]. Although consistent results with experimental data have been reported in the
literature, using models of gaseous combustion to describe spray flames leads to
some relevant modeling issues. In particular, the direct influence of droplet evapo-
ration source on spray combustion, the role of the group combustion and of a flame
index characterization have to be well accounted for. These issues are not addressed
in the flamelet based combustion modeling used in this study. We restrict ourselves
to cases in which all droplets are supposed to have evaporated before combustion.
As the reliability of spray combustion models lies essentially on an accurate descrip-
tion of the fuel-air mixture preparation, focus is put here on how to better retrieve the
behavior of mixture fraction variance when spray evaporation is present. Therefore,
we consider explicitly the influence of droplet evaporation source term primarily in
the equations of the mixture fraction and mixture fraction variance.

In the configuration under investigation, one realizes further two main fea-
tures, namely inhomogeneity of the equivalence ratio and of the flame propagation
velocity. Since the fuel and the oxidizer necessitate certain time for the mixing, the
mixture forms a spatial variation of the equivalence ratio of the fresh gas featuring
a partially premixed combustion.

For the description of the resulting flame, the so-called conditioned progress
variable approach (CPVA) [51] based on the Bray-Moss-Libby (BML) model is
adopted. Let us outline the main aspect of the modeling procedure. Following [48],
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the thermo-chemistry is implemented by means of a single progress variable c that
is defined as a dimensionless temperature
T-T,
= —F 3.17)
T, — T,
where indices u and b stand for the unburned and burnt part of the flame, respec-
tively. Using the assumption made in [48-52] for given expansion ratio
_ T, — T,

= — 3.18
T T (3.18)

the algebraic relation for the mean density can be derived as
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A Favre-averaged transport equation for the single progress variable is then given by
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Note that additional terms, like cross-scalar dissipation rate and mixture fraction
dissipation rate related contributions, that emerge in a general expression of the
progress variable equation as derived in [35] are neglected in (3.20). We recall that
the scalar turbulent flux in (3.20) is simply closed according to the gradient diffusion
hypothesis (3.21) even though advanced models exist (see in [60]), and are known

to handle well transport mixing process.
T e 9(6)
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where o, is the turbulent Scllr\n/idt number, here set to 0.7. Equation 3.20 contains
the mean reaction rate term, w., which represents the classical mean reaction con-
tribution common to turbulent single phase reacting flows. The extra contribution,
v;: is the droplet evaporation source due to droplet phase transition. These two
reaction rate source contributions need modeling. Assuming that all droplets have
evaporated before combustion the contribution of the evaporation source in (3.20) is
neglected according to [35]. As simple approximation, we consider that the evapora-
tion contribution is implicitly included through the changes in local mixture fraction
field and turbulent flow parameters. Two different algebraic expressions of the mean
reaction rate modeling are then used in this study. They are based on the flame sur-
face density and on the assumption that the flamelet geometry has a fractal character
according to [49]. Restricted first to premixed flame, we follow the Lindstedt and
Vaos formulation [50]:

=L

T — E\ . -
Vew = pugCr 2/3 (E) c1-7) (3.22)
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where Vi = (ev)'/* represents the Kolmogorov velocity and C; = 0.41 at Re > 50.
The final expression for the mean reaction rate given in [50] is

-~ o0& 1 _ -
We = CRpMSE%V—KC(I —0) (3.23)

where the parameter Cg was turned to 2.6 to reproduce the measurements of a
counter-flow premixed flame. Muppala and Dinkelacker [53] tracked the evolution
of the pre-constant Cg that was set to 1.95 by Gulati and Driscoll [61] and to 1.35
by Videto and Santavicca [62]. It was turned to 1.25 by Abdel-Gayed et al. [63].
As the model has been formulated for ambient pressure, Muppala and
Dinkelacker [53] considered an explicit pressure dependency and determined the

parameter CR as:

40 0.5/Le?

Cr = __.(ll) (3.24)
Le \ po

where p denotes the operating pressure and p, the ambient pressure of 1 bar.

Accounting explicitly for the fractal dimension, another form of Eq. 3.22 emerges as

. 132 D—3 /4 2-D
Wc:/)usg CLT m c(1—7¢) (3.25)

The constant Cp, is taken to 0.41 in all simulations and the fractal dimension D that
should be within the theoretical range 7/3 < D < 8/3is set to 7.7/3. The parameter
sg in Egs. 3.22 and 3.25 denotes the laminar burning velocity.

To especially account for partially premixed features, we base on Eqgs. 3.20-3.25
by now considering variable equivalence ratio with mixture fraction. This means,
we consider that the laminar burning velocity, sg, together with the expansion
ratio, shall depend on the equivalence ratio, that in turn, can be directly related
to the mixture fraction that takes zero value at pure oxydizer and unity at pure fuel.
The first consideration of this effect in the BML theory was reported by Maltsev
et al. [51,52]. According to [52], we then extend the BML theory through a cou-
pling with the mixing transport and the finite chemistry. In order to take into account
the turbulence-chemistry interaction a presumed PDF approach is applied. The PDF
is assumed to have a form of a Beta-function even though this is questionable in
evaporating spray environments [15]. Thus, the laminar burning velocity and the
expansion rate are function of the mean mixture fraction and its variance that are
described by their respective transport equations (see Table 3.1).

=7 (E7): =1 (E5) (3.26)

By doing so and in order to extract the physical products Yy, results of conditioned
combustion products must be multiplied by the probability p? of being behind the
flame front

Vo (2 0%) = Ye@p* = Y20 (3.27)
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Fig. 3.1 Laminar flame speed of N-dodecane/air mixtures with unburned mixture temperature of
400K [59]

with pb = ¢ in the context of the BML model. Applying the bimodal PDF of ¢ as
assumed it can be shown that [52]

Y, (?? z~’2) — 7YP (? z~2) (3.28)

The functional dependencies (3.26) and (3.28) that are commonly referred to as
flamelet library are tabulated in a preprocessing step following [47] to speed up the
numerical calculations and used as look-up table in the simulations. Thereby a re-
action mechanism describing the kerosene chemistry has been required. Having in
mind that the major components for kerosene are alkanes, aromatics and alkenes,
kerosene has been substituted by N-dodecane following [64-66]. The detailed
chemical reaction mechanism for N-dodecane involved 57 species and 281 reac-
tions. To generate the flamelet tables, Lewis number was set to unity and the strain
rate equaled 100/s. In particular, the laminar burning velocity for N-dodecane was
obtained fitting the experimental data measured at the mixture preheat temperature
of 400K by Kumar and Sung [59]. The flammability limits are about 0.7 and 1.4,
respectively, for the lean and rich compositions as shown in Fig. 3.1.

2.5 Numerical Procedure and Coupling

As the computational method is based on an Euler-Lagrangian coupling approach,
two solvers have been involved and coupled. In the 3-D Lagrangian code (LAG3D)
for particle tracking, the Lagrangian equations for droplets are discretized using first



86 A. Sadiki et al.

order scheme and solved explicitly. Source terms and average values and variances
of droplet characteristic variables (velocity, temperature, etc.) are evaluated in each
cell with the contributions of all the relevant droplets [8, 16,23].

For the Eulerian description of the turbulent gas phase far from the droplet,
the simulation is performed using the three dimensional CFD-code FASTEST
in which the equations are solved by finite volume method. The time integra-
tion is achieved implicitly with the Crank-Nicholson method while the diffusion
terms are discretized with flux blending on a non orthogonal block structured grid.
The velocity-pressure coupling is accomplished by a SIMPLE algorithm. The whole
system is solved by the SIP-solver [8,23,43]. Numerically, the interaction between
the continuous and the dispersed phases is taken into account by means of sev-
eral couplings between the two modules involved. Following a steady method, after
several iterations of gas phase alone, the gas variables are kept frozen and all the
droplets representing the entire spray are injected in the computational domain.
The computed droplets source terms are inserted in the calculations of gas phase
and kept frozen till the next coupling takes place in which the old particle sources
are replaced by newly calculated sources. High levels of under-relaxation technique
were used in order to obtain successful convergence [8,23,46]. Due to the presence
of droplets source terms, the conventional residuals are characterized by a jump of
residuals after each coupling. To avoid it, an additional under-relaxation technique
should also be employed for droplet source terms [46].

i+1 _ i i+1
Sép =S4p-(I=p)+ Sclbp(cal-) 4

where S(;;I and S, (;5 p are the particle/droplet source terms appearing at i 4 1th and
ith couplings, respectively. The under-relaxation factor y takes values in the interval
[0,1]. In the frame of this work, convergence of the Eulerian-Lagrangian coupling
procedure is reached when the fluid’s properties do not change their value from one
coupling to the next in the presence of droplets.

3 Configurations

3.1 Geometry Description

The single annular combustor under study represents the experimental set up used
by Baessler et al. [2] as reproduced in Fig.3.2. The burner consists of two parts:
the pre-vaporization zone and the combustion tube. The kerosene fuel is fed (1) to
an ultrasonic nozzle (8), which uses an additional mass flow of the carrier air (2)
of 20 In/min (normalized 1/min) for the improvement of the radial spray dispersion
during the injection. The main air (3) is heated by a set of sinter metal plates (4) with
an integrated heater coil (5). The main air volume flow rate was 300 In/min and its



3 Toward the Impact of Fuel Evaporation-Combustion Interaction 87

Fig. 3.2 Sketch of the
experimental setup (partially
premixed pre-vaporized
combustor) [2]

temperature equals 90 °C. It enters the vessel (6) and is accelerated in a nozzle (7)
before it enters the pre-vaporization zone (9). The droplets are being injected with a
Sauter mean diameter of 50 um and evaporate in the glass tube of 71 mm diameter.
The length of the pre-vaporization zone L can be adjusted by adding tube elements
which are interconnected using aluminum rings (10). Downstream the mixing zone,
a second nozzle (11) of 54 mm diameter is used to increase the flow velocity and
prevent flame flash back. The mixture is ignited by a hot wire ring (13) mounted in
a water cooled ring (12). In the wake of this ignition source a stable flame develops
and spreads over the cross section further downstream in the combustion zone (14).
Exhaust gas measurements were taken at the tube axis at a distance H = L (15) (16)
above the hot wire ring, while the PDA measurements were carried out across the
tube section at length Lr. More details of the experimental set up and measurement
techniques used can be found in [2].
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Table 3.2 Grid cells. and Nomber CV Nomber paricios
droplet number for different Length [m] [1,000] (1,000}
Ly and temperatures
T=20°C,50°C,77°C, 0.5 450 160
90°C, 105 °C, respectively 0.6 475 160
0.7 500 160
0.8 522 160
0.9 560 160
1 650 160

3.2 Numerical Set Up and Boundary Conditions

The droplet injection is based on a stochastic approach by considering the droplet
mass flux and the droplet size distributions obtained from the experimental mea-
surements at the inlet near the nozzle exit. The kerosene droplets are initialized with
90% slip velocity of the fluid element. The mixing between the air and the vapor
takes place along the distance Lg (Fig. 3.2).

The overall mesh for the single annular combustor is given in Table 3.2 for each
case. The computational domain is exemplarily shown in Fig. 3.3. The inlet condi-
tions for the turbulent kinetic energy are calculated using a turbulence intensity of
10% of the resultant velocity through the inlet. The distribution of the dissipation
rate is estimated using the expression

e C3/4 k3/2

—_— 3.29
k041 Ar ( )

where Ar is the width of the annulus. Here the turbulent length scale was assumed
to be equal to the hole’s diameter or inlet’s opening. The mixture fraction bound-
ary conditions are set to zero at all inlets (z = 0), since the injected air does not
contain any fuel and the variation of mixture fraction is originated only by the pro-
duced vapor.

Since there was no temperature variation at the inflow, the progress variable was
set to zero at all inlet boundaries except at the position of the hot wire ring for
the ignition or stabilization and insurance of continuous combustion. The reference
global equivalence ratio equals 0.7.

4 Results and Discussion

As operating condition for the reference simulation, the carrier phase temperature is
set to 90 °C, and the length of the pre-vaporization zone equals 0.8 m. The number
of the numerical droplets were 160,000 within one coupling. The summary of all
computational cases classified with respect to physical parameters (tube length, air
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Fig. 3.3 Numerical grid

temperature, SMD), processes involved (ignition, non-equilibrium or equilibrium
evaporation modeling) and model parameters varied is given in Tables 3.3 and 3.4.
When plotted, the properties of the dispersed phase featured a smooth profile, i.e.
the statistics were completely reliable. Increasing the droplet number did not change
the results but enhanced the computing time.

Let us first focus on the spray process within the pre-vaporization zone (cases
A in Table 3.3 and 3.4). Here the kerosene droplets are subjected to heated envi-
ronment that leads to droplet evaporation. As the evaporation length is variable, it
was changed from 0.5 to 1 m (see Tables 3.2). For each evaporation length tube,
the spray and the heated air were mixed in the glass tube. The temperature of the
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Table 3.3 Summary of computational cases classified with respect to
physical parameters, processes involved and model parameters varied.
(Only quantities that differed from the reference case RefO are indicated)

Parameter (a)

Case D ¢ SL S‘Z',,vzﬁ CEq.3.31
Ref0  7.7/3 0.7 [0.7.1.45.10*]  Eq.3.34 2
A
B
C
D
E [0.6,1.45.10%]
F
G 713, 813
H -Eq. 3.33
- Zero
I 1

Table 3.4 Summary of computational cases classified with respect to physical parameters, pro-
cesses involved and model parameters varied. (Only quantities that differed from the reference case
Ref0 are indicated)

Parameter (b)

Case Lg [m] Evaporation model Ignition location SMD [pm] T [°C]

Ref0 0.8 neq-model yes 50 90
(H<0.2m)

A Table 3.2 No Table 3.2

B Table 3.2 Yes

C Eq-model

D 20

E

F -H>02m
- Within L

G

H

I

mixing air and the length of the pre-heater tube were used for the control of the
degree of vaporization. Figures 3.4-3.11 compare numerical and experimental re-
sults for different evaporation tube lengths at different mixing air temperatures. The
measurement took place at the end of the tube length Ly (see Fig. 3.2).

4.1 Influence of Mixing Air Temperature and Pre-vaporization
Tube Length on Vaporization Degree (Case A)

The first task was to produce the flow field, especially the droplet velocity at
given mixing air temperature as function of tube lengths of the pre-vaporized zone.
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Fig. 3.5 Droplet axial velocity component at T = 77 °C

These results, that are also compared to experimental data, were achieved by using
two different evaporation models, the equilibrium model (eq-model) and the non-
equilibrium model (neq-model). The flow field results reported in Fig. 3.4 were
obtained by using the neq-model for evaporation as it is shown below to describe
well the evaporation process in the configuration under study.

A good prediction of the droplet axial velocity component once compared with
experimental data is evident. Each data point represents a mean value on the
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Fig. 3.6 Droplet axial velocity component at T = 105°C
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Fig. 3.7 Vaporization degree for different Ly with neq-model at air temperature T = 50°C

measurement point of the axial axis at the end of the tube length. The overall slight
deviation may be due to inflow conditions where breakup process has not been con-
sidered. With this confidence, further properties could be retrieved. Figures 3.7-3.11
show the evolution of the evaporation degree of kerosene fuel along the evaporation
tube at different mixing air temperatures. Thereby, results obtained by using both
evaporation models are compared with experimental data.

The results in Figs. 3.7-3.10 show clearly that the evaporation degree is getting
higher both increasing the pre-vaporization zone length and the inlet air temperature.
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Fig. 3.9 Prevaporization degree for different Lg with neq-model at air temperature T = 77 °C

This is summarized in Fig. 3.11 where only results obtained by using the neq-model
are reported. According to experiments, the evaporation degree was defined as:

W - Mo (T=20°C) — MT

- (3.30)
Myef(T=20°C) L

at a given axial section located at a distance L from the nozzle exit. In this relation
mr expresses the mass flux at temperature 7" and 71,,57=20°c) is at T = 20°C
when no evaporation is present.
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Fig. 3.10 Vaporization degree for different Ly with eq-model at air temperature T = 77°C

In general, it turns out that the predictions achieved by means of the neq-model
agree much better with experimental data in comparison to eq-model based predic-
tions. The latter reveal higher values of evaporation degree than expected. A large
discrepancy is observed at L = 0.9m for T = 50 °C in Fig. 3.7 (see also Fig. 3.11,
left) between experiments and numerical predictions. This isolated case can be
linked probably to inaccurate evaluation of experimental data at this position.

Downstream the vaporization section, the mixture is ignited and the flame is sta-
bilized with a hot wire ring. Focusing now on the combustion zone the effect of
different factors that may affect the evaporation process and/or its prediction, and in
turn the spray combustion, is studied. These factors include (a) the evaporation mod-
eling, (b) the evaporation zone length, (c) the droplet diameter, (d) the flammability
limits and (e) some modeling parameters.

4.2 Influence of Evaporation Models (Case C)

A qualitative view of the temperature distribution along the axis of the combus-
tion tube as predicted by using the neq-model is shown in Fig. 3.13. Thereby
Y = 0.8+H. In Fig. 3.12 “0.0 m” represents the position of the ignition source. Note
that the mixing is mainly influenced by the degree of evaporation of the kerosene
droplets, which, in turn, is affected by the carrier phase temperature and the length
of the pre-vaporization zone. If the eq-model is used, higher values of evapora-
tion degree in the pre-vaporized zone is predicted, as depicted in Figs. 3.7-3.10.
This leads to an early formation of an ignitable mixture in the combustion zone and
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Fig. 3.11 Vaporization degree for different Ly at fixed inlet temperature

results in a predicted combustion that takes place 0.075 m earlier than that predicted
by the neq-model. It appears that the experimental data for the temperature is bet-
ter approximated by the use of neq-model. In particular the flame lift-off agrees
very well with the experimental measurements, whereas the temperature maximum
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Fig. 3.12 Influence of evaporation models used on the prediction of the temperature along the
combustion chamber axis

Fig. 3.13 Temperature 1
distribution as calculated [ | n
using neq-model. I
Y=08+H 12}
L
1F r 1800
| 1600
> 1400
- 1200
1000
[ 800
0.8 |- 600
0.6 =

values show a AT of ca. 250K. This discrepancy may be related to experimental
data, since the temperature analysis showed a very high fluctuation frequency (of
ca. 450 K) which is a typical limitation for thermocouple measurements.

The lift-off occurrence is confirmed in Figs. 3.14 and 3.15 that show quali-
tatively the field of the mixture fraction obtained with both evaporation models.
The stoichiometric contour predicted by the neq-model corresponds to a value of
0.063. A lean mixture is observed between the kerosene vapor and the oxidizer
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Fig. 3.14 Mixture fraction as
calculated by using the
neq-model. Y = 0.8 + H

Fig. 3.15 Mixture fraction as
calculated by using the for
eq-model. Y = 0.8 + H

in the second part of the combustion tube. The mixing is concentrated around the
centerline of the configuration; close to the wall the mixture fraction equals zero.
This is due to the dispersion and entrainment of the dispersed phase. The progress
variable, that distinguishes between the fields of burned and unburned gases, is pre-
sented in Figs. 3.16 and 3.17. The form and position of the flame front are clearly
observable. The maximum values of the progress variable are located along the axis;
the flame lift-off that could be easily quantified by the flexion point of the temper-
ature profile in Fig. 3.12 equals ca. 0.12m. The progress variable has zero values
in the vicinity of the wall because of the poor mixing in the region, i.e. the vapor
concentration is very low and the mixture lies out of the lower flammability domain.
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4.3 Influence of Vaporization Zone Length (Case B)

Various simulations were performed to study the influence of varying the pre-
vaporization zone length on the combustion process. They are summarized in
Tables 3.3 and 3.4. Grid cells and tracked droplet numbers are plotted in Table 3.2.
Figure 3.18 shows the temperature profile for different pre-vaporization lengths.
The flame lift-off clearly diminished with decreasing values of Lr. A reduction of
AL = 25% reduced flame lift-off by Ah = 0.05 m. Due to the reduction of the pre-
vaporization tube length, droplets have less time to stay there, thus the evaporation
degree is in turn reduced. In contrast, the mass of kerosene droplets, which arrive
at the combustion tube and evaporate or burn there, increases. This phenomenon
influences the mixing process very strongly and a new field of mixture is obtained.
The first part of the configuration exhibits a less rich mixture whereas close to the
ignition source, the concentration of vapor increases and the mixture pushes the
flammability limit. Thus the combustion process starts earlier than the reference
one. Further, using a shorter pre-vaporization zone increases the maximum temper-
ature by AT = 100 K. With a decrease in the degree of vaporization, emissions
are expected to become higher due to the increasing number and size of burning
droplets that have to act as hot spots [2].
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Fig. 3.18 Comparison of temperature profile for various pre-vaporization tube lengths

2200
2000
1800
1600
1400

—

<. 1200

99

[ ¥
1000 [,

800
600
400
200 1 1 1 1 1

0 005 015 02 0.25
L [m]

num.ref0 —=— |
num.ref0-dp20. —*—
exp. ---A---

03 035

0.4

Fig. 3.19 Comparison of temperature profiles for droplet diameter 50 wm (ref0), 20 wm (dp20)
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4.4 Influence of Droplet Diameter (Case D)

The boundary conditions provided by the measurements are limited for droplet
spray with a Sauter mean diameter of 50 um. The question is what would happen if
droplets change the size distribution? The diameter size variations can be achieved
by changing the geometry of the nozzle or even by changing the operating condi-
tions. In gas turbine the Sauter mean diameter has often a value of 20 pm [17,23].
Therefore simulations with a relatively smaller diameter than 50 wm are worth.
Figure 3.19 presents the temperature profile for the case of spray with a Sauter
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mean diameter at the inlet equal 20 pum. One observes a very high temperature at
the beginning of the combustion tube, which expresses a flame flash back. The
small droplets (20 um) evaporate much faster than these with 50 um. They are
not able to reach the end of the evaporation zone, thus the mixing takes place in
the early stage of the pre-vaporization zone exclusively. After ignition the flame
propagates close to the hot wire, afterwards it comes back to the pre-vaporization
zone and stabilizes there. Unfortunately there was no experimental data for this
class of droplet diameter.

4.5 Influence of Flammability Limit (Case E)

The flammability limits of fuels depend generally on different parameters e.g. tem-
perature, pressure, etc. The flammability limits are not absolute, they depend also
on the type and strength of the ignition source; therefore a slight variation on the
flammability limits of dodecane, which feature different volatility of kerosene is
worth to investigate. Following [59] the upper and lower limits of the kerosene sur-
rogate were set to 0.7 and 1.4, respectively.

Figure 3.20 illustrates the influence of enlarging of the flammability limits from
0.7-1.4 to 0.6—1.4. It can be easily observed that the flame lift-off has been reduced
with Ah = 0.02 m, whereas the temperature profile remained unchanged. Since
the new laminar velocity has values different than zero for mixture starting from an
equivalence ratio equal 0.6, the chemical reaction was able to arise for a leaner com-
position and then the combustion started earlier than the reference case. The upper
flammability limit did not manifest any influence on the results, because we are
dealing with a lean combustion.
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Fig. 3.20 Effects of the flammability limit enlarging (refO-phil) on the temperature distribution
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This result attests the ability of the designed tool to well treat the process ongoing
as it is in agreement with the findings in [59].

4.6 Influence of Ignition Location (Case F)

Ignition is a crucial phase in many practical applications. Instead of providing con-
tinuous ignition using a heat source (which was numerically performed by setting
the boundary condition for the progress variable to 1 at the inlet close to the hot
wire ring), the aspect using a spark ignition is investigated here. This subject is an
important key for some design purposes especially relight of an aircraft gas turbine
at high altitude, flame flashback, etc. As the spark position influences the ignition
probability defined as successful flame establishment, three localizations for the ini-
tialization of the progress variable were chosen, as depicted in Fig. 3.21. For that
purpose the boundary condition of the progress variable is set to zero in all inlets.
Two observations have been made. (1) A flame flashback occurs if the progress
variable was initialized behind the hot wire, i.e. within the pre-vaporization zone.
(2) The combustion process did not take place if the progress was initialized at a po-
sition higher than 0.2 m forward of the hot wire (H > 0.2 m). Figures 3.22 and 3.23
show the temperature profiles for the three cases of initialization. When flashback
happens, the temperature rises up to 1,400K at 0.0 m (Fig. 3.22). Figure 3.24 dis-
plays the progress variable field in a center plane cross-section. Due to the high

Fig. 3.21 Three positions for
the combustion initialization
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Fig. 3.23 Influence of the initialization location on the combustion process. ref0- neq: at H <
0.2 m (also ref-pos2 in Fig. 3.22), ref0-inl2: at H > 0.2 m

value of the progress variable, the flame flashback, and thus the temperature, both
jump in the pre-vaporization zone. When the initialization occurs between the hot
wire and a distance of 0.2 m forwards (H < 0.2 m), there was no difference with
respect to the reference simulations.
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Fig. 3.24 Progress variable
as calculated by using the
neq-model
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4.7 Influence of Model Parameters

Model parameters are also known to affect the predictions of numerical simulations.
In the following this aspect is addressed by considering the impact of (1) the fractal
parameters, and (2) the modeling approaches for the evaporation source term in the
mixture fraction variance equation.

4.7.1 The Fractal Dimension D (Case G)

The fractal theory [48-52] was applied to model the reaction rate term in Eq. 3.22,
which represents the most crucial part of the BML model. Thereby the fractal di-
mension D is adjusted for each flame within the theoretical range of 7/3 < D <
8/3. If the surface is smooth, the fractal dimension, D, will approach 2. For rough
surfaces, D will approach 3 while the surface appears to fill the volume of the cell
under consideration.

The theoretical boundaries of D were numerically studied to verify how the
model is sensitive to this parameter variation. Figure 3.25 displays the effects of
the model parameter D on the temperature profile prediction. By using larger values
for D it appears clearly that the flame lift-off shall be reduced, whereas for values
of D smaller than the reference one, the flame lift-off increases. At the lower limit
(D = 7/3), the flame becomes instable and could even extinct. By increasing the



104 A. Sadiki et al.

2200 T T 1 T T T g

.,)—i‘*""l"‘.-

:

num.ref - P
numref0-D7 e |
/ numref(-D§ ----=----

4004 i a-u-80-a-aT exXp, — -

1 1 | L 1

0 Q05 01 015 02 025 03 035 04
L [m]

Fig. 3.25 Comparison of the temperature profiles at different values of D: refQ for D = 7.7/3;
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fractal dimension, the flame surface will get rougher, i.e. the chemical reaction has
more area within the same volume, making the reaction to appear more active and
durable. By decreasing D, the flame decreases per volume unit and the chemical re-
action becomes very limited so that the production of the reaction rate term reduces
and the flame blows out. Both fractal dimension limits influence the results greatly.

4.7.2 The Modeling of the Evaporation Source Term in the Mixture
Fraction Variance Equation (Case H)

The reliability of spray combustion models lies primarily on how the fuel-air mix-
ture preparation is accurately described. It is then of interest to better understand the
behavior of mixture fraction variance when spray evaporation is present. For this
purpose, we focus on the source term in the transport equation of the Favre-averaged
mixture fraction variance and investigate how this term may influence the predic-
tion of the fluctuation level of fuel mass along with the mixture fraction and spray
combustion properties prediction. This equation reads [15]:

G I G B (ro ) s ()

ot + axj - axj Secr1 8Xj Scin an

&7, =
—Czp=2 2 —+ S;/Tz’ » (331)

=
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The first term on the right hand side in (3.31) expresses the turbulent trans-
port, the second represents the scalar dissipation rate while the third denotes the
production/sink term. The model coefficients S.,; and S, are set equal to 0.7
according to [15]. The last term in (3.31) expresses the spray evaporation source
term. According to [11] this term can be rewritten and formulated as

S7 = 2wy =22y =< iy = 21y (1 =) + (=2 Py) (3.32)
Different expressions exist in the literature for the modeling of this term.
Subramanian et al. [67] tested three different closures in a combustion cell where
the liquid fuel was injected through a high pressure, single hole nozzle, common-
rail, Diesel type injector. In the present work two models are addressed. The first
approach is the formulation by Hollmann and Gutheil [15] given as

S75 = ZPmy(1-23)/7 (3.33)
The second consists in the so-called single droplet model (SDM) by Reveillon and
Vervisch [11] formulated as:

1"
2 2,p

S —201-3 / "t =D, )P )d
0
+ (— / Tt z)z(ﬁz)P(zﬂdﬁ) (3.34)
0

where the conditional source term depends on the statistics of both the droplet size
and the Spalding number and is approximated as a monotonic function of the mix-
ture fraction, z: .

(mp|z) = ap,, 7" (3.35)

Thereby the parameters ap,, and n are determined as suggested in [11]. The proba-
bility P(z") is assumed to follow a Beta distribution. More details about the model
description can be found in [11]. The impacts of these models on the prediction of
spray combustion properties, especially on the temperature profile are compared, as
shown in Fig. 3.26.

Thereby simulations have been carried out using:

1. The model by Hollmann and Gutheil [15], labeled model 1 or ref0-varz1

2. The approximation by Reveillon and Vervisch [11], labeled model 2 or
refO-varz2,

3. No source term, quoted here as ref0.

The results in Fig. 3.26 show a slight difference of prediction only at the begin-
ning of the tube. At L = 0.15m the model 2 predicts a AT = 200°K whilst the
model 1 calculates AT = 220°K. Without considering the evaporation source term,
the simulation achieves a AT = 240°K. It turns out that the model by Reveillon
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Fig. 3.26 Comparison of the temperature profiles for different modeling of variance source term:
refO: without source term; refO-varz1: Gutheil; refO-varz2: Vervisch
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Fig. 3.27 Comparison of the temperature profiles for different values of the model parameter:
¢ = 2:ref0; ¢ =: refO-cl

and Vervisch seems to be more accurate up to L = 0.3 m. The reason may be that
the model 2 considers the joint statistics of the mixture fraction and the evaporation
source. From the distance L = 0.3 m no difference can be observed, since almost all
droplets are already evaporated. It appears clearly here that the evaporation source
term in Eq. 3.31 cannot be neglected. This term influences essentially the fluctuation
level in a limited zone close to the spray.
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4.7.3 The Parameter Cz in the Production/Sink Term (Case I)

Concentrated on the effect of the model parameter ¢z in the dissipation term of the
variance equation (3.31), the results in Fig. 3.27 shows a relevant influence of this
parameter on the prediction of the spray temperature. In the case cz = 1 the dissi-
pation of the variance is small making the variance itself higher, that, in turn, leads
to low temperature values. The case ¢z = 2 enables to capture better all spray com-
bustion properties, especially the temperature profile. This value has been used as
reference value in all the results reported throughout this paper. It also corresponds
to the value used by Subramanian et al. [67].

5 Concluding Remarks

This study aimed at showing numerically the influence of droplet evaporation on
the evolution of a partially premixed kerosene spray combustion in a model gas
turbine combustor. It was possible to simulate turbulent spray combustion using
an Eulerian-Lagrangian RANS based procedure under a full two-way coupling by
consistently coupling different advanced sub-models. In particular, the combustion
has been described by the so-called conditioned progress variable approach (CPVA)
based on the Bray-Moss-Libby (BML) model which was extended to account for
partially premixed combustion in LPP concept.

To assess the numerical approach simulation results and experimental data have
been considered and compared. Based on the agreement achieved we confidently
assess that the modeling approach performs well and a predictive capability is
approaching once the evaporation is described by the non-equilibrium model.
In particular,

e It could be shown from the comparisons between the equilibrium evapora-
tion model and non-equilibrium evaporation model that non-equilibrium effects
are important in case of droplet sizes typical for practical gas turbine spray
configurations.

e The influence of both operating parameters, the mixing air temperature and the
vaporization tube length, on the degree of vaporization and subsequently on spray
flame characteristics has been correctly captured.

e The effects of various physical and modeling parameters on the prediction of the
combustion were retrieved satisfactory:

— The influence of droplet diameter, flammability limits and location of the com-
bustion initialization has been pointed out

— The effect of modeling parameters, like fractal dimensions in the expression
describing the reaction chemical source term, the evaporation source term and
the sink term in the modeled equation of the mixture fraction variance, has
been found to be relevant.
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Although consistent results with experimental data have been achieved in this
work, using models of gaseous combustion to describe spray flames arise some
modeling issues. The influence of droplet evaporation source in flamelet based mod-
elling, the role of group combustion and of a flame index characterization have to
be well addressed.

In this study, the effects of critical pressure conditions and the problems associ-
ated with atomization, primary and secondary break-up as well as droplet-droplet
interaction have not been considered. These should be addressed in future work.
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Chapter 4

Toward the Impact of Fuel
Evaporation-Combustion Interaction on Spray
Combustion in Gas Turbine Combustion
Chambers. Part II: Influence of High
Combustion Temperature on Spray

Droplet Evaporation

Amsini Sadiki, W. Ahmadi, and Mouldi Chrigui

Abstract While the first part of this work dealt with the question related to the
impact of partial vaporization on spray flame properties, the second part attempts
to answer the question how the evaporation process behaves under turbulent pre-
mixed combustion conditions. According to the Eulerian-Lagrangian RANS-based
spray module designed in Part I the non-equilibrium evaporation model, that was
proven to capture accurately the evaporation process characteristics under operat-
ing environments similar to industrial application conditions, is especially applied
here. The so-called conditioned progress variable approach (CPVA) based on the
Bray-Moss-Libby (BML) model as adapted in Part I to account for both premixed
and partially premixed combustion is used to describe the combustion process and
determine the gas properties that are seen by droplets. To assess the numerical ap-
proach and to analyze the evaporation-combustion interactions a model gas turbine
combustor fueled by N-heptane is considered as to exhibit the behaviour of single
component fuel. It features a turbulent premixed combustion. To isolate the impact
of high combustion temperature on spray evaporation, two cases were investigated

A. Sadiki (D<)

Department of Mechanical and Processing Engineering, Institute for Energy and Powerplant
Technology, Technische Universitidt Darmstadt, Petersenstr. 30, 64287 Darmstadt, Germany
and

Center of Smart Interface, Technische Universitit Darmstadt, Petersenstr. 32,

64287 Darmstadt, Germany

e-mail: sadiki @ekt.tu-darmstadt.de

W. Ahmadi

Department of Mechanical and Processing Engineering, Institute for Energy and Powerplant
Technology, Technische Universitidt Darmstadt, Petersenstr. 30, 64287 Darmstadt, Germany
e-mail: ahmadi @ekt.tu-darmstadt.de

M. Chrigui

Department of Mechanical and Processing Engineering, Institute of Energy and Power Plant
Technology, Darmstadt University of Technology, Petersenstr. 30, D-64287 Darmstadt, Germany
e-mail: mchrigui @ekt.tu-darmstadt.de

B. Merci et al. (eds.), Experiments and Numerical Simulations of Diluted Spray 111
Turbulent Combustion, ERCOFTAC Series 17, DOI 10.1007/978-94-007-1409-0_4,
(© Springer Science+Business Media B.V. 2011



112 A. Sadiki et al.

and compared. In the first case the spray evaporation is studied in a non-combusting
environment. In the second it is investigated how the premixed combustion condi-
tions affect droplet spray characteristics.

Keywords N-heptane spray - Evaporation - Premixed flame - Euler-Lagrange
- RANS

1 Introduction

As already pointed out in the first part of this work (see Chap. 3), spray behavior has
been studied extensively in recent years. Thereby, the quality of atomization along
with fuel-air mixture preparation has been recognized as one of the main factors
controlling the combustion of liquid fuel sprays. Much attention has been given to
methods describing or measuring droplet sizes and distribution as well as evapo-
ration rates of droplets and then to retrieve their effect on spray combustion. Most
of the studies focus essentially on flame structure and gas phase properties [1—14].
Contributions devoted to the effects of flame and resulting high temperature con-
ditions, environmental pressure and high-density gradient on the spray behaviour
itself are very few. McDonell et al. [1] investigated, experimentally, reacting and
non-reacting swirled assisted spray where measurements of drop size and three com-
ponents velocity were conducted. They also studied in [2] the behaviour of methanol
spray produced by atomizer with different operating modes. Detailed measurements
were provided and physically interpreted. Marley et al. [3] used laser-induced flu-
orescence and smoke visualization to investigate a turbulent ethanol spray flame.
They generated a polydisperse spray that yielded larger droplets that are able to
cross the inner reaction zone and then vaporize in the hot region bounded by the
double flame structure. Karpetis and Gomez [4] conducted experimental research
on well-defined, turbulent non-premixed spray flames of methanol. They measured
velocity and temperature of the gaseous phase, as well as size, velocity, and con-
centration of the droplet phase, along with the relevant statistical quantities using
phase Doppler anemometry and spontaneous Raman thermometry. Stepowski et al.
[5] and Bazile and Stepowski [6] focused on the spray flame stabilization. They
conducted several researches toward phenomena in gas turbine combustion where
fuel is injected as spray. Wildmann and Presser [7] provided an interesting database
for multiphase modeling where methanol spray flame was experimentally investi-
gated. Presser et al. [8] examined experimentally, using laser velocimetry and phase
Doppler interferometry, droplet size and velocity distribution in a swirl stabilized
pressure atomized spray. In [9] they investigated the droplet transport in a swirl-
stabilized spray flame.

With focus on N-heptane fuel some DNS investigations are reported by Luo et al.
[10] to gain a better understanding of three-dimensional spray flame behaviour,
as well as evaporation-combustion interaction in a model swirling configuration
scaled down significantly to allow for DNS of all scales. Thereby an unsteady
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flamelet model was developed to account for the influence of evaporation on scalar
dissipation rates. Among others the issues related to flamelet equations for spray
combustion considering the influence of droplet evaporation was not addressed.
Domingo et al. [11] carried out DNS of partially premixed combustion in vaporiz-
ing spray and proposed closures for source terms appearing in the transport equation
for the reaction progress variable. Hollmann and Gutheil [12] developed a flamelet
model for turbulent spray diffusion flames and incorporated a laminar spray flame
library. Applications to methanol/air and to N-heptane have been reported. A re-
cent review of modeling and simulation of spray combustion is reported by Gutheil
[13]. Wright et al. [14] carried out experimental and simulations of N-heptane
spray auto-ignition at high pressure and high temperature constant volume com-
bustion chamber. For the simulations, the conditional moment closure method has
been applied. Yu et al. [15] studied numerically spray combustion characteristics
of N-heptane in IC engine configurations. The study employs the hybrid breakup
model, high pressure evaporation model and transient flamelet model with detailed
chemistry. The results in terms of spray dynamics, evaporation, turbulent mixing,
auto-ignition, flame structure, turbulence-chemistry interaction and pollutant (soot,
NOx) formation have been provided. They used these data as basis for comparison
to dimethyl ether spray combustion in diesel engines. With regard to gas turbine
applications, Hage et al. [16], among others, investigated experimentally the flow
fields and droplet diameter distributions of water and N-heptane sprays at varied
boundary conditions in a generic gas turbine combustor. Chrigui et al. [17-19] used
a RANS-based approach similar to that presented in Part I of this work to simulate
these configurations. The investigations focused essentially on spray evaporation
and dispersion within the carrier phase. The results for a non-reacting configuration
[17, 18] and those for a reacting case [19] have been reported, where the effect of
pressure variation has been pointed out.

The present work focuses especially on understanding the behavior of the spray
characteristics within a turbulent premixed flame, i.e. studying the spray evaporation
under high combustion temperature conditions. To assess the numerical approach
and analyze the processes under study the model gas turbine combustor fueled by
N-heptane used in [18,19] is considered as to exhibit the behaviour of single compo-
nent fuel. It features a turbulent premixed combustion. In [18,19] the swirler was not
included in the computational domain. Rather, appropriate boundary conditions at
the inlets were imposed using velocity profiles provided by measurements at 1 mm
downstream for the gas phase and at 3 mm for the dispersed phase. In contrast to
this, we include in the present study the swirler in the computational domain to im-
prove the inlet conditions description for the simulations. To isolate the impact of
combustion on spray evaporation, two cases were investigated and compared. In the
first case the spray evaporation is studied in a non-combusting environment. How
premixed combustion conditions affect the droplet spray characteristics is investi-
gated in the second case.

The contribution is organized as follows: Sect. 2 recalls the main modelling
and numerical procedures. In Sect. 3 the investigated configuration is described
along with the boundary conditions used. In Sect. 4 detailed comparisons between
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numerical results with experimental data in both configurations are provided
and discussed in terms of spray dynamics and spray evaporation characteristics.
Section 5 is devoted to conclusions.

2 Outline of Combustion Modelling for N-heptane Fuel
and Numerical Procedures

As this contribution is concerned with the second part of the work presented in
Chap. 3 it will thus be assumed that the reader is familiar with the content of Part I;
so we do not recall all the mathematical preliminaries. Nevertheless, to study the
interaction between evaporation and combustion along with the essential modeling
issues, accurate description of both droplet evaporation and combustion processes
is relevant. For this purpose the non-equilibrium evaporation model that has been
found to be appropriate for droplet sizes and operating conditions similar to those
involved in this configuration, is considered for the description of evaporation pro-
cess. With respect to the interaction between microprocesses within the spray flow,
a two-way coupling is accounted for as a global volume fraction for the two-phase
flows equal to 1.09 x 10~* has been measured experimentally. The turbulence mod-
ulation model by Sadiki et al. (see Part I) is applied. The so-called conditioned
progress variable approach (CPVA) based on the Bray-Moss-Libby (BML) model
as adapted in Part I to account for both premixed and partially premixed combustion
is used to describe the premixed combustion process and determine the gas prop-
erties that are seen by droplets. Only specific aspects of this combustion treatment
for N-heptane fuel are outlined here. In particular the parameter sg in Egs. 3.23
and 3.25 that denotes the laminar burning velocity is approximated by Miiller et al.
[20] for the lean N-heptane-air mixture in the range of preheat temperature between
298 and 800 K and pressure between 1 and 40 bar. The equation of the laminar burn-
ing velocity can be derived from the asymptotic analysis carried out by Peters and
Williams [21] as

T, (T, —T°\"
O — A(TOY Y 2| 22— , 4.1
SL ( ) F,uT() T, — T, 4.1

where the function 4(7°) = F exp (—%) depends on thermodynamic and kinetic

properties. In (4.1) T? is the inner layer temperature and depends on fuel. For
N-heptane, Ty is set to 1,250K [20]. Y'" denotes the mass fraction of the fuel
in the unburned gas. The variable exponents m, n, and the equation constants G and
F are given in Table 4.1 for N-heptane [20].

Table 4.1 Approximation constants for burning velocity [20]
Fuel F [cm/s] G [K] m n
n-C;He 7.956 x 103 912.00 0.52 2.30
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Note that Eqgs. 4.1 and 3.24 together in (3.23) lead to an expression similar to
that derived by Metghalchi and Keck [22] or Dahoe and de Goey [23] expressing
the dependency of the laminar burning velocity on the temperature and pressure of
the mixture as a polynomial function.

As the computational method is based on an Euler-Lagrangian coupling ap-
proach, two solvers have been involved and coupled. A 3-D Lagrangian code
(LAG3D) for droplet tracking and the three dimensional CFD-code FASTEST in
which the carrier phase equations are solved as described in Part I. How these two
solvers are numerically coupled has been already outlined in Part I, Sect. 2.5. To
note is that 400,000 droplets were tracked every coupling. Due to the low droplet
loading only four couplings were sufficient to reach acceptable convergence.

3 Configurations and Boundary Conditions

3.1 Geometry

The simulated complex geometry resembles the configuration experimentally inves-
tigated by Hage et al. [16] as depicted in Fig. 4.1. It is composed of a combustion
chamber supplied with an air blast atomizer (Fig. 4.2), with an injection nozzle that

Fig. 4.1 Longitudinal cross section of the combustion chamber as it is designed experimentally
[16-19]

Air

Fig. 4.2 Schematic and 3-D view of the air-blast atomizer [16—19]
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Table 4.2 Summary of operating conditions [16]

Air Air mass Equivalence
Case P [bar] temperature [K] flux [g/s] ratio [—] Reyir [10°]
A 2 523 24.9 0.9 35.2
B 2 523 27.2 0.9 384
C 2 623 24.9 0.9 31.2
D 3 623 37.4 0.9 46.8

Re,;; is calculated based on hydraulic and bulk velocities

spreads the fuel onto a conical sheet. The fuel is then exposed to the high-velocity
swirled airstreams of heated carrier phase having high turbulence intensity. This
ensures a reliable mixing efficiency.

As cooling is relevant, cold air flows on the outer side of the combustor and
penetrates into the second half of the combustion chamber. To characterize the gas
phase variables, Laser Doppler Anemometry (LDA) was used in combination with
an argon laser. A two-component Phase Doppler Anemometry (PDA) was used to si-
multaneously measure droplet velocities. The measurements were taken at different
flow conditions for the airflow rate, droplet velocities, droplet diameter distribution
and liquid flow rate to provide a set of reliable data. The measurements were taken in
various cross-sections downstream the inlet for droplets and carrier phase providing
a valuable database for model validation of polydispersed sprays.

Various cases that were experimentally investigated in [16] using N-heptane fuel
are summarized in Table 4.2. The influence of pressure variations on spray charac-
teristics has been investigated numerically in [19] (see also [24]). In Part I, some
aspects of the influence of air temperature on the spray combustion have been
pointed out in a pre-vaporized model combustor fired by kerosene. We focus there-
fore in the present study on case C for which comprehensive validation data is
available for both non-reacting and reacting cases. For all the details with respect to
experimental setup and measurements techniques used, please refer to [16].

The thermal power ranged from 67 kW for the case A to 100kW for the case
D and the pressure drop across the nozzle approximates 3% that is typical for gas
turbine applications.

3.2 Numerical Setup and Boundary Conditions

The combustion chamber is numerically represented by the computational domain
shown in Fig. 4.3. In contrast to [17-19], the overall mesh contained 800,000 con-
trol volumes including the swirl burner which is resolved with eight radial and eight
tangential channels where inlet boundary conditions are specified according to ex-
periments. Focused on case C in Table 4.2, the absolute pressure was P;,;; = 2 bar
and the corresponding temperature 7;,; = 623 K. The mass flow boundary condi-
tions for the gas phase were provided by measurements and equaled 24.9 g/s. The
dispersed phase was injected with a temperature of 313 K and the mass flow equaled
1.49 g/s. The boundary conditions (BC) for the dispersed phase were derived from



4 Toward the Impact of Fuel Evaporation-Combustion Interaction 117

Fig. 4.3 Computational
model of the swirler nozzle
and test rig (not to scale).
Detailed view of the
tangential swirler channels
and the central fuel injection
nozzle (left). Complete
computational domain used
(right)
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Fig. 4.4 Droplet size distribution at inlet

the experimental data. Since the measurements at 1 mm are associated with high er-
ror due to the closeness to the nozzle, the BC for the dispersed phase were adapted
to fit to the results at 3 mm. The measured data were performed in eight points ra-
dially that define the number of droplet classes. Figures 4.4 and 4.5 show the eight
droplet classes. Figure 4.4 represents the initial distribution of the particle size upon
which the dispersed mass flux bas been determined, and Fig. 4.5 the corresponding
injection position and the relative number of parcels. Each class distinguishes with
the others by the parcels number, velocities, rms, diameter and injection locations.
The dispersed phase velocities fluctuations at the inlet are displayed in Fig. 4.6. One
notices that the established droplet turbulence intensity for the lower classes (droplet
diameter up to 12 pm) is about 25% which is similar to that of the carrier phase.

As already mentioned 400,000 parcel trajectories were calculated every coupling
iteration to get statistically reliable results. A further increase in the parcel number
had no influences on the droplet properties.
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Fig. 4.6 Boundary conditions for the axial droplet velocity and the RMS (m/s)

4 Results and Discussion

4.1 Carrier Gas Properties in Non-Reacting Case

Even though results with respect to carrier gas properties have been already reported
in [17] without including the swirler into the computational domain, we achieve
here a similar good agreement between experimental data and numerical results
for the velocity field and the turbulent kinetic energy. Including the swirler does not
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Fig. 4.7 Axial gas phase velocity (m/s) at different axial positions. CJCJOCIO Experiment;
simulation

bring new insights with respect to mean values. The advantage of this inclusion may
be seen in capturing unsteady behaviors by the means of URANS as demonstrated
in [25]. This task is rather out of the scope of the present work. The results are shown
in Figs. 4.7-4.9 for the axial, radial and tangential velocity profiles at axial locations
of 1,5, 10, 15, 20 and 30 mm downstream the inlet. The flow features an increasing
radial shift and declining of the velocity peaks with increasing distance from the
nozzle. Remarkable deviations between experimental and numerical results are ob-
served for the axial and radial velocity component at x = 10, 15 and 20 mm while
the tangential velocity component exhibits evident deviations to experimental data
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Fig. 4.8 Radial gas phase velocity (m/s) at different axial positions. OO Experiment; ___
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up to x = 30 mm. These are linked to the weakness of the RNG-k-Epsilon turbu-
lence model used. However, the internal recirculation zone (IRZ) is well reproduced
by the simulations. Its length is about three times the exit nozzle radius.

It is also of interest to judge the ability of the numerical model to capture the
carrier phase flow fluctuations. The turbulent kinetic energy of the continuous phase
is depicted in Fig. 4.10. As in experiments, peak values for the turbulent kinetic
energy are predicted located in distinct shear layers. A satisfactory agreement can
be reported in spite of some remarkable discrepancies between experimental data
and numerical predictions within the recirculation zone.

All profiles for the mean velocity components as well as the kinetic energy
showed nearly axis-symmetrical behaviour. This indicates that within the investi-
gated region the asymmetric flame tube shape did not significantly influence the
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mean flow field properties. The flow field prediction achieved qualifies the tool
for a study of the turbulent droplet dispersion and convection processes around the
droplets.

4.2 Turbulent Droplet Dispersion in Non-reacting Case

The capability of the Lagrangian tracking approach to capture the dynamic droplet
behavior is evaluated by comparing calculated droplet velocities with experiments.
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Figures 4.11 and 4.12 show the distribution of the dispersed phase axial velocities
and their fluctuations. Good agreement between numerical and experimental results
for the velocity is observed in Fig. 4.11. The maximum discrepancy between nu-
merical simulations and experimental data is observed at x = 15 mm for the droplet
axial velocity and equals 12.6 m/s. This shall be directly linked to that in the carrier
phase (Fig. 4.7) as the Stokes number between 0.51 and 4.17 enables the droplets to
follow the carrier phase.
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Fig. 4.11 Radial profile of the droplet axial velocity at different axial positions

4.3 Spray Evaporation in Non-reacting Case

As expressed in their Eqs. 3.9-3.12, the mass and heat transfer rates are linked to
the time evolution of the droplet diameter and temperature. The effect of droplet
vaporization can therefore be captured by considering the distribution of droplet
diameter along with the droplet mass flux. Thus, the droplet volume flux, which
is related to the droplet mass flux by the local density, can be used as a reliable
indicator of the evaporation rate validation. Figure 4.13 presents the computed
droplet axial volume flux and Fig. 4.14 displays the droplet radial volume flux
in comparison to experimental data, respectively. The volume flux in the radial
direction is lower than that in the axial one, since droplets are being dragged faster
axially. In accordance with experiments the concentration of droplets decreases
while moving away from the nozzle due to evaporation. A very good agreement
is noticed in all cross sections, except at X = 5 mm where the experimental data
exhibit an increase of the volume flux. This enhancement in the volume or mass
flux cannot be physically explained, since no vapour condensation can occur at the
above mentioned operating conditions.

It is observed that the spray width at x = 3 mm is about one third of the com-
bustion chamber radius. The spray width is closely correlated with the spray apex
angle, which in turn can be modified by the internal recirculation zone (IRZ) of the
carrier phase. The droplets are able to survive until the axial position x = 15 mm,
while they are completely evaporated within the IRZ. One should mention at this
stage that the applied temperature boundary condition has a stronger influence on
the evaporation rate than the pressure. The experimental measurements along with
numerical simulations have acknowledged that a diminution of AT = 100 °C in the
inlet temperature affects the evaporation much more than the reduction of the inlet
pressure to 1 bar. Some other works by the authors dealing with other configuration
[19,24] have confirmed this finding as well.

The apex angle of the spray was estimated to 15°, whereas the experiments re-
sulted in 11°. The discrepancy between the measured and calculated values is caused
by the disagreement in the prediction of the volume flux (Figs. 4.13 and 4.14). This
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simulation

is due to the swirling effect that drags the droplets radially outwards and causes
divergent behavior due to centrifugal forces. Indeed one observes clearly, at sec-
tion 1 mm and also at 3 mm that the predicted droplet volume flux display a broader
curves compared to the experimental one, i.e. the spray tends to diverge while mov-
ing forward. Note that the volume flux is determined by the droplet axial velocity
and the particle size distribution in the cross section which, in turn, is a result of the
droplet motion described by its equation including the dispersion. The apex angle
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of the spray is therefore influenced by different parameters. It is worth noting that
the measurement of the apex spray angle is associated with relatively high error due
the dense spray conditions close to the nozzle.

4.4 Turbulent Droplet Dispersion in Reacting Case

Under combustion conditions the N-heptane droplets are subjected to the same op-
erating conditions as before. However, the premixed fuel/air in this case burns while
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neglecting the droplet-flame interaction. By comparing the spray behaviour in the
case with and without combustion, it is possible to gain information about the ef-
fect of combustion on N-heptane droplet evaporation. Figures 4.15 and 4.16 display
the axial and radial velocities in comparison to experimental data, respectively. A
reasonable agreement is observed.

Due to the centrifugal forces, the radial velocity component is increasing while
droplets move downstream. The gas phase momentum transfer from the axial to the
radial direction during the flow propagation could explain this. At the central axis of
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Fig. 4.15 Radial profile of the droplet axial velocity at different axial positions
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Fig. 4.16 Radial profile of the droplet radial velocity at different axial positions

the combustion chamber, no droplets are observed due to the swirling fluid motion.
Therefore, they do not guarantee enough results to provide reliable statistics for this
region. It has to be noted that the secondary recirculation zone is small and does not
reach the spray jet. For that reason, the fuel will be more confined to the core of the
combustion chamber. This has an important influence on the droplet dispersion. In
fact, if the droplets are able to reach the secondary recirculation zone, the fuel-air
homogeneity will be enhanced and evaporation gets faster due to negligible vapor
concentration in this area. Droplets that enter the secondary recirculation zone are
not able to leave it. They supply their complete mass to this lean zone.

A higher mixing efficiency and degree of evaporation is therefore obtained.
By increasing the radial velocity, the droplets can be transported radially outward
more quickly. This helps to disperse droplets into the combustion chamber more
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Fig. 4.17 Radial profile of the droplet axial velocity fluctuation (RMS) at different axial positions
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Fig. 4.18 Radial profile of the droplet radial velocity fluctuation (RMS) at different axial positions

efficiently. It is worth mentioning that inflow conditions for the dispersed phase play
a major role in the droplet dispersion and, above all, influence the degree of evap-
oration. Even though primary and secondary break up phenomena have not been
considered, appropriate inflow conditions have been used according to experimen-
tal data as outlined above (see Figs. 4.4-4.6).

Figures 4.17 and 4.18 present the droplet velocity fluctuations, i.e. root mean
square (rms) for the axial and radial directions, respectively. Both RMS profiles do
not show considerable turbulence decay while progressing forward. The agreement
between measurements and simulations is reasonable. It is noteworthy that the ex-
perimental profiles feature peaks at r &~ 7 and 11 mm. These local maximums are
related to the high velocity gradients, which are responsible for the production of
turbulence. As in Fig. 4.10, this effect could not be captured numerically due essen-
tially to the isotropic nature of the turbulence model.
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4.5 Spray Evaporation in Reacting Case

No remarkable differences in the droplet velocities could be detected experimentally
or numerically when compared with results in the previous subsection. This orig-
inates from the fact that the droplets close to the air-blast atomizer are affected
mainly by the boundary conditions.

The droplets travel a short distance no longer than 20 mm, and then vanish. They
do not feel the high temperature gradient caused by the flame, because this is es-
tablished around the fuel concentration as shown in the colored line plots of the
temperature in Fig. 4.19. This figure displays the spray concentrations in kilograms
and the vector plots of the carrier phase. On the centerline, the droplets are exposed
to the warm gas back-flow, which has no effect on the droplet velocities since they
are generated starting from the radial position of 5 mm. The N-heptane droplets are
actually embedded in similar conditions to the case without combustion, consider-
ing the fact that carrier phase characteristics are not changed until 20 mm forwards,
which represents the endurance distance for the dispersed phase.

Figure 4.20 presents the droplet Sauter mean diameter at different axial locations.
Despite of some discrepancies, a plausible agreement between computational results
and experimental data was observed attesting that the evaporation model describes
the phase transition under the described operating conditions well.

Figure 4.20 also indicates that smaller droplets are located at the jet edges.
This behavior is less pronounced as they move toward the combustion chamber
exit. Smaller droplets exhibit higher axial velocity than the larger ones. Similar to
non-reacting case the maximum relaxation time is almost 1.2 x 10™#s whereas the
Stokes number varies between 0.51 and 4.17. Thus the smaller droplets are able
to follow the carrier phase and accelerate faster compared to the larger droplets.

Fig.4.19 Spray concentration embedded in the carrier phase temperature and velocity vector plots
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Fig. 4.20 Radial profile of the droplet Sauter mean diameter (SMD) at different axial positions

Equilibrium between the droplets and the carrier phase is observed only after a
distance of 15 mm from the configuration inlet, indeed the droplets at this distance
have diameters close to that of the tracer particles and perfectly follow the flow paths
of the gas phase.

5 Conclusions

This contribution allowed to assess the numerical and modelling approach de-
veloped in Part I (Chap.3) for turbulent spray combustion applications dealing
with both partially premixed combustion regime and premixed combustion en-
vironments. So, the impact of interaction between fuel droplet evaporation and
combustion processes on spray combustion has been first analyzed under partially
premixed conditions in Part I. In the present Part II, turbulent spray combustion
in a model gas turbine combustor featuring a premixed combustion has been con-
sidered. Thereby we investigated how the droplet vaporization is affected by high
temperature conditions resulting from premixed combustion using a RANS-based
Euler-Lagrangian procedure. No effect of primary break up and coalescence near
the nozzle has been considered.

To isolate the impact of high combustion temperature on spray evaporation, two
cases were investigated. In the first case, spray evaporation took place in a preheated
but non-reacting gas mixture while the second considered droplet spray evaporation
affected by combustion conditions. Following concluding remarks can be drawn:

1. Comparison of the spray characteristics in the preheated but non-reacting gas
mixture to those with a reacting mixture revealed almost similar results. This
originates from the fact that N-heptane droplets undergo similar conditions. The
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differences between reacting and non-reacting conditions could be observed only
20 mm from the inlet downstream, which could not be reached by the spray.

2. A satisfactory agreement between experimental data and numerical results has
been achieved. However, most discrepancies observed could be clearly linked
to the weakness of the turbulence model used. This makes clear why advanced
turbulence models have to be applied for future investigations.

3. In particular the need of turbulent structures-resolving models, like Large Eddy
Simulation (LES), are highly demanded to accurately capture unsteady behav-
ior of the carrier phase flow and the spray dynamics. This shall also take better
advantage of the inclusion of the swirler nozzle into the computational domain.

4. By using numerical simulations it is possible to assess the validity of experimen-
tal data. Curious deviations between experimental data and simulation results
observed for the droplet volume flux at x = 5 mm revealed possible errors in
measurements data exploitation.

5. The designed spray module has proven to reliably predict flow and evaporating
droplet properties under industrial gas turbine conditions in which droplet-flame
interaction is negligible. In that case the combustion models of gaseous com-
bustion have been used as first approximations. The direct influence of droplet
evaporation source in flamelet-based modelings needs to be accounted for and
requires further work that is left for future.

As pointed out above unsteady calculation techniques like URANS and LES will be
most useful. For both URANS and LES, the precision of results is often evaluated by
a comparison with experimental data. A systematic LES-model assessment should
actually include the computations and comparison of the numerical results to exper-
imental data in configurations of various complexities. Distinct aspects have to be
investigated, first separately and thereafter collectively, increasing the complexity of
the investigated system. Endeavours directed to include these aspects as pointed out
during the first “workshop on turbulent spray combustion” must be pursued.

Acknowledgment The authors acknowledge the financial support from the German Research
Council (DFG) through the SFB568 and GRK1144.

References

1. McDonell, V.G., Adachi, M., Samuelsen, G.S.: Structure of reacting and nonreacting, non-
swirling, air-assisted sprays, part I: gas phase properties. Atomization Sprays 3(4), 389—
410 (1993)

2. McDorell, V.G., Samuelsen, G.S.: An experimental data base for the computational fluid dy-
namics of reacting and non-reacting methanol sprays. J. Fluids Eng. 117, 145-153 (1995)

3. Marley, K., Welle, E.J., Lyons, K.M., Roberts, W.L.: Effects of leading edge entrainment on
the double flame structure in lifted ethanol spray flames. Exp. Therm. Fluid Sci. 29(1), 23—
31 (2004)

4. Karpetis, A.N., Gomez, A.: An experimental investigation of non-premixed turbulent spray
flames and their self-similar behavior. Proc. Combust. Inst. 27(2), 2001-2008 (1998)



132

5.

6.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

A. Sadiki et al.

Stepowski, D., Cessou, A., Goix, P.: Flame stabilization and OH fluorescence mapping of the
combustion structures in the near field of a spray jet. Combust. Flame 99, 516-522 (1994)
Bazile, R., Stepowski, D.: Measurements of vaporized and liquid fuel concentration fields in a
burning spray jet of acetone using planar laser induced fluorescence. Exp. Fluids 20, 1-9 (1995)
Wildmann, J.E, Presser, C.: A benchmark experimental database for multiphase combustion
model input and validation. Combust. Flame 129, 47-86 (2002)

. Presser, C., Gupta, A.K., Semerjian, H.G.: Aerodynamic characteristics of swirling spray

flames: pressure-jet atomizer. Combust. Flame 92, 25-44 (1993)

. Presser, C., Gupta, A.K., Avedisian, C.T., Semerjian, H.G.: Droplet transport in a swirl-

stabilized spray flame. J. Propul. Power 10, 631-638 (1994)

Luo, K., Pitsch, H., Pai, M.G.: DNS of three-dimensional swirling n-heptane spray flames.
Center for Turbulence Research, Annual Research Briefs, pp. 171-183 (2009)

Domingo, P., Vervisch, L., Reveillon, J.: DNS analysis of partially premixed combustion in
spray and gaseous turbulent flame-bases stabilized in hot air. Combust. Flame 140, 172-195
(2005)

Hollmann, C., Gutheil, E.: Flamelet-modelling of turbulent spray diffusion flames based on a
laminar spray flame library. Combust. Sci. Technol. 135, 175-192 (1998)

Gutheil, E.: Modeling and simulation of droplet and spray combustion. Handbook of Combus-
tion, vol. 5. Wiley-VCH Verlag GmbH & Co, pp. 205-227, published online (2010)

Wright, Y., Nektaria, O.M., Konstantinos, B., Giorgio, P., Espaminondas, M.: Experiments and
simulations of n-heptane spray auto-ignition in a closed combustion chamber at diesel engine
conditions. Flow Turbul. Combust. 84(1), 49-78 (2009)

Yu, Y., Kang, S., Kim, Y., Lee, K.S.: Numerical study on spray combustion processes in
n-heptane and dimethyl ether fueled diesel engines. Energy Fuels 23(10), 4917-4930 (2009)
Hage, M., Dreizler, A., Janicka, J.: Flow fields and droplet diameter distributions of water and
n-heptane sprays at varied boundary conditions in a generic gas turbine combustor. ASME-GT-
2007-27108, Montreal, Canada (2007)

Chrigui, M.: N-heptane spray evaporation and dispersion in turbulent flow within a complex
geometry configuration. J. Comput. Therm. Sci. 2(1), 55-78 (2010)

Chrigui, M., Hage, M., Sadiki, A., Janicka, J., Dreizler, A.: Experimental and numerical anal-
ysis of spray dispersion and evaporation in a combustion chamber. Atomization Spray 19,
929-955 (2009)

Chrigui, M., Zghal, A., Sadiki, A., Janicka, J.: Evaporation and dispersion of n-heptane droplets
within premixed flame. J. Heat Mass Transfer 46(8-9), 869—-880 (2010)

Miiller, U.C., Bollig, M., Peters, N.: Approximations for burning velocities and Markstein
numbers for lean hydrocarbon and methanol flames. Combust. Flame 108, 349-356 (1997)
Peters, N., Williams, F.A.: The asymptotic structure of stoichiometric methane-air flames.
Combust. Flame 68, 185-207 (1987)

Metghalchi, M., Keck, J.C.: Burning velocities of mixtures of air with methanol, iso-octane,
and indolene at high pressure and temperature. Combust. Flame 48, 191-210 (1982)

Dahoe, A.E., de Goey, L.P.H.: On the determination of the laminar burning velocity from closed
vessel gas explosions. J. Loss Prev. Process Ind. 16, 457-478 (2003)

Chrigui, M., Roisman, 1., Batarseh, F.Z., Sadiki, A., Tropea, C.: Spray generated by an airblast
atomizer under elevated ambient pressures. J. Propul. Power 26, 1170-1183 (2010)

Wegner, B., Maltsev, A., Schneider, C., Sadiki, A., Dreizler, A., Janicka, J.: Assessment of
unsteady RANS in predicting swirl flow instability based on LES and experiments. Int. J.
Flows Fluid Flow 25, 528-536 (2004)



Chapter 5
Reynolds Stress and PDF Modeling

of Two-Way Coupling and Vaporisation
Interaction in a Turbulent Spray Flame

Nijso A. Beishuizen and Dirk Roekaerts

Abstract In turbulent spray flames the momentum and mass transfer between fuel
droplets and gas phase influence the turbulence properties of the gas phase. The im-
portance of these two-way coupling effects are investigated numerically by means of
a transported Probability Density Function (PDF) method and compared with exper-
imental data of a turbulent non-premixed methanol spray flame obtained by Karpetis
and Gomez. We focus on the development of a Reynolds stress model that takes into
account the presence of particles and vaporisation. A hybrid Finite Volume/ Monte
Carlo method is used to solve the gas phase properties and a Lagrangian particle
method is used to solve the dispersed phase properties. The model for the pressure-
rate-of-strain is extended to take into account interaction effects and an exact model
for the effect of vaporisation on the turbulence dissipation is proposed. The drag
reduction and the heat and mass transfer coefficient of the fuel droplets due to va-
porisation is taken into account based on numerical correlations found by Chiang,
Raju and Sirignano. Comparison between simulations and experimental data show
that two-way coupling and vaporisation prevent the droplets from completely re-
laxing to the gas phase conditions. The two-way coupling terms appearing in the
model for the pressure-rate-of-strain are of the same order of magnitude as the clas-
sical two-way coupling terms and can therefore not be neglected.
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1 Introduction

In spray flames, the dispersed phase exerts important forces on the carrier medium
in two-ways: by the friction between the phases (drag) and by the momentum of the
vaporised mass. These forces appear as source terms in the Navier Stokes equations.
In turbulent flow, the two-way coupling terms modulate the turbulence characteris-
tics of the gas phase [1, 2]. In turbulent spray flames, the mass transfer can become
very important. Fuel vapor coming from the droplets decreases the drag as well as
the heat and mass transfer rate of droplets [3].

In this work we use Reynolds stress models and probability density function
models to give a statistical description of the above mentioned effects. From the
exact multiphase Navier Stokes equations [4-6] the mean momentum, Reynolds
stress and turbulence dissipation equation can be derived. In a similar manner, start-
ing again from the Navier Stokes equations, a transport equation for the probability
density function (PDF) of velocity (and composition) can be derived [6-8,48]. The
advantage of using the PDF method is that the terms representing convection and
chemical reaction appear in closed form and do not have to be modeled.

The solution of the transport equation of the PDF can be obtained using a
Lagrangian Monte Carlo method. Lagrangian Monte Carlo simulations for gas
phase turbulent reacting flows can be combined with an Eulerian Finite Volume
method to achieve more optimal performance [6,9, 10]. This approach is presented
schematically in Fig.5.1. In this hybrid Monte Carlo/Finite Volume method, devel-
oped at TU Delft, mean properties are solved using the Finite Volume method and
fluctuating quantities are solved using a Monte Carlo method [49]. The code, called
PDFD, calculates the PDF in a 2D axisymmetric domain. Extra care should be taken
to assure a consistency between the two components of the hybrid method: the mean
Reynolds stresses obtained from the Monte Carlo method should correspond to the
mean Reynolds stresses obtained in the Finite Volume method. In particular this con-
cerns the correspondence between the pressure-rate-of-strain term in the Reynolds
stress equations and the Langevin model in the Monte Carlo method. The relation-
ship between Lagrangian turbulence models and Eulerian Second Moment Closure
models has been investigated in detail for single phase turbulent flows [11, 12,50].

Initialization

Two way coupling terms

R v |

RANS Monte Carlo . Monte Carlo
Finite Volume method Evaporation| method
method gas phase »| dispersed phase

| 1 !

Mean fields

Fig. 5.1 Sketch of the hybrid method
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In dispersed two-phase flows, the model for the pressure-rate-of-strain I7;; is
modified by the presence of solid particles or droplets. A modified expression for
the pressure-rate-of-strain taking into account the presence of the dispersed phase
has been derived first by Taulbee et al. [13, 14] following the approach of Launder
et al. [15] to obtain an extension of the LRR Reynolds Stress Model. Following the
same approach as Speziale et al. [16], a more general formalism was derived by
Beishuizen et al. [17]. A straightforward extension can be derived that takes into
account mass transfer from droplet vaporization.

In this paper we study the importance of different two-way coupling effects in
a turbulent spray flame. The importance of the source term for mass transfer and
the importance of the modification of the pressure-rate-of-strain due to the pres-
ence of particles is investigated, as well as the modification of the drag and heat
transfer coefficient by vaporisation. The developed model is applied to a turbulent
non-premixed methanol spray flame studied experimentally by Karpetis and Gomez
[18,19].

2 Theoretical Framework

The mean continuity and mean momentum equations are given by:

b apUy
9 = (S). 5.1
or T o (Sm) (5.1)
pU;  apURU;  pudlu] 9P otk
p + PYUk __ pu; Uy __p ﬂ_'__gl
ot 0Xk 0Xp ox; 0xX
+(Su,) + (Ur,iSm). (5.2)

where the following notations have been introduced for the mean and the density
weighted mean of the transported variable Q:

0=(0X) and Q=

(5.3)

and the fluctuations
¢"X =0X—0AX. (5.4)

The indicator function X (x,¢) of the continuous phase is equal to one when
the continuous phase is present at (x,¢) and equal to zero otherwise. To be more
precise, the notation ( ) refers to the expected value of volume averages over small
volumes. Uy is the velocity at the interface / between the phases. Considering that
the integral of the forces exerted on a droplet surface are equal to the drag force,
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the mean source term (SUi) describing momentum transfer at the particle interface
is obtained as a sum over the droplets present in a small domain 2 of volume Vg:

o dUpi _ 108(p)

where m,, denotes the droplet mass. The mean source term for mass transfer (S, )

is obtained as
1 .
(Sm) = %<%: mp>. (5.6)

The modeled Reynolds stress equation used here is given by:

0 /_— 0 /_——,~ 2_
g (pu;/u/]/) + a (puﬁ/u_/;Uk) =P + 7;] + IT;; — §p€5i/‘

HSupuy )+ 20y sty Sm) — i (Sm), (5.7)
with
(Suu;) = (u7 Su; )+ (“/I/,jSUi ) (5-8)

The contribution to the modulation of the Reynolds stresses due to mass transfer can
be decomposed into two terms. First of all, (u’,’ iu’l’ jSm) accounts for the effect of

mass transfer entering the gas phase with the Reynolds stress u/ ;u/ ;- The source

term <u/1”l.u’1/,j8m> — M?:t//; (Sm) accounts for fluctuations in the (local) vaporisation
rate and arises from the continuity equation. This term is zero when the source term
for mass transfer shows no local fluctuations: S, = Sy — (Sm) = 0.

The exact production, triple correlations and the pressure-rate-of-strain are
given by: _ ~
— an — I n aU;

Pij = —pu; U T PUM g (-9)

T, — _i I:_u”u”u” WS — DU (5.10)
ij = Xz pujutjuy — P'U;0jk — P'UGOIK | ’

m 'y X X 511

={p i + ™ ) (5.11)

The production term P;; is in closed form and the triple correlation tensor 7;; is
approximated by the Daly-Harlow approximation [20]. The velocity of the gas phase
on the interface / is assumed to be equal to the velocity of the particle [21]. The
velocity fluctuation at the interface can then be written as:

] ; = Up;i — U, (5.12)
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which was also used by Lain and Sommerfeld [1]. The modeled transport equation
for turbulence dissipation is given by the standard equation

dpe dpUje 9 [ Cé_—, e
L - 5 S = My
ot 0x; 0x; (18 % + 1) pijue) 0xx

1 _
+w(Ca EPkk — Ceape)
+(S) + ). (5.13)

The exact two-way coupling source term

ou’! X Sy,
(Se) Ez<ﬁx i = 90U > (5.14)
p - dxj 0x;
is usually modelled as [1,2]
€
(SG} = C€3 ?(Sukuk)» (515)
k”k

with Ce; =1.8.
The exact form of the mass transfer source term following from the derivation of
the equation for dissipation is given by

o X ou! X
(s} =2 ExZi= i, ) (5.16)
p 0x; 0x;
3Lt;»/X BM/,{X

When the instantaneous dissipation € = 2%)( T e and the source term for
mass transfer are uncorrelated, this source term can be written in terms of the mean
turbulence dissipation without a model constant as

<S§m)> = ¢(Sp). (5.17)

2.1 Pressure-Rate-of-Strain Model

Models for the pressure-rate-of-strain tensor I1;; can be constructed by examining
the equation for the fluctuating pressure. Following the approach of Speziale et al.
[16] to derive the SSG model, the pressure-rate-of-strain takes the form:

my =P+ (5.18)

j
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where the slow part of the pressure-rate-of-strain /7 l.(jl) is modelled as:
1 = pCebj + pCae (b bkk(s,,) (5.19)

and the rapid part 171.(].2) as:
n? = 5CskS;;
_ 2
+pCsk (biijk + bk Sik — gbmn Smn&j)
+pCsk (biijk + bijik) s (5.20)

with k = u;(’ uy/ 2 the turbulent kinetic energy, and with the mean strain rate tensor

Sij = 2 ax’ + ij ) and the mean vorticity tensor ;; = 2( - aagf)
N 1

The normahzed fluid anisotropy tensor b;; is given by

u’./u/ ’ 1

L= LS s
by ==~ 3 (5.21)
K%k

and the notation bizj is the usual abbreviation for b;;b;;. The model constants can be
chosen in such a way that they correspond to well known turbulence models. Here,
we take the constants corresponding to the model of Launder, Reece and Rodi [15].

For dispersed two-phase flows, the model for the pressure-rate-of-strain is aug-

mented by a contribution due to the presence of particles I l.(jfp) and a contribution

due to vaporisation Hi(jm). This extension can be derived using a multiphase ver-
sion of the approach of Launder, Reece and Rodi [15], or the approach of Speziale,
Sarkar and Gatski [16]. More details can be found in the thesis of Beishuizen [17],

leading to the model:
1

5" = (S )1 VB, (5.22)

with bgp) the normalized anisotropy tensor based on the Reynolds stress two-way
coupling source terms:

SH‘M /
l(]fp) — ( i j) _ lgij~ (523)
(Sukuk) 3

A similar model contribution appears due to mass transfer, containing the anisotropy

tensor bl.(}”):

1
19 = Lt SN, 524

7 Z
( )_<“”“8 )_l ’
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We assume the model constants Cl(fp) and C l(m) to be unity, in correspondence with
the DNS results of Taulbee et al. [13].

The relative importance of these extra two-way coupling terms appearing in the
model for the pressure-rate-of-strain can be seen immediately when they are com-
pared directly with the two-way coupling source terms (S,,[,,j) that are explicitly
present in the Reynolds stress equations. The source term that is explicitly present
in the Reynolds stress equations is given by:

<S“i”j) = (”/I/,iSUj) + (M/I/,jSUi ) (5.26)

and the indirect two-way coupling source term present in the Reynolds stress equa-
tions, through the model for I7;;, is given by:

. 1 1
1P = =3 ({Sun,) - 3 Sl ). 52)

The extra contribution due to the modification of the pressure-rate-of-strain is of the
same order of magnitude as the original (‘classical’) two-way coupling source term.

Using these results, we can now derive a Lagrangian model that corresponds to
the model for the pressure-rate-of-strain.

2.2 Lagrangian Monte Carlo Method

In the Lagrangian Monte Carlo submodel, the computational gas particle property
is described completely by the evolution of the particle location X, the Langevin
equation for the particle velocity fluctuation ' and the particle composition ¢. The
choice of Langevin model implies a model for the pressure-rate-of-strain and these
models cannot be chosen independently in the hybrid method. A straightforward
extension of the Langevin model that is consistent with the modified model for the
pressure-rate-of-strain described earlier is detailed in the PhD thesis of Beishuizen
[22]. Here we give the basic outline of the method.

2.3 Modeling of Fluctuating Acceleration

Our starting point is the transport equation for the mass density function 7 (MDF).
To explain the Langevin model it is sufficient to consider a reduced state vector
¥ = (U) with U the velocity vector. Substituting the Navier Stokes equations and
considering only the continuum phase, we obtain the fluid phase velocity-MDF Fy :

0 Fy Fu 0 .
T'FVza_xi— an [<A1|V)]:U]
_ l(5 | V)7 +1<5 | V)F (5.28)
v | p U; U P m U, .
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where A; are the forces per unit mass appearing in the Navier Stokes equations:

1apX 105X
A= —=P2  JTT L (5.29)
p Oxi — p Ox;

We first focus on the modelling of the expected value of A; and then use the
same approach to determine the fluid-particle interaction source term and the mass
transfer source term. The A; term is decomposed into a mean and a fluctuating part,
using the right-hand side of the Navier-Stokes equation:

9 L oapx) 1 9mX) IFu
— [(A4;)|V)Ful = |— X —
gy, WAilV) Ful ( pX) om T px) ox, v
G YO L PRV (5.30)
wvi | p ax; ax v '
The expectation of the fluctuating acceleration (conditional upon U(x,t) = V)

needs to be modeled. To do so, we closely follow the approach of Pope [7]. In
a small interval of time A¢ the position and velocity of the fluid particle at x(¢)
change by

xi(t + At) = x; (1) + Ui (1) At, (5.31)
t+At , ,
Ui(t + At) = Ui (t) + (A;i) At +/ a;(t)dt . (5.32)
t

By analogy to Langevin’s equation, we model the unknown acceleration a by
a random contribution and a deterministic contribution. For single phase flows the
deterministic part is assumed to be linear in the fluctuating velocity.

For the multiphase interaction terms we assume that the deterministic part is
linear in the fluctuation of the particle interaction source term Sy, . For vaporising
dispersed phase flows, we also assume that there is a contribution to the determin-
istic part that is linear in the fluctuation in the source term for mass vaporisation

u’y .Sm. The integral in Eq. 5.32 can then be written as:

t+At —
/ a;i(t)dt' = Gi;(U; — U j)At + Bijd W; (1) (5.33)
t

+GP (0, ~[s,) a
FG 0 Sl Sa) A1 530

The diffusion term B;; contains three contributions: a fluid phase contribution, a
particle interaction contribution and a contribution due to mass transfer:

Di; =D® + DI + D, (5.35)
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with D;; = (B - BT); ;. For single phase flows, the stochastic diffusion term Bl.(;) is

determined based on Kolmogorov’s hypothesis [7,23], which states that in isotropic
homogeneous turbulence the Lagrangian structure function:

DP(s) = (U +5) - UT D)) (5.36)

for high Reynolds number turbulent flows is of the form:
DO (s) = Coes,tn < 5 < Ti. (5.37)
In Eq.5.36, U is a velocity component in any direction, t, is the Kolmogorov time

scale and 77, is the integral time scale. In Eq.5.37 Cy is the Kolmogorov constant
and the value of s is in the inertial range. From the model Langevin equation (see

e.g. [24]):

1
dt 202\ 2
dU@) = —Un) 2L+ (222} aw), (5.38)
TL Ty,
we obtain the Lagrangian structure function
. 202
DP(s) = . (5.39)
Ty

To be consistent with the Kolmogorov hypothesis, we demand that % = Cye. The

diffusion term is therefore
B = \/Coes;;. (5.40)

The Lagrangian timescale 77, can now be expressed in terms of the turbulent kinetic

energy k = %u;’ u} and the turbulence dissipation €. If we further assume that the

velocity variance is that of a Gaussian distribution and therefore given by 02 = %F,
the Lagrangian timescale is:
Coe 3 €
T;l= — = Cy=. 5.41
L 7262 7 4% 41

2.4 Modification of the Diffusion Term in Dispersed
Two Phase Flows

We will now propose a model for the diffusion term B;; in Eq. 5.34 to take into ac-
count the effect of the presence of the dispersed phase and interphase mass transfer.
The derivation starts by a modification of the Lagrangian structure function based on
the equation for turbulent kinetic energy valid for dispersed two phase flows. This
modification implies a modification of the Kolmogorov hypothesis for the first order
Lagrangian structure function. It is known from previous studies that indeed particle
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laden flows imply a modification of the theoretical results obtained by Kolmogorov,
although definitive answers as to how the mechanism of turbulence modification
exactly works have yet to be found [25-31].

In multiphase flows, the transport equation for the turbulent kinetic energy can
be simplified under the assumption of homogeneous turbulence to yield

opk 1 1
% = e + 3 {Su)+ (] 1 1S} = S 0 NSm) . (5:42)
h/—/
(Sk) (Skm)

The right hand side of this equation contains the total dissipation in a turbulent
multiphase flow, with a contribution from the fluid phase, the fluid particle inter-
action and mass transfer. The short hand notations (Sx) and (Sk,) introduced in
Eq. 5.42 will be used from this point to indicate the two-way coupling source terms.
Accordingly, the Lagrangian structure function is replaced by:

(fp) C(m)
D1(s)=Coes — ‘;) (Sk)s—oT(Skm)s (5.43)

In this equation we have introduced different constants Céfp) and Cém) for the parti-
cle interaction and mass transfer to anticipate on the expected form of the modified
turbulence models. The stochastic contribution to the acceleration becomes:

t+At e ()
/ a;i (t")dt' = [Gi.i(Uj -Uj)+ Gijp (SUj - (SUj ))
t

+G I (uf ;S —uf ;(Sm)) ]At

(fp) cm 2
+ |:Co€ -2 (&) -2 (Skm):| dWi(t). (5.44)
P P
The last term in Eq. 5.44 is our new model for the stochastic diffusion Bj;;, including
the effects of the presence of particles and the effect of mass transfer.
The corresponding modeled transport equation for the MDF Fy; can be derived
[7,32] and is given by:

0Fy . aFy a1 on 0Ty
U S (22 g ) Y
ot " ox; ( p(¥) 9x; * p(¥) Ox; )

_0 (fu [G,-z(vl _ - %coealn(f")])

0

v v
9 @) 1c® aIn(Fy)
1% <‘7:U |:Gil (Sv, (SUI)) + 275 (Sk) v
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o (56t (s )

+lc(§’"’ aln(]:U):| )

25 (Skm) v, (5.45)

It remains to determine a proper model for the drift tensors G;;. When the diffusion
and the drift tensors have been determined, it is possible to derive a mean momentum
and Reynolds stress equation from them. These equations can then be compared to
the Eulerian mean momentum and Reynolds stress equation that were derived by
Reynolds averaging the Eulerian Navier Stokes equations.

2.5 Consistency with Second Moment Closures
A modeled transport equation for the Reynolds stresses can be derived from this

result by multiplying Eq.5.45 by p(V; — (U;))(Vk — (Uk)) and integrating. The

result is (with a rearrangement of indices to identify the Reynolds stresses u// u’jf ):

8,014” " 8_ // u Uk au”u”u;é . ﬁu’}/‘l;/a_ﬁ’ + 5,]’\,]’ _36;
ot axk Oxk TR dxk 17k dxp

= +Gilﬁu7,'\/u;, + Gﬂﬁujﬁ;;/ + COﬁE(Sij
+G Py ;Su,) + Gy Su,) — CiP (S8
G(m)<”’/””8 > G;.'l")<u’,’, W45 > Co™ (Sim)Sis.

A model for G;;, G(tp ) and G(m) can now be found by comparing the above expres-
sion with the Eulerlan transport equation for the Reynolds stresses (5.7) [24].

If viscous and pressure transport are neglected, then the model terms correspond
to the pressure redistribution term and the dissipation. When dissipation is assumed
to be isotropic we obtain the relationship:

— 3 2
Hij = Gilﬁu/j{l/t;/ + G/lﬁu/,uy + (1 + zco)ﬁeggij
(p) (fp) 306 6,2
+G p(u/ll,]S )+G p(“IISUl)_ECOP (Sk>§8ij

m 3 " 2
+G;; )( u U1 Sm >+G§1 < 77 1Sm ) G0 (Sum) 3815 (5:46)
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If we require I7;; = 0, expressing that the pressure strain term is only redistributive,
we obtain the requirement

7 3.\ 3
Girpuj'uj + (1 - Eco) pe + G 1Su) = 5Co™ ()
3
+Gi(;n)<“/l/,i”/l/,l m> - 505’") (Stm)=0. (5.47)

Because we want this expression to appropriately reduce to the single phase
Reynolds stress model as well as the non-vaporising Reynolds stress model, each
line in Eq. 5.47 has to be equal to zero independently. We will now first briefly dis-
cuss the single phase flow situation and derive an expression for the drift tensor G;;.
The particle laden case and the vaporising particle laden case are then subsequently
treated in a similar fashion.

2.5.1 Single Phase Flow

The simplest choice for G;; in the case of a single phase flow is

1 3 €
Gjj = —5 (1 + ECO) ;51'/', (5.48)

which is the Simplified Langevin Model (SLM). Substituting this into the first line
(the single phase part) of Eq. 5.46 leads to

—_—
"

3 N\_ |ul 2
Hg) - _ (1 + ECO) pe IE] - 55,;,- . (5.49)
cl 2b;;

This corresponds to Rotta’s model with the Rotta coefficientc; = 1 + %CO. A more
general expression for G;; can be found by assuming that G;; is a general tensor
function depending on n flow properties. Haworth and Pope [33] hypothesized that
a sufficiently general functional form for G;; is given by

—, U
Gij = Gij (u%ué’, Wp’€> : (5.50)
q

The most general form of this equation that is linear in the anisotropy tensor and
in the mean velocity gradients, and that satisfies the four principles of invariant
modelling: dimensional consistency, coordinate system independence, Galilean in-
variance and rules for forming isotropic tensor functions of other tensors, is given by
€ a0
Gij = ,Z,(Otl(s[j + O{zblj + Oé3bi2j) + H,'jle. (5.51)
1
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2.5.2 Contribution of the Fluid-Particle Interaction

To obtain the most general model for Gl(/p ), it is sufficient to consider tensors of the
form

2
Gi(;p) — Ollfp)8 + Ol(fp)b(fp) + Olgfp) (bz(jfp)) ) (5.52)

To obtain a model for Gl.(;p) that corresponds to the two-way coupling part of the

pressure-rate-of-strain tensor /71 l.(jp) given by Eq.5.22

1

(s

115" =~ (Suu )C1 b (5.53)

we can neglect the second and third contribution to the Langevin model in Eq. 5.52.
The fluid-particle contribution to the pressure-rate-of-strain reduces to

1 2
e = Lew ((u;’isUj) (u7;0,) = 517 5 5 ,-) . (554
A model for the first contribution of the dispersed phase to G;; is then:

g _ 1.3

(fp)
ij 3 2 dij (5.55)

It is seen that the contribution due to fluid particle contribution then is similar to a
Simplified Langevin Model. Substitution into Eq. 5.46 yields:

3 ,, 2
Hi(jfp) — _ECO(fP) ((ul lSU ) (ul,jSUi) — 5(81()8,]) s (556)

which corresponds to I7;; ) in the Reynolds stress model (5.53) with C, () _ 3C, (),

2.5.3 Contribution of Mass Transfer

A model for the mass transfer source term is obtained in a similar manner. The most
general model is of the form

G = 0™ + oMb + ™ (bIP)2. (5.57)
Choosing ™ = —13¢{™ and &y = a{™ = 0, one has

G = - zc(’”)sl, (5.58)
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Substitution into Eq. 5.46 yields:
1 = 2 (afu) ) Sm) — = (S 5.59
ij ——5 0 Uriuy, j m>_§< km) ij |- (5.59)

There is now a slight inconsistency because the source term (Sk;,,) contains an extra
contribution due to the vaporisation fluctuations which did not appear in the model
for the pressure-rate-of-strain derived from the equation for the pressure fluctuation.
This inconsistency is most likely caused by the neglect of the mean contributions
in the model for the pressure-rate-of-strain, effectively causing the pressure-rate-
of-strain to depend on the instantaneous two-way coupling terms instead of the
fluctuating two-way coupling terms. Although this inconsistency deserves to be in-
vestigated (and solved), for now we will neglect it since it is most likely to play only
a small contribution to the total turbulent kinetic energy budget.

2.6 Evolution Equation for Gas Phase Particles

The complete generalised Langevin model for the equation of motion of stochastic
samples of the fluid flow in a two-phase turbulent flow is:

dX;(t) = U;(t)dt, (5.60)

1 97
AU (1) = — 22 a1 4 grdr
p 0x;

+Gi; (U;(t) — Uy)dt
+Gi(;p) (Su, —(Sv,)) dt
+Gi(j'-") (] ;Sm — (u] ;Sm)) dt

1

c cm 2
+ [COE - % (Sk) — OT(Skm) dW;(t)

1 1
+;SU’-dt + ;M/I/,iSmdl‘, (561)

with G;; given by:

. (Uk)
Gy = f(on&'j +obij +a3b) + Hijki dx;

; 3
Gl-(jt-p) = —ZCéfp)(Sij,

3
Gij” = —5Ca" 8. (5.62)
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The models for the fluid particle contribution and mass transfer contribution are
Simplified Langevin Models, which correspond to a term similar to a Rotta term
(a linear return to isotropy) in second moment closures. It is not necessary to also
use a SLM or a Rotta turbulence model for the continuum phase turbulence model.
This model can be chosen independently.

In Monte Carlo simulations the mean velocity in a finite volume in the computa-
tional domain is obtained by averaging over the N, Monte Carlo particles present in
the cell. The calculated mean velocity will contain a statistical error which is a func-
tion of N,. When the number of particles in the cell is small, the calculated mean
velocity will have a large statistical error. When this mean velocity is then used in
the calculations of the individual particle evolutions, a bias error results, which is a
deterministic error that scales with Np’ 1134,35]. To keep the bias error small, the
mean velocities are obtained from the mean transport equations and the fluctuating
quantities are obtained by solving a Langevin equation for the fluctuating velocity.

The Langevin equation for the velocity fluctuation u) = U; — U is:

a—u//u//
du;/:—(l__) apd_ //aUld 1 1Y ]d

0 0x; 7 0x; P Ox;
+ G,','u/{dl
+ (G(fp) (SU/ - (SU_/ )) dt
G (5 — (S i

1
(fp) (m) 2
C Cy
+(Coe— 580 - = <skm>) dW; (1)

+ [lsUi - é(sU,.)} dt + [luf; Sm— 2 ,.s,,,)} dt. (5.63)
P p ph p'l

In Eq. 5.63, the pressure gradient is multiplied by a factor % — (17>. This factor repre-
sents the difference between the instantaneous specific volume and the mean specific
volume. In an isothermal incompressible flow, the density will be constant and this
term vanishes. In a spray flame however, large density variations can occur and this
term may not be negligible. For now, this term will be neglected.

In Eq. 5.63 there are also several contributions to the Langevin model due to the
presence of dispersed phase particles. The contribution to the mean drift in the third
line of Eq. 5.63 and the contribution to the diffusion term in the fifth line of equation
result from the modification of the model for the pressure-rate-of-strain. The two-
way coupling term in the last line of Eq.5.63 takes into account the momentum
transfer at the interface between the phases, i.e. due to the presence of dispersed
phase particles interacting with fluid particles. The mean two-way coupling source
terms are known (see Eq.5.5). But the instantaneous terms Sy, and u ;Sm are not
known. This follows from the fact that in our simulation method the ﬂu1d phase
as well as the dispersed phase are both represented by independent samples of the
one-point PDF.
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Minier and Peirano [36] have already proposed a stochastic closure model for
these instantaneous coupling terms between the phases taking into account the dis-
persed phase volume fraction. When the Langevin equation is of the form

dU; = Ag;dt + Apsridt + Bijd W;, (5.64)

in their approach the two-way coupling source term Ap_, is given by

0 with probability 1 — o,

1

2-Su; = 55 Fpst,i With probability (5.65)

Ap—)f,i =

where Vs is the volume occupied by fluid particle f. The force exerted by a dispersed
phase particle on the surrounding fluid F,—¢ is the right hand side of the equation of

motion of the particle, F' = m%, which is given in Eq. 5.67. When such force is
needed in the equation of motion of a gas phase particle, according (5.65), it is drawn
from the distribution formed from the dispersed particles in the neighborhood.

More recently Anand and Jenny have developed a unified joint PDF framework
[10, 51] for dilute dispersed multiphase flow. In their approach the joint PDF of
continuous and dispersed phase properties is represented by a large ensemble of
computational particles, with each particle carrying information of both phases. The
terms in the gas phase particle equation referring to instantaneous droplet properties
then are explicitly represented.

We here use a simpler model. It is an extension of the algorithm used for mass
transfer. The distribution algorithms for the source terms of mass transfer can be
constructed using the saturation of the fluid phase particles [6] as a parameter to
determine which gas phase particles receive mass from dispersed phase particles.
The idea is based on the observation that evaporation should feed a peak at satu-
rated conditions in the gas phase composition PDF [37]. We sort the fluid particles
in a finite volume cell based on their saturation conditions. The fluid particle that
is closest to saturation gets vaporised mass until it reaches saturation conditions.
We then move to the next particle that is closest to saturation until all the vapor-
ised mass is given to the fluid particles. This algorithm is described in more detail
in [6]. In a straightforward extension, instantaneous momentum transfer is assumed
to happen between the gas phase particles and the disperse phase particles that are
already associated with each other in the frame of the mass transfer algorithm. The
evolution of the fluid particle composition ¢ is governed by the addition of evapo-
rated liquid fuel mass by the algorithm described above, by chemical reactions and
by a Lagrangian micromixing model. Here, the standard Interaction by Exchange
with the Mean (IEM) mixing model is used [38].

In the example studied below, only a single independent variable Z, the mixture
fraction, is considered to describe the evolution of the gas phase composition ¢:
¢ = (Z). A flamelet lookup table is used to obtain the thermochemical properties
of the gas phase as a function of the mixture fraction Z. In the evolution equation for
particle mixture fraction there is no chemical source term. The strain rate is known
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to vary throughout the domain in reacting flows. However, it is fixed at a value
of s = 100 1/s in these simulations. Simulations of a spray flame where variable
strain rate is taken into account (through the scalar dissipation rate) can be found
in the works of Ge and Gutheil, i.e. [39]. In the transport equation for the scalar
dissipation rate, the two-way coupling source terms also appear and therefore the
mixing model is in principle influenced by the presence of particles and vaporisa-
tion. A simple analysis following Fox [38] shows that the effect of mass transfer on
the scalar dissipation rate is a function of Re~? and is therefore negligible at high
Reynolds numbers. If the model constant for the two-way coupling source term is
not a function of the Reynolds number, then this term is also negligible for high
Reynolds numbers and the mixing model frequency is unaltered by the vaporising
droplets.

2.7 Governing Equations for the Dispersed Phase

The dispersed phase consists of liquid fuel droplets that move, heat up and vapor-
ise as they traverse downstream. They are considered point particles as the flow in
and around each droplet is not resolved, but the volume occupied by the droplets as
well as the forces exerted by the particles on the flow is taken into account through
the volume fraction and the two-way coupling terms in the continuum phase equa-
tions. Since the focus of the article is on two-way coupling, a full description of the
governing equations for the dispersed phase is given below.

2.7.1 Acceleration Model

Simplified equations of motion are used to describe the velocity evolution of a heavy
particle with mass m,, in a turbulent fluid [40]:

pr,i
- =U,,. (5.66)
dUu. ; U..—U., ; 10
pi _ Usi=Upi 1 9(p) + i (5.67)
dr Tp Pp 9x;

The effect of the surrounding fluid flow is included through the first two terms on the
right hand side of Eq. 5.67, respectively the drag force and the mean pressure gra-
dient at the particle location. The seen velocity Us is the velocity of the undisturbed
fluid flow at the position of the particle center — the velocity that would exist in the
absence of the particle but turbulent and disturbed by all the other particles [41].
It is modeled using the stochastic dispersion model of Minier and Peirano [6,22,36]
which takes into account the effect of crossing trajectories and the continuity
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effect. The final Langevin equation for the velocity seen, including two-way
coupling, is:

1 dp (U;
dUs,i = — __pdt + (Ur,,')gdl‘
Pr 0X; 0x
1 3 € 4 1 3 K 1

- (5 + ZCO) ;’bi (Us,i - (Us,i>)dl + \/56 ((5 + ZCO) bi? - E)dWi
1 1

+ —Sy,dt + —Uy,;Spdt, (5.68)
pr ot

In the case of anisotropic turbulence a weighted turbulent kinetic energy has to be
introduced to compensate for the non-isotropic drift vector:

3 Zz—l <utzufl>
K= PR (5.69)
2 Zz =1 bi
with the ratio of the fluid timescale and the seen timescale b; = Tf [36].

In Eq. 5.67 the particle response time scale 7, is based on the response time in a

Stokes regime T, (St).

2 (5.70)

where Cp is the Schiller-Naumann drag coefficient for high Reynolds number
flows:

24 0.687) :
24 (1+0.15Re0%%7) if Rey < 800
0.44 if Re, > 800

Cp = (5.71)

with Re, = pr |Up — US| dpis.

2.7.2 Evaporation Model

The evolution of droplet mass and droplet temperature is described by an infinite
conductivity model. We use here the non-equilibrium model proposed by Bellan
and Harstad [42] and the formalism described in Miller et al. [43]. The evolution of
droplet mass and temperature is then given by:

. 1 Shm,
=————1In(l + By), 5.72
mp 35T, n(l + Buy) (5.72)

fZNu& (Tt — Tp) _ ﬁi

3Pr Cp, T my, Cp,

T, = , (5.73)
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with L the latent heat of vaporisation. The Nusselt number Nu and the Sherwood
number Sh are given by the Ranz-Marshall correlations:

Nu = 2 + 0.552Re}/?Pr'/?, (5.74)
Sh = 2+ 0.552Re}/2Sc!/3, (5.75)
where the Prandtl number Pr = pcpr/As and the Schmidt number Sc =

W /(peDy) . The Spalding mass transfer number and the Spalding heat transfer
number are defined as
) _

In Eq. 5.76, Y 1) denotes the vapor mass fraction at the droplet interface and Y; is the
local vapor mass fraction of the surrounding gas phase (the mean mass fraction in
the finite volume cell in which the particle resides). We have used the classical rapid
mixing model in combination with a Clausius Clapeyron relationship providing the
equilibrium vapor mole fraction and with the non-equilibrium model of Miller et al.
[43]. No significant differences were found in the simulation results when compar-
ing these two models and results presented below are for the model of Miller unless
stated otherwise.

2.7.3 Drag and Heat Transfer Modification Due to Vaporisation

Vaporizing droplets have a smaller drag coefficient than non-vaporizing droplets.
The drag coefficient is modified by the Spalding mass transfer number Bjs or Spald-
ing heat transfer number Br. We use here the drag correction proposed by Chiang
et al. [44]:

Choy = CDyperc(1 + Bry) ™", (5.77)
with
By = Br (1 — &) . (5.78)
Os

In Eq.5.78, Qj is the energy consumption rate for droplet heating and Qy is the total
heat flux obtained from the gas phase. Br is the Spalding heat transfer number

1
— CPf(Tfoo - Tf( ))

Br
Lt

(5.79)

In Eq.5.79, Tl(nlﬂ)l '’ denotes the temperature at the droplet interface and T is the
local temperature of the surrounding gas phase. Chiang also finds correlations for
the Nusselt and Sherwood number for vaporizing droplets using the heat transfer
number By and Bjs:

Nu = NuSphere(1 + BH)_OJOOv (5.80)

Sh = Shgpnere(1 + Bpr) 27, (5.81)
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leading to lower Nusselt and Sherwood numbers compared to the classical Ranz-
Marshall results. These corrections incorporate the slower droplet vaporisation due
to the finite diffusion of the fuel vapor to the environment.

3 Spray Flame Simulations

A turbulent methanol spray flame under conditions similar to those measured experi-
mentally in the experiments of Karpetis and Gomez [18,19,45] has been numerically
simulated. This experiment will be referred to as the Karpetis spray. A sketch of the
experimental configuration with the numerical domain can be found in Fig. 5.2. The
spray flame is of the non-premixed type with a liquid mass flow rate of 5.1 g/min.
The Reynolds number, based on cold flow conditions, was approximately 21,000
and the Kolmogorov length scale was estimated to be n = 3 um.

Figure 5.2 shows the computational domain used and the location of the measure-
ment sections. Measurements were performed at x = 0.1D (used as inlet conditions
in the simulations), x = 0.5D and at every half burner diameter D (D = 12.7 mm)
thereafter, up to x = 6.5D. Phase Doppler Anemometry (PDA) was used to obtain
the first and second moments of gas and droplet velocities, droplet number density
and droplet size. Results for three different size classes, together with the mean

100 mm

600 mm
s
wn
{ S

L]
measurements eeeds
every 0.5 D

0.5D

+0.1\

—>||| le— D=12.7mm

l

Fig. 5.2 Sketch of the
configuration used by
Karpetis and Gomez, and the
numerical domain used in the
simulations presented here
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results, are available. The gas velocity statistics were calculated by considering all
droplets smaller than 8 ;um as tracer particles of the gas flow. This information is also
used in the dispersed phase as a fourth size class. The Stokes number is a measure for
the response time of a droplet and is defined as: St = 1,/7; = ,opdp2 /18vepsts. The
Stokes number based on the flow timescale 7 = D/ U is St = 0.05 for the smallest
droplets (the Stokes number based on the Kolmogorov timescale is St = 0.66). It
is mentioned in [45] that tests where either 6 or 12 um was used as an upper limit
yielded minimal differences in the velocity and velocity correlations attributed to the
gas phase, which indicate that the droplet size class is small enough to be considered
as tracer particles.

In addition to the PDA measurements, Raman Spectroscopy was used to mea-
sure mean gas temperature and temperature fluctuations. At x = 0.1D, the spray is
already burning, which means that part of the droplets have already evaporated to
form a reacting mixture. The mixture fraction profile at x = 0.1D is chosen in such
a way that the corresponding flamelet temperature matches the measured mean tem-
perature profile. The flamelet temperature corresponding to the most lean condition
was used. The pressure is solved using a pressure correction algorithm, which takes
into account mass transfer.

3.1 Dispersed Phase

For the dispersed phase, experimental data on several droplet size classes are avail-
able. Nine droplet size classes were used in the simulations. The first two size classes
are [0-8] and [8—15] um, the other classes each have a bandwidth of 10 wm, start-
ing from [15-25] um and ending with [75-85] um. The mean droplet diameter was
dp = 30 pum, which is almost the same size as the Kolmogorov length scale. Direct
numerical simulations of Elghobashi and Druzhinin have shown that the turbulence
dissipation increases when the droplet diameter dj, is larger than the Kolmogorov
length scale nx and decreases when d}, < ng. This behaviour is caused by interac-
tion between different length scales in the energy cascade process and can therefore
not be observed in Reynolds stress models where only a single length scale of tur-
bulence is present. It is for this reason that it is difficult to correctly predict the
turbulence dissipation in polydispersed phase flows with two-way coupling.

The liquid droplets enter the domain with a temperature of 7, = 300K for all
droplets. This temperature then quickly increases towards the boiling temperature
T = 334K.

Thirty computational gas-phase particles per cell were used and six computa-
tional liquid-phase particles per class per cell were used (which means a total of 54
computational liquid-phase particles per cell). A comparison of a simulation where
60 computational gas-phase particles and 9 liquid-phase particles were used with
a simulation where 30 gas particles and 3 liquid particles were used has shown a
difference of less than 2% in the velocity of the smallest particles and less than 10%
in the Reynolds stresses. The difference in Reynolds stresses of the gas-particles
was approximately 5% and less than 2% near the centerline. Of more influence was



154 N.A. Beishuizen and D. Roekaerts

the time step used for the dispersed phase droplets. A local timestepping method
[46] was used for the gas phase and the liquid phase with timesteps varying around
At = 1.0 - 107%s. Choosing a smaller time step had a negligible influence on the
gas phase results, but it takes much more iterations to obtain smooth dispersed phase
averages.

The coupled equations of motion (5.66), (5.67) and (5.68) are solved using a
weak first order stochastic scheme based on the stochastic scheme of Minier, Peirano
and Chibbaro [47], but extended for the case of a generalised coordinate system
where the mean drift vector need not be aligned with the first axis of the coordi-
nate system [22]. The main result is that stochastic terms also enter the propagation
equation for Xp; and U, ;.

The total number of timesteps used was 30,000, which took approximately 2 days
on a 3 GHz 64 bit single processor.

4 Results and Discussion

4.1 Gas Phase Results

Figure 5.3 shows radial profiles of the mean axial velocity of the gas phase Ur at
four axial locations downstream of the inlet. The dots represent the experimental
data of the smallest droplet size class (0—8 pm), which is used as a representation of
the gas phase velocity.

The momentum transfer of the droplets will gduce (7f because FU: < l7f, but the
mass transfer due to vaporisation will increase Us. It can be seen in Fig. 5.3 that the
latter effect is slightly stronger resulting in higher axial velocities near the centerline.
In these simulations is important to take into account that vaporisation reduces the
drag coefficient and the heat and mass transfer coefficient with a factor of 1 + Bjy.
This effect was taken into account in the vaporisation correction of Chiang [44] (see
Sect. 2.7.3). The momentum transfer and therefore the mean axial velocity are lower
when this effect is not included. From this point on, all simulation results include
the effect of vaporisation on the drag and heat and mass transfer coefficient.

We will now look at four different simulations, referred in the text as cases
(a) through (d), with different settings for the two-way coupling source terms
(Table 5.1). Case (a) does not include any two-way coupling effects. Case (b)
includes all two-way coupling effects in the momentum and Reynolds stress and
dissipation equation, except those in the model for the pressure-rate-of-strain. Case
(c) is like case (b), but it also includes the effect of all mass transfer terms in the mo-
mentum, Reynolds stress and dissipation equation, and case (d) is like case (c) but
including the effect of particles and mass transfer on the pressure-rate-of-strain I7;;.
The mean axial velocity is shown in Fig.5.4. Including two-way coupling always
leads to a lower mean axial velocity in the center of the spray, and all simulation
results are lower than the experimental data here.
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Fig. 5.3 Comparison of two-way coupling models with the correction model of Chiang. « Exp.
data Karpetis. — No two-way coupling. --- one-way coupling. —-— one-way + mass coupling.
—— Without Chiang correction

Table 5.1 The source terms

! ! Case Source terms
that are taken into account in
the different simulations @) [-]
(b) SU, s Su, ujs Se
(C) SU[ ’ ‘Su,-u/ 5 Sé
Sm 5 Up,iSm ’ ul/'/u;'/sm ’ ‘Sfm
i
(d) Su,+ Suuy - Se. Y

"o (m)
Smw Up,iSmw u; u/' Sm~ Sem s Hij

The axial Reynolds stress uf u; is shown in Fig. 5.5. A depression near the center-

line can be observed in the experiment and the simulation without two-way coupling
(case (a)). Two way coupling leads to an increase in the Reynolds stress. Including
two-way coupling in the model for I7;; (case (d)) leads to a partial compensation
of the total two-way coupling source terms and results in a lower Reynolds stress
with respect to cases (b,c). Also, the contribution of mass transfer is not negligi-
ble and should be taken into account in the Reynolds stress equations. The radial

—_—

Reynolds stress v{v{ is shown in Fig.5.6. When no two-way coupling is used, the
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Fig. 5.4 Radial profiles of mean gas phase axial velocity 5; « Exp. data Karpetis. — No
two-way coupling. --- Classic two-way coupling. —-— two-way + mass coupling. —— Full

two-way coupling

experimental profile and the simulated profile for the Reynolds stress is qualitatively
and quantitatively the same. Including two-way coupling effects leads to a different
Reynolds stress profile. Including two-way coupling slightly increases the radial
Reynolds stress, causing a local maximum at the centerline. Including mass trans-
fer has a much stronger effect, causing a double peak profile around the centerline.
The mass transfer source term is slightly less strong at the centerline because the
temperature and therefore vaporisation is slightly lower there, which explains the
shape of the profile. Again, including the effect of the presence of droplets and mass
transfer on the pressure-rate-of-strain slightly reduces the strength of the two-way
coupling source term, leading to a lower peak compared to case (c). At a distance
of X = 2.0D downstream of the injector, the ‘full’ two-way coupling model has a
Reynolds stress profile that is flatter than the other cases.

Figure 5.7 shows a comparison between the experimentally measured mean tem-
perature profile and the simulation results. All simulations show a local minimum at
the centerline: the temperature at the centerline drops due to excess fuel vapor, and
this a sign of (at least numerically) of external group combustion. The experiment
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Fig. 5.5 Gas phase axial Reynolds stress u; ;. « Exp. data Karpetis. — No two-way coupling.
--- Classic two-way coupling. —-— 2-way + mass coupling. —— Full 2-way coupling

does not show this behavior. This could be an experimental error [18]. The tempera-
ture was only measured when the measurement was not disturbed by the presence of
a particle. However, the presence of a vaporizing particle will mean a local increase
in fuel mass fraction and therefore a lower temperature. Uncertainties in the model-
ing can also be the cause of the discrepancy. It is therefore also interesting to look at
the temperature variance, shown in Fig. 5.8. All simulation results show a very dis-
tinct minimum at the centerline, even the simulation without two-way coupling. The
fact that the fluctuations in temperature are damped can be related to the algorithm
for mass transfer between Monte Carlo particles. When the fuel vapour emanating
from liquid droplets enters the gas phase, it is at (approximately) the boiling tem-
perature of methanol. This fuel vapour is then given to the Monte Carlo particles in
a ‘most saturated particle first” approach [6]. Immediately afterwards, the flamelet
table assigns a new temperature to the Monte Carlo particle. When all particles are
saturated, the remaining vapour is distributed homogeneously over all gas-particles
in the finite volume cell, leading to small or no variance.
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4.2 Dispersed Phase Results

Figure 5.9 shows the axial velocity of the dispersed phase for three different droplet
size classes. The smallest droplet size class was used to represent the gas phase
velocity in the previous figures. The simulation results are for case (d) only, includ-
ing all two-way coupling effects. As reference, the simulation results for the gas
phase are also included. The difference in velocity between the different size classes
is captured very well in the simulations, although further downstream the velocity
profiles of the smaller droplet sizes do not develop as fast as in the experiment. The
difference between the velocity of the smallest droplet size class and the gas phase
velocity causes a problem: the smallest droplets are, at least in the simulations, not
a good representation of the gas phase velocity. This is true even when no two-way
coupling is used in the simulations, and should be attributed to the particle vapor-
ization. The smallest droplets have only been small for a short amount of time and
they did not have time yet to relax to the gas phase velocity. They will be evaporated
before their velocity has fully relaxed to the gas phase.
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A comparison with the radial velocity shows that the droplet velocity is also dif-
ferent from the gas phase velocity, but for a different reason. Figure 5.10 shows a
comparison between the measured radial velocity of the gas phase, the simulated ra-
dial velocity of the gas phase and the simulated radial velocity of the droplets in the
size class [0-8] um. The figure clearly shows that the computed radial velocity of
the smallest droplets agrees very well with the experimentally observed values of ra-
dial velocity. Note that the experimentally measured values are in fact the measured
radial velocities of the smallest droplets.

An explanation for this is as follows: a tracer liquid particle originally situated
in the spray region will have a large positive radial velocity and it will there-
fore move away from the centreline. A fluid particle situated outside of the spray
region has a much lower radial velocity. However, the velocity of this fluid par-
ticle cannot be measured since the flow surrounding the spray region does not
contain any particles. The velocity measurements near the edge of the spray are
biased due to the conditional measuring of tracer particles coming from the spray
region.
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In Fig.5.11 the droplet radial Reynolds stress is shown, together with the simu-
lation results for the gas phase. The Reynolds stress is predicted reasonably well,
although at the edge of the spray region there is a tendency to overpredict the
Reynolds stress for the smaller droplet size classes.

Figure 5.12 shows the mean diameter. The results without two-way coupling and
with full two-way coupling are shown here. The differences for the predictions of
the mean droplet diameter are marginal because the temperature and axial velocity
are almost the same for both simulations.

5 Conclusions

In a spray flame many interaction effects can play a role. This work has focused on
two-way coupling effects due to momentum and mass transfer. These effects were
studied in the framework of a hybrid method, combining a Reynolds stress model
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(finite volume approach) with a transported PDF approach (particle approach).
The turbulence model for the pressure-rate-of-strain was extended for vaporizing
dispersed two phase flows and a consistent Langevin model was derived. This
turbulence model takes into account the effect of two-way coupling due to the pres-
ence of particles and the effect of mass transfer by vaporization. The new model
was applied to a turbulent methanol spray flame studied experimentally by Kar-
petis and Gomez. The predictions of the two-way coupling models were compared
to simulations without two-way coupling and to the experimental data. In general
the observed differences between different treatments of the two-way coupling are
small. The classical two-way coupling model already gives good predictions of the
mean flow quantities. An important observation is that in the simulations, the small-
est particles have no time to relax to the gas phase conditions due to vaporization.
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