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Large Eddy Simulations (LESs) for a lean-direct injection (LDI) combustor are performed and compared
with experimental data. The LDI emissions characteristics, and radiation-spray coupling effect on the pre-
dictions are analyzed. The flamelet progress variable approach is employed for chemistry tabulation cou-
pled with a stochastic secondary breakup model. Good comparisons are shown with the experimental
data mean and root mean square for both the gas phase and spray droplets profiles. The effect of com-
bustion is found to change the shape and structure of the central recirculation zone to be more compact
in length but larger in diameter in the transverse direction. In-addition the results show that the gas
phase radiation alters the spray dynamics by changing the local gas-phase temperature distribution. This
impacts the spray evaporation rate, the local mixture fraction, and consequently the combustion heat
released rate and the predicted emissions. The simulation with no radiation modeling shows over predic-
tion in the temperature distribution, pollutants emissions, higher fuel evaporation rate, and narrower
range of droplet size distribution with lower number density for the smaller size particles. The current
study suggests that, even for low pressure systems, radiation modeling can be important for accurate
emissions prediction.

� 2013 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Modern combustors must balance the need for stability and
performance with the goals of higher efficiency and lower emis-
sions. Emissions from gas turbines can have a profound effect on
the environment and the balance of the eco-system [1]. For exam-
ple, green house gases like carbon dioxide CO2, water vapor H2O,
and methane CH4 are primary combustion by-products from fossil
fuels. These gases contribute to global warming by absorbing the
sun’s infrared rays and remitting them over time to raise the atmo-
spheric temperature. Other important pollutants are CO, NOx and
particulate matter (PM). While CO has known hazardous health ef-
fects, NO causes acidic rain and depletes the ultra-violet protective
layer known as the ozone layer [2]. Particulate matter (PM) emis-
sions, both volatile and non-volatile soot (known as black carbon)
can reduce visibility, affect cloud formation, and are known for
there carcinogenic precursors and associated organics that have di-
rect effect on human heath when inhaled [3].

A common approach to reduce emissions of NOx, CO, soot, and
unburned hydrocarbons is to burn the fuel in lean premixed or
partially premixed conditions, which is prone to both dynamic
and static flame instabilities [4–6]. For aircraft engines, combus-
tion instability poses a safety concern and must be avoided. Mod-
ern engines for next generation transportation aircraft, however,
face even more stringent emissions regulations for both NOx and
particulate matter (PM), which poses an engine design require-
ment of ultra low emission characteristics. To meet this challenge,
several engine configurations are proposed that are based essen-
tially on burning the fuel in the premixed or the partially premixed
regimes. Among these designs are lean-premixed-pre-vaporized
combustion (LPP) and lean direct injection combustion (LDI) [7].
In the current paper we simulate a full single-cup LDI combustor
[8,9].

Gas turbine engine’s emissions simulations, however, are faced
by many challenges [10,11]. In-addition to the wide range of turbu-
lent flow scales introduced at high Reynolds number, gas turbine
engines burn complex chemistry fossil fuels for energy production
like Jet-A and JP-8. The numerical chemistry models that describe
the oxidation of such fuels are highly stiff and usually involves
hundreds of species and thousand of reactions that introduce time
scales that are much faster than the flow time scales, typically in
the order of 10�8–10�12 s [12]. The time and space resolution for
such enormous amount of scalars will require an ultra fine mesh
[13], which leads to a costly prohibitive computation [14–16].

http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2013.09.020&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2013.09.020
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More specifically, pollutants chemistry models expand the number
of chemical reactions and species involved and the numerical effort
to predict them [17]. The complexity is even exacerbated as most
of gas turbine engines fuels are injected in the liquid phase. The
liquid fuel jet undergoes primary [18] then secondary breakups
before being evaporated by heat transfer from the surrounding
gas-phase fluid [19]. The efficiency of the spray atomization con-
trols the local fuel to air ratio and is, therefore, coupled with the
rate of pollutants formation and other flow physical process such
as radiation [20]. To resolve this multi-scale challenge, efficient
numerical tools are needed to simulate such complex physics
[21–23] in a computationally affordable manner. Many Large Eddy
Simulations (LESs) have been conducted successfully for turbulent
reactive flows in gas turbine engines [22] using both structured
[24,25,23] and unstructured meshes [19,26]. The current work pre-
sents LESs that couple detailed chemistry, spray dynamics, and
radiation effects in complex geometry. In-addition, we present
one of the most detailed comparisons with the available experi-
mental data for the LDI single cup [27–29]. The LDI configuration
is a promising design for modern gas-turbine combustors, where
the combined geometry, of a swirler and a Venturi nozzle, results
in stable ignition with potentially ultra-low NOx and soot emis-
sions. The Venturi nozzle provides sufficient residence time for
the fuel droplets to vaporize and mix uniformly with the swirled
air in a lean mixture [8]. To achieve realistic inflow conditions
the full swirl injector is included in the current simulation.

Cost and complexity of simulation have been always two hur-
dles to account for radiation effect in turbulent reactive flows.
However, turbulence-radiation coupling has been investigated for
gas-phase reactive flows by many researches using different meth-
odologies. Many Reynolds average Navier Stokes (RANS) simula-
tions exist that address such problem[30–33] and few only using
LES [34]. Coelho [35] reviewed numerical simulations for turbu-
lence radiation interaction (TRI). In his research [34], he studied
TRI using a stochastic model for the scalar fluctuations and then
integrated the radiative heat transfer equation (RTE) along an opti-
cal path with a DNS resolution. He showed that turbulent fluctua-
tions contribute to decrease the flame temperature due to
radiation below the level observed without fluctuations. Because
LES is known to be a better tool to model the subgrid fluctuations,
it is expected to provide better estimates for the radiation effect
than RANS simulations especially for turbulent flows. Santos
et al. [36] proposed a two independent code approach. The LES
code communicates the temperature and mass fraction field to a
2D radiation heat transfer code that returns the radiation source
term to the LES code using a ray-tracing method to solve the
RTE. Similar to the current work conclusion, they found that radi-
ation strongly modify the flame dynamics by reducing the flame
temperature and stability, which make the flame more sensitive
to turbulence. LES combined with discrete ordinate model (DOM)
was also employed by Dejardins and Frankel [37] to simulate 2D
non-premixed sooting acetylene-air planar jet flame and for a 3D
model gas turbine engine by Jones and Paul [38]. On the other hand
the research that studies the spray-radiation coupling in a turbu-
lent environment is very sparse and scattered in the literature
[20,39]. To the knowledge of the authors, the current study
represents one of the first few full three-dimensional turbulent
swirling-flow simulations that address spray-radiation coupling
using simplified optically thin radiation model.

The paper is organized as follows. Descriptions of the numer-
ical approach and the associated models (i.e. combustion model,
radiation model, and spray model) are outlined in Section 2.
Section 3 shows the numerical setup and the initial gas phase
and spray conditions. The discussions on the results are shown
in Section 4 and finally the conclusions are presented in
Section 5.
2. Numerical approach

The simulations are performed by the unstructured Stanford
LES code CDP [40]. CDP is a set of massively parallel unstructured
finite-volume flow solvers developed specifically for large eddy
simulation. A node-based low-Mach number formulation is used
to perform the reactive simulations, while a fully incompressible
solver is used for the non-reactive flow for computational effi-
ciency. The non-reactive simulation governing equations are
shown earlier [41]. The LES reactive governing equations and their
sub-grid closures are described in details in [40] and only a brief
summary is given here. The gas-phase filtered governing equations
are:
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where the ðÞ denotes spatial filtering and the eðÞ denotes Favre den-
sity-weighted filtering. The gas-phase filtered density, velocity,
pressure, strain rate tensor, and dynamic viscosity are q; eui;p,eSij ¼ 1
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, and m, respectively. In Eq. (1), _Sm and _Si are the

rates of mass and momentum transport between the gas phase
and the spray liquid droplets (described in Section 2.4). The filtered
temperature, density, and species mass fractions are computed by
the equation of state formulated by the flamelet progress variable
model [42] (described in Section 2.1). In Eq. (1) the dynamic Smago-
rinsky model is used for closure of the residual shear stresses sij

[43].
For accurate chemistry modeling, a detailed Jet-A surrogate

mechanism is utilized [44] and tabulated a priori for the LES simu-
lations in the steady flamelet frame-work [42]. The number of spe-
cies and reactions considered are 118 and 900, respectively. Because
radiation and NOx productions are known to have slower time
scales compared to the fast chemistry assumption utilized in the
flamelet assumption [45], a transport equation for NOx mass frac-
tion and for sensible heat loss parameter are solved with the flow
field rather than extracting their values from the flamelet tables
[46]. The gas-phase combustion model is coupled with spray atom-
ization by a stochastic subgrid model for spray secondary breakup
[47,19]. The next sections describe briefly the modeling approach.

2.1. Combustion modeling

The combustion model employed here is the flamelet/progress-
variable (FPV) [42,48,49,45]. The FPV approach is based on the
flamelet concept [21], where the turbulent non-premixed flame
is viewed as an ensemble of laminar flamelets. The laminar flam-
elet concept assumes fast chemistry or high Damköhler number,
which is a suitable assumption for gas turbine engines flows with
swirl injection [21]. The solution of each flamelet on a canonical
one-dimensional presentation can be parameterized on a lower
dimension manifold, which relates the thermochemical state vec-
tor (i.e. species mass fractions, density, and temperature) to few
parameters (i.e. the mixture fraction and a chemical progress
parameter). The laminar flamelet equations are derived in the mix-
ture fraction space [21] for a unity Lewis number assumption:

q
@U
@t
� q

v
2
@2U

@Z2 ¼ _x; ð2Þ

where Z is the mixture fraction, q is the density, U = (T, yi)T is ther-
mochemical state vector for the species mass fractions yi and the
temperature T; _x is the corresponding source-terms vector,
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v = 2DjrZj2 is the scalar dissipation rate, and D is the diffusivity.
The scalar dissipation rate is directly impacted by the flow large
scale turbulent structures and, therefore, is an inertial range invari-
ant that has to be modeled. It represents the effect of the resolved
turbulent vortices strain rate imposed on the Z field: for example
if a turbulent vortex imposes a compressive strain, the scalar dissi-
pation rate will increase, and more heat and mass diffuses from the
flame inner layer and the flame temperature decreases, which ulti-
mately leads to flame extinction. From that perspective, Eq. (2)
characterizes the non-linear interactions between chemistry and
the scalars transport in the mixture fraction space. The mixture
fraction, by definition, is a conserved quantity [50], however, it is
not strictly conserved in spray combustion [20,51] and further
assessment for the flamelet concept is needed to account for the
rate of fuel evaporation [39].

In the steady laminar flamelet model (SLFM) the solution of Eq.
(2) (without the unsteady term) is tabulated as a function of the
mixture fraction, that varies from 0 in the oxidizer stream to 1 in
the fuel stream, and a set of predefined scalar dissipation rates.
The flame surface is then identified as the location of the stoichi-
ometric mixture fraction Z(x, t) = Zst and the thermochemical sca-
lars solution vector U is parameterized as function of Z and v:

U ¼ FU Z;vð Þ: ð3Þ

where FU is a functional relation that describes U as a function of
the SLFM variables (Z and v). In reality this is a single variable for-
mulation in the mixture fraction, and leads to a single burning solu-
tion for each flamelet. Therefore, in SLFM only non-extinguished
solutions of the flamelet equations are considered, which limits
the applicability of the model. It was shown by Pierce and Moin
[42], for example, that SLFM predicts too much heat release in the
essentially non-reactive regions close to the nozzle for a flame that
is aerodynamically stabilized by a recirculation region.

To overcome this limitation, Pierce and Moin [42] proposed a
tabulation based on the mixture fraction and a reaction progress
parameter k instead of the scalar dissipation rate, which leads to
the Flamelet/Progress Variable (FPV) formulation. The purpose of
this parameter is to parameterize the other flame solution stats
for Eq. (2) (i.e. fully burning state, transient solution between
burned and unburned states, and the unburned state). Because
these parameter can be defined in many ways, [42] related k to a
reaction progress variable C, that can be defined as a linear sum
of a set of product species mass fractions. Consequently, the new
state vector is given as [46]:

U ¼ �U Z; kð Þ; ð4Þ

where � is the new FPV relationship that contains the other possi-
ble burned and unburned solution. The progress variable C in the
current work is defined as linear sum of the mass fractions of
CO2, CO, H2O, and H2. By definition, the progress variable C is a
subset of U and can be written as:

C ¼ �U Z; kð Þ; ð5Þ

Eq. (5) is nonlinear and relates C and k with no information on how
this functional relation is described. Therefore, the reaction progress
parameter k is defined for each flamelet as the stoichiometric value
of the reaction progress variable C [46] and k can be obtained from
an inversion of Eq. (5):

k ¼ ��1
U Zst; Cstð Þ; ð6Þ

where the subscript st stands for stoichiometric conditions. Eq. (6)
assumes that the inversion is unique for the FPV relation (�). More
discussion on the limitations and assumptions of the FPV is beyond
the scope of the current paper.
From Eq. (6) the mean reaction progress parameter ek is replaced
by eC and filtered transport equations for the filtered mixture frac-
tion eZ and the filtered progress variable are solved simultaneously
with Eq. (1):

@�qeZ
@t
þr � �qeueZ� �

¼ r � �qeDreZ� �
þr � esres

z ; ð7Þ

@�qeC
@t
þr � �qeueC� �

¼ r � �qeDreC� �
þr � esres

c þ �q e_xC : ð8Þ

where eD is the filtered molecular diffusivity, assuming equal spe-
cies diffusivity and unity Lewis number, and e_xC is the filtered
chemical source term of the progress variable tabulated in the flam-
elet library. The unclosed residual stresses esres are modeled by a dy-
namic approach [42]. The mixture fraction variance is computed
using an algebraic model [42,22], which assumes homogeneity
and local equilibrium for the subgrid scales:

�qgZ002 ¼ CZD
2q j reZ j2; ð9Þ

where the mixture fraction coefficient CZ is computed dynamically
[42,22] and q is the filtered density.

2.2. Radiation and NO modeling

For accurate temperature and pollutant predictions, radiation
heat transfer has to be considered. [46] have extended the FPV ap-
proach described in Section 2.1 to account for radiation and NOx

formation. The radiation and NOx formation time scales are slow
[52] compared to other thermochemical state variables production
rates that assume fast chemistry, and cannot be accounted for
using the steady flamelet approach. Therefore, in this extended
FPV approach transport equations for the filtered sensible enthalpy
ðeH) and NOx mass fraction ðgYNOÞ are solved with the flow field, pre-
sumably, to account for the flow unsteadiness effect on these two
parameters. The final form of the extended FPV equation of state
(EOS) can then be written as follows:

eU ¼ �eU eZ ;gZ002 ; eC ; eH� �
: ð10Þ

Consequently, in-addition to the transport equations for eZ , and eC , a
transport equation is solved for the filtered enthalpy eH:

@�qeH
@t
þr � �queH� �

¼ r � �qeDreH� �
� e_qr ; ð11Þ

A simplified optically thin radiation model [53] is considered here
for the filtered radiation source term:

eqr ¼ 4r fT 4 � eT 4
1

� �X
ðgpiaiÞ; ð12Þ

where pi and ai are the partial pressure and Planck mean absorption
coefficient of species i, respectively, r is the Stefan Boltzmann con-
stant, and gT 4

1 is the ambient reference temperature at one atmo-
sphere. The absorption coefficients in Eq. (12) account for the
radiation emitted from CO2, H2O, CO, and CH4 species. It is worth
mentioning that although the optically thin radiation model is com-
putationally affordable, it is a simplified model that assumes an
unimpeded isotropic view of the flame to the cold surroundings
and therefore absorption and scattering by the surrounding media
are neglected. The radiation model assumptions might have an im-
pact on the results accuracy. For large eddy simulations, however,
under lean conditions, where usually the wall heat transfer effect
is not resolved, and no soot particulates are emitted, the assump-
tion of optically thin flame is reasonable as the surrounding media
provides less amount of scattering and absorption [54]. Watanabe
et al. [20], for example, used DO method to model radiation in a
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2D laminar sooting counter flow diffusion flame and observed that
without the radiation modeling, flame temperature and soot vol-
ume fraction are greatly overestimated (about 300–400 K). More
sophisticated radiation models like the Discrete Ordinate (DO)
model or the Monte Carlo Ray-Trace method (MCRT) will add tre-
mendous computational effort to the simulation.

To account for the NOx production, the filtered mass fraction of
NO ðeY NOÞ is computed by solving a transport equation rather than
extracting the values from the flamelet tables directly [46]:

@�qeY NO

@t
þr � �queY NO

� �
¼ r � �qeDreY NO

� �
þ �q e_xNO: ð13Þ

Here the filtered net production rate e_xNO is closed by assuming that
scale similarity between the NO mass fraction computed from Eq.
(13) and the steady tabulated values. In-addition, if all the species
that contribute to the formation of NO occur on short time scales
and can be extracted from the FPV table then the source term is
written in the following form [46]:

e_xNO ¼ e_xþNO þ eY NO

e_x�
NOeY FPV

NO

: ð14Þ

Here, the superscripts FPV ‘‘+’’ and ‘‘�’’ refers to values extracted
from the FPV table, production source terms and destruction source
terms, respectively. Finally, the filtered Eqs. (7), (8), (11), and (13)
are solved simultaneously with Eq. (1) at each LES integration time
step. The filtered quantities, Z, H, and C together with the Z variance
ðgZ002Þ are used to access the EOS given by Eq. (10). The turbulence
closure for the extracted thermodynamic variables from the EOS
is shown next.

2.3. Combustion subgrid closure

From Eq. (10) all the filtered thermochemical variables eU are

function of the four parameters (eZ ; eH; eC, and gZ002 ) computed from
three transport equations (Eqs. (7), (8), and (11)) and an algebraic
relation (Eq. (9)). To account for the subgrid fluctuations, a pre-
sumed PDF approach is employed [22]. Following the discussion
in Section 2.1 for the progress variable C, a similar parameter to k
can be assumed for the enthalpyH (named � hereafter). Assuming
that �, k, and Z are independent, the joint probability density func-
tion (PDF) between C;H, and Z is evaluated to obtain the Favre fil-
tered ðeÞ values of the state vector U:eP Z; k; � ; x; tð Þ ¼ eP k j Z; x; tð ÞeP � j Z; x; tð ÞeP Z; x; tð Þ; ð15Þ

where the marginal PDF of the mixture fraction ePðZÞ is assumed to
be a beta distribution [42], and the conditional progress parameters

PDFs ðePðk j Z; x; tÞ and ePð� j Z; x; tÞÞ are assumed to be delta func-
tions. The delta function assumption, restricts the length scale of
each flamelet to be in the order of the LES grid size or larger [42]:

eP Z; k; � ; x; tð Þ ¼ b Z; eZ;gZ002� �
dðk� gk j ZÞdð� � g� j ZÞ: ð16Þ

The b-distribution is characterized by the mixture fraction mean eZ
and the mixture fraction variance gZ002 , while the delta-function-PDF

is characterized by the mean of the reaction progress variable eC and
enthalpy eH. Consequently, the flamelet tabulation is also function
of these parameters.

2.4. Secondary breakup spray model

In the LDI configuration, Jet-A fuel spray droplets are injected
from a centerline simplex atomizer, with a specified drop-size
distribution and a hollow cone spray with a total angle of 90�.
Therefore, during the simulation, the spray atomization and
evaporation processes have to be modeled in the LES framework.
The spray models employed have been described in detail by Apte
et al. [47,19,55]. Here, we summarize the most important features
for completeness. In the following, the droplet transport and
evaporation rate models are described in Section 2.4.1, then the
stochastic breakup model in Section 2.4.2.

2.4.1. Droplet transport and evaporation models
Droplet dynamics are simulated using a Lagrangian point-parti-

cle model. Three basic assumptions are inherent in the model: i.e.
the density of the Jet-A droplets are much larger than that of the
fluid surrounding it (qp/qg � 103), the droplet-size is always small
compared to the turbulence integral length scale, and that the
effect of shear on the droplet motion is negligible. The high value
of density ratio implies that the Basset force and the added virtual
mass terms [56] are small and are therefore neglected. Under these
assumptions, the Lagrangian equations governing the droplets
motions become:

dxp

dt
¼ up;

dup

dt
¼ Dp u� up

� �
þ 1�

qg

qp

 !
g; ð17Þ

where xp is the droplet position in space, up the droplet velocity
components, u gas-phase velocities interpolated to the droplet loca-
tion, qp and qg the droplet and gas-phase densities, g is the gravita-
tional acceleration, and Dp is the inverse of the droplet relaxation
time-scale (sp).

The droplet evaporation model is based on an equilibrium ‘uni-
form-state’ model for an isolated droplet [57–59]. Miller et al. [60]
investigated different models for evaporation accounting for
non-equilibrium effects. Advanced models considering internal cir-
culation, temperature variations inside the droplet, effects of
neighboring droplets [59] may alter the heating rate (Nusselt num-
ber) and the vaporization rates (Sherwood number). However, for
the present case evaporation is dominated by mass-diffusion,
which has low rates, and hence these effects are neglected. For
the uniform-state model, the Lagrangian equations governing
droplet temperature and mass can be formulated as [57–59]:

dmp

dt
¼ �mp

sm
;
dTp

dt
¼ 1

sc
Tg;p � Ts

p

� �
� 1

sm

Dhv

Cp;‘
ð18Þ

where Dhv is the latent heat of vaporization, mp mass of the droplet,
Tp temperature of the droplet, Ts

p is the temperature at the droplet
surface, Tg,p is the temperature of the gas-phase at the droplet loca-
tion and Cp,‘ is the liquid specific heat. The diameter of the droplet is
calculated from its mass, dp = (6mp/pqp)1/3. Here, sm and sc are the
droplet life-time and the convective heating time-scales respec-
tively, and are given as:

1
sm
¼ 12

d2
p

Ds lnð1þ BYÞSh;
1
sc
¼ 12

qpd2
p

ks

Cp;‘

lnð1þ BTÞ
BT

Nu: ð19Þ

Here, D and k are the diffusivity and conductivity, respectively. The
superscript s stands for droplet surface and Sh and Nu are the Sher-
wood and Nusselt numbers defined as:

Sh ¼ 1þ
0:278Re1=2

p ½Scs�1=3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:232=Rep½Scs�1=3

q ;

Nu ¼ 1þ
0:278Re1=2

p ½Prs�1=3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 1:232=Rep½Prs�1=3

q : ð20Þ

where BY and BT are the mass diffusion and heat transfer coeffi-
cients, respectively. For Ts

p < Tb (where Tb is the boiling point),
BY ¼ ðYs

F � YF g;pÞ=ð1� Ys
FÞ and BT ¼ Cs

pðTg;p � Ts
pÞ=ðDhvÞ, where YFg,p



514 H.A. El-Asrag et al. / Combustion and Flame 161 (2014) 510–524
is the fuel vapor mass-fraction interpolated to the droplet location.
For Ts

p P Tb;BY is set equal to BT, and the fuel mass-fraction YF is
computed from the Clausius–Clapeyron equilibrium vapor–pres-
sure relationship. In each cell node the multi-phase source terms
in Eq. (1) are computed as the ensemble average of all the tracked
particles mass and temperature variations. A third-order Runge–
Kutta scheme is used to integrate the above set of ODEs with the
minimum physical drop time scale [19].
2.4.2. Stochastic droplet breakup
A stochastic subgrid model for spray atomization is used here.

The initial liquid film is approximated by a droplet of size equal
to the nozzle diameter. The model views the subsequent particle
breakup of the injection of a specified drop-size as a discrete ran-
dom process, where droplet size is treated as a time-dependent
stochastic variable. The temporal and spatial evolution of the par-
ticle size distribution is then governed by the Fokker–Plank differ-
ential equation. This evolution leads to the formation of new
droplets and destruction of the parent ones. The new droplets po-
sition and velocity vectors are tracked by a Lagrangian algorithm in
the physical space as described in Section 2.4.1. Two-way coupling
between the gas phase and the liquid droplets is achieved by the
source terms in the gas-phase equations, which represent the mu-
tual effect of mixing and momentum/energy transport. These ef-
fects are induced by droplet breakup, evaporation, and
convection by the flow-field.

Simultaneously with the process of secondary droplet breakup
and mixing with the gas phase, the liquid phase evaporates under
the appropriate conditions. The evaporation model solves a set of
ordinary differential equations (ODEs) that describe the variation
of the droplet mass and temperature due to evaporation and as-
sumes that non-equilibrium effects inside the droplet volume are
neglected as described in Section 2.4. A third-order Runge–Kutta
scheme is used to integrate the set of ODEs with the minimum
physical drop time scale. The mathematical formulation of the
above scheme is omitted here for brevity and can be found else-
where [55].
Fig. 1. The LDI single element geometry and unstructured hexahedral mesh.
3. Numerical setup

The experimental setup and data are provided by Farhad et al.
[61]. The geometry of the single-element combustor is shown in
Fig. 1a with the inflow pipe upstream of the swirler. Liquid fuel
is injected through the center (closed for the non-reactive case),
while air is injected through a swirler with vane angles of 60�.
The global swirl number is unity. The swirler is composed of six
helical vanes with an inside diameter of 9.3 mm and an outside
diameter of 22.1 mm and an effective area of 870 mm2. The fuel
droplets from the centerline and the swirled air are mixed in a con-
verging–diverging Venturi nozzle. The combustor has a square
cross-sectional area of 50.8 � 50.8 mm.

The mesh uses 1,072,640 hexahedral elements, which is slightly
above the 861,823 element mesh used in the RANS calculations
[61,62] and about half the LES structured mesh used by Patel and
Menon [25]. Only local grid refinement between the Venturi exit
cross section and the location X = 3 mm is attempted with no sig-
nificant changes observed in the flow field. The current grid resolu-
tion might have an effect on the results and a full grid dependency
study, although computationally prohibitive, will be optimum.
However, compared to all the published data in the literature, for
the same test case, the current paper comparisons with experi-
mental profiles show good matching and therefore, further mesh
refinement is not critical for our study. The unstructured mesh is
shown in Fig. 1. The mesh distribution along the z = 0 plane and
in the vanes is shown in Fig. 1b, while the y–z plane grid
distribution is presented in Fig. 1c. The mesh cells are clustered
toward the centerline and toward the walls of the combustor.

An inflow bulk velocity of 20.14 m/s is provided through a tube
upstream of the swirl injector. The inflow air is at temperature
To = 294 K and pressure of 1 atm, while the global equivalence ratio
is 0.75. The fuel spray has an inflow mass flow rate of
4:15� 10�04 kg=s and an initial velocity of 20 m/s. The droplets
are injected with a Rosin–Rammler distribution



Fig. 2. Iso-surface of the zero time-averaged axial velocity ðhUi ¼ 0 m=sÞ. Different
color coding is used for the two cases. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. Side view (y = 0 plane) to the central recirculation zone (CRZ) for the reactive
flow case viewed by iso-surface of the zero time-averaged axial velocity.
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FmðDÞ ¼ 1� exp � D
d

� �n� �
; ð21Þ

where Fm(D) is the cumulative distribution function of the droplet
diameter D, and the parameters n = 1.34 and d = 24 lm are chosen
to curve-fit the distribution of the experimental data at the first
measured location (x = 3 mm). An inflow recycling technique is
used [41] to achieve realistic inflow turbulence. The recycling is
done until the inflow profile of the upstream pipe recovers a realis-
tic inflow turbulent boundary layer. The boundary conditions used
are inflow/outflow in the x-direction and adiabatic walls in the y
and z directions.

Statistics are collected over a physical time of 0.032 s after the
initial transient for the reactive flow cases and over 0.167 s for
the cold-flow case. Based on the bulk inflow velocity and the full
length of the combustor, this represents two complete flow-
through times for the reactive cases and about seven flow-through
times for the non-reactive case. The simulation was performed on a
Linux cluster at Stanford University with infiniband interconnec-
tion and dual Intel Clovertown (Quad Core) 2.33 GHz processors
with 8 GB RAM per node. With the current mesh resolution the
code scaling was found to level off at 96 processors for the
spray-combustion case. The computational time per flow through
time was 900 CPU hours for the reactive case.

4. Results and discussion

In this section, two reactive flow large eddy simulations are
compared to the experimental data. Selected non-reactive flow
data are shown to highlight the effect of heat release on the flow
field. The statistics for the two reactive flow simulations, with
and without radiation, are collected over the same total simulation
run time. Unless mentioned otherwise, the experimental profiles
are compared to the LES profiles with radiation modeling. Almost
all available experimental LDI measurements are compared in
the current work. The current presentation represents one of the
most complete comparisons for the LDI with experiments. First,
instantaneous and time averaged results will be shown for the flow
field structure and the spray characteristics. Following that the
time-averaged flow features of the reactive flow will be compared
with the non-reactive case with an emphasis on the radiation mod-
eling effect on the predictions. Finally, the mean and root mean
squared (rms) radial and centerline profiles of the gas flow-field,
the scalars, and the spray droplets will be compared with the
experimental measurements.

4.1. The LDI flow field structure

Figure 2a and b shows iso-surfaces of zero mean axial velocity
ðhUi ¼ 0 m=sÞ for both the reactive and non-reactive cases, respec-
tively, where the brackets denote a time average. Due to the flow
swirling, an adverse pressure gradient is generated in the axial
direction and a vortex breakdown bubble (VBB) is established.
The LDI is characterized by a central recirculation zone (CRZ) in
addition to recirculation zones (RZs) at the corner of the dump
plane. A smaller circulation zone is also observed at the Venturi
exit in the non-reactive case. The same three RZs had been re-
ported previously in the non-reactive simulations [41,62]. The
length of the CRZ in the non-reactive case is approximately twice
as that in the reactive one. However, the reactive CRZ has a larger
effective bulk diameter. A small toroidal RZ close to the divergent
part of the Venturi is also observed in the reactive flow case as
shown by the side views in Fig. 3 and the cross sectional plane in
Fig. 4. The more compact and wider reactive CRZ is due to the
flow-field expansion by the combustion heat release, which alters
the adverse pressure gradient downstream of the injector. This



Fig. 4. Three vector plots for the mean velocity magnitude projected on the cross-
sectional plane y = 0 for the reactive flow case with radiation.
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conclusion will also be emphasized when comparing the time
averaged data.
The above discussion can be clarified more by investigating the
velocity vector plots. Figure 4 shows vector plots for the time-
averaged total velocity magnitude for the reactive flow case with
radiation modeling. Only the vectors projections on the cross-sec-
tional plane y = 0 are shown for clarity. Figure 4a and b show a
zoom in the venturi and atomizer area with and without spray
droplets, respectively, while Fig. 4c zooms out to show the area
downstream the Venturi. From Fig. 4a it can be observed that the
CRZ starts early inside the divergent part of the Venturi nozzle,
in addition to a small RZ observed just downstream of the spray
injector exit cross section. These two small RZs inside the Venturi
are expected to enhance the spray atomization and the droplets
mixing with the swirling air. Figure 4b shows that at the injector
exit, the droplets and the spray sheet have enough momentum
to penetrate the small RZ toward the Venturi. This observation will
be confirmed later by the axial and radial velocity profiles. Figure 4c
shows the velocity magnitude vector plot downstream of the
venturi outflow cross-section. It is observed that the CRZ has an
azimuthal vortex at the location x = 17 mm and an additional
annular vortex at the burner corners where the second RZ is
located. The corner vortices are found to extend along the
combustor wall corners up to the combustor exit cross-section in
the y–z plane (not shown here), which will alters the spray
distribution as shown later. The CRZ structure is an important
mechanism to achieve stable combustion and self-ignition during
flight for aircraft engines. The dynamics of this stability
mechanism is discussed in the next paragraph.

To investigate the flame interaction with the CRZ, the
instantaneous temperature distributions are shown in Fig. 5a–d
at the cross-sectional plane y = 0 in Fig. 5a and at three consecutive
instantaneous snapshots at the plane x = 11 mm in Fig. 5b–d,
respectively. Figure 5a and b are compared at the same time in-
stant. The figures show the dynamic interaction between the flame
and the recirculation zone. The highest temperature gradients (i.e.
the flame boundaries) are found to be at the interface between the
shear layer and the cold inflow at the circumferential irregular pro-
file of the CRZ. At this locations strong mixing is expected between
the fresh reactants and the products inside the CRZ, which acts as a
natural static stability mechanism for the combustor to avoid
flame extinction. At the edge of the CRZ, fresh cold gases (dark
areas in Fig. 5b–d) are entrained from the reactants into the CRZ
where it ignites inside the core of the RZ. Due to the strong mixing
at the CRZ’s center, the temperature shows nearly uniform
distribution at the center region. This unsteady mechanism, where
reactants are entrained inside the CRZ to undergo combustion,
ensures flame stability with time, an important requirement for
aircraft engines.

4.2. The effect of radiation modeling on the spray characteristics

The effect of radiation modeling on the spray and the scalar
field characteristics are investigated. The subsequent effect on
the mean scalar field predictions follows this discussion. It is worth
mentioning that all our conclusions are in the context of the under-
lying models assumptions. The following results are naturally con-
taminated by the errors produced from the subgrid models and the
error propagation in the time averaged statistics. Two snapshots of
the droplets distribution sized by the droplets mass are shown in
Fig. 6 combined with the temperature spectrum. The spray exhibits
a 90� cone angle. Some of the spray droplets are trapped inside the
corner vortex, which results in an increase in the mean droplet
diameter close to the walls. The simulation with radiation shows
a wider range of droplet sizes and a lower peak instantaneous tem-
perature. For the shown instantaneous snapshots with radiation,
droplet size ranges between 0.5 lm and 50 lm, while without
radiation the range is between 0.7 lm and 40 lm. Radiation acts



Fig. 5. Instantaneous temperature distribution for the case with radiation. (a) For the z–x plane, (b), (c) and (d) for the z–y plane at three consecutive time snapshots at
x = 11 mm.
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as en energy sink and lowers the local temperature distribution,
which results in over-predicted evaporation rate when radiation
is not included. This aspect will be discussed in more details using
the averaged statistics. Because no primary breakup model is em-
ployed here, the spray spectrum shows an intermediate regime,
where the spray injected from the nozzle undergoes secondary
breakup, followed by a dilute regime downstream of the dump
plane where the droplets undergo evaporation. Primary atomiza-
tion is difficult to model owing to the increased grid resolution
needed to capture the interface instabilities [63,18]. The intermedi-
ate regime is mainly inside the Venturi, while the dilute regime ex-
tends until all the droplets are evaporated about 1–2 combustor
diameters downstream the Venturi.

Figure 6, discussed above, indicates that radiation modeling af-
fects locally both the scalar temperature field and the spray char-
acteristics. The radiation effect on mean droplet evaporation rate
in kg/s is shown in Fig. 7, where the time-averaged rate of droplet
mass evaporation rate at the cross-sectional plane y = 0 is
compared with radiation modeling in Fig. 7a and without radiation
in Fig. 7b. The droplet mass evaporation rate represents the time
average of the source term of the droplets mass time variation
equation discussed in Section 2.4.1. Without radiation modeling,
higher evaporation rates are observed especially in the vicinity of
the injector and at the flame surface boundaries. The over-predic-
tion in the evaporation rate can be attributed to higher local tem-
perature, as shown in Fig. 6, or larger available droplet surface area
per unit mass. The latter is equivalent to fewer large size droplets
or higher number density of smaller size droplets with larger sur-
face area. In our study, only gas phase radiation is accounted for.
The dispersed phase radiation effect was studied by Watanabe
et al. [20]. In this study 2D simulations for a sooting counter flow
flame are performed for three cases using the DO method: with
both gas phase and dispersed phase radiation modeling, with no
radiation modeling, and with gas phase radiation modeling only.
The study shows that gas-phase radiation modeling has the main
contribution on the dispersed phase evaporation rate.



Fig. 6. Instantaneous droplet distribution sized by droplet mass combined with the
instantaneous temperature distribution at the y = 0 plane.

Fig. 7. Time-averaged droplet mass evaporation rate in (kg/s) at the central y = 0
plane. The figure shows that the droplets mass evaporation rate is over-predicted
when radiation modeling is not included.
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To investigate the droplet size distribution, a comparison of the
steady state droplet size histogram over the combustor volume is
plotted in Fig. 8. In general, the case without radiation modeling
has a lower number density especially for the larger size spectrum
droplets. This explains the higher evaporation rate observed in
Fig. 7b. The higher rate of evaporation leads to larger vapor fuel
mass fraction (not shown here) and consequently will affect the lo-
cal fuel mixture fraction, temperature distribution, and the species
mass fraction.

4.3. Time averaged measurements and simulation data

Here the LES time averaged results with radiation modeling is
compared with the experimental radial and axial profiles. The
profiles with no radiation modeling will be shown when needed
for comparison. Figure 9a and b shows spray droplet mean diame-
ter D10 and Sauter mean diameter D32. Overall good agreement is
observed. At the first three axial locations a peak value is shown
that starts at a radial distance of 8 mm from the centerline (for
x = 3 mm) and then spreads radially towards the wall (for
x > 3 mm). This location is an indication of the spray sheet cone an-
gle. Since the spray droplets directly emitted from the injector
have a large droplet size, the profiles show peak values at these ra-
dial locations. Downstream of x = 15 mm some droplets are
trapped in the wall-corner vortex. It is interesting to note that
the value of the mean diameter is increasing downstream due to
evaporation of the smaller diameter droplets (larger than the
cut-off value of the experimental measurements). This is consis-
tent with the experimental data and other numerical observations
[51].
The spray droplets
0
mean axial velocity distribution is shown in

Fig. 10. Good agreement is observed for all locations. Consistent
with Fig. 9, the LES shows over-predicted droplet mean axial veloc-
ity at the locations of over-prediction in the droplet size. Again,
over-prediction is expected at the first few locations, where the
small-size droplets are not considered in the experiment.

To show the extent of the centerline RZ and the effect of heat
release and radiation on the flow features, the centerline mean ax-
ial velocity profiles are shown in Fig. 11. Reactive and non-reactive
data from experiments are compared with the LES results with and
without radiation. The figure shows that the non-reactive RZ ex-
tends to about 100 mm downstream of the dump, while the reac-
tive RZ is stronger and more compact (about 50 mm in length). The
expansion of the flow by heat release changes the local velocity
and pressure distribution. The local expansion (in the flame region)
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increases the pressure gradient and leads to faster flow decelera-
tion. This results in a shorter but wider RZ. The CRZ without radi-
ation is over-predicted by about 5 mm due to the change in the
flame structure and the spray distribution.

As discussed below, the LES simulation shows that inside the
divergent section of the Venturi a small RZ is established, followed
by an increase in the velocity due to a sudden expansion down-
stream of the venturi. This is followed by a steep reduction inside
the RZ due to the adverse pressure gradient. There are no experi-
mental data inside the Venturi, but the profile captures the initial
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peak after the dump accurately, which confirms the foregoing
physical conclusions. Note that the current simulation captures
the centerline profile initial peak. The deviations near the injector
will be discussed later.

The mean and rms axial velocities are shown in Figs. 12 and 13.
The first three locations (x = 3 mm, x = 5 mm and x = 9 mm) are
found to be the most difficult to match with the experiment. These
locations exhibit high unsteadiness and high measurement errors.
The experimental measurements [29] use a Phase Doppler Particle
Analyzer (PDPA). A problem usually related to the measurements is
how to distinguish between the seed particles to measure the gas
phase velocity and the spray droplets. In the LDI experimental
measurements [29] the nominal diameter of the seed particles
used was 1 lm. To distinguish between the spray and the seed par-
ticles, all particles smaller than 4 lm were used to represent the
gas-phase velocity. However, inside the CRZ the small spray drop-
lets just ejected from the nozzle still have high momentum in the
positive direction. As a result, the experimental velocity profiles
near the exit (i.e., x = 3 mm, x = 5 mm and x = 9 mm) are all positive
despite the existence of the CRZ. Therefore, at these locations we
expect to under-predict the experimental data. A previous RANS
simulation [62] shows also higher deviation at x = 3 mm, and com-
parable results at x = 9 mm. The LES simulation by [25] also shows
lower velocity at the location x = 5 mm. Starting from the
x = 15 mm location, the current LES simulation shows good results
compared with the experimental data. The CRZ extends to approx-
imately 50 mm downstream of the dump. At the x = 92 mm
location, the profile shows a nearly uniform velocity that recovers
the inflow mass flow rate at the exit cross-sectional area. This
uniformity is important in gas turbine engines to minimize the
thermal stresses on the turbine blades. A slight deviation is found
towards the walls. This can be attributed to the fact that the CRZ in
the current simulation is wider than in the experiment. As a result,
the flow is more compressed between the CRZ and the walls and
the velocity is higher.

The rms axial velocity profile is shown in Fig. 14. The rms peaks
close to the dump plane at the onset of the shear layer and then de-
cays axially as the shear layer decays downstream. The predicted
and experimental axial rms profiles show good agreement. The
high rms values at the first three locations confirm the high
unsteadiness of the shear layer. For example, at x = 5 mm the rms
value is around 100% of the corresponding mean value. At the first
three locations, over-prediction is noticed at the y = 15 mm radial
location. The discrepancy with the experimental data at the first
three locations is due to the reasons mentioned in the previous
paragraph. The LES data predict two rms peaks that start at the ra-
dial location y = 9 mm at the first axial location. These two peaks
spread downstream with the spread of the shear layer. Down-
stream of x = 20 mm, the peaks start to move again toward the cen-
terline following the CRZ surface. After reaching the x = 46 mm
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location, the peaks are completely merged. After this location, no
reverse flow exists and the shear layer is completely diffused. Sim-
ilar observations apply to Fig. 15, where the radial profiles of the
turbulent shear stress are plotted. The shear stress shows antisym-
metric radial profiles. Good agrement is shown, with deviations at
the first two locations. The zero shear stress at the centerline indi-
cates flow symmetry around the centerline.

Figure 16 shows the mean velocity component in the y-
direction at different axial locations. The flow is rotating in the
counter-clockwise direction (CCW) viewed from the outflow
cross-section. The global swirl number is of the order of 1. In con-
trast to other velocity components, the results show good agree-
ment with the first location at x = 3 mm. The flow shows solid
body rotation around the centerline downstream of the location
x = 29 mm. Upstream of this location the flow is rotating around
the central RZ.

For accurate prediction of the LDI emission characteristics, the
temperature field has to be carefully predicted. For instance, NO
production is a slow process and it is coupled with other processes
that have long characteristic time scales such as radiation. Radia-
tion, therefore, affects NO in an indirect way through the change
in temperature, which then changes its production rates. Figure 17
shows the centerline mean temperature with and without radia-
tion modeling. This figure shows that without radiation the tem-
perature is over-predicted by about 200 K. This is consistent with
earlier observations by Watanabe et al. [20] with DO radiation
model. The radiation model employed here is an optically thin
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model [46]. The model assumes that the medium is non-absorbing
and neglects the heat lost or gained by wall absorption and reflec-
tion. The time averaged temperature spectrum on the Z–X plane is
also shown in Fig. 18 for completeness. Figure 19 shows the radial
temperature profiles comparison at the locations where experi-
mental data are available with radiation modeling. Even with radi-
ation modeling, the temperature is under-predicted at the
centerline and shows larger deviation from experiment as we go
closer to the wall and the shear layer. Temperature is also over pre-
dicted closer to the injector at X = 5 mm. This may suggest a need
for a more accurate radiation model that accounts for the absorp-
tion within the flame, the scattering by the media (although might
be negligible in this case), and the wall effect. Figure 20 shows the
centerline species distribution for CO and NO mass fractions. With
radiation modeling, slight under prediction is observed on a log-
scale for NO and over prediction for CO mass fraction. As radiation
modeling lowers the gas phase temperature and the evaporation
rate to reduce the local mixture fraction distribution as discussed
earlier, the species distribution retrieved from the table will also
change. For example, radiation modeling effects, as shown in
Fig. 20, are to increase the CO mass fraction and to lower the ther-
mal NO production. The CO level along the centerline is captured
reasonably well without radiation modeling and is over-predicted
with radiation modeling. This is attributed to the simplifications in
the combustion model, where the unsteady effects are neglected
and fast chemistry is assumed. However, the centerline NO profile
Fig. 18. Time averaged temperature spectrum hTi in K(y = 0 plane).
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Fig. 20. Time averaged centerline species mass fractions profiles in ppm. The
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shows better prediction with radiation and over prediction with no
radiation modeling. The better prediction for NO is a result of the
more accurate temperature distribution and the unsteady interac-
tions with the flow field predicted by Eq. (13). The FPV model radi-
ation and NO modeling generally improves the NO predictions. In
conclusion, the results show that radiation is important, with a
maximum cooling effect of 400 K, with the truth somewhere in be-
tween the two simulations. Therefore, the good match of experi-
mental data in T, CO, and NO can be due to compensating LES
modeling errors, and/or due to the simplified radiation modeling
effect. With 400 K loss due to radiation emissions, the flame might
not be optically thin in nature. Large amounts of emission from
combustion gases with strong spectral bands can be accompanied
by substantial absorption, in particular with the presence of drop-
lets that are preheated by radiation. The study, however, suggests
the need for more rigorous treatment for radiation and the unstea-
dy interactions between chemistry and the flow field.
5. Conclusions

Large eddy simulations for a Jet-A liquid fuel LDI combustor are
performed and compared with the experimental measurements.
The current paper represents one of the most complete compari-
sons for this LDI configuration with both radiation and spray cou-
pling. Good comparisons for the gas-phase and spray
measurements are shown, except for the first few locations close
to the injector, where the small-size droplets are not considered
in the experiment and where the flow exhibits high unsteadiness.
The high rms values at the first three locations confirm the high
unsteadiness of the shear layer, where the rms value is around
100% of the corresponding mean value. The non-reactive RZ was
found to extend to about 100 mm downstream of the dump, while
the reactive RZ is stronger and more compact (about 50 mm in
length). The CRZ without radiation is found to be over-predicted
by about 5 mm due to the change in the flame structure and the
spray distribution. Downstream of x = 15 mm some droplets are
found to be trapped in the wall-corner vortices. The results show
that the flow shows solid-body rotation in the clockwise direction
downstream of the location x = 29 mm (viewed from the outflow
cross-section) with a global unity swirl number. Upstream of this
location the flow is rotating around the central RZ that acts as a
stabilizing bluff-body for the flame.

The simulations show that LDI design is a good candidate for
low emissions, yet stable, gas turbine engines. Radiation modeling
is found to be essential for more accurate temperature, and spray
dynamics predictions. By changing the heat release distribution
and local temperature, radiation alters the spray evaporation rate
and the droplets size distribution. The variation in the local mixing
ratio changes the scalar field and the combustion heat release rate.
Thus, radiation modeling can be important even for low pressure
systems where radiation from flame region is expected to be rela-
tively small. The local effect on the spray size distribution is found
to affect the simulations predictions through the air/fuel ratio in
the gas phase. The temperature, however, is found to be under-pre-
dicted at the centerline and as we approach the wall and the injec-
tor head which suggests the need for a more accurate radiation
model that accounts for the absorption within the flame, the scat-
tering by the media (although might be negligible in this case), and
the non-adiabatic wall effects. The radiation modeling effects on
species predictions are found to over-predict CO and slightly un-
der-predict NO mass fractions. However, NO mass fraction was sig-
nificantly improved with radiation modeling. This also reveals the
effect of the simplifications in the combustion model on the pollu-
tants predictions, where the unsteady flame interactions with the
flow field are not accounted for. Future simulations will focus on
more accurate radiation modeling and how unsteady combustion
modeling can improve the pollutants predictions. In general, the
simulations show the promising ability of LES as a numerical tool
to simulate multi-physics problems in complex flows.
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