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ABSTRACT
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Doctor of Philosophy

DIRECT AND LARGE-EDDY SIMULATION OF INTERACTIONS
BETWEEN REACTING FLOWS AND EVAPORATING DROPLETS

by Jun Xia

Reacting flows interacting with liquid droplets are of practical and scientific importance due
to their appearance in a multiplicity of industrial and domestic applications such as fire
suppression systems and humidified gas turbines. Experimental measurements are usually
limited to global quantities or local quantities at limited spatial locations, which provide
lictle detailed information for fundamental understanding of complex interactions.
Numerical simulations can overcome these limitations, but are restricted by the available
computer capacity. Therefore, most previous simulations in the field employ simplifications
such as a two-dimensional configuration, the Eulerian description of the dispersed phase, or
the Reynolds averaged Navier-Stokes (RANS) methodology, etc. Such simplified methods
are not appropriate for scrutinizing the local, unsteady interactions embedded in the
realistic multiphase reacting flows from the first principle. To this end, systematic
understanding of the multilateral, multiscale and multiphysics interactions among
turbulent flow, chemical reaction and dispersing droplets is still far from being achieved.

Recently, the rapid development of the supercomputer hardware and software
technologies enables the application of high fidelity numerical techniques, ie., direct
numerical simulation (DNS) and large eddy simulation (LES), to such complex flows. In
the present study, a hybrid Eulerian-Lagrangian methodology is developed and
implemented to investigate the multiphysics interactions. The well-designed parallel
algorithms enable us to look at both canonical and practical configurations, including a
temporal reacting shear layer, a turbulent reactive jet diluted with droplets and a simplified
small-scale domestic fire suppression system. All these configurations are characterised by
nonuniform droplet loading in the computational domain, fully three-dimensional
simulation and the Lagrangian description for droplets. The number of traced droplets
reaches the magnitude of 10 in some cases. DNS results with various physical parameters
have been obtained, showing self-consistency and correct trends. In LES, to avoid arbitrary
tuning of subgrid model coefficients, fully dynamic procedures have been designed
following the Germano procedure and implemented for the main six subgrid models. LES
of a heated plane jet, a reacting jet diluted with evaporating droplets and a simplified fire
suppression system has been performed and analysed. Droplet effects on turbulence and
combustion are quantified through examining the transport equations for the kinetic
energy and internal energy of the reacting flow.
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Notation

¢

Ca

Co

Ci

Cr, Cy

CFL

Droplet surface area (A = 7‘ED§)

Total surface area of droplets exposed to the gas

Spalding number for mass transfer

{BM = (Yv,surf Y, ) / (1 =Y )}

Speed of sound

Heat capacity at constant pressure

Heat capacity at constant volume

Dynamic coefficient of the Smagorinsky model
Coefficient for the inter-phase drag

Dynamic coefficient of the Yoshizawa model

Dynamic coefficients of the eddy-diffusivity models

Courant-Friedrichs-Lewy number
Mass diffusivity; Dissipation
Droplet diameter

Internal energy per unit mass (e =h'+c,T )

Activation energy for reaction

Total energy per unit volume {ET =p ( etuu, |2 )}

Correction coefficient to the Stokes drag; Frequency



f

FZD’ F3D

Hy

L, 11, 111,

Ly L, L.

MLR

Py Myy

Collision frequency of the reactant molecular

Amplitude of the initial 2D and 3D disturbances used for the

temporal mixing layer; Defined as ratio of the disturbance
circulations to the approximated circulation due to the mean
velocity.

Stokes drag force exerted on droplets

Gravitational acceleration

Convolution kernel function for filtering operations
Enthalpy; Grid spacing; Jet nozzle width

Latent heat of evaporation

Convective heat transfer coefficient

Specific driving potential for mass transfer

Source terms due to droplet evaporation for the transport equation

of the mixture fraction variance Z

Thermal conductivity

Model coefficient for the filtered reaction rate @,
Length

Basic functions in the Lagrangian interpolation scheme
Computational domain size

Mass

Droplet evaporation rate

Mass Loading Ratio, defined as the initial ratio of droplet mass to
oxidizer mass in Chapter IV, the ratio of the mass flow rate of
droplets to that of the gas fuel at the jet nozzle in Chapter V, and
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Chapter I - Introduction

I.A Project Background

Multiphase reactive flows have been of theoretical and practical interest for a long time. Re-
action due to the multiphase mixture of gas reactants and liquid water appears in a number
of industrial combustors and domestic devices. In the field of fire suppression, the use of
water mist to extinguish fires has received considerable interest since the banning of halo-
gen-based agents for environment protection reasons (Tatem ez al. 1994; Grant ez al. 2000).
In gas turbines, water or steam injection together with fuel has been used to control the
NOj formation since the 1960s (Jonsson & Yan 2005) and more recently as a part of the
strategy to achieve zero-emission power plants (Richards ez 4/ 2005). Another new devel-
opment is the hybrid Solid-Oxide Fuel Cell (SOFC) gas turbine systems, in which the un-
spent exhaust fuel diluted in CO, and water steam from the SOFC is fed into the gas tur-

bine combustor for further reactions to increase the overall rate of energy utilization (Kee ez

al, 2005).

Besides, spray combustion has attracted much attention due to the practical importance
of enhancing the combustion efficiency and reducing the emission level in combustors such
as internal combustion engines. Study of the relevant fundamental physics, however, is still

in the infant stage (Réveillon & Vervisch 2000, 2005; Domingo ez al. 2005).

Owing to the complex unsteady interactions among vortex dynamics, turbulent mixing,
chemical reaction and evaporating droplets at vastly disparate spatial and temporal scales, a
systematic understanding of such multiscale, multiphysics systems is still far from being

achieved. The problem is also scientifically interesting and computationally challenging,



The present project therefore aims to obtain a better understanding of the complex physio-
chemical phenomena linked to the local nonlinear interactions via high fidelity numerical

techniques, and is only concerned with the gas-water reactive systems.

I.B Literature Review

In this overview, we focus on previous numerical studies. Relevant experimental studies

will be referred to here and also throughout the course of the thesis.

I.B.1 Planar Jets

The free jet is an important prototype flow with a broad range of engineering applica-
tions. Although a common phenomenon in nature, it has taken researchers a long time to
understand in depth its turbulent characteristics. Nowadays, it is widely adopted for fun-
damental studies of many important phenomena coupled with turbulence, such as jet flame,
gas-solid or gas-liquid two-phase jet flows, ezc. In the present study, a three-dimensional (3D)
turbulent reactive jet laden with evaporating droplets serves as one of the basic physical

models for investigating the interactions among turbulence, reaction and evaporation.

The planar jet has been extensively investigated in a series of experimental studies, in
which the key parameters, i.e., the jet spreading rate, mean velocity and Reynolds stress pro-
files, etc., have been measured (Gutmark & Wygnanski 1976; Ramaparian & Chandrasek-
hara 1985), and the near field vortex dynamics has been explored (Hussain & Clark 1977;
Thomas & Chu 1989). On the other hand, numerical simulations of a planar jet with desir-
able accuracy in both space and time, i.e., by Direct Numerical Simulation (DNS) or Large-
Eddy Simulation (LES), have not yet been fully exploited. One of the main difficulties arises
from the boundary conditions (BCs), especially at the outflow boundary, where the flow
information outside the computational domain is completely unknown. Those boundary
schemes based on the characteristic wave analysis (Thompson 1987, 1990; Poinsot & Lele

1992) are now recognized as a standard procedure to deal with this problem, although they



are far from perfect due to the assumption that the propagation of characteristic waves is
one-dimensional. Artificial boundary conditions suitable for turbulent shear flows were re-
viewed by Colonius (2004) recently. While appropriate for inflow and radiation boundaries,
the linearized BCs are often not accurate enough for outflow boundaries, where ad hoc ap-
proaches, like absorbing layers, are necessary. Besides, the inflow condition with properly
preset turbulent properties is a prerequisite to simulate a “naturally” developed jet using
DNS/LES. This is especially important in order to compare with the experimental data.
Various methods have been proposed and tested (Stanley ez a/. 2002; Kempf ez al. 2005;

Kornev & Hassel 2007).

LES of a planar jet at both low and high Reynolds numbers, 7.., Re=3000 and 30000, was
performed by Le Ribault ez /. (1999) using the standard Smagorinsky, dynamic Smagorin-
sky, and dynamic mixed models. Only the subgrid Reynolds stresses were modelled and all
other subgrid terms were neglected. Through comparison with the experimental results for
the jet half width, centreline velocity decay, mean velocity and turbulent intensities, and the
analysis of key parameters of different subgrid scale (SGS) models, such as dynamic model
coefficients and subgrid dissipation, it was concluded that the dynamic Smagorinsky model
can fulfil the requirement for an economic but accurate LES. With the same physical pa-
rameters, a decent DNS was performed by Stanley ez a/. (2002) at Re=3000. It was claimed
to be “the first computational study of spatially evolving three-dimensional planar turbulent
jets utilizing direct numerical simulation”. To trigger the turbulence generation in the near
field, the divergence-free density, pressure and velocity fluctuation fields, the latter gener-
ated by a 3D energy spectrum characterizing isotropic turbulence, were imposed at the in-
flow plane. Comprehensive comparisons with experimental data were made for all the key
jet parameters. Instantaneous flow structures were revealed by vorticity visualization, and
the mixing process was studied through the evolution of a passive scalar. Akhavan ez al.
(2000) investigated the grid/subgrid scale (GS/SGS) interactions in a temporally evolving
planar jet in both physical and spectral space using DNS and LES. A new SGS model is then
designed based on the analysis. Da Silva & Métais (2002) analyzed the effects of large-scale

coherent structures upon GS/SGS interactions based on filtered DNS results of a planar jet



at Re=3000 using a priori analysis. The contribution of each term of the transport equations
for the GS and SGS kinetic energy was investigated both statistically and topologically. It
was found that most of the interactions take place within or next to the vortex cores, not
randomly distributed in space. Moreover, the local equilibrium assumption was found to be
invalid due to the different locations of viscous dissipation of SGS kinetic energy and for-
ward/backward GS/SGS energy transfer. Recently, the dominance of the two linearly un-
stable modes, i.e., the sinuous and varicose modes, in the near field of a two-dimensional
(2D) incompressible variable-density planar jet was revisited by Ravier e /. (2006) using

DNS.

I.B.2 Buoyant Plumes

When the jet flow is subjected to a density or temperature difference from that of the ambi-
ent, the buoyancy force on the light or hot fluids becomes important or even dominant. The
role played by buoyancy can be measured by the Froude (£7) or Richardson (R:) number,
defined by the ratio of inertial force to the gravitational force. Accordingly, three different

types of flow can be attained, z.e. Fr << 1, Fr ~ 1 or Fr>> 1.

O’Hern et al. (2005) measured in detail the mean and turbulent statistics of a turbulent
round buoyant helium plume in both the Reynolds- and Favre-averaged framework. Des-
Jardin ez al. (2004) performed LES for the same plume. The fully dynamic subgrid models,
which are quite similar to those adopted in the present study, revealed the transitional phe-
nomenon close to the plume base impressively. Both the mean and Root-Mean-Square
(RMS) properties of velocity and species concentration compared well with the experimen-
tal results of O’'Hern ez al. (2005). In both Fr << 1 plumes, the instability mechanism is in-
troduced by the large density difference between the different species, e.g., helium and air,
and the buoyancy term is dominant compared to vortex stretching, which is the general vor-

ticity production mechanism in non-buoyant flows.



In contrast, density variation can also be introduced by temperature difference between
the jet core and the ambient flow with identical species. The oscillation behaviour in the

near field of both heated round and planar air jets at Ri << 1 and Re = 4000 ~ 5000 was

investigated by Monkewitz and co-workers (1990; 1993). Even though the effects of buoy-
ancy is negligible compared to those of momentum due to the small Richardson numbers,
global instability was found when the ratio of jet exit to ambient density falls below 0.7 for
the round jet, and below 0.9 for the planar counterpart. The oscillations of velocity, tem-
perature and pressure signals in the near field with regular frequency spectra become self-
exited, despite the strictly controlled low turbulent intensity levels imposed at the inflow
plane, and the large scale vortex structures appear much closer to the jet nozzle in compari-

son with high-Reynolds-number jets.

The final typical type of plume-related flow is characterised by F7 ~ 1, in which the mo-
mentum and buoyancy effects are competitive and consequently these are generally referred
to as “forced plumes”. The baroclinic torque, induced by misalignments of the density and
pressure gradients, is another important mechanism for vorticity production, which may be
of the same magnitude as the buoyancy term in the vorticity transport equation (Jiang &
Luo 2000a). Luo and co-workers (Jiang & Luo 2000a, 2000b, 2001a, 2001b; Zhou ez 4.
2001a,2001b, 2002) studied the vorticity dynamics, mixing and entrainment properties for
both thermal and reactive plumes under various jet base configurations (e.¢g. circular or non-
circular) with DNS and LES. In reactive plumes, the density inhomogeneity effects are am-
plified by combustion. The intricate interactions among instabilities, vortex dynamics, mix-
ing, entrainment, turbulence and combustion through buoyancy in reactive plumes were
investigated by Luo (2004). The common “puffing” or “flickering” phenomenon near the
flame base was well captured and identified as the consequence of compound effects of
buoyancy and baroclinic torque, which is in turn triggered by density inhomogeneity. The
buoyancy instability is therefore a global, absolute instability. The higher entrainment rate
in non-circular jets with higher aspect ratios was first explained by the extended Biot-Savart
instability, .e., the vorticity along the major axis is larger than that along the minor axis, and

this trend becomes stronger in jets with higher-aspect-ratio rectangular base configurations.



I.B.3 Non-Premixed Flames

Turbulent combustion problems are usually divided into two categories, ‘e., premixed
and non-premixed flames, depending on whether or not fuel and oxidant are well mixed
before reaction. Compared to premixed flames (Pope 1987), turbulent non-premixed
flames (Bilger 1989) may be more difficult to understand and describe due to the molecular
diffusion of reactants and simultaneous interaction with turbulence (Poinsot & Veynante
2005). A free jet flame is an ideal physical model for both experimental and numerical stud-
ies. An experimental database on simple jet flames, piloted jet flames, bluff body flames and
swirl flames is being built and enlarged at Sandia National Laboratories

(http://www.ca.sandia.gov/TNF/). Turbulent combustion models for both premixed and

non-premixed flames based on the Reynolds Averaged Navier-Stokes (RANS) approach
were reviewed by Veynante & Vervisch (2002). In theory, DNS is an ideal tool for accurate
flame simulations, in which no physical models for turbulence and combustion are involved.
However, its limitations are dictated by the capacities of present supercomputers. To fully
resolve the turbulent and chemical scales, the product of Reynolds number by Damkaohler
number, measuring the ratio of typical turbulent to chemical time scales, must be less than a
quantity related to the number of grid points (Poinsot & Veynante 2005). In this sense, the
infinitely-fast-chemistry assumption or large Damkohler number in DNS should be used
with caution. Under these circumstances, DNS is mainly used for flame simulations with
extremely simple geometry configurations, model testing and validation for LES and RANS

(Vervisch & Poinsot 1998).

Combining the advantage and discarding the disadvantage of DNS and RANS, LES has
appeared as a promising tool for flame simulations in the last decade. The LES results of a
turbulent non-premixed piloted jet flame, Sandia Flame D (Sheikhi ez 4/. 2005) and Sydney
bluff-body flame (Kempf ez al. 2006) were reported recently, both reproducing the mean
and rms experimental statistics quite well. Janicka & Sadiki (2005) systematically reviewed
work on combustion-LES (CLES), showing that CLES was evolving into a powerful tool

for the simulation of combustion systems of practical importance.



A common concern of the combustion community is the quality of LES. Since numeri-
cally filter width is typically coupled with grid spacing, a grid-independent LES solution is
therefore difficult to determine (Janicka & Sadiki 2005). In this sense, to quantitatively
measure the quality of LES results is not as straightforward as in DNS. Vreman (1995) de-
signed a method to separate the numerical and model errors. Poinsot & Veynante (2005)
have proposed a series of formula containing both resolved and modelled contributions
when comparison against Reynolds- or Favre-averaged results is needed. Difficulties will

emerge, however, if some quantities are not explicitly modelled in simulations, e.g., the sub-
grid variance of a scalar field, i.e., /_)(F —72 ) Pope (2004) suggested that at least 80% of

the total turbulent kinetic energy (TKE) should be resolved for an adaptive LES, which puts

a strict constraint on the grid spacing. The same issue was revisited by Klein (2005).

The modelling efforts for CLES are continuing. At present, most of the SGS combustion
models originate from RANS. Generally speaking, two different classes of SGS combustion
models are under development, i.e., conserved scalar approach and direct closure approach.
In the conserved scalar approach, the closure problem of the chemical source terms ap-
peared in the energy and species equations is circumvented by introducing another con-
served or passive scalar, mixture fraction, a measure of the local equivalence ratio. With in-
finitely-fast-chemistry assumption, all the species mass fractions and the temperature can be
obtained if the mixture fraction is known, while for finite rate chemistry, another key pa-
rameter, scalar dissipation rate, is introduced, which controls mixing and determines the
filtered reaction rate. The state relationships for the reactive scalars as functions of mixture
fraction and scalar dissipation rate are provided by various models, ¢.g., steady and unsteady
flamelet models, flamelet/progress variable method, conditional moment closure, and
transported FDF (Filtered Density Function) models (Pitsch 2006). In the direct closure
approach, the filtered reaction rate, which is a nonlinear function of species mass fractions
and temperature, is directly modelled. The simplest approach is to adopt the same form as

in DNS, ‘.., neglecting the subfilter contributions. DesJardin & Frankel (1998) developed



scale similarity reaction rate models purely through filtering, and Luo (2004) extended their

applications in modelling the filtered radiation source terms.

I.B.4 Two-Phase Flows

Numerical models for gas-solid or gas-liquid two-phase flows have developed along two
parallel paths according to the manner in which the dispersed phase is treated (Crowe et 4.
1996). In the two-fluid approach, the particle/droplet phase is assumed as a continuum and
similar equations for mass, momentum and energy conservations as the fluid flow are built
for particles/droplets based on the volume-averaged procedure. On the other hand, every
particle/droplet possesses its own governing equations in the Lagrangian approach (Crowe
et al. 1977), although the hypothesis of “computational particle/droplet”, which represents
a parcel of physical particles/droplets, must be made for some scenarios, in which the mass
loading ratio (MLR) of the second phase is extremely high. With the development of com-
putational facilities, the Lagrangian approach prevailed in the last two decades due to its

more realistic representations of physical particles/droplets.

The interaction between the dispersed and carrier phase has received considerable inter-
est due to its significance in industrial applications. The particle/droplet dispersion is con-
trolled by the local velocity fluctuations due to turbulence and by the ordered motion of
large-scale turbulent structures. For diluted two-phase flow, i.e., MLR < 1%, the effects of
particles/droplets on flow turbulence are generally ignored and one-way coupling algorithm
is adopted. Tang ez al. (1992) distinguished dramatically different dispersion behaviour of
solid particles with different Stokes number in a spatially developing plane wake using a di-
rect vortex method. Especially, the “preferential concentration” (Squires & Eaton 1991) of
the St=1 particles was identified. Elghobashi & Truesdell (1992) performed DNS to inves-
tigate quantitatively the particle dispersion in a decaying isotropic turbulence using mean-
square relative velocity, Lagrangian velocity autocorrelation, mean-square displacement and

particle turbulent diffusivity, all of which are widely used in particle dispersion research.



As the MLR becomes higher, particles/droplets, in turn, can affect the turbulence either
by increasing the turbulence energy or increasing the dissipation rate. The numerical meth-
odology is referred to as “two-way coupling” if mutual interactions between the two phases
are both accounted for. The pioneering work of turbulence modulation by particles can be
traced back to Squires & Eaton (1990) and Elghobashi & Truesdell (1993), although a
thorough understanding is still far from being achieved. A general criterion can be stated as:
“small particles tend to attenuate the turbulence while larger particles augment the turbu-
lence level” (Crowe er al. 1998). Diverse findings, however, often appear, possibly because
the above conclusion was drawn in highly idealized homogeneous or isotropic turbulent
flows. The physical mechanisms of turbulent modulation may change with the streamwise
distance (Michioka ez al. 2005), which can be only explored in realistic inhomogencous
multiphase turbulent flows. Other suggested criteria for the suppression and enhancement
of turbulence (Crowe ez al. 1998), based on: (i) the length scale ratio of particle diameter
and characteristic size of turbulent eddy and (ii) relative particle Reynolds number, have
been overthrown by a recent experimental study on a gas-particle pipe flow with various

Reynolds numbers (Hadinoto ez 4/. 2005).

The point-source approximation was adopted in all the above studies, i.e., the particle size
was assumed to be smaller than the Kolmogorov length scale. From the numerical point of
view, this technique already involves a “subgrid” approximation (Boivin ez /. 2000). To
fully resolve the two-phase flow field, which becomes important when the particle size is
comparable or bigger than the Kolmogorov length scale, the boundary layer adhered to the
particle surface and wake effects need to be taken into consideration. Prohibited by ex-
tremely high computational cost required for, e.g., moving boundaries and unstructured
grid generation, the relevant research has been severely circumscribed. Burton & Eaton
(2005) performed fully resolved simulations of the interaction between a fixed particle,
whose size was approximately twice the size of the single-phase Kolmogorov length scale,
and decaying homogeneous isotropic turbulence using an overlapping grid composed of a
Cartesian background grid and a body-fitted spherical grid. A homogeneous flow field dis-
turbed by solid particles was fully resolved by Kajishima (2004). In this scenario, the ratio of

9



particle diameter to grid spacing was ten, while the ratio of grid spacing to Kolmogorov
length scale was two to four. Resorting to the immersed boundary methods (Mittal & Iac-

carino 2005), the number of tracked particles was up to 2048.

For gas-liquid two-phase flows, the mutual interactions between the two phases become
even more complicated due to the additional evaporating process, since the evaporated lig-
uid vapour contributes to momentum/energy exchange and species redistribution. Research
efforts on evaporating multiphase flows started to flourish in recent years. DNS was em-
ployed by Mashayek ez /. (1997) to investigate dispersion of both non-evaporating and
evaporating particles in dilute stationary isotropic incompressible turbulent flow with one-
way coupling algorithm. Miller & Bellan (1999) performed DNS of a confined 3D tempo-
ral mixing layer laden with evaporating hydrocarbon droplets. Complete two-way couplings
of mass, momentum and energy were taken into account. The liquid MZLR was found to be
the dominant parameter governing flow modulations, while variations in the initial Stokes
number over the range 0.5 < St < 2 did not cause significant modulations of either first- or
second-order gas phase statistics. Okong’o & Bellan (2004) did a detailed budget analysis for
the complete filtered LES equations based on the DNS database of a droplet-laden temporal
mixing layer. A simplified set of LES equations was then derived while keeping the leading
order SGS terms. Constant coefficients for Smagorinsky, gradient and scale-similarity mod-
els were calibrated according to the filtered DNS results. In the LES study of a temporal
mixing layer laden with evaporating droplets, Leboissetier ez /. (2005) found that a 32-fold
reduction in computational droplets compared to the number of physical drops can be used
without degradation of accuracy, while a 64-fold reduction leads to a slight decrease in accu-
racy. DNS of two-phase spatial 3D laminar jets with different inlet geometric configura-
tions was performed by Abdel-Hameed & Bellan (2002). It was found that the droplet
source terms took the place of vortex stretching/tilting and turned into the crucial contri-
butions for production of streamwise vorticity, one main source of enhancing entrainment.
Moreover, for both the average and rms magnitudes of spanwise, streamwise vorticity and
enstrophy, the difference between circular and noncircular two-phase jets is not as consider-

able as in single phase jets, further proving the main contribution for the vorticity genera-
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tion and fine scale formation was from the momentum interaction with the drops. Fur-

thermore, the axis-switching is no longer present in two-phase jets.

1.B.5 Multilateral Interactions

Inherent in multiphase reactive flows is the multilateral interactions among mixing, en-
trainment, turbulence, buoyancy, combustion, evaporation and the second dispersed phase,
which opens up an extremely sophisticated but practically significant and scientifically in-

tCI‘CStil’lg research area.

One main effect of turbulence on non-premixed combustion is to modify the flame
structure by altering the local strain and twisting the flame surface (Tieszen 2001), which is
contributed by buoyancy effects as well. In a DNS study of comparison between buoyant
and non-buoyant flames, Elghobashi ez a/. (1999) found that the wrinkled buoyant flame
surface reduced the distances between the isosurfaces of the mixture fraction F, thus aug-
menting the local VF and the scalar dissipation rate, and consequently the reaction rate.
All these mutual interactions are bidirectional. In a DNS study of supersonic partially pre-
mixed diffusion flame by Luo (1999), the pressure-strain term was found to be a key pa-
rameter in both the Reynolds stress and TKE budgets, which helps to transfer energy from
the streamwise to the transverse and spanwise directions, thus reducing anisotropy, and
convert chemical energy into turbulence energy, 7.e., combustion-generated turbulence.
Meanwhile, the buoyancy effect is magnified by combustion, together with dilatation, a sink
term in the vorticity transport equation, and high viscosity in high temperature regions.
Since combustion produces baroclinic torque, dilatation and broadened viscous diffusion,
the vorticity and, in turn, the turbulence level could be either strengthened or weakened
(Tieszen 2001). The augmented molecular viscosity also tends to decrease the local Rey-
nolds number, thus modifying mixing and impacting the large scales of turbulence, which
control entrainment, couple tightly with the buoyancy effects and determine the small-scale

environment where mixing and combustion ultimately occur (Dimotakis 2005).
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As stated in Section I.B.4, in two-phase flows, the particle/droplet dispersion is con-
trolled by the local velocity fluctuations due to turbulence and by the ordered motion of
large-scale turbulent structures, while particles/droplets can affect the turbulence either by
increasing the turbulence energy or increasing the dissipation rate (Crowe ez a/. 1996). If
the dispersed phase is evaporative, the liquid vapour will contribute to both momentum and
energy exchange with the carrier phase, and redistribute the gas mixture species, an impor-
tant mechanism for combustion control besides the cooling effects of droplets. As pointed
out by Abdel-Hameed & Bellan (2002), the droplet source term took the place of vortex
stretching/tilting term and became the dominant contribution in the vorticity transport

equation.

Very few studies have been done on the interaction mechanism in evaporating multi-
phase reactive flows, in which all the above coupling coexists. Recently, DNS of a spatially
developing reactive planar mixing layer has been performed to study the effects of fine solid

particles on flow turbulence with the assumption of no temperature variation (Michioka ez
al. 2005). The effects of turbulence on vaporization, mixing and combustion of liquid-fuel

sprays were investigated using the RANS approach by Sadiki ez 4/ (2005).

I.C Organization of the Thesis

This thesis is organized as follows: Chapter II presents the DNS/LES governing equations
for both the gas and droplet phases, in Eulerian and Lagrangian frames, respectively, and the
dynamic subgrid models for the flow terms and the scale similarity model for the reaction
term adopted in this study. The derivation of the governing equations for evaporating two-
phase reactive flows is shown in the Appendix. Chapter III shows the numerical details for
both phases, including the spatial and temporal discretizations, the compact filter scheme,
the interpolation formula and the boundary condition schemes, followed by the parallel al-
gorithm designed for the two-phase flow simulations. DNS is performed to investigate the
droplet effects on a 3D temporal reacting shear layer in Chapter IV. Chapters V and VI pre-

sent the LES study of two simplified realistic applications of multiphase reacting flows.
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They are, respectively, a 3D turbulent reacting jet diluted with evaporating droplets and a
3D turbulent reacting plume suppressed by water droplets. The interactions among turbu-
lence, combustion and evaporating droplets under various initial Stokes numbers (S#) and
mass loading ratios (MLR,) are investigated using both instantaneous and statistical analysis.

Finally, a summary of the thesis and the recommendation for future work are given in

Chapter VIL
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Chapter II — Mathematical Formulations

II.A Governing Equations

II.A.1 The Gas Phase

The reacting flow field is described with the compressible time-dependant Navier-Stokes
equations together with chemical species transport equations, in both of which the coupling
terms due to the chemical reaction and dispersed phase are taken into account. The detailed
derivation of the governing equations for multiphase reactive flows can be found in the Ap-

pendix. For completeness, they are rewritten here as

(1) Mass Conservation:

oo, I pu .
’Of”+ (pg»fg,l):S;“ (IL1)
ot Ox. )
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(2) Momentum Conservation:

oNpw.) o, .. . . . L
( a‘“;* o) + o (pou ., +9'6,—0,)+(p. - p.) & =S, (IL2)

(3) Energy Conservation:

OE; H(Er+p )m, +4,—n,,0,]

Ns
+(p-py) gy =D AR, + S,
=1

ot ox,
(1L3)
(4) Species Conservation:
o pY,) dpYu,
AR AN IE) AR 14
ot Ox, ox,\" ¥ O,



o(pY.) dpYm,) 3 2,
s B oD |=S, ILS
o o o \P o )T (IL5)
where the total energy per unit volume
E.=p. *+—”;”'u;”' (IL6)
=Py ¢ 5 .

The internal energy per unit mass including the contribution of the vapour from the liquid

droplets reads
e,=c, T, +Y.h] (IL7)

where 4] is the reference enthalpy for the vapour, the magnitude of which is taken to be

same as the latent heat of evaporation, bg, in the present study. The shear stress tensor is

defined by the Newtonian fluid assumption,

. 1 ou.. Ou. . 1 au*k
o.=2u—| 2+ 8 |__§5 % I1.8
y = {Z{ax] ox, J 3 7 ox, (IL8)
The molecular viscosity y is assumed to follow a power law, .e.,
. T* 0.76
P (IL.9)
o \T,,

The heat flux vector follows the Fourier’s law,

. L oT.
g, =—k —2 (I1.10)
ox,
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The state relationship for ideal gas
p =pPRT, (IL11)
is also needed to close the whole system. Equation (IL4) is solved for ¥; and Y, , while

YP* =1—Yg —Y(: _Y:.
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A few assumptions are made to simplify the calculations to be presented, while the key
characteristics of the multiphase reactive flows are maintained simultaneously. These as-

sumptions include:

(1) The Prandtl and Schmidt number are assumed to be constant (Eq. I1.23), both of which

are taken to be 0.7 in the present study, leading to a unity Lewis number.

(2) The molecular weights of different species are identical, which leads to the Frozen-

Species State Equation (FSSE; Poinsot & Veynante 2005) (IL.11).

(3) The heat flux due to species mass fraction gradients (Dufour effect) and the mass diffu-

sion due to temperature gradients (Soret effect) are not considered in this study.

(4) Radiation is not modelled in the present study. The combustion parameters are selected
to compensate for radiative heat loss, so that the peak temperature is in the range of typical

small laboratory fires or flames.

In the context of simulating a non-premixed reactive jet laden with evaporating droplets
(Chapter V) and a reacting plume suppressed by water droplets (Chapter VI), Egs. (IL.1)-
(IL11) are normalized by the following reference quantities: (1) p, : the ambient oxidant
density; (2) #, : the fuel jet velocity; (3) p, =p.u."; (4) L. : the jet slot nozzle width; (5)
£ =[:/u: ; (6) T : the environmental oxidant temperature; (7) e, =h, =u."; (8) 4 : the
viscosity of the environmental oxidant. As for the temporal mixing layers studied in Chap-

ter IV, the reference quantities are the same as above except that #, is the velocity difference

between the fuel and oxidizer streams AU, and /; is the initial vorticity thickness J, .

The final forms of the non-dimensional governing equations for both DNS and LES can

be written as

ap. dp,u,
pg + (pgug’l) :Smg (II.IZ)
ot Ox;, ’

I3

Npn,) o —0 — — . (p-P)e —
(Stg )+axj (pgug,iug,j-i_pdij'_al]’)—i_( Frg) :Smoyi-i_SGmo,i (H.13)
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at +a_{(ET+P)ug,i+qz_ug’fo-’J ;7- :Qh@-l_s_m—i_SGen
(IL14)
a(_gYn)Jr_ D ¥ - 1 u Y, =—v W @, +SG (IL.15)
o O |70 ReSc|” ox v - '
ApY.) o —_ 1 (_oF
>, | Peter s Re&{ﬂ ax,,j ms tS8G, (IL.16)
where
(.
) Pt (IL17)
> g +YH° IL.18
Tyryms .
- a1 aﬁ; 8;; 1 a;ﬁ;
o.=2 )| el e |~ 5 ek IL.19
7 Re{?.( ox, O 37 dx, ( )
p=T"" (IL.20)
~ 1 o7,
7=- £ g (IL.21)
(y—1) Ma’PrRe ox,
p.T.
5=Ls"s (IL.22)
yMa
Rezpruflr s Ma= % 'Prch’g'u ;SC:L;FV:L (I1.23)

K, JIRT k pD gl
For DN, the subgrid terms SGnoj, SGen, SGypn and SGy,, vanish, and all the cap symbols

are not used; While for LES, j_” and 7 designate the normal and Favre filtering, defined as

7 =P, f / Fg , respectively, and } is a composite variable evaluated with filtered quantities.

The subgrid terms induced by f—? are ignored due to their secondary contributions
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compared to those listed in Eqs. (IL.13), (I1.14), (IL.15) and (I1.16), which will be discussed
in detail in Section (IL.A.S).

II.A.2 The Reaction Scheme

Equations (IL.1)-(IL5) can be used for a generalised multispecies, multistep reaction,

while in the present study, an idealized one-step irreversible reaction,
v F+v,0->0.P (I1.24)

with finite-rate chemistry base on the Arrhenius law is employed for the chemical reaction.
With properly calibrated parameters, the one-step irreversible Arrhenius kinetics with unity
reaction order is capable of representing the main features of partially premixed hydrocar-
bon combustion (Ferndndez-Tarrazo ez al. 2006). Of particular interest in this project is the
effect of evaporating droplets on gas temperature and reaction rate, rather than detailed spe-
cies diffusion, production and reduction required for the study of emission, justifying the
choice of the simplified reaction scheme.

The normalized reaction rate wr in Eqs. (IL14) and (IL.15) takes the following form (Luo
1999)

pY: ' (YY" Ze
=D § § - I1.25
“ (WNWJP(TJ (1)

o 8

The highly nonlinear function wr(Y3Y,,T) poses a direct difficulty on the filtering opera-
tion in LES, which is circumvented in the conserved scalar approach (Pitsch 2006) by in-
troducing a passive scalar, mixture fraction. For the finite-rate reaction scheme expressed by
Eq. (IL25), to properly account for the SGS contribution is crucial for the filtered reaction
rate E required in the context of LES. However, to model the interaction between evapo-
rating droplets, whose size is below the grid scale, and chemical reaction at the SGS level is
challenging and still under development (Pera 2006). Moreover, the production of vapour
impedes combustion and thus induces considerable flame quench. This is completely differ-

ent from the situations in spray combustion, for which evaporation enhances combustion.
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With these considerations, @, is directly modelled by the Scale Similarity Filtered Reaction
Rate Model (SSFRRM) developed by DesJardin & Frankel (1998),

o0, (p, T ek 0 (R T o (5 LT )| (120

where 7 is computed as pg:f / /0_g The two terms on the RHS represent the grid scale (GS)

and subgrid scale (SGS) contributions, respectively. It was found that for the GS part, the

filtered resolved reaction rate @; (/Tg,Tg ,Z ,}7; ) performed better than the resolved one

@, (p_g,T;,Z,}A’;) in a 2D LES of non-premixed reactive jet (DesJardin & Frankel 1998).

In this sense, a stabilization process has been included in this model (Poinsot & Veynante

2005). Ideally, the similarity constant K should incorporate length scale effects (Poinsot &

Veynante 2005). In the present study, K is set to be 1 as in Kurose ez a/. (2001).
The non-dimensional heat release parameter Qi in Eq. (I1.14) is defined as
Q, =W, Ab + O W Al —v W A (I1.27)

for a one-step irreversible chemical reaction (I1.24) (Luo 1999).

I1.A.3 The Droplet Phase

The dispersed droplet phase is tracked in the Lagrangian frame, i.e., every droplet pos-
sesses its own mass, momentum and energy equations. In comparison with the Eulerian
method, the advantage of the Lagrangian method attributes mainly to its ability to provide
detailed information on droplet-fluid interaction. Moreover, the models for the effective
viscosity and thermal conductivity of the droplet phase are not required, and the boundary
condition setting is straightforward. On the other hand, the capability of the Lagrangian
method is compromised by the computational cost. It is necessary to trace a huge amount of

droplets in the flow field to get meaningful statistical results for some scenarios (Sankaran &

Menon 2002).

Several assumptions have been made to make the computations feasible:
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(1) The volume fraction of the dispersed phase is negligible, i.c., the two-phase flow is dilute;
(2) The dispersed phase is composed of discrete, non-connected and spherical droplets;
(3) The collisions, breakup and coalescence of droplets are ignored;

(4) Since the ratio of the continuous phase density to the droplet material density is very
small, 107 in the present study, only the drag and gravitational force are retained in the Bas-

set-Boussinesq-Oseen (BBO) equation for droplet motion.

The derivation of the governing equations for the droplet phase using the Reynolds
Transport Theorem can be found in Crowe et al. (1998) and are not repeated here. They

are summarized as follows,

(1) Mass Conservation:

i = ShaD o D Hy =2 ey (I11.28)
dr s 38 7,
(2) Momentum Conservation:
dl/; ; E;ng i * f * * N
— ="t g, = \u,, vy, |t g, 11.29
dt my £ Z'd(g’ d’) £ (I1.29)
(3) Energy Conservation:
AT, e dmy .
mc,—L=p AT -T, |+—2) 11.30
dT; 1 | N, .\ Shh,
SN I —MQI(T ~T, )__ﬁHM (IL.31)
dt 3t | Pr s Sc ¢y
where the Sherwood and Nusselt number are defined as
Sh=2.0+0.552Re]*Sc"” (I1.32)
I
Nu= l”tk* 4 =2.0+0.552Re}* Pr'” (I1.33)

The droplet Reynolds number, Rey, is
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Re, = - =Re (I1.34)

The characteristic responsive time of droplets, 7, , is

T, = % (I1.35)
The Stokes drag exerted on droplets, F(;mg,i  is

Eop == Codip (i, 4, )viu|= f’:—j(u;,,, ) (1136)
The correction coefficient to Stokes drag, f; is

f=140.15Re;" (11.37)

which is reasonably good for Req up to 800 (Crowe e al. 1998).

The droplet evaporation is described by the classical rapid mixing model (Spalding 1953).
The non-equilibrium effect was found significant when the initial droplet size is very small

(D, , <50 wm) (Miller ez al. 1998) in high-temperature environments and thus is not ac-

counted for in the present study. Other advanced evaporation models (Miller ez al. 1998;

Sazhin 2006) are not considered because of the extra computational cost.

The specific driving potential for mass transfer, Hy, is
Hy=In(1+B, ) (IL38)

The equilibrium Spalding transfer number for mass, By, is

}/s,eq _Yv
BM,Cq = 7 (I1.39)

s,eq

The mass fraction of the vapour at the droplet surface, Yiq, is

= Foco (I1.40)

Zow +(1-2..,)6:

s,eq
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The surface equilibrium mole fraction of the vapour, %,

s,eq

is given by the Clausius-

Clapeyron equation,

* * b" 1 1
psat patm f
! - - - ——— II.41
= p P CXP{R/WV (7;3 de} (IL41)

With the same reference quantities for the gas phase equations, the normalized droplet

equations can be expressed as

. _dmy  1Shm,
= =— H 11.42
A (1142)
dvy, Fagi g f g
- S - VR A Py - T 11.43
dt my;  Fr St (ug’l Fas ) Er (IL43)
dT, 6, {Nu , Sh }
S o AR T = (y=1) M2 H b 1144
dr 38t Pr( 8 d) (7-1)Ma S M (IL44)

where the Stokes number is defined as the ratio between the characteristic droplet and flow

time scale, z.e.,

2

. D
St="4 = Rer, = Re P4 (I1.45)
7, 18u

The non-dimensional Stokes drag force, Furg:» can be written as

m
F;irag,i = fS_;(ug,i _Ud,z’) (11.46)

The normalized Clausius-Clapeyron equation reads

Pac _ Pum yMa' 1 1
— Alsar _ h| ——— 11.47
zs,eq p p CXP{ 02 tg ( ]—é 7-:1 ]} ( )

A parcel of physical droplets is represented by one computational droplet in LES to re-
duce the computational cost. The same equations, (I1.42)-(I1.44), are employed for the
computational droplets. Since only the GS variables are known, a key issue in the framework
of LES of two-phase flows is how to obtain the fully resolved gas phase properties at the
droplet locations, as demanded by Egs. (I1.42)-(I1.44). The SGS contributions are consid-
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ered to be especially important for small droplets. The same issue will be confronted as the

S, and S_ , on the RHS of Eqs. (I1.12), (IL.13), (IL.14)

mo,:

filtered droplet source terms, S,

and (IL.16), are evaluated. A detailed discussion on this respect can be found in the follow-

ing section.

I1.A.4 The Droplet Source Terms

The detailed derivation of the coupling terms, S, S. . and S_, on the RHS of Egs.

ms > “~'mo,;

(I1.1), (IL.2), (IL.3) and (IL.5) due to the kinetic and thermodynamic effects of droplets on

the carrier phase can be found in the Appendix. They are rewritten here as follows,

. 1 .
o === ity (11.48)
, e
x 1 * L
S o :_FZ(Fdrag,k,i +md,kvd,k,i) (I1.49)
7
btkAd/c(T Tdk)"‘md/eh +degkzvdkz+
. 1
Scn :__*Z N . 1 . . . (II.SO)
V% 7y 1€aTy s +Emd,kvd,k,ivd,k,i
while the normalized source terms take the following forms,
ms:_izmdk (11'51)
V= '
1 .
Smo,i = _;Z(Eimg,k,i + md,kvd,k,i ) (II'SZ)
7

:__Z{ (7- lMazPr 77;;1: (T _Td,k)"'Emg,k,i”d,k,i

(IL53)

+—1 20 4Ly g 710 405, +1
m m v v
01( 1)]\4ﬂ2 d. k" d,k d.k d, kY d,k,i"d,k,i

Sms> Smos and Sen represent the rate of change of mass, momentum and total energy of

droplets. In Eq. (I1.53), the first and fourth terms in the bracket are due to the convective

heat exchange rate between the two phases and the latent heat portion needed to drive
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evaporation, which combine to represent the rate of change of the internal energy of droplet;
The second term is owing to the rate of change of the kinetic energy of droplet; The third
and final terms come from the initial internal and kinetic energy of droplet which is trans-

ferred into the gas phase after it evaporates.

In the context of LES, the filtered source terms, S , need to be evaluated. First, it is neces-

sary to clarify the mathematical definition of the filtering operation on a discrete function §

in the filtering volume 7%, which is given by Okong’o & Bellan (2004) as follows:

mﬂn $,0(y-X)G(x—y)dy (IL54)

where §,0 (y—X ) is the point-source contribution from the droplet and 4§ is the delta

function. If G is a top-hat filter, as in the present study, then

1
——Ys 155
va ; d.k ( )

el

It is noteworthy that S is not obtained by directly filtering the DNS source terms Sm, Smo.

and S... Consequently, the only difference between S in DNS and § in LES exists in the
local discretization volume, which is the grid cell volume, 7, in DNS while filtering volume,
Vs in LES. However, the unfiltered variables of the gas phase, such as ug;, Ty, Yo, etc., are
not available in LES and must be modelled from the GS flow field, which is generally re-
ferred to as a “deconvolution” procedure (Ferziger & Peric 2004). The prerequisite to make
the “point-source” approximation (Boivin ez 4/. 1998), which has been adopted in most of
the DNS/LES studies of two-phase flows as well as in the present study, is that the parti-
cle/droplet size is comparable to or even less than the Kolmogorov scale, so the interaction
between the two phases is expected to be active within the SGS range, i.c., the SGS effects
on the dispersed phase is considered to be crucial. At present, most of the modelling efforts
on this respect have been focused on incompressible gas-solid two-phase flows (Yuu ez /.
2001; Segura ez al. 2004; Kuerten & Vreman 2005; Shotorban & Mashayek 2005), in which
only the reconstruction of flow velocities is of concern. The SGS velocity was modelled

through purely mathematical manipulation by Yuu ez a/. (2001), Kuerten & Vreman (2005)
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and Shotorban & Mashayek (2005), while Segura ez 4/ (2004) inherited the modelling
strategy from the RANS approach (Facth 1987), i.e., the SGS turbulence is assumed to be
isotropic and the SGS velocity component is generated by a random number sampled from
a zero-mean Gaussian Probability Density Function (PDF). The same method was em-
ployed by Sankaran & Menon (2002) for the SGS velocity reconstruction in LES of spray
combustion in swirling flows, while the SGS thermodynamic quantities were left unmod-
elled. All these SGS quantities are, however, important to properly reflect the kinetic and
thermodynamic behaviours of droplets in LES of gas-liquid two-phase reactive flows. In an 2
priori analysis with DNS results of a droplet-laden temporal mixing layer, Miller & Bellan
(2000) extended the Gaussian subgrid PDF method to all the SGS quantities. Unfortu-
nately, the filtered DNS results revealed that the Y, subgrid PDF deviated substantially from
the standard Gaussian distribution. Encouraging results emerged after a deterministic
model was designed by Okong'o & Bellan (2004). However, in the subsequent a posteriori
LES of the same droplet-laden temporal mixing layer by Leboissetier ez /. (2005) and a
droplet-laden spatial jet by Leboissetier ez 4. (2004), this model was not adopted due to the
concern of unpredicted model errors. It is worth noting that Okong’o & Bellan (2004)
found the baseline model, in which the SGS effects are neglected, performed better than the
random model based on the Gaussian subgrid PDF. Under such circumstances, it was de-
cided in the present study to use the filtered flow field in place of the unfiltered flow field in
calculating the source terms, amounting to neglecting the direct SGS effects on droplet evo-

lution, as done by Boivin e# 4/ (2000), Yamamoto et /. (2001), Leboissetier e al. (2004)

and Leboissetier ez 2/. (2005).

I1.A.5 The Subgrid Terms
I1.A.5-a Subgrid Terms

In LES, filtering operations produce the subgrid terms, which must be modelled. The
subgrid terms SGno, in Eq. (I1.13), SG.. in Eq. (IL.14), SGyy, in Eq. (IL.15) and SGi;, in Eq.
(I1.16) are defined as
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sG =\t 1156
mo,7 ax] ( )
SG. =—a,—a =—Zfa(p_gf’7)— ! Ap&)) (IL57)
- b & Ox y(y—1)Ma axj '
dpn.
P axj

respectively, where the subgrid stress tensor 7; is

u, .u (IL59)

Ty =u g.i7"g.j

i g)iu

g

The subgrid heat flux & is

& =u T.—u T, (IL60)

The subgrid species flux 7 is

U :”g,ij _ug,ij (IL61)

It is well recognized that the subgrid fluxes 7, & and 7, are the main subgrid contributions
to the momentum, energy and species equations. The derivation of the filtered energy equa-
tion follows the same manipulations done by Vreman (1995), leading to six subgrid terms in
total. Besides the subgrid heat flux term ,, @1 represents the kinetic energy transfer from
resolved to subgrid scales, and is therefore considered to be important and kept in Eq.

(I1.57). The subgrid viscous dissipation term a4,

aug-i = a;t;
& =0,—- —"0,
o, 7 ax,

(IL62)

is physically important for high-Reynolds-number flows and generally modelled by a cali-

brated ratio between the cube of the SGS velocity scale and a length scale, e.g., the filter
width, or based on the scale similarity hypothesis (Vreman ez 4l 1995). The calibrated
model coefficients obtained by Martin ez a/. (2000) for a homogeneous isotropic turbulence

is much lower than those by Vreman ez 4/ (1995) for a compressible mixing layer. Martin ez
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al. (2000) thus suggested that dynamic procedures are generally needed to accurately predict
the contribution of @s. Ghosal ez al. (1995) argued that the standard Germano Identity
methodology is not suitable for a4, which takes effects predominantly at small scales. A dy-
namic model is then developed for generalized inhomogeneous turbulent flows. An addi-
tional transport equation for subgrid kinetic energy, however, is needed to be solved. Vre-
man (1995) proposed a dynamic procedure which is based on the global balance of the inte-
grated subgrid kinetic energy equation. As a consequence, the model coefficient depends on
time only, which can be generally referred to as a “semi-dynamic” coefficient. These sort of
dynamic models are believed to be suitable only for temporally developing flows (Vreman
1995; Lenormand ez al. 2000; Gago et al. 2003). For spatially developing flows as in the pre-
sent study, a model coefficient with no variation on space is far from being satisfactory. Un-
der these circumstances, the subgrid dissipation term a4 is not explicitly modelled in the pre-

sent study of turbulent flows at an intermediate Reynolds number (4000), as in Zhou ez 4/.

(2001a) and Larchevéque ez /. (2003).

All the other subgrid terms are ignored due to their secondary contributions compared to

those enumerated in Eqs. (I1.56), (IL57) and (I1.58).

I1.A.5-b Subgrid Models

The subgrid stress tensor 7; is modelled by Smagorinsky (1963),
R G R S
P, (qj % j =-2pV, (S,,j —5 S j =-2p,C,A ‘S‘[Sij —?Skkj (IL63)
the subgrid kinetic energy 7u by Yoshizawa model (Yoshizawa 1986),
Pt =20,CA°|S[ (IL64)

and the subgrid heat flux & and species flux 7+ by eddy-diffusivity models (Moin ez /. 1991)

_ pv.ol. _  _, 0T,
Pd= = e PG (165)
t J

J
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PV, T,

Pelliw =~ Sc,, axj

— . <2197,
:_ngYAAZ‘S‘a_xk (1166)

J

I1.A.5-c Model Coefficients
All the model coefficients Cy, Ci, Cr and Cn, are dynamically determined during the

course of simulations based on the Germano Identity (GI) procedure designed by Germano
et al. (1991) and later extended by Vreman (1995) as Generalised Germano Identity (GGI),

which is briefly summarized as follows.

A subgrid term 7t on the grid filter level (F-level) can be generally expressed as

t.=f(w)-f(w) (1L.67)
where fis an arbitrary nonlinear function and w is a vector function of space and time. A

test filter (A >A) is then introduced and denoted as a G-level filter. The consecutive appli-

cation of these two filters corresponds to a filter on the FG-level. The subgrid term on the

FG-level reads
1= 7 (w)- f(w) (11.68)

Then the following identity can be derived,

L=T,~% = f(w)-f(w)=Cyut; (IL69)

where L¢ and M can be explicitly calculated. The dynamic coefficient Cyn is finally deter-

mined by the least squares approach (Lilly 1992),

i = < m Mq> (11.70)

The averaging procedure is applied in homogeneous directions to avoid numerical instabili-

ties (Germano ez /. 1991).

All the model coefficients can be dynamically determined through GGI. For Cj,
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g 8
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5,
L7 e J M (z,m,)
C,= _ 5
<Mk1Mk1> <Mk/Mk/>
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For C,

f(pg’ug):pgug)kug:k

Pty Pyl
— — § & g &
Li=L,=p.u_u, ——tottt

|
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g

=
8
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The realizability conditions proposed by Vreman (1995) imply

C, zﬁcd
2
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(IL.71)

(1L.72)

(1L.73)

(IL.74)

(IL.75)

(11.76)

(IL77)

(11.78)

(1.79)

(11.80)



SO

L,M
C, =max ﬁcd,< ut,) (IL81)
2 (MM,
For CT,
f(pg’ug’]:s):pgug,ﬂ; (H'SZ)
szsz,Fng;T;—pg g;pg g (11.83)
Py
M.=M, =—ANp |S(a. i+32—5(~)9_7; (I1.84)
£ Py |2\ Y ¥, Py P \Uy axj )
LM,
c, =L _ (LM, (IL8S)
Pr <MJ'MJ>
Finally, for C ¥, »
f(pou.Y,)=pu, Y, (11.86)
Li=L,,=pu, T~ (1L.87)
Py
My =M, =—Ap,|S(u, ) 5L+, s(a)| 2 (11.88)
. X .
J
C, Cy _ (L) (11.89)

IL.B Chapter Summary

A formulation system for DNS/LES of gas-liquid two-phase reactive flows has been de-
signed. The gas flow field is described by the full 3D time-dependant compressible Navier-

Stokes equations, while the dispersed phase is tracked in the Lagrangian frame. Arrhenius-
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type finite-rate chemistry is employed for the chemical reaction. The interactions among
turbulence, combustion, buoyancy and evaporating droplets are taken into account through
various source/sink terms built in the gas phase governing equation. In the context of LES,
in order to capture the highly local interactions, fully dynamic Smagorinsky, Yoshizawa,
eddy-diffusivity models, in which the model coefficients vary with time and space, have been
developed for subgrid stress tensor, subgrid kinetic energy, subgrid heat and species flux, re-
spectively. The filtered reaction rate is modelled by a scale similarity model. Finally, the SGS

effects on the droplet motion and evaporation are neglected in the present study.
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Chapter III — Numerical Techniques

III.A Spatial Discretizations

ITI.A.1 Spatial Derivatives (Sandham & Reynolds 1989)

High-order compact schemes with spectral-like resolution (Lele 1992) are adopted for
the discretization of spatial derivatives. To facilitate the computation, the tri-diagonal
scheme family has been employed, which can be solved by the direct Thomas solver. For the

first order derivative, the scheme for internal points can be written in the following form,

ftaf, + fi, _pdm =t S S (i#1,2,n—1,7) (IIL.1)

2h 4h
where the coefficients are
g=3,p=2tAe  _A4ma (111.2)
3 3

corresponding to a sixth-order scheme. For the boundary and next to boundary points along

non-periodic directions,

afy+ fo= =S +2f2 +h (I1L.3)

S +afs+ fs 33 ;3f3 (I1L.4)
are third- and fourth-order schemes, respectively, while along periodic directions, Eq. (IIL.1)
can be used for all the grid points. In the framework of finite difference methods, two con-
secutive applications of a first derivative gives a much worse representation of the high wave

numbers than a single second derivative computation (Sandham & Reynolds 1989). A Padé¢

scheme with the same 3-4-6-4-3 frame is therefore used for the second order derivative,



fowof + frymoda 2t SRt s

ﬂfi..+ﬂv:13f£—27'}(]‘i;‘15f;_f; (i=1,n) (1116)

Fvaf o+ f=dh ‘2122“213 (=2 n1) (11L7)

where the coefficients are

4=55b=21"% _ (LIL8)
3 3

The cross derivative terms are evaluated using two successive applications of the first deriva-

tive formula.

With ideally low dissipation and dispersion errors, these spatial schemes have been ap-
plied successfully in DNS studies on various scenarios, e.g., compressible temporal mixing

layer with various Mach numbers (Sandham & Reynolds 1989), supersonic partially pre-
mixed diffusion flames (Luo 1999), buoyancy-driven reactive plumes (Jiang & Luo 2000a),

etc.

ITII.A.2 Numerical Filtering

The finite difference schemes generate their largest errors at the highest wave numbers
supported by the computational grid, 1/(2/). A fourth-order compact filter (Lele 1992) is

therefore introduced in the present study to eliminate these high wave number errors,

which can be written as

c

. . . b
afi—l + ft + afiﬂ = ﬂfi +E(.fi+l *+ Jia )+E(f;+2 + z‘—Z) (111-9)
where the coefficients are

42%(5+60!),b=%(1+26‘(),CZ—%(I—ZCK) (I1.10)
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In Eq. (IIL9), by reducing « towards 0.5 the filtering effect is confined more and more to-
wards the shorter waves, and 2=0.5 corresponds to no filtering effect at all. In this study, « is

set to 0.4983 as in Le Ribault ez 4/ (1999).

The fourth-order Padé-type boundary filter derived by Gaitonde & Visbal (2000) is em-
ployed to close the whole filter scheme. For the next to boundary point =2, the filtering

scheme can be written as

A A A 5
af+fi+af,=>af, (IIL.11)
k=1

where the coefficients are

_1+l4a
b6

_3+2a
4

+2 142 1-2
v _Tlta _1m2a (LIL12)
8 4 16

a ,d, A

The numerical filtering operation is not imposed at the boundary point 7=1, since it is the

responsibility of boundary conditions to set flow variables at boundaries (Gaitonde & Vis-

bal 2000).

As a necessary component, various types of numerical filters are now being used in differ-
ent applications to damp the high wave number spurious oscillations in DNS/LES (Le Ri-
bault ez al. 1999; Leboissetier e al. 2004; Schmitt 2005). However, it is crucial to keep the
influence of the dissipative effect of the numerical filter as weak as possible in LES, where
the SGS models are expected to play the dominant role to dissipate the kinetic energy when
grid spacing is increased. To this end, the whole LES flow field is filtered once every four
time steps. It was found that the filtering effect is very similar if the filtering frequency is
once per four or eight time steps, but further increasing the filtering frequency results in
smoothing the flow field. The filtering frequency is much less in DNS, i.e., once every 32
time steps, since the grid resolution is improved and thus more high frequency wave com-

ponents are accurately solved by a same compact finite-difference scheme.

ITI.A.3 The Interpolation Scheme
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The knowledge of gas phase flow variables at the local droplet position is required by the
Lagrangian droplet transport equations. Since the droplet locations will not coincide with
the grid points in general, an interpolation scheme is therefore needed. In the present study,
a fourth-order Lagrangian interpolation scheme (Balachandar & Maxey 1989) is employed,

which is summarized as follows for completeness.

A one-dimensional fourth-order Lagrangian interpolation scheme can be expressed as
3

F ()= F(x)L(x) (IIL.13)
i=0

The basic functions L:(x) depends on the location of x:

(1) If x, <x, Sx<x, <x,, set E=(x-x1)/h (0<E<1), where h=x11-x;, i=0,1,2, then

L,(x) = (£ 438 <26). L (x) =3 (£ -2 ~£+2)

L(x)= 3-8 +£426). L(m)=(£=¢) (11L14)

(2) If x, Sx<x, <x,<x,,setE=(x-x0)/h (0SE<1), then

L, (x)=%(—f3 +6£7-116+6), L, (x)=%(f3 —5&%+6¢)
L (x)=%(—f3 +4&-3¢), L, (x)=%(§3 —3&2+2¢) (II1.15)

(3) If x, <x, <x, Sx<x,,set E=(x-x2)/h (0<E<1), then

L= (£ +&). L (n)=(§ +& -2¢)
I (x)=%(—§3 28 +£+2), Ly () =%((§3 +38 +2¢) (IIL16)

Equation (IIL.13) can be extended to the 3D case as

f(x,y,z)zz 23: if(xi,yj,zk)Ll.(x)Lj(y)Lk(z) (I11.17)

3
=0 j 0
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Equations (II1.14)-(II1.16) are designed for a uniform grid system. The interpolation for-

mula for non-uniform grids can be derived in a similar way.

It is worth noting that pursuing high-order interpolation accuracy results in considerable
CPU time due to the intensive floating-point calculations involved in the interpolation
scheme. As shown by Miller & Bellan (2000), the Lagrangian interpolation was a major

consumer (40%) of the simulation time of droplet calculations.

IT1.B Time Advancement

ITII.B.1 The Gas Phase (Sandham & Reynolds 1989)

The time advancement of the gas phase flow variables is accomplished by a fully explicit
third-order three-stage low-storage Runge-Kutta scheme derived by Wray (1986), which

can be expressed as
Q1 =a, MQ0 + Q3 Q) =a, AQL + Q5 (=1,2,3) (IIL.18)

where Q) and Q, are identical and represent the conservative flow variables at the beginning
of every time step. Q, is then used to calculate and store the RHS. Finally Eq. (IIL.18) is used

to update Q) and Q». The constants 21 and 4, are

21 5 3 33
(al,az),l=(;Z)(al,az),2=(§%),(wz),3=(;;) (IIL19)

III.B.2 The Droplet Phase

The droplet transport equations (I1.42)-(I1.44) are advanced by the semi-analytical ap-
proach (Ling ez al. 2001; Goz et al. 2004), taking into the consideration of stability, effi-

ciency and accuracy. It is directly from the solution of the Ordinary Differential Equation

(ODE)

d
d—izkl Ytk (I11.20)
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where k1 and 4 are assumed to be two constants in Eqs. (I1.42)-(I1.44) during the integra-

tion over a small time step. Consequently, the crucial parameter for the semi-analytical ap-
proach is the ratio of the time step to the droplet responsive time, which should be always

small during the course of simulations.

ITII.B.3 The Time Step

The time step limitation for stability is estimated on a model convection-diffusion equa-

tion (Sandham & Reynolds 1989),

At= CFL (II1.21)
D.+D,
where
D =rc L+L+L +7zM (I11.22)
Ax Ay Az Ax;
T’ 1 1 1
D,= ﬂ/’f st (I11.23)
(y—1)Ma RePr\ Ax™ Ay" Az

For linear equations the CFL number for the third-order Runge-Kutta method, Eqs. (II1.18)

and (I11.19), could be chosen up to +/3 . In the present study, a small CFL number, 1.5, is

used for all the simulations.

The time step Az from Eq. (IIL.21) is used for the droplet transport as well. The kinemati-
cal, thermal and evaporating responsive time scales of the droplets are all closely related to

the Stokes number Sz, and thus the ratio of the time step 4¢ to the characteristic droplet
time scale, 4#/S¢ in the non-dimensional context, for every droplet is monitored throughout

the whole simulation period and found to be smaller than 1 for all the cases. In addition,
each droplet is monitored not to cross over one grid spacing in all the three directions

within one time step.
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II1.C Boundary Conditions for the Reacting Jets and
Plumes

The boundary conditions (BCs) employed for the temporal multiphase reacting shear
layers in Chapter IV are periodic in the streamwise and spanwise directions, while in the

cross-stream direction the adiabatic slip wall (Poinsot & Lele 1992) is used.

For spatially-developing flows such as the reacting jets in Chapter V and reacting plumes
in Chapter VI, to set BCs for open domain simulations is a difficult topic. Nowadays, the
Non-Reflecting BCs (NRBC) proposed by Thompson (1987, 1990) and improved by
Poinsot & Lele (1992) have been well recognized as a standard approach to tackle this prob-
lem, which is based on characteristic wave analysis. Simply speaking, at free-stream bounda-
ries, the amplitudes of those incoming characteristic waves are set to zero or derived from
known information, while the amplitudes of outgoing characteristic waves are calculated
based on the flow variables at internal grid points. The detailed derivation for NRBC has
been given by Sandham & Reynolds (1989). The same process is repeated here to take into
account the influence of evaporation in multiphase reactive flows. To simplify the writing
work, the subscript “g” for the gas phase is neglected in this section. The BCs presented in
the following subsections have been used for both DNS and LES, :.e., the subgrid terms in

LES are assumed to have small influence on the BCs.

The gas phase governing equations can be cast into the following vector form,

9, % _pus (I11.24)
ot Oox

where Q is the conservative flow variables,

Q =(p. pu, pv, pw, pEy, pY;, pY,, pY,)’ (IIL25)

where the total energy Er for evaporating two-phase flows can be written as

Y4 0, UM
E. =——+pY h +p—= I11.26
Ty pr.n, +p 5 ( )
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Suppose x is the normal direction at the boundary. All the irrelevant terms, including de-
rivatives in y and z directions, source/sink terms due to chemical reaction and the dispersed
phase, viscous terms, ezc., are put in RHS. Since the characteristic analysis is more conven-

ient with non-conservative independent variables U,

U=(p,uw0,w,d,Y,Y,,Y,) (I11.27)
where d is defined by
d=pp7 (I11.28)

Eq. (IIL.24) is transformed into the following form,

a—U+Aa—U =R (RHS) (I11.29)
ot Ox
where
10 0 0 0 0 0 0]
»w p 0 0 0 0 0 0
v 0 p 0 0 0 0 0
w 0 0 p 0 0 0 0

R="S= o (111.30)

oU |a pu pv pw " 0 0 ph
;/_

Y, 0 0 0 0 p 0 0

Y 0 0 0 0 0 p 0

Y 0 0 0 0 0 0 p
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_r 1 0 0 0 0 0 0
o,
v 1
-2 0 - 0 0 0 0 0
p p
v 0 0 1 0 0 0 0
P p
RY=|  ar=) _o(r=1) _w(r-1) y-1 o o A(r-1)
p’ p’ p’ p p’
5 0 0 0 o L o 0
P p
L 0 0 0 0o o0 L 0
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(1IL31)
[ p 0 0 0O 0 0 0]
w+ydp”™ 2pu 0 p’ 0 0 0
uv pv pu 0 0 0 0
5F uw Pw 0 pu 0 0 0 0
or _ Y I11.32
ou e f o puww  puw 7'01‘ 0 0 pub ( )
7/_
ul; pY; 0O pu O 0
uY, pY, 0 0 pv O
Y, oY, 0 0 0 puw
4 p 00 0 0 0 0]
2
w00 P00 0
Yo,
0 00 0 00O
A:R—lg_F: 0 00 0 000 (I1L.33)
Ulo 000 »« 000
0 000 0 « 00
0 000 0 0 « O
(00 00 0 “
2
4 =aﬁ:‘—+bj’¥v + 4% (I11.34)
dp y-1 2
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o= a{(ET +P)”} _ fdpy_lu +/93Yvu+ W +uv” +uw’

20 y—1
O(E;+p)u v
_NE+p)d_ydp 1Y, +2 (317 + 0" +u?)
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where matrix A is diagonalized by T and T,
! 1 1 )
— —-— 00 — 0 0 0
2¢7 . 207
_ L 0 0 0 O 1 0 0
2pc 2pc
0 1 0 O 0O 00
T'= o 01 0 0 00
0 P70 0 0 0O 00
0 0O 0 0 O 1 0 0
0 00 O 0 10
i 0 00 O 0 0 1_

The diagonal elements of matrix A are (u-c, u, , u, u+c, u, u, u), i.e., the characteristic ve-

locities A, the sign of which determines the propagating direction of different characteristic

waves. The transformation of U to V

T
V=(puvw pY,Y,Y,)

is purely due to easier mathematical expressions with pressure p. S is the transformation ma-

R
trix. The amplitude variations of the characteristic waves crossing the boundary ¢ are de-

fined by
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From Eq. (IIL38), it can be seen that the normal derivative terms dF/dx at the boundary

depend on £ , which is in turn determined by the propagating direction of the characteristic
waves, i.e., {, is calculated by (II1.41) for outward waves, while for inward waves, 7, is de-
termined by Local One-Dimensional Inviscid (LODI) relations proposed by Poinsot & Lele
(1992), usually denoted as NSCBC (Navier-Stokes Characteristic Boundary Conditions)

approach, or set to zero if no flow information outside the computational domain can be

speculated according to the definition of NRBC (Thompson 1987, 1990).

ITI.C.1 The Inflow Boundary

At the inflow boundary, only ¢, is outward and can be computed from interior grid
points, so seven physical BCs for 7, -/, are needed to produce a definite numerical solution,
which are given by the inflow velocity, species mass fraction and temperature profiles. The
vertical velocity wo, Yo and Yoo at the inflow boundary are described by hyperbolic tangent

profiles,
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11142
20 (II1.42)

tanh

fO:fﬁrfz_fl;fz

2

where the subscripts “1” and “2” represent the jet core and free stream, respectively. The

temperature is correlated with w through Crocco-Buseman relation (White 1991),

w(Tl _T2)+w1T2 _szl

w,—w,

T, =O.5(}/—1)M¢12{u/(u/1 +w,)—w’ —w1w2}+

g

(I11.43)

uo, vo and Y are set to zero. Random periodic sinusoidal disturbances are superimposed

onto %, to introduce 3D effects.

Since temperature is an important parameter in combustion simulations, it is preferable
to manually set the temperature profiles at the inflow boundary and leave the density as a

“soft” variable, which is determined by LODI relations as shown by Poinsot & Lele (1992).

Droplets enter the computational domain with the fuel jet through the slot nozzle. The
initial droplet velocities vqo are identical to the local gas phase velocities, and the initial tem-
perature 74o equals the ambient temperature. The spacing between droplets in all the three

directions is set to be equal to obtain a homogeneous initial distribution.

IT1I.C.2 The Lateral Boundaries

At the lateral boundaries, all the flow variables, except the normal velocity, which is cru-
cial for entrainment, are set to be identical with the constant ambient data. According to
LODI relations, ¢, =¢,=0,=( =/, ={,=0. For subsonic flows, the propagation direc-
tions of ¢, and / are definite. Whether they are inward or outward waves depends on the

location of the boundary, as shown in Fig. III-1. Once one of them is determined as an out-
ward wave, the other can be calculated from the LODI relation for constant pressure,

0,+0,=0 (Poinsot & Lele 1992). By this means, the normal velocity is treated as a “soft”

variable at the lateral boundaries, which is ideal to account for the entrainment effect. This
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lateral BC is proposed by Jiang & Luo (2000a) and works well for DNS of buoyant and re-

active plumes.

— >

0 (u—c) 0 (u—c)
D S <«
l(u+c) ls(u+c)
—_ —

Left Boundary: Right Boundary:

(¢, - outward (, - inward

/5 - inward {5 - outward

b=~ £ ==L,

Figure III-1: Illustration of lateral boundary conditions.

ITI.C.3 The Spanwise (Periodic) Boundaries

The spanwise boundaries are periodic for 3D planar jet simulations. In this sense, no BCs
are needed at the spanwise boundaries for the gas phase. As for the dispersed phase, when a
droplet leaves one end of the periodic boundary, a new one with identical properties as the

leaving one is put at the corresponding position at the other end.

ITII.C.4 The Outflow Boundary

The outflow BC for DNS/LES is difficult to design since the flow information outside
the computational domain is completely unknown or cannot be deduced. Thompson’s
NRBC is employed in the present study, .e., for all the inward waves, ¢,’s are set to zero to
follow the “non-reflecting” spirit for DNS/LES in an infinite free domain. However, as
stated by Colonius (2004), such linearized BCs are generally not competent for a spatially

evolving flow as in this study due to the numerical wave reflections at the outflow boundary.

A sponge layer (Sandhu & Sandham 1994) is then attached at the end of the physical do-
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main to damp the wave reflections. A forcing term is added into the solution vector, Q, of

the Navier-Stokes equations in the sponge layer, and the new solution, Qs;, can be written as

Q,=Q-4(x)(Q-Q..) (I1L.44)

where df(x) is the empirical damping function,

d, (x) =0.6¢:Xp{—7.0[(xC —x)/(xe —X, )]4'0} (I11.45)

x, and x. represent the coordinates of the start and end of the sponge layer respectively. Q.y
is the averaged value of Q over a small physical region just in front of the sponge layer. The
sponge layer approach together with Thompson’s NRBC at the end of the computational
domain was found to be very effective to control the wave reflection at the outflow bound-

ary and deployed in all the simulations.

head tail

v v

Droplet Info ji i i ! Droplet Info
N NULL

Y

Memory Pointer

Figure III-2: Data structure of droplets.

II1.D Parallel Algorithm

ITI1.D.1 The Data Structure of Droplets

The dispersed phase consists of discrete droplets, whose number can be increased by con-
tinuously supply at the jet nozzle, decreased by evaporation and moving out of the computa-
tional domain. In this sense, it is completely different from the gas phase, which is described
numerically by a “field” with fixed grid points. The data structure of “array” for a flow field
is not appropriate to store the droplet data. The data structure used for discrete droplets in
the present study is the “linked list” shown in Fig. ITI-2, which is capable of making full use

of the discontinuous parts of the computer memory. Meanwhile, to update the droplet in-
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formation, add a new droplet to the list or delete an old droplet from the list is all in a

straightforward way.

;;;;;;

rrrrrrrrr

R

CPU

_ ICPU 1 _
Fuel + Drops Fuel + Drops

SR

Figure III-3: Two parallel strategies for two-phase simulations: left-(a), right-(b).

III.D.2 The Parallel Algorithm

The MPI (Message Passing Interface: http://www-unix.mcs.anl.gov/mpi/) algorithm is
utilized for the code parallelism. Due to the implicit compact schemes used for spatial de-
rivatives, the domain is divided just in one direction, as shown in Fig. III-3. Either option
can be chosen for the gas phase parallelism with no evident performance difference. How-
ever, with the concern of load balance among respective CPUs, Fig. III-3b is optimal for
two-phase simulations. An important issue which should be taken into consideration, if the
parallel strategy in Fig. III-3b is followed, is the droplets’ transferring between adjacent
CPUs at the end of every time step, which may lead to huge communication time among
CPUs and deteriorate the parallel performance. This problem is circumvented in the code
by using non-blocking MPI functions. The key idea of non-blocking communication
mechanism is to overlap the computation and communication time. Therefore, the droplet
transferring is started at the end of each time step, while the ending stage of the transferring
is put at the next time step, just after the advancement of gas phase variables is finished and

before the droplet code is executed, since the whole process of updating the flow variables
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does not require any droplet information except for the droplet source terms. In such a way,
the droplet transferring among CPUs is overlapped with the gas phase updating process,
and the parallel performance is greatly improved in comparison with that using blocking

communication mechanism.

III.E Chapter Summary

The numerical techniques for DNS/LES of multiphase reactive flows have been pre-
sented in this chapter. Sixth-order compact finite difference schemes are employed for both
first and second derivative discretizations. A fourth-order compact filter is introduced to
diminish the high wave number numerical errors. To optimize the effect of the numerical
filter, the filtering parameter « is set to 0.4983 (2=0.5 corresponds to no filtering effect),
and the flow field is filtered once every four time steps in LES and once every thirty-two
time steps in DNS. In two-phase simulations, gas properties are needed at the droplet loca-
tions, which are obtained by a fourth-order Lagrangian interpolation scheme. The explicit
third-order three-stage low-storage Runge-Kutta scheme is employed for the carrier phase,
with the semi-analytical approach for the droplet phase. The numerical stability for all the
two-phase simulations is ensured by setting a small CFL number, 1.5, and meanwhile, keep-
ing the ratio of the time step to the characteristic droplet responsive time always small. The
boundary condition schemes are based on the characteristic wave analysis and follow the
“non-reflecting” criterion for infinite free domain simulations. The BCs for the inflow and
lateral boundaries stem from the NSCBC approach. The spanwise direction is periodic. At
the outflow boundary, a sponge layer is attached at the end of the physical domain to damp
numerical wave reflections. In addition, the NRBC is deployed at the end of the computa-
tional domain. This combined method is found to be very effective to control the wave re-
flections through the outflow boundary. The initial conditions for various simulations will

be discussed in the following chapters whenever necessary.
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The data structure of linked list is proposed to record the droplet data according to its
discrete characteristic. An efficient parallel algorithm based on the non-blocking communi-

cation mechanism in MPI has been designed for two-phase simulations.
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Chapter IV — DNS of Droplet Effects on

a Reacting Shear Layer

IV.A Introduction

The present study is motivated by several technological applications, such as the humidified
gas turbines (Jonsson & Yan 2005), the hybrid Solid-Oxide Fuel Cell (SOFC) - gas turbine

system (Kee ez al. 2005), fire control and extinguishment in the field of fire suppression
(Grant ez al. 2000). All these applications involve combustion diluted by water drop-

lets/mist. Much of the previous work has been dedicated to studying the interactions be-
tween droplets/particles and turbulence in non-reacting flow (Boivin ez a/. 1998; Mashayek
1998; Ling et al. 2001; Hu ez al. 2002), and multitude interactions in spray combustion
(Réveillon & Vervisch 2000; Sadiki et al. 2005; Sreedhara & Huh 2007; Wang & Rutland
2007; Réveillon & Demoulin 2007). Fundamental investigations of the interactions among
mixing, reaction, droplet dynamics and evaporation in a multiphase combustion system
with water dilution have been few and far between. One key feature is that evaporation of
non-reactant droplets has inhibition effects on combustion through cooling, diluting and
separating the fuel and the oxidizer, as compared with fuel preparation through evaporation
in spray combustion. Many questions, in particular how combustion models should be
modified to account for liquid water dilution, remain unanswered.

The present chapter reports a fundamental study of the complex interaction in multi-
phase combustion with liquid droplets dilution in a simple configuration, i.e., a three-
dimensional temporally-developing reacting shear layer with the oxidizer stream laden with

evaporating droplets. It features fully resolved DNS for gaseous combustion coupled with a



Lagrangian approach for evaporating droplets. Grid-resolution-independent results have
been obtained in cases without and with droplets. The study aims to elucidate evaporating
droplet effects on micromixing, scalar transport and combustion. A comprehensive para-
metric study has been conducted by varying the initial Stokes number (S#)) and mass load-
ing ratio (MLR,). Detailed field analysis has been conducted to examine the complex
nonlinear interactions among droplet dynamics, evaporation, turbulence and combustion,
and so on. Effects of evaporating droplets on averaged flow and combustion quantities have
also been presented. In particular, the conditional scalar dissipation rate is found to be en-
hanced by evaporating droplets, which suggests that they can promote micromixing and

combustion under certain conditions, in addition to their roles in combustion suppression.

The transport equation for the mixture fraction variance Z ~ has been analyzed, with a fo-
cus on the vaporization-related source terms. Such source terms exhibit more complex local
variations in the present shear-flow configuration, compared with the case in the homoge-

neous decaying turbulence configuration of Réveillon and Vervisch (2000).

IV.B Methodology

The complete set of nondimensionalized governing equations includes the time-dependent
compressible Navier-Stokes equations, the transport equations for the gas fuel, gas oxidizer,
water vapour, and the evaporating droplets. The governing equations for the gaseous phase
are solved in the Eulerian frame based on a well established DNS code (Luo 1999). The dis-
crete phase is treated in the Lagrangian frame. To describe the droplets evaporation, the
classical rapid mixing model (Spalding 1953) is selected for its simplicity compared with

other advanced models (Miller ez /. 1998; Sazhin 2006). The gravitational effects on drop-
lets are not included. The two-way coupling between the continuum and the discrete phase
is included in the source terms, which account for mass, momentum and heat exchange (see
Chapter II or Xia ez al. 2008).

The temporal mixing layer configuration is selected for its prototype value for combus-
tion research and the ease with which statistics can be obtained (Luo 1999; Miller & Bellan

1999). Computational cost is another consideration, which cannot be eased by access to the
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latest teraflops computers if DNS of spatially developing two-phase reacting flows is the tar-
get. The letters x, y, z or numbers 1, 2, 3 refer to the streamwise, cross-stream and spanwise

directions throughout this chapter. The fuel is in the upper stream and the oxidiser laden
with droplets in the lower stream moving in the opposite direction. The initial profiles of

the gas streamwise velocity #g,, mass fractions of fuel Yrand oxidizer Y5, and droplet number

density 7d are determined by an error function,
f(%,)=fis +0.5{1+ erf(n'l/z %, /000 )} ( fus — fis)> where subscripts “LS” and “US” illus-

trate the lower stream and upper stream, respectively. 0., is the initial vorticity thickness of

the shear layer, 0, (#)= AUO/

A, /o,

, in which AUy=|ULs-Uus|=2U, and the tilde

max

“«» designates a Favre-averaged quantity, 7 =,0g_f/p_g=<pgf>/<pg>. “ " and “< >” are
used for Reynolds-average interchangeably in this chapter. The initial velocities #g», 243, and
vapour mass fraction Y are set to 0. Both two-dimensional (2D) and three-dimensional
(3D) instabilities are excited through an initial vorticity perturbation (Rogers & Moser
1992; Moser & Rogers 1993), which is transformed into a velocity perturbation through a
Jacobi iterative solver (Miller & Bellan 1999). The relative amplitudes of the spanwise Fap
and streamwise Fip perturbations are set to 0.1 and 0.0875, respectively. The water droplets
are randomly distributed in the lower half domain with the gas oxidizer according to the
specified number density profile, with initial droplet velocity vqo and temperature 740 iden-
tical to the local gas velocity ugo and ambient temperature 7y, respectively.

For both continuum and discrete phases, periodic boundary conditions are set in the
streamwise and spanwise directions, while adiabatic slip walls imposed in the cross-stream
direction. The spatial derivatives are numerically solved by a 6"-order compact Pade scheme
for the inner Cartesian grid nodes, while 4®- and 3*-order compact schemes for the near-
boundary and boundary nodes. To suppress numerical errors at the highest wave numbers, a
4*-order compact filter with coefficient 2=0.4983, similar to that used by Pantano & Sarkar
(2002), is applied once every 32 time steps to the conservative variables for cases in which

coarse grids are used. The gas properties at the droplet locations are obtained by a 4"-order
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Lagrangian interpolation scheme. The droplet source terms are allocated onto the Eulerian
grid nodes according to a geometrical weight factor (Sirignano 2005; Miller & Bellan 1999).
Three methods for droplet source term allocation have been compared, z.e., (1) distribution
onto the nearest grid node, (2) distribution according to a volume weight factor, and (3)
Method (2) plus a further “smoothing” procedure (Miller & Bellan 1999). No systematic
difference was found among these three methods, and Method (2) has been adopted due to
its clearer physical meaning. Droplets are assumed to be completely evaporated and removed
from the droplet list when its Stokes number reaches 0.075 (Miller 2001). Time advance-
ment is achieved by a 3*-order Runge-Kutta method with the CFL number set to 1.5. The
kinematical, thermal and evaporating responsive time scales of the droplets are all closely
related to the Stokes number Sz, and thus the ratio of the time step 47 to the characteristic
droplet time scale, 4¢/St in the non-dimensional context, for every droplet is monitored
throughout the whole simulation period and found to be smaller than 1 for all the cases.

More details on mathematical, physical models and numerical procedures can be found in
Chapter IL

For all the cases, the initial Reynolds number is Re=p, AU, /=500 the convec-
tive Mach number M.=Uos/c=0.5, where ¢ is the initial speed of sound for both streams;
the Prandtl number Pr and Schmidt number Sc are assumed to be a constant of 0.697; the
ratio of specific heats y=1.4; the viscosity x is constant. To account for finite-rate chemistry,

an Arrhenius reaction is employed (Luo 1999). However, in order to deploy limited (but
nonetheless substantial) computational resources for the key objectives of droplet effects, a
simple one-step global reaction is used, together with a set of “representative” combustion

parameters: the Damkohler number Da=5, Zeldovich number Ze=3, heat release parameter
Qn=7.5, and adiabatic flame temperature 7r=4. The latent heat of vaporization of water is
h=19.16 with the reference temperature being the normal boiling temperature of water
(Miller ez al. 1998).

The computational domain contains two disturbance wavelengths, z.e., L.=21. and

L.=2)., in both the streamwise and spanwise directions, where 2.=1.16(27)J..0 and 2.=0.6).
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(Rogers & Moser 1992; Moser & Rogers 1993). L,=1.25L., which was found to be suffi-
cient to minimize the effect of the slip wall boundaries on the main flow in the central do-

main. Table IV-1 presents the key parameters, in which Sz, MLR, and Nyo denote the ini-

tial Stokes number of droplets, Sz,=Re pdDj/(l&u), initial mass loading ratio,

MLR,=2N s, /(P L L, L.

L, L, ) , and initial droplet number in the domain, respectively.
For most of the cases listed, the computational grid consists of 7, Xn,Xn, = 192%192x100
points, while for Cases Ad and Cld, which are designed for the purpose of grid-
independency check, the number of grid points are doubled in each direction, i.e.,
n, Xn,Xn, =384x384x200. To limit the computational cost, only Cases A and C1 have
been tested for grid resolution independence. The grid spacing is uniform in each direction.
Statistics of the post-transition flow (#>80) shows that the ratio of the Kolmogorov scale #

to the grid spacing 7/max(Ax, Az) is within the range [3, 4] for all the coarse-grid cases. Fig-
ure IV-1 shows the records of extrema of key variables for Case pairs A-Ad and C1-Cld.
Excellent matching between the coarse- and fine-grid cases can be seen, indicating that the
coarse grid resolution is sufficient and the numerical procedures are sound. Comparing the

T'ymax curves for the paired cases A-Ad and C1-Cl1d, it is clear that the presence of evaporat-

ing droplets reduce the peak gas temperature.

IV.C Results and Discussion

The instabilities, transition and interactions between turbulence and combustion in reac-
tive mixing layers have been comprehensively studied by Luo (1999). Chemical heat release
tends to inhibit the 2D flow instabilities, i.e., the large-scale vortex roll-up and pairing, and
thus the mixing layer growth rate as measured by the momentum thickness or vorticity

thickness d,. In the present studies, the presence of evaporating water droplets is found to
retard the development of d.. Smaller droplets (S#=1) are more influential than large ones
(Sty=4), for the same MLR,, due to more efficient evaporation (see Fig. IV-2) through more

exposed surface areas. However, in the case of C3 (Sto=4), MLR, is very large, and the mix-
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ing layer growth is severely delayed. Therefore, all cases except C3 are approximately self-
similar beyond time #>80, and the period 80<#<100 is chosen for calculating statistics in
later sections.

Figure IV-2 illustrates the evaporation rate as expressed by the change in total liquid
droplet mass in the computational domain normalized by its initial value. The evaporation
process is slow initially, due to low gas temperature and little mixing. Evaporation acceler-
ates rapidly at just over /=50 when mixing between the two streams and between gas and
the liquid droplets has happened to a significant extent and considerable heat has been re-
leased from the chemical reaction. Comparing the paired Cases B1-B2 or C1/C1d-C2, it is
seen that the evaporation rate is not linearly proportional to MLR,. This is more clearly
demonstrated by the fact that at /=100 Case C3 has an evaporation rate of less than 6%
compared to about 24% for Cases C1/Cl1d, even though Case C3 has eight times more
droplets initially. For the same MLRo, smaller droplets (smaller Stokes number) tend to
have a higher evaporation efficiency but the relationship is not linear either (compare Cases
B1 and C1 or B2 and C2). Therefore, there are complex nonlinear relations among evapora-
tion, turbulence and chemical reactions, which are further discussed in later sections. It is
noted that the results of Cases C1 and C1d agree with each other perfectly, further demon-
strating grid-resolution sufficiency.

Figure IV-3 presents the instantaneous interactions between evaporating droplets and
the reacting flow in the central spanwise plane for Case B2 at #=100. Previous studies have
examined the roles of large-scale flow structures, turbulence, the Stokes number, etc. on the
dynamics of particles (Squires & Eaton 1990; Ling e 4/. 2001) and evaporating droplets
(Xia ez al. 2008). Preferential concentration or segregation has been found in all cases, with
smaller particles/droplets being affected by the flow field much more than the bigger parti-
cles/droplets. How droplets dynamics and evaporation affect turbulence and combustion is
still poorly understood. Case B2 is scrutinized here, because there are a large number of
droplets in the domain and the unity Stokes number ensures intense interactions of the
droplets with the flow and combustion processes. The mixing layer at time #=100 exhibits

typical features of turbulence, with the presence of some large coherent structures, well de-
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veloped small scales and intermittency. In Fig. IV-3a, the stoichiometric mixture fraction Z
lines are traces of the initial interfaces between the fuel and oxidizer streams. All intense re-

actions zones are located along the Z, lines and in the vicinity. Droplets are seen to be pref-
erentially concentrated along the Z lines, effectively interacting with combustion. Not sur-
prisingly, these zones are also where the mass fraction of vapour Y, is high. The fact that the

reaction zones are non-continuous and can form isolated “islands” suggests that reactions at
some locations may have been quenched by evaporating droplets. In Squires and Eaton

(1990), particles of Sz~1 were found to be clustered in high-strain-rate areas while avoiding
the high vorticity regions. The second invariant of the deformation tensor /74 was proposed
to distinguish these two types of regions for particle distribution. In regions where /7;>0,
the magnitude of vorticity is dominant while for /74<0, the magnitude of strain rate is domi-
nant. Shown in Fig. IV-3b are regions of /7;>0 and 774<0 along with the droplet distribu-
tion. It is noted that there are virtually no droplets in regions with 774>0. On the other hand,
droplets exist in regions of either /74<0 or /1;=0. The conditionally averaged droplet num-
ber density <nd |Hd> at this time is very close to 0 where 774>0 but shows a peak at /74=-0.45,
within the section -4,/2<y<d./2 over the whole domain, as shown in Fig. IV-4. Finally, red
solid contours in Fig. IV-3a and IV-3b show that high reaction rate wr zones correspond to
high scalar dissipation rate y regions, underlining the importance of micromixing in ena-

bling combustion. The vice versa is not true, suggesting that combustion may be quenched

by excessive scalar dissipation or it requires more than just well-mixed mixture to react.
Figure IV-5 shows the mean gas temperature <Tg> and reaction rate <a)r> against the
normalized cross-stream coordinate y/9, at #=100 for all the cases. The mean value is ob-
tained by averaging the ensemble samples in homogeneous planes. It is noted that the paired
Cases A-Ad and C1-C1d have excellent agreement in <Tg>, respectively, demonstrating
good simulation accuracy. The agreement in <a)r> between Cases C1 and C1d is less good
in the peak regions, but is acceptable considering how sensitive () is to any small varia-

tion in the simulation. One prominent feature is that the presence of evaporating droplets
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in all cases reduces the peak reaction rate and temperature significantly. The Szx=1 droplets

are more effective in these aspects, because they are more able than larger droplets to con-
centrate in the high shear regions, which happen to coincide with the intense reaction zones.

Also the droplet number density is higher at Sz=1 than at St=4, for the same MLR,. In-

creasing MLR, from 0.1 to 0.2 leads to a significant reduction in <Tg> and <a)r> Further

increasing MLR, to 0.8 (i.e. Case C3) has little effect on the peak values of <Tg> and <a)r>,
due to poor evaporation (see Fig. IV-2). However, the large MLR, in Case C3 changes the
profiles of <Tg> and (@, ) from double-hump and multiple-hump of other cases, respec-
tively, into a single peak profile. This is attributed to the fact that the large droplet size

(Sty=4) and high MLR, in Case C3 significantly reduces the spread of the mixing layer as
measured by the vorticity and momentum thicknesses, causing reactions to occur in a nar-
row central region.

To further investigate the droplet effects on mixing and reaction, the conditionally aver-
aged scalar dissipation rate (¥|Z) is presented in Fig. IV-6. (¥|Z) is a key quantity re-
quired for flamelet models (Bilger 1976), Conditional Moment Closure (CMC) models
(Bilger 1993) and models based on Probability Density Function (PDF) approaches (Pope
1985) for non-premixed flames. The data shown were obtained by a method similar to that
used by Pantano ez /. (2003): the mixture fraction space is split into 32 bins, and condi-
tional average is first performed in each homogeneous plane x-z. It is then averaged over the
cross-stream direction within -9,/2<y<d,/2 and over 21 time units (#=80-100), as weak de-
pendence of (¥|Z) on y and # was found for all the cases studied. No data for C3 are dis-
played, as the case has few data in the statistically stationary regime. For Cases A-Ad with-

out droplets, ( )4 | 7 > has a value of around 0.001 over the range of 0.2<Z<0.8. Considerable
modelling simplification can be obtained by assuming Z-independence of (¥|Z) in this

range. However, this may not help much in reality as Z, is typically less than 0.2 for hydro-
carbon fuels. In the present setup, the oxidizer stream, which is initially laden with droplets,

is represented by the range 0<Z<Z.=0.5. Generally speaking, Fig. IV-6 shows that the pres-

56



ence of evaporating droplets tends to increase < X |Z>, which is consistent with findings in
Réveillon and Vervisch (2000) that the unconditional scalar dissipation rate is increased by
fuel evaporation (note the subtle differences from the present study). Once again, smaller
droplets (Sty=1, Case Bl) seem to be more effective in augmenting (¥|Z) than bigger
droplets (Sty=4, Case C1), for the same MLR,. When MLR,is doubled (Case B2), there is a
substantial increase in {¥|Z) . Both trends indicate that the more droplets there are and the
more evaporation there is, the larger the effect on < X |Z> These can be understood as fol-

lows. The momentum exchange through the drag force, etc. between the droplets and the
gas flow occurs at small scales, which tends to enhance turbulence and consequently the sca-
lar fluctuations. Evaporation of non-reactant droplets, in the meantime, tends to alter the
local scalar concentration, making the gradient of the mixture fraction larger. Both effects
lead to larger scalar dissipation rate. Once again, the matching of the profiles between paired

Cases A-Ad or C1-Cl1d is good.

In models of turbulent non-premixed combustion, the Favre-mean mixture fraction Z
and its variance Z > are two key parameters (Veynante & Vervisch 2002). Réveillon and

Vervisch (2000) analyzed evaporation source terms for the transport equation of Z"7 in the
context of spray combustion, and Sreedhara and Huh (2007) provided further data of the
source terms in 2D decaying turbulence. Analysis has not been performed before for the

case of non-reactant droplets in the context of combustion dilution or fire suppression by

water droplets, as in the present study. A balance equation for 25 for the present case can
be derived, following the procedures and notations in Réveillon and Vervisch (2000) as fol-

lows:
P2 [or=P+D+1,+1I, +1I, (IV.1)

where P:-Zﬁ/Z—Z aZ/axi is the production, D=—/T}j=—2,u/(ReSc)‘VZ“‘2 the dissipa-

—_—

tion, and the vaporization-related source terms are: [, =2pZ W,Z

st ?

I =—2pZW.Z

and 111, =—ﬁﬁ . Following the practice in Réveillon and Vervisch (2000), we group
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the source terms as: ,53’\J:=IV+HV =2.,52"\I/T7V(ZSt —Z) and ﬁ§t=HIV. It is noted that

,53'\: here contains Z_—Z whereas Eq. (20) in Réveillon and Vervisch (2000) has 1-Z

in the parenthesis. This apparently small difference, however, masks real difference in the
effect of ,53': on Z™ . In both Réveillon & Vervisch (2000) and Sreedhara & Huh (2007),

,53': was found to be always positive, that is, a source term in spray combustion in homo-
geneous decaying turbulence. The terms in Eq. (IV.1) from the present shear-layer turbu-
lence are shown in Fig. IV-7 for Case C3 at #=100. The other droplet cases show similar
trends and are not presented here. It is seen that term [ is positive on the oxidizer stream

side but negative on the fuel stream side. This is different from the findings in Réveillon &

Vervisch (2000) and Sreedhara & Huh (2007), in which the correlation ﬁ was always

positive. One explanation might be that in homogeneous decaying turbulence where is no
production term for turbulence, vaporization is the driving for fluctuations in the mixture
fraction so that their correlation is always positive. The present shear flow is more complex

with an additional shear production of mixture fraction fluctuations, and the sign change in

Z'W, across the layer reflects that. The sign of term II, is just opposite to that of 1,

across the mixing layer. Interestingly, the combined term pS* is nonnegative everywhere,

just as found in Réveillon & Vervisch (2000) and Sreedhara & Huh (2007). Especially,
,53’: =0 at the location where the stoichiometric mixture fraction Z is found. Term ,53:

has very small magnitude compared with that of ,53': , as reported in Réveillon & Vervisch

(2000) and Sreedhara & Huh (2007). Compared with the production and dissipation terms,

however, ,53': is one order of magnitude smaller. Finally, terms of ,53': and ,53: inte-
grated over the cross-stream direction over the time period 80<#<100 for Cases B1, B2, Cl1,

C1d and C2 are shown in Fig. IV-8. The integrated quantities are useful to show the net
contribution of source/sink terms to transported quantities (Luo 1999) such as z" Figure

IV-8a shows BS* is dependent more on MLR, than on Sz, and doubling MLR, generates

approximately doubled ﬁ:?i . Figure IV-8b shows smaller droplets (Sn=1) produce bigger
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,53: for the same MLR,. With the same Sto, increasing MLR, will increase the magnitude

of ,53: but less than two proportionally. Again, the paired Cases C1 and C1d show that

the coarse-grid curves compare well with the fine-grid results.

IV.D Chapter Summary

Combustion diluted by evaporating droplets has been studied using DNS. The chosen con-
figuration is a temporally-developing reacting shear layer with the oxidizer stream laden
with evaporating droplets. The gaseous phase is described in the Eulerian frame while the
discrete droplet phase is treated in the Lagrangian frame, with strong two-way coupling be-
tween the two phases through mass, momentum and energy exchange. Grid-resolution-
independent results have been obtained in cases without and with droplets. A comprehen-
sive parametric study has been conducted by varying the initial Stokes number (S#) and
mass loading ratio (MLR,).

Using the case of unity Sz as an example, detailed field analysis has been conducted to ex-
amine the complex nonlinear interactions among droplet dynamics, evaporation, turbu-
lence and combustion, and so on. Droplets are found to cluster in high-strain-rate areas
while avoiding the high-vorticity regions, in agreement with previous findings. As the high-
strain-rate regions coincide with intense reaction zones, evaporating droplets of unity Sz are
very effective in reducing the peak reaction rate and peak temperature. Flow quantities such
as the vorticity thickness are also strongly affected by the droplets. In particular, the condi-
tional scalar dissipation rate is enhanced by evaporating droplets, which suggests that they
can promote micromixing and combustion under certain conditions, in addition to their
roles in combustion suppression. Other findings include: (a) Droplets of non-unity Sz are
less able to follow flow structure; (b) For the same MLRo, smaller droplets tend to have a
greater effect on flow and combustion due to their larger droplet number density and more
complete evaporation; (c) Increasing MLR, not only reduces peak reaction rate and peak
temperature but also significantly changes the profiles of reaction rate and temperature; and

(d) Increasing MLR, beyond a certain critical vale will reduce the evaporation efficiency.
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Finally, the transport equation for the mixture fraction variance Z" has been analyzed,
with a focus on the vaporization-related source terms. Such source terms exhibit more com-
plex local variations in the present shear-flow configuration, compared with the homogene-
ous decaying turbulence configuration of Réveillon and Vervisch (2000). However, the

overall effects of these terms are similar to those found in Réveillon and Vervisch (2000),
with a positive source term PS” and a negative sink term pS” especially after integration

over the cross-stream direction. The source term pS* , however, is one order of magnitude

smaller than the production and dissipation terms, unlike the situation found in Réveillon

and Vervisch (2000).

Table IV-1: Simulation Parameters. Re=500, M.=0.5, Pr=58¢=0.697; Da=5, Ze=3, Qy=7.5;

he=19.16; L=2),, L,=125L,, L.=2), and ,=1.16(27)3,.0, 2:=0.6...

Cases | StolMLRy Nupo BXNyX 7y

A - 0 0 192x192x100

Ad -1 0 0 384x384x200

Bl 1] 0.1 | 935,010 |192x192x100

B2 1] 0.2 |1,870,020]192x192x100

Cl 41 0.1 | 116,880 [192x192x100
Cld | 4| 0.1 | 116,880 |384x384x200
C2 | 4| 02 |233,760 [192x192x100
C3 41 0.8 |935,010 |192x192x100
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Figure IV-1: Time records of extrema of some key variables, showing grid-independence.

Gas density minimum pgmin, product mass fraction maximum Y} max, reaction rate maximum
Wrmwo gas temperature maximum 7gma Of the reacting mixing layer are shown for coarse-

grid Case A and fine-grid Case Ad, along with 7gma records for droplet Cases C1 and C1d.

0 50 ¢t 100
Figure IV-2: Illustration of the evaporation rate expressed by the change in total liquid

droplet mass M in the computational domain normalized by its initial value M.
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Figure IV-3: Instantaneous interactions between evaporating droplets and the reacting
flow in the central spanwise plane (z=L./2) at #=100 for Case B2. In (a): the reaction rate
wr is plotted by thin red contour lines, the stoichiometric mixture fraction Z by bold black
lines, the vapour mass fraction Y, by flooded contours, and droplets represented by discrete
spheres. The droplets are scaled by diameter Dq and coloured by evaporation rate i, . In (b):
the scalar dissipation rate y is plotted by bold red contour lines, and the second invariant of
the deformation tensor (Squires & Eaton 1990) I7; by flooded contours. Regions with
I1;>0 and 17;<0 are encircled by thin solid and dashed lines, representing high-vorticity and
high-strain rate, respectively. In other regions /7:=0. Droplets are superimposed with their

colours indicating the instantaneous droplet temperature 7.

62



-
T
<n, |II>

oL—— | I B
-1 -0. .
0.5 0 (?[Ig 1 1.5 2

Figure IV-4: The droplet number density conditionally averaged on the second invariant

of the deformation tensor <nd |Hd> for Case B2 at #=100.
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Figure IV-5: Profiles of the mean reaction rate <a)T> and gas temperature <T >

for all cases at z=100.
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Figure IV-6: The scalar dissipation rate y conditionally averaged on the mixture fraction Z.

-1 Oy/3, 1
Figure IV-7: Production (P), dissipation (D) and vaporization-related sources

in the transport equation of 25 for Case C3 at =100.
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Figure IV-8: Integrated vaporization-related source term < pS +> and the sink term < pS _>

for the balance equation of the mixture fraction variance Z ,
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Chapter V — LES of Turbulent Diffusion

Flames Diluted with Water Droplets

V.A Introduction

Multiphase reactive flows appear in a multiplicity of engineering applications, such as wa-
ter/steam diluted gas turbine combustors (Jonsson & Yan 2005) and fire suppression sys-
tems (Grant ez al. 2000), in which complex unsteady interactions exist among vortex dy-
namics, entrainment, mixing, turbulence, combustion and evaporating droplets at vastly
disparate scales. The problem is also scientifically interesting and computationally challeng-
ing. Nevertheless, a systematic understanding of such multiscale, multiphysics systems is still
far from being achieved.

Numerical simulations of multiphase flow with or without combustion are still facing
enormous challenges, as particles and droplets involved are usually much smaller than the
Kolmogorov scales, the smallest scales in pure gas flow. To simulate the dispersed phase
from the first principles, a Lagrangian approach tracking a millions of particles or droplets is
required, which must include particle/droplet inter-collisions as well as interactions with
the continuum phase. To describe the continuum gas phase, Direct Numerical Simulation
(DNS) is the most accurate method, which resolves all scales down to the Kolmogorov
scales. Recently, DNS of a spatially developing reactive planar mixing layer has been per-
formed to study the effects of fine solid particles on flow turbulence with the assumption of
no temperature variation (Michioka ez 4. 2005). On the other extreme, the least accurate is
the Reynolds Averaged Navier-Stokes (RANS) approach which only computes the mean

flow quantities while modelling the entire turbulence spectrum with turbulence models.



For example, the effects of turbulence on vaporization, mixing and combustion of liquid-
fuel sprays were investigated using RANS by Sadiki e 4/. (2005). Compared with DNS and
RANS, Large-Eddy Simulation (LES) is a compromise between computational cost and
simulation accuracy, which is under rapid development for reacting (Janicka & Sadiki 2005)
and multiphase (Boivin ez /. 2000) flow simulations. LES simulates the large-scale flow mo-
tions accurately but model the small-scale flow motions (usually much larger than particles
and droplets), 7.e., subgrid-scale (SGS) motions. Correctly dealing with the SGS phenomena
is important for chemical reaction, particles and/or droplets. A variety of models have been
proposed for SGS combustion in gas flow (Pitsch 2006). To account for the effects of parti-
cles/droplets at the SGS level requires further mathematical (Shotorban & Mashayek 2005)
or physical (Segura ez al. 2004) models. These multiphase SGS models, however, introduce
modelling uncertainties (Okong'o & Bellan 2004), which needs clarification. The SGS flow
effect on the statistics of non-settling colliding particles suspended in steady homogeneous
isotropic turbulent flow was recently investigated by Fede and Simonin (2006). Interest-
ingly, they found that various statistics, such as particle dispersion, particle kinetic energy
and fluid kinetic energy were weakly dependent on the SGS gas velocity field. Similar find-
ings had been obtained by Armenio e# a/. (1999) in the numerical study of a turbulent
channel flow laden with tracer particles. However, for phenomena driven by the interaction
between particles and the local fluid velocity, it was found that the importance of SGS flow
effect was dependent on the particle size (Fede & Simonin 2006). Therefore, careful valida-
tion of LES results is crucial. However, few experiments provide results at the SGS level and
in any case comparison of LES results with existing experimental data is more difficulty than
intuition suggests (Veynante & Knikker 2006; Kempf 2008). An alternative route is valida-

tion against the DNS data (Okong'o & Bellan 2004; Leboissetier ez a/. 2005). Unfortu-

nately, for three-dimensional (3D) spatially developing multiphase reactive flows as in the
present study, DNS is still prohibitively expensive for present supercomputers. The third
option is to conduct systematic parametric studies to reveal the trends predicted by the LES
in comparison with as much theoretical and experimental results as possible. This option is

adopted in the present study.
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Fundamental numerical studies on multiphase phenomena have in the past adopted an
idealized homogeneous (Mashayek 2000) or two-dimensional (Miller 2001) flow in the
laminar and transitional regimes. For spatially evolving flows, the gas-solid non-reactive iso-
thermal jet has been investigated extensively with numerical and experimental techniques
(Yuu er al. 2001), with a focus on particle effects on gas-flow turbulence, i.e., turbulence
modulation. With the addition of chemical reaction and phase change, the vast majority of
studies are concerned with spray combustion, which has applications in modern gas turbine
engines and Diesel engines. Vapour effect in the spray combustion has been considered in

the context of RANS (Réveillon & Vervisch 2000), LES (Pera ez al. 2006) and DNS (Wang
& Rutland 2007), respectively.

In the present chapter, a 3D turbulent reactive jet laden with non-reactive evaporating
liquid droplets is studied using LES. The main objective is to investigate the suppressive ef-
fects of non-reacting water droplets on combustion. The applications include control of
combustion peak temperature using water spray in gas turbine engine technology (Jonsson
& Yan 2005) as well as fire suppression in the context of fire safety (Grant ez /. 2000). The
physical problems involved and objectives are different from those in spray combustion, in
which the evaporating droplets take part in combustion, and the evaporation and mixing
enhance combustion. The LES approach uses a dynamic procedure to obtain six subgrid
model coefficients in order to capture the highly local interactions among turbulence, com-
bustion, heat transfer and evaporation. The complex interactions are scrutinised under vari-

ous initial Stokes number (S%) and Mass Loading Ratio (MLR,).

V.B LES Code Validation

A heated planar jet studied experimentally by Yu & Monkewitz (1993) has been simu-
lated by LES for the purpose of code validation. Their motivation is to investigate the near
field flow dynamics and the absolute instability of a hot jet. The main parameters are

Re=4000, S=0.76 and Ri=3x10723, where the Richardson number R; is defined as
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The corresponding Froude number is about 105, so the buoyancy effect is insignificant in
the near field of the hot jet. The computational domain is chosen as L.xZ,xL. = 4x9x15,
and the grid system 7,x7,x7. = 40x90x 150, leading to the uniform grid spacing 0.1, or di-
mensionally 1.5, in all the three directions. The sponge layer starts at z=12. No pertur-
bation is employed for the streamwise and lateral velocity components at the inflow plane,

as in the experimental setup, while random periodic sinuous waves are imposed on the

spanwise velocity component to trigger the 3D effect.

Figure V-1 shows the direct comparison of the instantaneous scalar fields. The “T” frame
in the experimental figure is to show the size of the slot jet nozzle width. The flow transition
takes place at about z=2~2.5, which is well captured by the LES results. The correct repro-
duction of the location and size of the first pair of rolling-up large-scale vortices shows the
satisfactory performance of the dynamic Smagorinsky model for transitional free shear flows.
The global flow characteristic in the near field of the hot jet is also very similar between the
computational and experimental results. The random spanwise perturbation takes effects at
downstream locations. As shown in Fig. V-2b, the “mushroom” structures start to appear at
z=8, and the corresponding streamwise vorticity drives the flow to develop non-
symmetrically (Fig. V-1a), compared with the purely symmetrical flow pattern in the up-
stream regions. Figure V-3 shows the temperature iso-surfaces at #=100. Note the computa-
tional domain has been expended in this figure, i.e., L.xL,xL. = 8x31.8x42.785 with
neXmyXn. = 41x160x200, to show the developed turbulence downstream. The flow field
develops from a laminar flow at the inflow, forming large scale vortices at =10, and subse-

quently breaking up into small scale structures at z=20.

The mean streamwise velocity and temperature profiles are presented in Figs. V-4 and V-
5. Due to the low sensitivity of the probe at the low velocity regions, the ambient velocity
data were not given in Fig. V-4b. The centreline velocity decay rate is well predicted by the

LES results. However, the centreline temperature decay rate was found to be underesti-
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mated by LES, which could be for various reasons. The most important one, in the author’s
opinion, is due to the inflow boundary condition. From the experimental point of view, it is
always difficult to prescribe the desired inflow condition due to the environmental noise,
the inherent experimental device vibrations, ezc. On the other hand, from the numerical
point of view, to give a well-posed inflow boundary condition, one flow variable should be
treated as a “soft” variable and determined by the flow itself during the course of simulations
(Poinsot & Lele 1992). Here, the density p is used for this purpose. Although the direct ef-
fect on the temperature statistics is expected to be diminished compared to an inflow BC in
which the temperature itself is a “soft” variable, the variation of p at the inflow plane defi-
nitely affects the downstream temperature decay more severely than it affects the down-

stream flow velocity.

The one-point temporal velocity spectra are shown in Figs. V-6. Two peaks can be found
at non-dimensional frequency (Strouhal number) equal to 0.2 and 0.3. It should be empha-
sized that these results are obtained without any artificial excitations at the jet nozzle. The
experimental results revealed a similar tendency. However, in the region close to the nozzle,
i.e., z=1, Fig. V-6b shows the peak magnitude at $7=0.3 dominates, while for the LES results,
the dominant peak locates at $7=0.2 for both heights, z=1 and 2, which indicates that the
jet develops from the shear layer mode into the jet mode more quickly in LES. The one-
point temporal temperature spectrum is shown in Fig. V-7. The §7=0.3 peak dominates at a
further downstream location compared to the velocity spectra, which suggests the self-
similar status of the temperature will be attained later than that of the streamwise velocity.

The experimental temperature spectra were not given for this case.

Compared to the first-order quantities, the second-order statistics suffer more uncertain-
ties at the inflow BC, for instance, the unknown turbulence level at the jet nozzle in ex-
periments. A recorded experimental profile is desirable in such a case. While this problem
was found to have little influence on the mean quantities, it does have obvious effect on the

second-order statistics according to the results of some test cases.
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The comparison to the experimental results of a heated plane jet presented in this subsec-
tion is far from completed for the purpose of validation for a LES code simulating multi-
phase reacting flows. The reasons for further validation is not pursued are two folds. First,
well-established experimental data are still not available. This is due to the complexity of the
flow and the limitation of the currently available experimental technology and methods. A
good example was given by Bilger (2004), discussing the quality of measurement of scalar
dissipation rate, and other turbulence statistics. The spatial resolution of the measurement
was the key issue. The discrete evaporating droplets entail more difficulty in the measure-
ment. Moreover, well-defined experimental results should present the detailed initial,
boundary conditions and all the relevant parameters, before the statistics is given. In the
third year of this project, an experimental study on turbulent non-reacting spray jets of ace-

tone (Chen ez al. 2006) was published, which could be considered for further validation.

Second, to numerically resolve the multi-scale flow is beyond the capability of current
computational power. Despite this, the grid-independency tests have been performed in
Chapter IV for DNS of a reacting shear layer interacting with droplets, showing the self-
consistency of the DNS results. For LES, apart from the imperfect evaporation model for a
single droplet and combustion models for gas reactions which are still under development,
the current knowledge of subgrid characteristics of the interaction between reacting flows
and discrete droplets is too little to perform a comparison with a realistic configuration us-
ing LES.

To this end, our strategy is to use simple models for evaporation and combustion, and
concentrate on exploring the interaction mechanisms involved with the help of parametric
studies. Parameters are calibrated and tuned to reproduce the main features of laboratory
flames diluted with or suppressed by non-reacting droplets, ¢.g., the gas temperature and the
vapour mass fraction, and to make the simulations tractable with the available computing
resources. Various simplifications have been imposed in past numerical studies (Miller &
Bellan 1999, Mashayek 2000, ezc.) to circumvent the same issue. More importantly, specific

interaction is better explained by simplified configuration. A good example was given by
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Réveillon and Demoulin (2007), who studied the interaction between evaporation and mi-

cro-mixing. Step-by-step improvement can be made in the future work.

V.C The Gas-Liquid Reactive Jet Configurations

A 3D free turbulent reactive planar jet laden with non-reactive evaporating liquid droplets
has been simulated under different conditions shown in Table V-1. Figure V-8 presents the
schematic of the computational domain and boundary conditions. The coflow is quiescent.
The domain size is chosen as L.xL,xL. = 8x31.8x42.785, where the subscripts x, y and z
designate the spanwise (periodic), lateral and streamwise direction, respectively. A sponge
layer starting from z=40 is added to the outflow boundary in order to suppress any unphysi-
cal wave reflections at the boundary. The slot jet nozzle at the inflow plane is of a rectangu-
lar shape, with width /=1 and length /=8. A Cartesian grid system n.xnXxn. =
41x160%200 leads to uniform grid spacing in each direction, respectively, i.e., AxxAyxAz
= 0.2x0.2x0.215. The grid spacing (K/Z) is chosen so that the cut-off wavenumber is
within the inertial subrange of turbulent scales, as shown in the one-dimensional streamwise
velocity spectra in Fig. V-33 (discussions on the figure deferred to later sections). Magni-
tudes of quantities such as resolved (ke:) and subgrid (ke,) kinetic energies, grid- (Dg) and
subgrid-scale (D;) dissipation rates were monitored in time and space to ensure a well-
resolved LES, i.e., ke.>>ke, and Dy< <D, (da Silva & Métais 2002). In the present study, the
biggest droplet size Dgoma = 8.5%107, which is far smaller than the grid size, indicating that
the prerequisite for the point source approximation is well fulfilled. The peak value of the
local volume fraction of droplets in all the droplet cases is below the critical value of 1x107.
The dispersed phase is thus in the dilute two-phase flow regime (Crowe ez /. 1996), and
consequently droplet-droplet collisions can be neglected. Droplets enter the computational
domain with the fuel jet through the slot nozzle after /=20, when the jet flame has been ig-
nited and established in downstream regions. When a droplet leaves one end of the periodic

boundary, a new one with identical properties as the leaving one is put at the corresponding
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position at the other end. The simulations were performed on a Linux cluster Iridis2 at the
University of Southampton using 40 processors. The parallel algorithm is based on Message

Passing Interface (MPI) with the non-blocking communication mechanism.

V.D Results and Discussion

V.D.1 Combustion LES with Dynamic SGS Models

The simulation cases and parameters are listed in Table V-1. A one-step, irreversible reac-
tion, described by the Arrhenius law, is used for the reactive cases, with Re=4000, $§=0.76,
Da=3, Ze=12, T=4, Qx=250. Although the buoyancy effect (F7=105) was found to be in-
significant for the non-reactive hot jet, it does have profound influence on the combustion
process of a turbulent reactive jet. Included in Table V-1 are the scenarios with various
buoyancy configurations which are of theoretical and practical interests: Case 0a is a non-
buoyant flame (Fr=c0), Case Ob a buoyant flame and Case Oc a prototype flow in industrial

combustors where the gravitational force is aligned perpendicularly with the jet axis.

Figure V-8 shows the isosurface of vorticity magnitude, 0.25, of Case Oa. The present LES
well captures the laminar to turbulence transition, including the first occurrence of the large
spanwise vortices, as compared with the experimental results (Yu & Monkewitz 1993). Fig-
ures V-9, 10 and 11 present the 3D temperature isosurfaces of the reactive jet and the tem-
perature contours on several cross sections at a representative time for Case 0a, Ob and Oc,
respectively. Unlike the infinitely fast chemistry which implies “Mixed is burned”, the reac-
tion takes place predominantly in the turbulent region, and the flame is lifted from the jet
nozzle. It can be seen that due to the promotion of the mixing effect induced by buoyancy,
the reaction becomes much more intensive in Cases Ob and Oc compared to Case 0a. More-
over, the buoyancy is more effective in Case Oc than in Case Ob, since the temperature in
Case Oc has reached the same level as in Case Ob, but at an earlier time. Due to the buoyancy
effect on vorticity transportation (Jiang & Luo 2000a), the flow structures in Cases Ob and
Oc are more “twisted” than in Case 0a, especially in Case Oc, where separated large scale

structures produced by the buoyancy can be found in the y>0 region.
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It is worth noting that the gravity has evident effect on droplet motion as well, especially
for large droplets. As an example, shown in Fig. V-12 are the droplet trajectories for the
Sto=16, MLRo=1.7 droplets of Cases 3d and 3e, respectively. In comparison with Case 3d,
where droplets are mainly controlled by inertia and show no directional inclination, all the
droplet trajectories for Case 3¢ bend to the gravity direction. For the purpose of combustion
control, since the light and hot gas product mixture will always “rise” toward the anti-
gravitational direction, which is opposite to the droplets’ destination, the poor performance
of large droplets can be anticipated. Other unfavourable characteristics of large droplets,
such as insensitivity to the flow behaviour, poor lateral dispersion, ezc., will be analyzed in

detail in following sections.

Figures V-13a, 13b and 13c are the lateral distributions of dynamic model coefficients for
Case Ob at z=15 and 30, representative transitional and turbulent downstream locations,
respectively. Cy, Ci, Cr, Cr, Cro are the model coefficients in the dynamic Smagorinsky
model (Germano ez al. 1991), Yoshizawa model (Yoshizawa 1986), SGS heat and species
flux models (Moin ez /. 1991). As a reminder, Cr=Ca/Pr., Cyi=Ca/Sces, Cyo=Ca/Sc0, where
Pr. is turbulent Prandtl number, Sc.f and Sc., are turbulent Schmidt numbers for fuel and

oxidizer.

One prominent feature is that these SGS model coefficients are quite non-uniform, espe-
cially in the transition regimes, where large coherent structures have big influence. Com-
pared with simulations with constant model coefficients, the present simulation is able to
capture the local features, which is important for examining turbulence-droplets-
combustion interactions. Figure V-13d shows the ratio of turbulent viscosity (x) to molecu-
lar viscosity («), which indicates the level of SGS model dissipation compared to the physi-
cal dissipation. The maximal levels approach 4 and 5 at the two heights and compare well
with other LES studies (Le Ribault ez /. 1999) under similar configurations, indicating an

appropriate selection of grid spacing,

73



V.D.2 N; - Number of Physical Droplets Represented by One Com-

putational Droplet

A key issue in LES of two-phase flows by the Lagrangian approach is how to represent a
huge number of physical droplets with limited computational resources. A general practice
is adopting a “computational” droplet to represent a parcel of physical droplets, which are

assumed to have identical properties, i.e., droplet mass, evaporation rate, temperature, ve-
locities, ezc (Crowe e al. 1998). A ratio, N, of the physical to computational droplet num-
bers is defined here and a suitable Nk must be determined. A compromise must be made
between numerical accuracy and computational cost, since a big Nr will lessen the simula-
tion burden but tend to affect numerical accuracy, whereas a small Nr will have the opposite
effects. It is likely that the choice of N is problem-dependent, which should be tested be-
fore any final simulation.

There have been only few studies on the effect of Nk on LES results of multiphase flow.
The study of Leboissetier e al. (2005) is one example, which considered a droplet-laden
temporal mixing layer and concluded that the results with Nk=8 were poor. In this study, a

more realistic configuration of a spatially-developing reactive jet laden with evaporating

droplets is tested using various N settings. Figure V-14 presents the effect of Nk on the gas
temperature 7, and the product mass fraction Y} at z=30 and #=100 for Case 3a. Very small
differences among the test cases have been found considering the double-peak shape, magni-
tude and lateral extent of all the predicted profiles. It should be pointed out that similar
tests have been done for Case 3d with Nr=8, 16 and 32, and the findings are same as those
for Case 3a. No such tests have been done for Case 1a due to the huge computational cost
demanded for the droplet phase as [Nk decreases. Based on the above tests, N is set to 32 for

all the cases in the present study, which is expected to retain numerical accuracy while keep-

ing the computational cost tractable.

V.D.3 Diluted Combustion
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A comparison of the averaged temperature fields at #=100 for the non-buoyant cases 0Oa, 1a,
3a and 3d is shown in Fig. V-15. At #=100, a well developed reacting jet diluted with evapo-
rating droplets has been established at downstream locations. As shown, at small MLR,
(0.1), the fields of droplet Cases 1a and 3a are very similar to that in Case 1a without drop-
lets, in terms of the first vortex roll-up, break-down location and spreading rate, ezc. How-
ever, Cases la and 3a have dramatically different effects on combustion and consequently
peak temperature due to different droplet sizes. The deployment of more droplets while
keeping the droplet size the same results in further suppression, as seen in Figs. V-15c and
V-15d for the S£=16 cases. Since the peak temperature in Case 3d is almost equal to the
initial hot fuel temperature, combustion has been fully suppressed. Meanwhile, the lateral
spreading of the jet and droplets becomes much less than in other cases, due to the lack of
expansion of the mixture of hot reaction products.

Figure V-16 presents the profiles of normalized temperature fluctuation intensities for all
cases at selected locations. The peak intensity values for Case 0a appear in the strong react-
ing area (2>30), with 7t reaching almost 25% of the mean temperature. In all droplet cases,
the temperature fluctuation intensity is dramatically reduced, especially in Case 3d, due to
the cooling effects of droplets and lack of combustion-induced temperature fluctuations. In
the near field (close to nozzle exit), droplets play a role as external disturbances on the lami-
nar flow, which lead to higher level of flow fluctuations (not plotted) and in some locations
larger temperature fluctuations. Figure V-16b shows that high values of temperature fluc-
tuation intensity are usually distributed at the interface between the fuel and the oxidizer
ambient, where there is strong combustion, similar to the double peak distribution widely

observed experimentally.

V.D.4 Effects of the Initial Stokes Number

In Figs. V-17a and V-17b, the droplet distributions are shown for Cases 1a and 3a. Notably,

the behaviour of droplets of different S#) and accordingly different sizes is dramatically dif-

ferent. In Case la at the transitional region, the small (Sz0=1) droplets follow the flow and
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concentrate in the circumferential regions of large scale vortices or high-strain-rate regions,
due to their tendency for “preferential concentration” (Squires & Eaton 1990). These are
the regions where chemical reactions are strong thanks to better mixing of the fuel and oxi-
dizer. The concentration of droplets there not only reduces the temperature through evapo-
ration, but also separates the fuel from the oxidizer, leading to effective suppression of com-
bustion and thus peak temperature. In the turbulent region downstream, the droplet size
becomes even smaller on average, resulting in even more rapid evaporation and effective
suppression of combustion, as seen in Fig. V-18b, which shows the Probability Density
Function (PDF) profiles of the normalized droplet sizes at two heights, z.e., Z1 = 10+1 and
Z2 = 3041, the typical transitional and turbulent regions. The PDF at Z2 shows that the
droplets are smaller and have a wider spread of sizes than those at Z1. For the PDFs calcu-
lated with all the droplets in the whole domain at /=100, Fig. V-18a shows that the initially
large droplets (Cases 3a and 3d) have evaporated to a lesser extend than in Case 1a. This is
partly because smaller droplets (with the same MZLRo) have a larger total surface area, which
enhances heat transfer and evaporation. Another reason is that larger droplets are less re-
sponsive to the flow field and less likely to concentrate in the regions with strong combus-
tion and thus high temperature. Also shown in Fig. V-18a is that increasing MLR, inhibits
evaporation of individual droplets, comparing the PDFs of Cases 3a and 3d. However, the
total mass of the vapour produced in Case 3d is much more than in Case 3a (not shown),
due to 13 times more droplets existing in the whole domain of Case 3d than in Case 3a at
t=100. This leads to the different degree of reaction suppression in these two cases, as seen
in Figs. V-15c and V-15d.

The different interaction modes between droplets and reaction for different cases are
shown in Fig. V-19. A small cube block region, /.x/,x/.=8x8x38, in the downstream fully
developed turbulent area is magnified for clarity. Mainly controlled by local flow motions,
the smaller droplets can follow up and cover the reaction zones in an ideal pattern, as shown
in Fig. V-19a. On the other hand, Figs. V-19b and V-19¢ show that the bigger droplets are
confined within a narrow region in the y direction, due to their insensitivity to flow behav-

iour. In Fig. V-19b, as the bigger droplets pass through the central region, the reaction zones
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are torn apart and reaction suppressed. Due to their larger inertia, they do not spread as
widely as in Case 1a. Therefore, reaction survives at off-centre regions. In Fig. V-19c¢, due to

the existence of a lot more droplets with ML Ro=1.7 compared to MLR,=0.1 in Figs. V-19a
and V-19b, the combustion is completely controlled (see Fig. V-15d), so the lateral expan-
sion of the reaction becomes much weaker.

It is noteworthy that the gravitational effect has not been taken into consideration. If the
gravity is aligned with the negative vertical direction —z as in Luo (2004) and Prasad ez 4/.
(1998), the penetration distance of droplets will be altered. If the gravity is aligned with the
lateral direction as in Xia ez 4/. (2006), then the flame structures and droplet trajectories are
bent towards in the +y or —y direction, especially for heavier droplets. Shown in Figs. V-20a
and V-20b are snapshots of temperature isosurfaces together with the distribution of drop-
lets at /=80 for the buoyant Cases 1b and 3b. The preferential concentration is again dis-
covered for the Sto=1 droplets, with the additional influence of buoyancy on the flame and
gravity on the droplets. With turbulence growing and Sz decreasing by evaporation, the dis-
tribution of the droplets becomes more uniform at downstream locations (z>15), but is still
selective. On the contrary, the S#=16 droplets, whose initial droplet size is four times that
of Sty=1 droplets (Sto~Dao?), are prone to keep their initial trajectories due to their large
inertia and are insensitive to the flow structures. Consequently, the lateral dispersion, a key
parameter for liquid spray combustor or solid coal combustor, of S%=16 droplets is much
smaller than that of Sz%=1 droplets. For fire suppression systems, the implication of this dis-
parity is profound too. The reaction typically takes place initially in the shear layers at the
interfaces of fuel and oxidizer, and then spreads to nearby regions. With the perfect match-
ing of droplet locations with the reaction zones in Case 1b, the reaction is suppressed before
it grows. The mass fraction of water vapour Y, and the droplet number density 74 for Case
1b at the same time are plotted in Figs. V-21 and V-22. Clearly, the maximal Y, (>0.015)
and 74 are found at low-vorticity and high-strain-rate regions. The total droplet number

within the computational domain for Case 1b is 234,350, which represents about 7.5 mil-
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lion equivalent physical droplets. The maximal 74 is about 26, .e., more than 830 physical
droplets in one grid volume. The corresponding value for Case 2 is about 4.

The non-uniform droplet distribution in Case 1b has another important consequence as
far as the control of combustion is concerned. Because droplets are concentrated in the in-
terface regions between the fuel and oxidizer where the strain rate and reaction rate are both
high, the vapour produced by the droplets due to combustion together with the droplets
themselves are forming an “insulation” layer, separating the fuel from oxidizer. That would
prevent mixing and further reaction, leading to effective suppression of combustion. In real-
ity, such an insulation layer would also reduce the level of thermal radiation, which plays an
important role in the feedback mechanism for flame propagation, as in combustion cham-

bers and enclosure fires.

For the S=16 droplets, due to their insensitivity to the flow behaviour, their perform-
ance of combustion control is quite poor. Their only possible advantage is that they may
penetrate deeper into reacting zones, if their initial distribution and trajectories are right. As
shown in Fig. V-20b, the droplets missed the targets (intense reaction zones) completely.
Naturally, the gravitational force in the negative y-direction changes the droplet trajectories

so that the droplets are moving away from the central line. Even without this influence, the
narrow distribution of droplets of larger sizes would result in limited interaction between

droplets and the reaction zones, as shown in Figs. V-17b, V-19b and V-19c.

Figures V-23, V-24 and V-25 present the centreline gas phase temperature (75), reaction
rate (RR) and Y5, averaged over the spanwise direction at #=80 for Cases 1b, 2 and 3b. The
initial droplet diameters correspond to 30uz, 60um and 120um, respectively, all within the
definition of water mist (< 200u72). It can be seen that for same MZLRy, smaller droplets are
more effective in suppressing combustion. Figures V-23 and V-24 show that the fine mist in
Case 1b almost completely extinguish the combustion, while in other cases combustion is
simply moderated. The averaged peak temperature at #=80 is 2.4 for Case 1b, while 3.78 for
Case 3b. This is partly due to the different dynamics of droplets of different sizes as dis-

cussed above. Another important factor is the total surface area of droplets (At) exposed to
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the gas. Simple mathematics leads to Ar.s=1/A15=16=Dasi=16/Dasi-1=4 for the same MLR,.
So Case 1b has four times more surface areas than Case 3b, which enhances convective heat
transfer and evaporation. As shown in Fig. V-25, Y, for Case 1b quickly rises to a much
higher level compared to the other two cases. At heights beyond 2=20, there is little vapour
in Case 1b partly because combustion is suppressed in that region and partly because there
are not many droplets left. Cases 2 and 3b have more uniform distributions of Y, along the

height, for the opposite reasons.

Figure V-26 illustrates the ensemble averaged droplet diameter normalised by its initial
diameter along with the vertical distance at #=80. For Case 1b, D4 almost approaches its half
value at 2>35, showing that about 80% of the droplet mass has been evaporated. In contrast,
the decrease in the droplet size for Case 3b is quite small. In Case 2, the averaged droplet
size decreases with the height until the intense reaction zone at 2=29. The small number of
droplets that escaped from the reaction zone cause a weak peak at z=30-32, because the per-

centage of vaporised droplets in that range is low.

V.D.5 Effects of the Initial Mass Loading Ratio

With the same Sz, higher MLR,, i.c., more droplets are expected to result in larger degree
of combustion suppression. However, the effect is not linear. Figures V-27, 28 and 29 show
the lateral profiles of Ty, RR and Y, at =20 for Cases 3b, 3¢ and 3e. Increasing MLR, from
0.1 to 0.85 dramatically decreases 7, and RR but increases Y. But increasing MLR, from
0.85 to 1.7 has little effect. One main reason is that the evaporation capability does not
grow linearly with the droplet number in a given system. The ensemble averaged driving
potential of evaporation, <Y, Yy 6> along the vertical distance is shown in Fig. V-30. As
more vapour is produced in higher MLR, cases, <Y urf—Yofr> decreases, so further evapora-
tion is slowed down. This is consistent with the description of the three-stage evaporation
process of a cluster of fuel droplets by Réveillon and Demoulin (2007). Therefore, the com-

bustion suppression capability of Case 3¢ and 3e is very similar, despite twice as much water
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as used in Case 3e. On the other hand, the lateral extent of RR and corresponding 7 is nar-
rower in higher MLR, cases, indicating denser mixture due to higher droplet number den-

sity inhibits lateral entrainment, mixing and thus combustion.

V.D.6 Droplet Dynamics

The effects of droplets with different initial sizes on the flow field can be scrutinized via

the analysis of the grid-scale (GS) kinetic energy budget, which can be written as
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where £ is the grid-scale kinetic energy (GSKE), representing the large-scale flow structure

behaviour and playing a key role in entrainment and turbulent mixing, k pgz;; ;t; / 2.In

Eq. (V.2), term I represents the convection of pressure waves, II the viscous diffusion, III the
viscous dissipation, IV the redistributive effect due to interactions between SGS stresses and
velocities, V the SGS dissipation, VI the SGS effect of droplets due to evaporation, and VII
the SGS effect of droplets due to momentum exchange between the two phases. The buoy-
ancy contribution is not included to simplify the analysis.

Figure V-31 presents the contributions of the dominant terms (I, IV, V and VII) in Eq.
(V.2) for all the non-buoyant cases at 7=100. The combustion-generated pressure gradients
due to local thermal expansion lead to the dominance of term I. For a well-resolved LES, the
magnitudes of term III should be much smaller than those of term V, which has been cor-
rectly captured in all the cases, indicating a proper choice of the grid spacing in the current
LES. Moreover, the effect of SGS redistribution of GSKE (term IV) has been found to be
much more efficient than the GS redistribution effect (term II), which is consistent with

the findings in (da Silva & Métais 2002). Since S_, >0, VI always acts as a “sink” and tends

to decrease the GSKE. However, its magnitude has been found to be too small to trigger any
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profound effect on GSKE in all the cases presented here. The droplet term due to momen-
tum exchange (VII) plays different roles depending on the droplet initial sizes, i.e., St. For
Case la, thanks to the small droplet responsive time, the relative velocities between the flow
and droplets are small and the effect of momentum exchange on GSKE is negligible. For the

opposite reasons, the droplet momentum effect is more pronounced for Cases 3a and 3d.

Even with small MLR, (0.1), VII has risen to the level of the SGS dissipation term V, but is
still smaller than the SGS redistribution term IV. In Case 3d, in which the MLR, is much

higher, VII becomes the second most important term after the combustion term I. To verify
this conclusion, budgets of respective terms have been plotted at different downstream loca-
tions, Ze., 2=25, 30 and 35, for Case 3d in Figs. V-31d, V-31e and V-31f, respectively. It’s
worth noting that VII is usually positive, which acts as a source term for GSKE. As a conse-
quence, the GSKE has been dramatically increased due to the existence of larger droplets.
This effect is especially evident in the downstream fully developed turbulent region, where
the gas streamwise velocity is getting small due to jet spreading and viscous dissipation for
Case 0a. Shown in Fig. V-32 are the temporal records of the filtered streamwise velocity, w,
at a centreline downstream location, (x, y, z) = (4, 15.9, 32), for Cases 0a and 3d, respec-
tively. It can be seen that the time-averaged level of W has been augmented from 0.2 in Case
0Oa to about 0.6 in Case 3d after droplets reach that location at # = 65.

Although the GSKE is increased, the turbulence level in the two-phase flow is found to be
decreased due to the droplet dynamic effect. As discovered by other researchers (Boivin ez 4.
1998; Okong’o & Bellan 2004), without the consideration of gravitational effect, droplets
act as an additional source of dissipation, leading to a diminished turbulence level. Figure V-
33 presents the one-dimensional energy spectra based on the centreline streamwise velocity,
which has been averaged over the spanwise direction, at #=100. The centreline has been
chosen for spectra analysis due to the high droplet number density found there, properly
reflecting the droplet effect on the flow turbulence. At both ends of large and small scales,
the energy density is found to be lower in Case 3d than in Case Oa. Similar findings can be
obtained for other droplet cases with weaker influence on the energy spectra induced by

droplets, due to cither much smaller relative velocities between the two phases for Case 1a
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or fewer droplets for Case 3a. It is worth noting that the temperature level in the down-
stream turbulent region is much lower for Case 3d than for Case 0a, so the temperature-
dependent molecular viscosity is lower for Case 3d as well. With inefficient dissipation, the
turbulent kinetic energy (TKE) for Case 3d tends to accumulate and reach a higher level.
However, the droplet dynamic effect predominates over the thermal effect due to the viscos-
ity decrease for this case, and thus the turbulence level becomes lower finally.

It should be pointed out that the conclusions drawn in this section have been verified at

different downstream locations and time instants.

V.E Chapter Summary

A LES code with dynamic subgrid models has been developed based on the DNS code,
DSTAR, of Luo (1999). To validate the code performance, the LES results of a heated pla-
nar jet have been compared with the experimental data (Yu & Monkewitz 1993). The in-
stantaneous flow fields are very similar, including the transition location and downstream
flow structures. The matching of the mean velocity profiles between the computational and
experimental results is better than the mean temperature profiles, with the centreline tem-
perature decay underestimated by the LES. The one-point temporal velocity spectra pre-
dicted by the LES agree in principle with the experimental results. It was found that the in-

flow BCs, e.g., the initial velocity/temperature profiles and fluctuations at the inflow plane,
etc., is the most important factor which affects the LES results. Further validation will be

carried out if suitable experimental data becomes available.

Parametric studies on LES of a 3D turbulent reactive jet laden with evaporating drop-
lets/mist have been performed to investigate the interaction among turbulence, combustion
and evaporating droplets. Dynamic procedures have been adopted in SGS models for all
subgrid phenomena, except that the scale similarity model has been used for the chemical
reaction rate. The model coefficients and key parameters in the LES are found to be highly

non-uniform both spatially and temporarily. The developed LES methodology is able to
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capture the localized features, which is essential for studying multiphase combustion sys-

tems with strong local interactions.

The dynamics of water droplets interacting reactive jets has been investigated under vari-
ous Stokes numbers and mass loading ratios (MLR,). It is found that smaller droplets or
mist can seamlessly follow the flow structures into the intense reaction zones, leading to ef-
fective suppression of combustion and the peak temperature. Larger droplets are insensitive
to flow fields, whose effects on combustion are highly dependent on their initial trajectories
and distribution. With the same MLR,, smaller droplets have a larger total surface area,
which increases the evaporation rate and leads to more effective separation of the reaction
zones from the oxidiser. For the same droplet size, increasing the MLR, level initially leads
to strong suppression of combustion. However, further increase in the MLR, level beyond a
critical value would inhibit evaporation due to reduced driving potential of mass transfer

and thus would limit the effect of evaporation in suppression of combustion at high MLRy’s.

Detailed investigation of the grid-scale kinetic energy (GSKE) of the gas phase reveals that
the droplet evaporation effect on the GSKE is small, and the droplet momentum effect de-
pends on initial droplet sizes (S#). Unlike the smaller droplets (Sz=1), the momentum ex-
change between the two phases is much stronger for the bigger droplets (S2=16), which can
have profound influence on GSKE, and consequently on mixing and entrainment of the
flow field, provided that the mass loading ratio is sufficiently high. Although the molecular
viscosity is much lower for the droplet cases due to the temperature decrease, droplets ex-
hibit a strong dissipative nature, leading to a weaker turbulence level in the droplet cases

than in the pure flame case.
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Figure V-1: Instantaneous scalar fields. (a) LES results of the temperature fields
at the central plane in the spanwise direction x=2 when #=105;

(b) Experimental image (Yu & Monkewitz 1993).
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Figure V-2: Temperature fields at different vertical planes.
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Figure V-3: Temperature iso-surfaces of the hot jet at #=100.
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Figure V-4: Mean streamwise velocity profiles. (a) LES results: black — 2=0; red — 2=2;
green - z=4; blue — z=6; cyan - z=8; yellow - z=10. (b) Experimental results (Yu &
Monkewitz 1993): solid — z=0, dashed — z=2, dotted — z=4, dashdotdot — z=6.
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Figure V-5: Mean temperature profiles: (a) LES results; (b) Experimental results

(Yu & Monkewitz 1993). See Fig. V-4 for line captions.
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Figure V-6: Streamwise velocity spectra. (a) LES results at point (x=2, y=1, z=1). (b) Ex-

perimental spectra at (y=1, z=1) (Yu & Monkewitz 1993). /= 84 Hz corresponds to Sr =
0.3. (c) LES results at point (x=2, y=1.33, z=2). (d) Experimental spectra at (y=1.33, z=2)

(Yu & Monkewitz 1993). Solid — Hot Jet, Dashdot — Cold Jet.
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Figure V-7: LES Temperature spectra at point (x=2, y:O.4, z=3).

Table V-1: Simulation Cases and Parameters

Re S Da Ze Tt On b,
4000 | 0.76 3 12 4 250 250
Cases | S | MLR, | Fr | Greviasional
Direction
Oa - 0 o0 -
Ob - 0 105 negative z
Oc - 0 105 negative y
la 1 0.1 00 ;
1b 1 0.1 105 negative y
2 4 0.1 105 negative y
3a 16 0.1 ) -
3b 16 0.1 105 negative y
3c 16 0.85 105 negative y
3d 16 1.7 o -
3e 16 1.7 105 negative y
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Figure V-8: Schematic of the computational domain, boundary setup

and the isosurface of vorticity magnitude (0.25) of Case 0a at #=100.
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Figure V-9: (a) Temperature isosurfaces of Case Oa at #=100. The green and red colours
designate the intermediate and high temperatures, respectively. The blue colour marks the
ambient temperature. (b) Temperature contours on selected cross sections.
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Figure V-10: Temperature isosurfaces (a) and contours on selected cross sections (b)

of Case 0b at £=100.
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Figure V-11: Temperature isosurfaces (a) and contours on selected cross sections (b) of
Case Oc at #=80. (= - flow structures induced by buoyancy).
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Figure V-12: Droplet trajectories for (a) Case 3d and (b) Case 3e.
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Figure V-13: The lateral distributions of key parameters in the SGS models at z=15 and 30
at #=100. Dynamic model coefficients in (a) momentum equations: Cy and Cy; (b) energy

equation: Cr; (c) species equations: Cyrand Cyo; and (d) pe/.
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Figure V-14: The effect of Nk on the final LES results at 2=30 and #=100. (a) The gas tem-
perature 7y; (b) The mass fraction of the product Y. Both profiles have been averaged over

the spanwise direction.
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Figure V-15: The temperature fields averaged over the periodic spanwise direction at

=100 for (a) Case 0a, (b) Case la, (c) Case 3a and (d) Case 3d. A same temperature scale

(1-2.087) is used for all the contour plots. The peak temperature in the whole domain for

(a), (b), (c) and (d) is 3.12, 1.39, 2.17 and 1.32, respectively.

30

Figure V-16: The normalized temperature fluctuation intensities #=100:

(a) streamwise profile along the jet centreline; (b) lateral profile at z=30.

Dashdot — Case 0a; Solid — Case 1a; Dotted — Case 3a; Dashed — Case 3d.
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Figure V-17: The instantaneous droplet distribution at 7=100
for (a) Case 1aand (b) Case 3a.
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Figure V-18: The PDF profiles of the normalized droplet sizes. In (a): Solid — Case 1a;
Dashed - Case 3a; Dotted — Case 3d. In (b): PDF at two heights for Case la.
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Figure V-19: Snapshots of interaction between evaporating droplets and chemical reaction
for different cases: (a) Case 1a; (b) Case 3a; (c) Case 3d. A small cube block in the fully tur-
bulent region, /:x/,x /. = 8x8x8 in dimension, is magnified for clarity. The blue isosurface
represents a typical reaction rate, whose magnitude is 0.004. Droplet temperature is charac-
terized by different colours, blue and red for the lowest and highest temperature, respec-
tively. A same contour legend for droplet temperature, [0.98-1.18], is employed for all the

three figures. The size of every single droplet is illustrated by using spheres of different size.
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Figure V-20: Instantancous droplet distributions superimposed with temperature isosur-

faces at #=80. 7,=1.005 and 3 are in blue and red colours, corresponding to the ambient and

the strong reaction zones, respectively. The colours of the droplets mark the droplet tem-

perature. The droplet size information is also included by using spheres of different diame-

ters. (a) Sto=1; (b) St=16; (c) Magnified strong reaction zones in (a).
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Figure V-21: The averaged Y, contours

for Case 1b at =80.
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Figure V-22: The contour plot of the averaged

droplet number density for Case 1b at #=80.
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Figure V-23: The averaged centreline profile of 7.
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Figure V-25: The averaged centreline profile of Y.
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Figure V-26: Variations of the normalized droplet size with the vertical distance
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Figure V-27: The averaged lateral profile of 7 at 2=20 for the S2)=16 droplets
with different MLR, when #=80.
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Figure V-28: The averaged lateral profile of RR at =20 for the Sz,=16 droplets
with different MLR, when #=80.
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Figure V-29: The averaged lateral profile of Y, at 2=20 for the Sz=16 droplets
with different MR, when =80.
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Figure V-30: The vertical distribution of the driving potential of mass transter

for Cases 3b, 3c and 3e.
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Figure V-31

The x-averaged GSKE budget when =100 for:

=30;

=30; (b) Case la at 2=30; (c) Case 3aatz

(a) CaseOaatz
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The time records of streamwise velocity at point (x, y, z) = (4, 15.9, 32)

Figure V-32

for Cases 0a (solid) and 3d (dashed).
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Figure V-33: The energy spectrum of the x-averaged centreline streamwise velocity

for Cases 0a and 3d.
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Chapter VI — LES of a Simplified Small-

Scale Fire Suppression System

VI.A Introduction

Life and property loss due to unwanted fires has been a huge concern for centuries. As
estimated by Cox (1999), “the total cost of fire to the developed nations of the world is
about 1% of GDP each year”. Water-based automatic fire sprinklers can effectively reduce
residential fire hazards, and have received renewed attention since the ban of Halon gas
based fire protection systems due to environmental reasons. However, the overall progress
in gaining detailed knowledge of fire suppression systems has been rather slow, due to the
complex non-linear, multilateral interactions between fire plumes and water spray.

The suppression mechanisms for water-based fire suppression systems include direct
cooling of flame zones, cooling of the fuel surface, dilution of the reactants through the
production of water vapour and attenuation of radiation. Strong interactions between flow
turbulence and finite-rate chemistry may also lead to flame extinction (Xu & Pope 2000;
Xiao ez al. 2000). The “optimum droplet size” (Grant ez 4/. 2000) depends on the dominant
suppression mechanism, which varies in different scenarios, and thus differed in various fire
scenarios. The water mist systems, in which the initial mean droplet diameter is smaller than
~200 um, have been receiving renewed attention, since they can make full use of the
potential of complete evaporation due to large surface area per unit volume. However, the

penetration capacity (Grant e a/. 2000; Nam 1999) is important, if the droplets have to
penetrate deep into the fire or even reach the fire source, e.g., directly cooling the liquid fuel

pool. To this end, much bigger droplets, around 1 7 or more, are widely deployed for



water spray systems. The evaporation effect due to latent heat of vaporization is thus
restricted due to a small total surface area exposed and short residence time as droplets cross
over the flame region.

Among the early works, McCaffrey (1984; 1989) provided rare valuable insight on
suppression (or dilution) of jet diffusion flames at realistic scales. While most of the work
on water-mist technology for fire suppression was still highly empirical in nature until the

carly 1990’s (Tatem ez al. 1994), substantial detailed experimental investigations have been
carried out in recent years (Fuss e 2/. 2002; Richard ez al. 2003; Fisher ez al. 2007). Schwille

and Lueptow (2006a; 2006b) performed a series of well-established experiments on the
interaction between a fire plume and spray in the hot plume region, showing how the plume
structure varied due to the presence of droplets and how droplet velocity and trajectories are
affected by the fire plume.

A laminar counterflow diffusion flame diluted with water droplets on the oxidizer is a
widely used configuration for fundamental theoretical investigation of flame extinction due
to intensified strain rate in the presence of water droplets (Lentati & Chelliah 1998a;
Dvorjetski & Greenberg 2004). An important parameter is the local Damkéhler number
(Williams 2000), a measure of competition between a characteristic flow diffusion time
scale and a characteristic chemical time scale. If the chemistry cannot catch up with the pace
at which reactants diffuse into reaction zones due to promoted strain rate, then the local
Damkohler number becomes too small to sustain reaction and local flame quenching takes
place. A theoretical analysis of counterflow flame extinction with polydisperse water spray
by Dvorjetski and Greenberg (2004) was based on a reduced Damkéhler number and large
activation-energy asymptotics for the analysis of flame structure (Williams 1985).

Compared to experimental work, numerical studies on multiphase reacting flows,
particularly on fire suppression systems, are relatively rare. An early attempt was by Nam
(1994; 1996) to investigate the interaction between a fire plume and a sprinkler spray using
a RANS (Reynolds-Averaged Navier-Stokes) method. The main focus was to predict the
Actual Delivered Densities (ADDs) of sprinklers. However, little information was provided

on the physical mechanisms of the highly local and unsteady interactions in the fire plume
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region, which is, though physically important, beyond the capacity of RANS-based
simulations. The penetration capability of sprinkler spray was scrutinized by Nam in a later
paper (1999). It was found that increasing droplet size is a much more effective way for
obtaining a higher penetration ratio compared to increasing spray momentum. Prasad ez al.
(1998) studied the suppression of a two-dimensional coflow diffusion flame by fine water
mist, using a two-continuum formulation.

It is clear that the selection of simulation approaches and scales of the physical problems
in previous numerical studies have been much restricted by the then available computer
capacity. However, rapid development in computer hardware and parallel algorithms has
taken place in recent years. Accordingly, Large-Eddy Simulation (LES) has appeared as a
viable numerical tool to predict fire dynamics and dynamics of fire suppression, taking into
consideration both accuracy and cost as compared to other simulation strategies (Luo 2004),

and has gained popularity in fire research in recent years (Zhou ez al. 2002; Xin ez al. 2002;
Prasad & Baum 2005; Xia ez a/. 2008). The Fire Dynamics Simulator (FDS) developed by
NIST has shown the capability of LES in various fire scenarios (Xin ez /. 2002; Prasad &

Baum 2005). LES has been employed in Chapter V to investigate the dynamics of turbulent
reacting jets diluted with water droplets under various initial droplet sizes and injection
densities. It was found that smaller droplets seamlessly followed local flow and concentrated
in regions of high strain rates, where intensive mixing and reaction took place. This led to
effective reduction of peak reaction rate and peak temperature. Larger droplets, on the other
hand, can pass by reaction zones, without much impact on combustion.

The objective of the present chapter is to apply the developed LES methodology to a
simplified domestic fire suppression system, in which downward water spray interact with
an upward reacting plume. In addition to the reacting jet diluted with water droplets
(Chapter V), which is a simplified prototype of humidified gas turbine (Jonsson & Yan
2005), this is the second simplified realistic application studied in this project using the
developed dynamic LES methodology. To investigate the mechanisms of multilateral

droplet - fire interactions, dynamic subgrid-scale (SGS) models have been employed for six
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SGS terms, which significantly reduces the extent of model constant tuning in previous

studies. Full details can be found in Chapter IL

VI.B Initial Conditions and Parameters

To simulate a realistic fire suppression scenario using LES is still prohibitively expensive. In
this chapter, we limit our aim to improving fundamental understanding of key phenomena
in such a scenario in an idealized prototype. Figures VI-1 and VI-2 illustrate the
computational domain in which a droplet source is placed at a height of z = 38. The shape
and size of the slit sprinkler nozzle is the same as those of the hot fuel jet nozzle. Water
droplets are initially discharged from the sprinkler nozzle using a two-dimensional random

distribution. The initial discharge angle of a water droplet, Suo, is set by

ydO_Ly/z

6,,=270"+6, (VLI)

nozzle

where 3 is the spray angle of a fire sprinkler; yqo is the initial random lateral coordinate of
the droplet; Lo is the lateral width of the slit sprinkler nozzle (1 herein). All the water
droplets enter the computational domain with a uniform velocity magnitude |vao|. The
initial streamwise and lateral velocity for every droplet are then decided by
Va0 = |Vdo|sindao, wao = |vao|cosIo (V1.2)

The initial spanwise velocity of the droplet, wa, is set to 0. Very similar initial conditions for
water sprays were used by Nam (1994; 1996; 1999). A sponge layer (Sandhu & Sandham
1994) starting from z=40 to the outflow boundary z=42.785 is employed to eliminate the
reflection of spurious numerical waves at the outflow boundary for all the cases. The
modelled fire sprinkler is activated at #=100, when the fire plume, accelerated by the strong
buoyancy force (Fr=10), has been established in the computational domain.

Table 1 presents the key simulation and physical parameters. The initial Stokes number
St, denoting the non-dimensional droplet size, is defined as the ratio of a characteristic
droplet responsive time to a characteristic flow time. The initial mass loading ratio MLR is

that of the liquid mass flow rate at the sprinkler nozzle to the gas flow rate at the fuel nozzle.
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The chosen values for the Damkohler, Dz and Zel’dovich number, Ze, the heat release
parameter, Qh, respectively, are shown in Table 1. As radiative heat transfer is not included,
these combustion parameters are selected carefully to compensate for radiative heat loss, so
that the peak temperature is in the range of a typical small fire. Other initial parameters
include: the spray angle 3o, initial Reynolds number Re, latent heat of vaporization of water
b, the density ratio of the fuel stream to the surrounding S, the computational domain size
and grid. The initial droplet diameter for S£=100 is D4’ = 720 gm, and the dimensional
initial droplet velocity magnitude for |vao|=2 is |vao'| = 4 m/s, both of which are typical
values for standard spray fire sprinklers used for suppression of small-scale fires (Schwille &
Lueptow 2006a; 2006b). The droplet number in the domain Ny varies. For example, Ny is
close to half a million for Case D at time # = 150 shown in Fig. VI-2.

For Lagrangian-based droplet methods, the “superdrop” model (Kumar ez /. 1997) is
usually adopted to avoid tracking a huge amount of droplets, in which a parcel of physical
droplets is represented by one computational droplet. The validity of such method needs
further investigation for various scenarios (Persson & Ingason 1996). We found that
representing 32 physical droplets by one computational droplet is an optimal choice in LES
of a diluted combustion system presented in Chapter V, considering both the
computational cost and the numerical accuracy, even in terms of instantaneous flow
statistics. For fire suppression systems, generally much bigger droplets are used. To obtain
reliable simulation results, physical droplets are traced instead of modelled computational

droplets in the present chapter.

VI.C Results and Discussion

VI.C.1 Water Spray vs. Water Mist - Effects of Initial Droplet Size
A general concern of the water-based suppression system is the initial size of the droplets

disseminated at the nozzle (Grant ez 4/ 2000). Smaller droplets have a better opportunity to

make full use of the capacity of complete evaporation. However, in most of the domestic fire

suppression systems, the penetration capacity (Nam 1999) of the droplets must be taken
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into account, since to efficiently penetrate fire plumes and reach fire base is more crucial to
control the fire spread. Figure VI-2 presents the instantaneous distribution of droplets in
different initial sizes, z.e., Sto = 100, 25 and 6.25, in the computational domain. These non-
dimensional values correspond to, respectively, 720um, 360um and 180um, the first of
which is within the usual range of the volumetric median droplet diameter, d.so, for small
fire suppression systems (Schwille & Lueptow 2006a; 2006b), and the third of which is
below 20072 and can be considered as mist. As shown in Fig. VI-1, all the S#% = 100
droplets penetrate the reacting plume region and cover the flame base, forming an ideal
pattern in order to control the fire growth and spread. The S$# = 25 droplets cannot go deep
into the plume region. Some of them are retained around the centreline region at z = 20,
referred to as the “interaction boundary” (Schwille & Lueptow 2006a; 2006b), while the
others slide down in the off-centre regions where the flow buoyancy is not strong. This
statement can be proved by the plots of droplet trajectories shown in Fig. VI-3, where
droplets are released at # = 100 and followed until # = 150, for the three cases. The droplet
positions are recorded every one time unit, shown as small spheres in the figure. The
instantaneous droplet temperature is also given. For the St = 6.25 droplets, none of them
can be found below z = 10 in Fig. VI-2c. The initial momentum of the small droplets
rapidly vanishes due to the relative strong buoyancy and afterwards these droplets are fully
controlled by the rising plume, never reaching the flame base. Notice in Fig. VI-3¢ the
“random walk” of these mist droplets. This situation could be improved by increasing the
initial droplet momentum, which is, however, limited by the operating pressure of the
sprinklers (Sheppard & Lueptow 2005). Moreover, the fire strength under realistic
situations is unpredictable. In a consequence, water spray is generally adopted for
suppressing systems due to safety reasons.

The mass fraction of evaporated vapour, Y5, at # = 150 for the three cases is shown in Fig,
VI-4. Although much more vapour is produced for the smaller droplet cases as shown in Fig.
VI-4b and VI-4c, the distribution of the vapour in the reacting flow field is far from desired.

Especially in Fig. VI-4c, no vapour is found below z = 22, where strong reaction takes place.
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On the contrary, in Fig. VI-4a, the reacting plume is better covering by spray droplets and
vapour is found throughout the reacting plume, down to the region which is close to the fire
base and where intensive reaction is found.

As shown, the Sf = 25 and 6.25 droplets do not own expected “penetration capacity”
(Nam 1999), which is crucial for most fire-fighting cases to rapidly control flame spread and
growth. Consequently, the following sections will focus on parametric studies for the spray

droplets, Sz, = 100, only.

VI.C.2 Effects of Initial Droplet Momentum

The initial droplet momentum, also referred to as the mass flow rate of the water spray, is an
important parameter for practical sprinkler nozzles, which varies either with the initial
droplet number or the initial velocity magnitude of every droplet in numerical simulations.
In practice, it’s determined by the operating pressure of the sprinkler, and generally both the
total mass of the ejecting water spray and the initial velocity of the droplets after the break-
up process vary with operating pressure (Sheppard & Lueptow 2005). In the present study,
these two basic parameters were investigated separately, offering a better explanation of
droplet momentum effects on the reacting plume.

Figure VI-5 shows the temperature fields for Cases A, B, E and F at the central plane in
the spanwise direction when # = 140. For Cases B, E and F, the total number of ¢jecting
droplets was increased according to MLR, while the initial droplet velocity v4 was kept
intact. At this time, droplets have fully covered the reacting plume down to the flame base.
The cooling effect of the droplets due to the heat exchange between the two phases is
obvious. With MLR, increased in Fig. VI-5b, VI-5c and VI-5d, the temperature decreases,
especially in those active reacting regions. While the plume structure is only moderated in
Fig. VI-5b, more evident change can be found in Fig. VI-Sc and VI-5d. The rising of the
buoyant plume is impeded by droplets, subsequently the lateral extent of the plume
becoming wider. Moreover, droplets have induced reversed flow below the sprinkler nozzle.
The flow reversal is much stronger in Fig. VI-5d than in Fig. VI-5c. As seen, a big portion of

the reversed flow is sandwiched in the blocked rising plume at z =~ [28, 32]. Shown in Fig.
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VI-6 are the velocity vector fields at the same time and plane for Cases A and F. The
entrainment of the air at the lateral boundaries due to the large-scale vortical structures of
the buoyant plume is evident in Fig. VI-6a, while in Fig. VI-6b, significant flow reversal is
also found at the off-centre regions below z = 20, which are covered by droplets and where
flow buoyancy is not strong.

The temperature fields at the same plane as in Fig. VI-5 but at a later time # = 180 are
shown in Fig. VI-7. Compared to Fig. VI-7a, the intensity of the reaction in Fig. VI-7b has
been diminished much by droplets. The rising plume is still maintained. In Fig. VI-7c and
VI-7d, the high temperature regions are pushed toward the flame base, distributing at the
periphery of reversed flow areas. The structure of a rising plume shown in Fig. VI-7a has
been completely destroyed.

Figure VI-8 shows the time history of some key parameters recorded at a downstream
point on the plume axis of the central spanwise plane [x, y, z] = [4, 15.8, 24.08]. For Case B,
the magnitude of the streamwise velocity w is smaller than that for Case A, and a small
phase delay of w, comparing Case B to Case A, can be found, both due to the drag force
exerted on the reacting plume by droplets. For Cases E and F, w becomes negative at £ = 165
and 140, respectively. As shown in Fig. VI-8b, the peak temperature, mean temperature and
temperature fluctuations for Case B are all lower than those for Case A. For Case E, after
the local flow direction is reversed, the gas temperature 7 is maintained at the level of
environmental temperature. This happens to Case F at an ecarlier time. Stronger
temperature fluctuation for Case F than for Case E can be seen after the flow reversal,
possibly due to the higher droplet number density for Case F. During the period in which
the reversed flow induced by droplets reaches the local region around the monitored point,
strong interaction between the two flow streams could introduce better mixing between
reactant and oxidizer, leading to transient reaction. This is evident for Case F during ¢ =
(130, 150], in which reaction always exists as shown in Fig. VI-8¢, while the reaction rate at
other times instead appears as a strong pulse. This effect can also be seen in the flow
temperature plot, Fig. VI-8b. For Case E, the corresponding period is # = [155, 165]. After

the flow has been completely reversed, reaction vanishes. Disseminating more droplets does
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improve the production of vapour at the initial stage, as shown in Fig. VI-8d. However, such
difference is not clearly distinguishable after droplets fully cover the local region. It has been
shown in (Xia e al. 2006) that better evaporation may not be achieved by continuously
increasing the droplet loading, since the driving potential for evaporation decreases with the
augmentation of environmental vapour. Similarly, the evaporation process of a cluster of
small fuel droplets in statistically stationary homogeneous turbulence was explained by
Réveillon and Demoulin (2007). Increasing the local droplet number density through
increasing MLR, simultaneously accelerates the formation of the vapour field with higher
concentration, which impedes the evaporation of succeeding droplets.

The initial droplet momentum can also be varied by changing the initial velocity of
droplets, while keeping the number of ejecting droplets identical. Figure VI-9 shows the
time records of w and Y, at the same point as in Fig. VI-8 for Cases A, B, G and H. The
streamwise velocities of all the three droplet cases are smaller than that of Case A. Among
them no clear distinction is seen. As the initial droplet velocity is increased, the total
number of droplets existing in the computational domain is decreased. This may lead to the
fact that the difference of the accumulative drag force among the three droplet cases is not
significant. No flow reversal takes place. The shorter residence time of droplets in the
reacting flow field and less droplets inside the domain make the production of vapour for

Case H the lowest.

VI.C.3 Droplet Thermal Effects

For water-based fire suppression systems, one key role played by droplets is to extract
thermal energy from the hot plume via cooling and evaporating, and thus reduce the peak
reaction rate and temperature of the gas phase. Shown in Fig. VI-10 is an illustration of the
interaction between the evaporating droplets and the reacting plume during a short period,
showing the captured process in which the gas temperature is considerably decreased
through the heat exchange between the phases. As shown by Eq. (I1.30), the convective heat
transfer due to the temperature difference between the two phases provides the driving

potential to raise the droplet temperature and drive evaporation.

110



The cooling effect induced by droplets can be analyzed in detail via a transport equation

on the Filtered Reduced Internal Energy (FRIE) of the two-phase reacting flow, pge;,
defined as

g

g
y(y—1)Ma*

which is also called the filtered sensible energy of the carrier phase. The filtered internal

(VL3)

energy of the gas phase
— T;, 570 T 3710
pgeg :pg W+va\, :pgeg +ngvbv (VI4)

under the assumption of identical heat capacities for all the species. In Eq. (VL.4), Y, is the
Favre-filtered mass fraction of water vapour and 4. is the reference enthalpy for vapour.
While Eq. (V1.4) provides comprehensive information on the filtered internal energy, the
FRIE defined in Eq. (VI.3) is only and directly temperature-dependent and thus of more
practical interest.

The transport equation for FRIE can be written as
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where 0, and p,7, are the grid scale and subgrid scale stress tensors, the latter of which is
determined by the dynamic Smagorinsky model. S, is the strain rate tensor. The cap

symbol “ ]? ” designates function f'is evaluated with filtered quantities. Equation (VL5)

presents the thermal effect of droplets in the subgrid scale on the grid-scale internal energy.
Terms II-VIII in Eq. (VI.5) designate the pressure dilatation, combustion released heat,

grid scale dissipation rate , subgrid scale dissipation rate, and effects due to droplet mass,

momentum and energy source terms, respectively. To simplify the analysis and, more

importantly, reveal the pertinent factors responsible for the rate of change of FRIE, all the
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redistributive terms have been categorized into term I. These terms are not traced, since
their integral effect is to transport internal energy from one place to another through
various physical mechanisms, such as convection, diffusion, grid and subgrid scale
transportation, efc., instead of producing or dissipating internal energy as source or sink
terms (Luo 1999). To further distinguish among the thermal, dynamic and evaporating
contributions from droplets, substituting Eqs. (IL.51)-(IL53) into Eq. (VL.5) and

rearranging the droplet-related terms yield

D ()= 25

— +Qhwr+% P pgTZkS +8,+S,.. +S.,. +S,
D¢ —

o, ! o,

- T N Ty v TWT
(VL6)
where
1 1 My,

=2 T~ T, VL7
S V4 {3 (- 1Mﬂ Pr Stk( 8t d’k)} (VL7)

1
; |: Eiragkt g.i Ud,k,i)j| (VI.S)

1
— ~7ing , T, V1.9
V [ 4k dk:| ( )

:—%Zk:[ onew ud,“)} (VL.10)

As indicated, Sq, is the thermal cooling effect due to the convective heat transfer between
the two phases; S is the mechanical work done by the drag force; Se is the droplet internal
energy which is transferred into the gas after evaporation; Sevm is a contribution arising from
the interaction of kinetic energy between the two phases. The latent heat of vaporization,
hi, plays its role via Sw, as shown in Eq. (IL.30), and impact the evaporation rate 7z,

indirectly, but it does not appear explicitly in all the droplet source/sink terms, which are

expressed by Eqs. (VL.7)-(VL.10). This is a direct consequence of the fact that the budget

analysis is upon the temperature-dependent internal energy p,e, , but not the total internal

cner e .
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Statistics on the budget terms in Eq. (V1.6) have been obtained for Cases A, B, G and H.
No such statistics have been done for Cases E and F, since they are highly unsteady flow
phenomena, as indicated by the temporal records of the streamwise velocity at a
downstream point in Fig. VI-8a. To this end, the time averaging procedure is not proper for
these specific cases. # = [140, 200] has been chosen as the recording period for the averaging
purpose, which contains approximately one “flow-through time” period and two “droplet-
through time” periods. At # = 140, droplets have covered the whole plume region from the
sprinkler nozzle down to the fire base at the inflow boundary. Further recording, although
preferable, has not been performed due to the huge computational cost demanded by the
two-phase flow simulations. However, as will be shown, clear trend of the droplet thermal
effect on the reacting plume has been unveiled with the current data. The spatial ensemble
averaging over the spanwise direction is performed finally.

Shown in Fig. VI-11 are the centreline budgets of the combustion released heat term III
and all the droplet terms, VI, VII, VIII and IX, in Eq. (VL.6) for Cases A, B, G and H. A
comprehensive discussion on the effects of other terms in Eq. (VL6), ze., I, IV and V, is
deferred to the next section “Droplet Dynamic Effects”, since the same terms but with
opposite signs appear in the transport equation for the filtered kinetic energy as well. As
shown, the magnitudes of VI and VII are similar and dominant among all the droplet-
related terms, followed by VIIL The contribution of term IX is the smallest. Except for the
heat exchange term VI, all the other three are source terms for FRIE. This means term VI is
the only driving potential to reduce gas temperature among all the droplet terms in Eq.
(VL6), while the others act as undesirable “side effects”. In Fig. VI-11a, the magnitude of the
profile for Case B is bigger than those for Cases G and H, since more droplets exists in the
computational domain and longer residence time offers a better opportunity for the two
phases to exchange heat. It is noteworthy that the mechanical work term VII serves as a
considerable source to FRIE. This can be explained by the simple fact that “Friction
produces heat”. This effect due to the inter-phase drag has been seldom discussed, as it is
difficult to be investigated with a convection-free configuration such as counterflow

diffusion flame laden with water droplets, which is widely adopted in previous studies on
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this topic (Lentati & Chelliah 1998a, 1998b; Dvorjetski & Greenberg 2004; Chelliah
2007). Moreover, the inter-phase drag is insignificant for fine water mist droplets (Lentati
& Chelliah 1998a, 1998b; Dvorjetski & Greenberg 2004; Chelliah 2007) compared with
water spray droplets investigated in this study. It was found in the present study that S can
be an important contribution to the gas phase internal energy, and thus the temperature. In
the region below and close to the droplet discharging position, the magnitude of term VII
for Case H is the biggest, but the difference among the three cases becomes not significant
in upstream regions. Similar to VII, IX only shows distinguishable difference close to the
discharging position. The magnitude of term VIII for Case B is much bigger than that of the
other two cases. This can be explained as follows. The evaporation rate of droplets for Case
B is prone to be promoted by the stronger driving potential for heat exchange, as shown in
Fig. VI-11a. Figure VI-8b has illuminated that more vapour is produced at a downstream
monitored point for Case B in comparison to Cases G and H. Meanwhile, the longer
interaction time between the two phases for Case B benefits the augmentation of droplet
temperature.

Figure VI-11a shows the averaged centreline budget of the combustion released heat,

term Il in Eq. (VL6), for Cases A, B, G and H. Since Qh is set to be a constant, this plot also
directly reveals the averaged reaction rate. The solid line presents a typical reaction rate plot
of fire plumes widely observed in experiments, in which intense reaction takes place in the
vicinity of flame base and the flow in downstream regions is characterized by thermal
plume. As shown, the peak reaction rate has been considerably weakened for all the droplet
cases. In Figs. VI-11b and VI-11c, the magnitudes of both the sink term S and the source
term Spe for Case B predominate over those for Cases G and H, and temperature reduction
seems more guaranteed for Case B. Consequently, intuition may suggest that better control
over the reaction rate should be found in Case B, which is, however, not the fact as shown in
Fig. VI-11a. Moreover, in downstream regions where z =~ [20, 30], higher reaction rate can
be found for droplet cases. Especially for Case H, another peak appears at z = 21, whose
magnitude approaches that of the primary peak at z = 7. These phenomena cannot be

explained directly from Figs. VI-11b ~ VI-11e, which only presents the thermal effect of
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droplets on the internal energy of the reacting plume. As shown by Eq. (I1.25), reaction rate
depends upon both the mass fractions of reactants and gas temperature, which are
nonlinearly correlated in finite-rate reactions as in this study, where considerable quench of
flames is induced by water droplets. The mixing of reactants in large scales and the micro-
mixing in small scales are the other crucial factors affecting reaction. The gas temperature
rise due to the initial enhancement of turbulent mixing after the droplet injection has been
found in a previous numerical study of water spray suppression for a compartment pool fire

(Yoon ez al. 2007). Réveillon and Vervisch (2000) found the scalar dissipation rate is

enhanced with the presence of fuel droplets in homogeneous decaying turbulence. Similarly,
as shown by Fig. IV-6 in Chapter IV, the conditional scalar dissipation rate in a reacting
shear layer is also found enhanced due to the non-reactive droplets. Quantities such as
mixture fraction and scalar dissipation rate deserve further investigation, although more
consideration is necessary, since mixture fraction defined in the usual way is no longer a
passive scalar in the presence of evaporated vapour (Réveillon & Vervisch 2000). Moreover,
the (filtered) scalar dissipation rate cannot be directly obtained with the LES data. Models
such as those proposed by Domingo ez 4/. (2002) may be used to evaluate the subgrid scalar
dissipation rate, but validation must be carried out against DNS or experimental data. The
full physics involved seems only possible to be investigated with DNS in a simpler
configuration. Despite the complex thermodynamic interactions, the overall droplet effects

in reducing the reaction rate and gas temperature are clearly demonstrated in Figs. VI-11a,

VI-8a and VI-8b.
VI.C.4. Droplet Dynamic Effects

The droplet dynamic effect on the reacting plume is scrutinized via the following transport

equation,

115



G DN T
ms ug,i mo,
Fr 2 [

Vil VIII

(VL11)
where /TgkAg is the Grid-Scale Kinetic Energy (GSKE) of the gas phase, and kAg :;; I//t;; / 2.

Equation (VI.11) presents the dynamic effect of droplets in the subgrid scale on the grid-
scale kinetic energy. Terms I-IX account for the effects of pressure transport, pressure
dilatation, viscous or GS diffusion, viscous or GS dissipation, redistribution due to SGS
stress or SGS diffusion, SGS dissipation, buoyancy, and effects due to the droplet mass and
momentum source terms, respectively. A similar equation without the droplets source terms
have been used by da Silva and Métais (2002) to investigate the kinetic energy exchange
between grid and subgrid scales in a turbulent plane jet with DNS data. In the present
study, the SGS stress tensor 7; in terms V and VII is modelled by the dynamic Smagorinsky
model. The quality of LES can thus be appraised by comparing the magnitudes of the GS
dissipation IV and SGS dissipation VI (da Silva & Métais 2002). Terms II, IV, VI, VIII and
IX in Eq. (VI.11) appear in Eq. (VI.5) as well, but with opposite signs, since dissipation of
kinetic energy results in production of thermal energy, or vice versa. It is also interesting to
note that although the buoyancy term VII plays an important role for the development of
kinetic energy, which will be shown below, it does not affect the internal energy at all.
Similar to the previous section, rearrangement of the droplet terms VIII and IX has been
performed to obtain physically meaningful source/sink terms due to droplets. This is
different from the practice in Chapter V, where the effects of droplet source terms on the

GSKE were analyzed. The new equation reads
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Sme is the mechanical work due to the drag force, and S the contribution from the
evaporation.

Figure VI-12 presents the averaged plume centreline budgets of respective terms in Eq.
(VL.12) for Cases A, B, G and H. As shown, the pressure terms are dominant for all the
cases. Also, their profile shapes are fairly similar to that of the combustion released heat
term in Eq. (VI1.6), which designates a close correlation between these terms. Dilatation is a
measure of volume variation (Luo 1999). As reaction induces volume expansion, the

pressure-dilatation term rapidly grows and acts as a strong source term for the GSKE. It’s

also interesting to find that the sum of these two terms related to pressure, i.c., #,, dp /dx, ,

is tiny, indicating that statistically the spatial variation of pressure is very small. This is true
for a reacting plume with or without suppressing droplets in open space and demonstrates
the success of non-reflecting boundary conditions applied.

The second contribution comes from the buoyancy term VII and the mechanical work
done by the droplets, VIII. For Case A, the buoyancy term is a considerable source for
GSKE. As Eq. (II.13) would reveal, the augmentation of the streamwise momentum by the
buoyancy force is the fundamental explanation. Its peak is found at a higher location, z =
13, than that of the reaction rate as shown in Fig. VI-9e. This is the region where the gas
temperature goes highest. The buoyancy effect has been weakened a lot for all the droplet

cases, among which the droplets for Case H affect the work done by the buoyancy most
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significantly. At the droplet discharging position, small level of flow reversal can be found,
which induces a strong peak of term VIII for Case H. In this region, the directions of the
drag force and the streamwise velocity of the gas phase are opposite. Notice Favg is defined as
the drag force exerted by the flow on droplets.

The droplet evaporation effect S., stands in the third position for the contribution to the
GSKE, together with the SGS diffusion V and SGS dissipation VI. The profiles of Se
exhibit a similar trend to those of Si., with the magnitudes ten times lower. The low level of
evaporation for these suppression cases is the direct cause which leads to the magnitudes of
Sev is not significant. The GS diftusion III and dissipation IV are the smallest contribution,
which are one order of magnitude smaller than the SGS diffusion VII and dissipation VIII,
respectively. This is also a direct proof that the grid spacing has been chosen properly, since
it is a prerequisite for well-resolved LES that the SGS dissipation rate must predominate
over the GS dissipation rate. The GS diffusion is much weaker than the SGS diftusion,
which was also found in the a-priori DNS analysis on a turbulent plane jet (da Silva &
Meétais 2002). This applies to both the reacting plume and the two-phase cases. Droplets
decrease both the GS and SGS diffusion effect, as shown in Figs. VI-12c and VI-12e. For the
reacting plume, the GS diffusion effect mostly act as a sink to the GSKE, while for all the
droplet cases, it fluctuates weakly around zero, except in the vicinity to the flame base. The
difference among the droplet cases is hardly discernible. The fluctuation of the SGS
diffusion for the droplet cases is smaller than that of the reacting plume. While the
modification to the GS dissipation IV due to droplets is not obvious, the SGS dissipation
effect VI is evidently stronger for the droplet cases. This can be justified since the
interaction between evaporating droplets and the reacting flow is truly subgrid-scale
phenomena in the present study. As droplets penetrate the reacting plume, the large-scale
flow structures undergo considerable modification and more small-scale structures appear,
accounting for the enhancement of the SGS dissipation VI. This is especially evident in the
regions close to the sprinkler nozzle, where the highest droplet number density is found, and

regions close to the flame base, where the initially developed vortical structures are
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destroyed by droplets. As discussed above, the higher reaction rate found in the downstream

region must also be induced by the enhanced turbulent mixing.

VI.D Chapter Summary

A fundamental study of dynamic interactions between a buoyant reacting plume and
evaporating droplets has been carried out using LES. An idealised prototype configuration is
set up to numerically mimic a sprinkler system placed right above the fire source, dispensing
evaporating droplets of various properties. The configuration is different from most used in
previous numerical studies and has a prototype value. An extensive parametric study has
been conducted by varying the initial Stokes number (S#) or non-dimensional droplet size,
mass loading ratio (MLR,) and droplet velocity (vao), independently.

Droplets of three initial sizes (720w, 360um and 180u) have distinctively different
dynamic interactions with the reacting plume. The smallest droplets are held up completely
by the rising buoyant reacting plume and never reach below a certain height. The medium
droplets are partially blocked by the upward plume but some droplets reach the plume base
level in the peripheral regions. The largest droplets can penetrate the whole plume and have
maximum suppression effects on the reaction.

Detailed field analysis has been conducted to examine the complex nonlinear interactions
among droplet dynamics, evaporation, turbulence and chemical reaction under different
levels of MLR, (i.e., 0, 3, 6 and 9) for the water spray droplets St=100 or D, ,=720um.
Increasing MLR, progressively increases the droplet effects, and in the case of the largest
drops used, the reaction is completely suppressed and the plume structure destroyed.
Increasing MLR, is more effective in causing flow reversal in the central plume region than
increasing droplet velocity v4 for the same initial droplet momentum. However, when St
and MLR, are fixed, increasing va has mixed effects. On the one hand, larger v4 leads to
higher droplet penetration capacity and lower plume upward velocity. On the other hand, it
results in less droplet residence time in the computational domain and consequently shorter

time for thermal cooling of the reacting plume.
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The budget equation for a non-dimensional gas temperature called the Filtered Reduced
Internal Energy (FRIE) has been analyzed, with a focus on the droplet-related terms. One
remarkable finding is that the only “cooling” effect on gas temperature comes from the
convective heat transfer between the phases while there are three mechanisms (mechanical
work done by droplet drag force, internal energy transfer into the gas phase due to
evaporation and kinetic energy interactions between the phases) contributing to “warming”
effects. On a purely order of magnitude analysis, all four droplet-related terms are very small
compared with the heat release term. However, their importance in combustion
suppression is amply demonstrated in the resulting significant reduction in reaction rate
and gas temperature especially the peak values. The droplet dynamic effect on the fire plume
is analyzed through the transport equation of the Grid-Scale Kinetic Energy (GSKE).
Compared to the evaporation term, the drag contribution is more important and stands in
the second position together with the buoyancy. The subgrid-scale dissipation rate is

enhanced by droplets.

Table VI-1: Simulation parameters and cases. Re=4000, §=0.76, Fr=10, Da=80, Z¢=8.5,
Qr=250, h =250, $=50°. The computational domain size L.xL,xL. = 8x31.8x42.785,

and the grid 7.x7,x7. = 41x160x200.

Re S Er Da Ze On b o)
4000 0.76 10 80 8.5 250 250 50°
Cases Sto MLR, |vao
A - 0 -

B 100 3 2
C 25 3 2
D 6.25 3 2
E 100 6 2
F 100 9 2
G 100 3 3
H 100 3 4
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Figure VI-1: Illustration of some suppression cases investigated. The iso-surface of the
vorticity magnitude |@|=1 at # =180 are shown in Figs. VI-1a, VI-1b and VI-1c for the

reacting plume and the plume undergoing mild and moderate suppression, respectively.
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Figure VI-1d illustrates the instantaneous distribution of droplets for the case of Fig. VI-1b.
The colour information gives the gas temperature in Fig. VI-1a, VI-1b, the streamwise

velocity in Fig. VI-l1c and the evaporation rate of every single droplet in Fig. VI-1d,

respectively.
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Figure VI-2: The droplet distribution at # = 150 for:
(a) Case B, (b) Case C and (c) Case D.
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Figure VI-3: The droplet trajectories during the period # = [100, 150] for: (a) Case B, (b)
Case C and (c) Case D. The droplet position was recorded every one time unit, shown as
points in the figure. The colour information illustrates the instantaneous droplet

temperature.
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Figure VI-4: The mass fraction of evaporated vapour Y at the central plane

in the spanwise direction when # = 150 for: (a) Case B, (b) Case C and (c) Case D.
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Figure VI-5: The temperature fields at the central plane in the spanwise direction

when £ = 140 for: (a) Case A, (b) Case B, (c) Case E and (d) Case F.
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Figure VI-6: The velocity vector fields at the central plane in the spanwise direction

when # = 140, left for Case A and right for Case F.
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Figure VI-7: The temperature fields at the central plane in the spanwise direction

when # = 180 for: (a) Case A, (b) Case B, (c) Case E and (d) Case F.
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Figure VI-8: Time records of (a) the streamwise velocity w, (b) gas temperature Ty, (c)
reaction rate wr and (d) the mass fraction of evaporated vapour Y., at a downstream point
on the plume axis of the central spanwise plane [x, y, z] = [4, 15.8, 24.08] for Cases A, B, E
and F.
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Figure VI-9: Time records of (a) wand (b) Y7 at [x, y, 2] = [4, 15.8, 24.08]
for Cases A, B, G and H.
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Figure VI-10: Snapshots of interaction between evaporating droplets and the reacting
plume at #=109 (top) and =116 (bottom). The gas temperature has been averaged over the

spanwise direction to obtain the contour plots.
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Figure VI-11: Plume centreline budgets of (a) the combustion released heat III and droplet
contributions: (b) VI, (c) VII, (d) VIII and (e) IX in Eq. (VI1.6) for the Filtered Reduced
Internal Energy (FRIE) of the fire plume for Cases A, B, G and H.
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Chapter VII — Thesis Summary

VII.A Summary

In this project, an in-house DNS/LES code has been further developed to investigate the
complex interactions between evaporating droplets and reacting flows. The scientific
problem studied herein is the non-premixed combustion interacting with water droplets,
whose primary role is to inhibit combustion rather than promote combustion as in a spray
combustion system. The computational configurations employed in this project are relevant
to realistic applications such as fire suppression system, gas turbines, ezc. The Lagrangian
approach is used for the dispersed droplet phase, since the computer capability has been
rapidly expanded and massively parallel supercomputers such as HPCx and HECToR
become accessible. The outcome of simulations in both canonical and realistic
configurations has demonstrated the capability of the developed DNS/LES methodology in
capturing the fundamental physics involved in the multilateral interactions between the two
phases. These include: self-consistency of the DNS results of a temporal droplet-laden
reacting mixing layer as evidenced in the grid independency test, quantitative comparison of
the instantaneous and statistical LES results with the experimental results of a heated planar
jet in the near field, and qualitative agreement of the LES results with the experimental
study of a small-scale fire suppression system. Features of the developed methodology
comprises: (1) Careful selection of mathematical models and numerical schemes based on
consideration of both the fundamental physics and computational cost. (2) Adoption of the
Germano dynamic procedure for the subgrid-scale models in LES. It effectively avoids the
tuning of model constants and overcomes the well-known over-dissipative nature of the

Smagorinsky model. (3) Careful design of the parallel algorithm, especially for the dispersed



phase, using a domain decomposition strategy and a non-blocking communication

mechanism of MPL.

In DNS of a temporal reacting shear layer laden with water droplets, analysis has been
focused on the droplet effect on key quantities for combustion modelling. In particular, the

conditional scalar dissipation rate < X |Z > is found to be enhanced by evaporating droplets,

which suggests that they can promote micromixing and combustion under certain

conditions, in addition to their roles in combustion suppression. The transport equation for

the mixture fraction variance Z > has been analyzed, with inclusion of the vaporization-
related source terms. Such source terms exhibit more complex local variations in the present
shear-flow configuration, compared with the case in the homogeneous decaying turbulence

configuration of Réveillon and Vervisch (2000). Specifically, the correlation between the

evaporation source and the fluctuation of the mixture fraction Z ¥, exhibits different

v
signs at the fuel-rich and fuel-lean streams, which may have important implications on the
relation between evaporation and mixing in such a flow. The analysis is strengthened by the

detailed examination of the instantaneous interaction between the phases.

Two spatially developing two-phase flows, i.e., a turbulent reacting jet diluted with
droplets and a buoyant reacting plume suppressed by droplets, are studied with the
developed dynamic LES methodology. Both of these prototype flows have multiple
applications in industrial and domestic devices such as gas turbines and fire suppression
systems. The presented field analysis helps the understanding of the dynamics of the
droplets in the flow. Especially, the unique characteristic of the St~1 droplets, i.., the
preferential concentration, has been well captured in the diluted reacting jet. The
implication of this phenomenon for combustion dilution has been discussed, comparing
with the performance of droplets of bigger sizes (spray droplets). In the suppression
configuration, however, the deployment of smaller droplets is unfavourable due to the fact
that they don’t have enough momentum to compete with the buoyancy of the fire plume.
How the instantaneous plume structures are affected and the fire plume is destroyed due to

the increasing mass flow rate of spray droplets have been shown and analyzed. A systematic

134



method to evaluate quantitatively the droplet effects on the kinetic and internal energy of
the gas phase has been proposed. It is useful to distinguish the different mechanisms of
interaction. The dynamic effect of droplets due to the inter-phase drag on the kinetic energy
is found to be predominant compared to the evaporation effect. The subgrid-scale
dissipation rate is enhanced by droplets. Detailed analysis of the budget equation for the
internal energy, representing the gas temperature, reveals roles played by the droplet-related
terms in combustion suppression. The only “cooling” effect on gas temperature comes from
the convective heat transfer between the phases while there are three mechanisms
(mechanical work done by droplet drag force, internal energy transfer into the gas phase due
to evaporation and kinetic energy interactions between the phases) contributing to
“warming” effects. On the whole, evaporating droplets in all cases studied result in

significant reduction in reaction rate and gas temperature especially the peak values.

VII.B Recommendations for Future work

This work forms a base for future work on numerical study of multiphase reacting flows
using DNS/LES. Step-by-step improvements can be made if various simplifications
imposed on the mathematical models are lifted, advanced models for droplet evaporation
and LES combustion are developed, or the parallel algorithm is improved, etc. Further

studies may address the following topics.

(1) The full validation of the two-phase code is still incomplete. A dataset of multiphase
reacting flow designed for CFD validation is unavailable yet. Well-defined numerical
(Miller & Bellan 1999) or experimental (Chen ez al. 2006) results of non-reactive
canonical multiphase flow configurations can be found and are suited for the validation

purpose.

(2) There is still a big room for improvement in the parallel algorithm, especially for the
discrete droplet phase. We have been informed by the Cray engineers that the memory

pointer, which is being used to record the droplet data, is not welcomed and generally
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causes (considerable) deterioration of parallel performance. In order to improve the

parallel code, specific attention should be given to this issue in the first place.

(3) Droplet effects on turbulence can be revealed by the turbulent kinetic energy (TKE)
budget analysis, with the droplet source terms incorporated into the TKE equation.
Distinct behaviour is expected for droplets with different initial sizes due to their
different kinematical and thermodynamic contributions to the flow field. It is also
worth investigating how the droplets affect the mixing and entrainment through the

vorticity transport equations.

(4) Flow effects on droplets, e.g., the droplet fluctuation velocity, dispersion characteristic,
etc., can be investigated under the current configurations of multiphase reactive flows.

These are important for the performance of various industrial devices.

(5) Introducing models explicitly to account for the subgrid flow effects on droplets
deserves attention. Current work is patchy in this area and considerable modelling work

is needed. A fully resolved DNS can be performed to assist the model development.

(6) Droplet-droplet collision could be important in some two-phase flow regimes. Direct or
stochastic collision models can be introduced to investigate the importance of this
phenomenon, which is generally ignored or accounted for by simple models or

corrections currently.
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Appendix - The Governing Equations
for Reactive and Evaporative Two-Phase

Flows

As stated by White (1991), the three fundamental laws of mechanics, conservation of
mass, momentum and energy, are Lagrangian in nature. The methodology based on an in-
finitesimal control mass, i.c., fluid element, is therefore followed to obtain the gas phase
governing equations in the framework of evaporating two-phase flow systems. To simplify

*

the writing work, the superscript “*” to designate a dimensional variable with SI units is ig-

nored in this appendix.

A.1 Conservation of Mass

Consider a fluid element which contains an evaporating droplet. The law of mass conser-

vation reads
m = mg + my = const (A1)
Apply the material derivative,

Dmg +dmd

=0 A2
Dt dt (A.2)

It should be noted that for the dispersed phase, the convective parts in the material deriva-

tive vanish. As in White (1991),

m A p.u,
P g=V{8p8+ (e, g)} (A3)

Dt ot Ox,

7



Then, (A.2) becomes

9, Apns) 1 dm _

= — (A.4)
ot ox, Vo dt Vv
For multi-droplets system, (A.4) can be written as
apg a (Iogug i ) 1
—+ . = —_— j A.S
o ox Vg%* (&5)

which is the final form of the continuity equation.

A.2 Conservation of Momentum — the Newton’s Sec-

ond Law

Newton’s second law states that

d(m”i)
dr

F= (A.6)

For a combined system of the fluid element with one dispersed droplet, (A.6) can be written

as

d S+ ) D ) od ,
E = P;)od)’,i + Eurface,i = (mgug!d Mdvd, ) - (mgug, ) + (Mdvd,l ) (A'7)
t Dt dt

For the first term on the right-hand-side (RHS) of (A.7), we have

D(mgug’i ) -V D(pgug-i) =V a(pgug’i ) + a(pgug-iug’f ) (A.S)
Dt Dt ot Ox ;
And the second term
d : dv, .
(mdvd’l ) =my K + dm, vy, (A.9)
dr dt dr
Substitute the droplet momentum equation into (A.9),
d(my, .
%:Eﬁag,i +mdgi +mdvd,i (A'lo)
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The external body forces (Fiody) include the buoyancy force for the fluid element and the
gravitational force for the droplet. In the present study, the ratio of droplet to fluid densities
is taken to be ~1000, so the buoyancy force exerted on the droplet, which is submerged in
the flow, can be ignored. The bubble-laden liquid flow is a different situation. The external

surface forces (Futce) are the normal and shear stresses. Thus,

};;)ody,i:_(pa_pg)Vgi-i_mdgi (A-ll)
Jo,

Eurfncc,i :V(_aa_p-i_ a yJ (A'lz’)
X; x]

The detailed derivation procedure for (A.12) can be found in White (1991). Substitute
(A.8), (A.10), (A.11) and (A.12) into (A.7),

a(pu’l_) a(pulu) . dp 00,
7 LML VAR
(A.13)

The term m24g; has been crossed out due to its appearance on both sides of (A.13). Finally, if

multiple droplets are concerned, (A.13) becomes

a(pgug-i) J

1 .
o + axj (pgug,i%g-j +P§ij —0; )+(pa — P, )gi :_;;(Ei,ag,k’i +md’kvd’k’i)

(A.14)

A.3 Conservation of Energy — the First Law of Ther-
modynamics

The first law of thermodynamics can be written as

dr  dr dr
And,
E=E +E, (A.16)
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E, =m, (e +;u u j VE. (A.17)

gl gt

1
Ey=m, (ed +Evd,ivd,ij (A.18)

The potential energy is ignored in (A.17) and (A.18).

DE,  |3g, O(Ewm,)
oyl Ly & A.19
Dt ot ox, (A.19)
d{m (e +lv v )}
dE, G\ e de, dvy, dm, dm, (1
= =my— tmy, + et VY4,
dr dt dr dr dr \2
(A.20)

As in Sandham (1989), the reference internal energy is set to zero at 7=0 for the liquid
phase, so es=cqT4, where ¢4 is assumed to be constant. The difference between the specific
heat capacity at constant pressure and constant volume for the droplet is very small, so a
unified ¢s is used here. Substitute the droplet temperature and momentum equations into

(A.20) for the first and second terms on the RHS,

d€ =h A, (T T)+md19 +F,

dragi¥d T7a& Ve, T eyl +Emdvd,ivd,i
(A.21)

The rate of work done to the combined element is due to the gravity and stresses, and the
rate of heat consists of the conduction heat from the neighbour elements, which is repre-

sented by the Fourier’s law, and the heat of combustion, i.c.,

d—Q—V( 9 iAbf"” ] (A22)

dt
d;tV (p p)ng”g,"‘mdngdz"'Vai( —pu,, +u, G) (A.23)

7

Detailed information was given in White (1991) for the non-reactive terms in the above

two equations. Substitute (A.19), (A.21), (A.22) and (A.23) into (A.15),
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UL

>, o )+de9 +F

. 1.
drag,i¥d,i 0 T7rgcg Ty +Emdvd,ivd,i

N,
= aq, ZAhfn'” (,0 p)glugl+ai( —pu,, i, G)
n=l1

(A.24)

The term mqygwa; disappears due to its appearance on both sides of (A.24). As for a fluid

element containing multiple droplets, (A.24) becomes

aET N al:(ET +p)ug,i +ql _ug-jo-lf}
or Jx,

I3

. A2
ht,kAd,k (Tgk -1, )+md kl’ +E1rag k,iVd ki (4.25)

N,
+(,01 _pg )giug,i +2Ahf?,ﬂd)n
n=1

V . i)
b gy, T+ > My 4V 4,V ki

A.4 Conservation Equations for Species

The transport process of various species can be described by the general convection-

diffusion equation,

a(pg);+mﬂ/V)+a(ngnﬂg,i) i( DaYnj (A26)
g .

or o ow |’ ox

where 72 accounts for the additional mass source due to reaction or evaporation. The Fick’s
law has been employed to describe the mass diffusion. Identical mass diffusion property is

assumed for different species by a unified diffusion coefficient, D. For fuel and oxidizer,

1 Om
—— 2 =—q A27
V ot @, ( )

while for liquid vapour, the source term is same as in (A.5). To sum up, the final forms of

species equations are

8(pg12)+a("g’9”gsi)_i( alj

p.D

Do +w (A.28)

n

ot Ox § ox,

for fuel and oxidizer, and
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(A.29)

a(ngV)_i_a(ngvug,i) J ( DaYVj—iz .dk
8

o o ox P ox, | v

i

for liquid vapour, respectively.
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