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1. Motivation and objective
Large eddy simulations (LES) of turbulent reactive flows invoke dozens of physical
models. These models describe scalar mixing, chemical reaction, multi-phase physics,
radiation, heat transfer, the effect of numerically unresolved processes, and compensation for expected numerical errors. The need to model so many phenomena presents a
particular obstacle to reactive flow simulation. Because many highly coupled models are
employed, it becomes difficult to ascribe an erroneous simulation result to any particular
model component. Until the relationships between highly coupled models and simulation
outputs can be better characterized, the process of reactive flow model development is
expected to remain difficult.
In this study, an LES of a spray combustor is performed to facilitate the analysis and
comparison of several combustion modeling components in a multi-physics combustor
environment. This combustor has previously been simulated using several different codes
and combustion modeling approaches (Iannetti & Liu 2008; El-Asrag & Pitsch 2008; Patel
& Menon 2008), but with mixed success. In particular, simulation results have tended to
over-predict the experimentally measured temperature, as well as the amount of carbon
in the system. These discrepancies are expected to be correlated and may result from a
single mis-predicted physical process. In this study the cause of these over-predictions is
investigated in an effort to improve combustion model accuracy.
A multi-regime flamelet approach (Knudsen & Pitsch 2009) is used to describe the
evolution of combustion. This model attempts to reach toward the dual goals of model
accuracy and broad model applicability by employing flamelet solutions from both the
premixed and non-premixed combustion regimes. Model influences including Lewis number assumptions, wall heat transfer, and radiation are investigated as possible causes of
discrepancies between simulation and experiments. The results of the combustor simulations are compared with experiments to determine the relative performance of different
model components and to determine where model development is needed.

2. Combustor description
The Lean Direct Injection (LDI) combustor was designed by NASA in an effort to provide a validation testbed for driving engine designs toward lower pollutant output (Iannetti & Liu 2008; Cai & Jeng 2005). A schematic of the combustor is shown in Fig. 1,
where the simulated domain appears on the left and a close up of the nozzle assembly
appears on the right. Liquid Jet-A fuel is injected through a Parker 90◦ hollow cone swirl
atomizer (Cai & Jeng 2005). The atomizer is operated at a pressure of 16 psi and delivers
a fuel flow rate of 4.15 × 10−4 kg/s. A series of helicoidal 60◦ swirl vanes surround the
central spray injection assembly. Air is injected at a temperature of 298 K and a velocity
of U0 = 26.1 m/s through these swirl vanes. This air velocity is set somewhat higher
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Figure 1. Left: simulated domain. Right: close up of the swirl assembly that feeds into the LDI
rig’s combustion chamber. Fuel spray is injected from the atomizer that sits along the centerline
of the swirl assembly.

than the velocity of 20 m/s that was calculated from the experimentally reported mass
flow rate of air. A velocity adjustment was made in an effort to match the experimentally reported combustor equivalence ratio, which was over-predicted at air flow rates of
20 m/s. The injected air passes through a symmetric 45◦ converging/diverging nozzle
section after exiting the swirl passages. The air stream then enters the primary combustion chamber. The air and fuel flow rates yield a global equivalence ratio of 0.75. The
experimental data that is examined is this study corresponds to a combustor operating
pressure of one atmosphere.
The cross section of the combustion chamber is a square with sides that measure
5.08×10−2 m (2 inches) in length. The halfwidth of this chamber is used as the problem’s
characteristic length scale, D0 = 2.54 × 10−2 m. The Reynolds number based on D0 and
U0 is Re=40,300.

3. Computational approach
The LES in this study is performed by solving the filtered Navier-Stokes equations in
their asymptotic low Mach number limit. The subfilter convective terms are closed using a
dynamic Smagorinsky model that employs a Lagrangian averaging technique (Meneveau
et al. 1996). The pressure variable is set by solving an elliptic equation that enforces
conservation of mass.
Simulations are performed using a structured parallel finite-difference code (Desjardins
et al. 2008). The code is advanced in time using a Crank-Nicolson-type implicit scheme
that is temporally second-order accurate. Spatial gradients in the code are calculated
using second-order (velocity) and third-order (scalar) schemes. Several different mesh
sizes were considered, ranging from four million cells to eleven million cells. Additionally,
an immersed boundary (IB) technique for describing complex geometries was tested.
Under highly turbulent conditions IB methods do not discretely conserve energy, and the
default IB implementation was found to generate flow instabilities in the LDI combustor.
The results shown below are from simulations performed on the four million cell mesh
and in the absence of IB treatment. Typical statistics-collection runs were performed on
64 processors for a period of approximately five days.
3.1. Transported scalars
e
Three filtered scalar quantities are solved in the LES. These are the mixture fraction Z,
e and a total enthalpy deficit, H
e def . In this study Z is defined
the progress variable C,
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as a non-reacting scalar that describes mixing between pure air (Z=0) and pure Jet-A
fuel (Z=1) (Pitsch & Peters 1998). The progress variable is defined as the sum of four
species mass fractions, C = YH2 + YH2 O + YCO + YCO2 . The subfilter flux is closed using a
turbulent diffusivity computed from a dynamic Smagorinsky-type model (Pierce & Moin
1998).
The enthalpy scalar requires special attention in a flamelet approach. In general, an
enthalpy equation should be capable of capturing the differential diffusion of species.
Differential diffusion is particularly difficult to model in LES, however, because molecular
diffusion processes are usually not resolved. The flamelet combustion model described in
section 4 addresses this challenge by accounting for differential diffusion in flamelet space
rather than physical space. The flamelet enthalpy that accounts for differential diffusion
is isolated by splitting the total enthalpy H into the enthalpy associated with a relevant
flamelet solution, Hf lm , and an enthalpy deficit component, Hdef ,
H = Hf lm + Hdef .

(3.1)

The enthalpy deficit component describes the influence of heat losses on the total enthalpy. When this splitting is introduced into an enthalpy transport equation all the
Hf lm terms can be isolated and grouped together. The result of this grouping is an equation that describes the evolution of a flow enthalpy not subject to radiation or wall heat
transfer. This transport equation will be locally satisfied, and the Hf lm terms therefore
all cancel with one another. Note that the Hf lm variable can be locally reconstructed
from the mixture fraction and progress variable if a flamelet assumption is assumed to
be valid. The terms that remain in the total enthalpy equation represent the transport
of an enthalpy deficit,



∂
∂ e
∂
D  e 
e
ρHdef =
ρD H
(Hdef ) +
ΞjH,sf s + q̇ rad ,
(3.2)
Dt
∂xj
∂xj
∂xj
where the q̇ rad term describes heat losses associated with radiation, and the ΞjH,sf s
term represents subfilter convective transport. While differential diffusion is accounted
for in flamelet space, it is neglected in the transport of the enthalpy deficit and replaced
with a single diffusivity, DH . Heat losses at walls are accounted for in Eq. (3.2) through
the use of appropriate boundary conditions. Source terms for spray evaporation do not
appear because, similar to differential diffusion, they will be explicitly accounted for in
the flamelet space enthalpy, Hf lm .
3.2. Level set coupling
In a multi-regime flamelet approach premixed flame fronts appear and propagate. Premixed fronts that are described using reactive field variables, such as a progress variable, tend to be underresolved in LES, and consequently tend to propagate at incorrect
speeds (Moureau et al. 2009; Knudsen et al. 2010). In this study a level set is introduced
e variable to ensure that premixed flame speeds are corand coupled to the transported C
rectly described. Away from the front, the level set is periodically reinitialized (Herrmann
2003) to ensure that the level set field variable remains smooth.
In regions of the combustor where non-premixed combustion occurs, the level set variable no longer represents a premixed flame front. The level set surface will, however,
continue to correspond to the progress variable isosurface that defines the flame front.
In non-premixed regimes, therefore, the level set should propagate at the same speed as
this progress variable isosurface. A rearrangement of the filtered progress variable equa-
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tion can be used to provides the appropriate source term for the level set under these
non-premixed conditions (Echekki & Chen 1999).
In premixed regimes the level set is used to determine the progress variable source term
according to a procedure described elsewhere (Knudsen et al. 2010). In non-premixed
regimes the level set variable is not used.
3.3. Spray model
Spray behavior in the LES is described using a Lagrangian particle tracking model. In
this study no parcel groupings are used, and every particle corresponds to a single spray
droplet. The particular injection and evaporation conditions in the combustor lead to
approximately 20,000 particles being tracked at any given time in the LES. The equations
describing the evolution of each droplet’s position, velocity, mass, and temperature invoke
standard drag laws, heat transfer expressions, and mass transfter number models (Miller
& Bellan 1999; Okong’o & Bellan 2004). Note that a specular reflection condition is
applied to particles that impact the combustor walls, and that the boiling temperature
of Jet-A fuel is set to 440 K.
Based on the experimental LDI results (Cai & Jeng 2005), the diameter of an injected
droplet is set using a log-normal distribution with a mean diameter of 22 × 10−6 m
and a standard deviation of 60 × 10−6 m. Particles are injected with an axial velocity
component of 15 m/s, and with a radial velocity component that is uniformly distributed
and varies between 5.5 m/s and 14.7 m/s. Because the combustion chamber pressure and
spray injection velocity are both relatively low, no secondary breakup model is employed.

4. Multi-regime flamelet model
Chemistry in this study is described using the 122 species kerosene mechanism of Honnet et al. (2008), which considers approximately 900 reactions. In all calculations that
will be presented, Jet-A fuel is modeled as a mixture of n-decane (80% mass fraction)
and tri-methyl benzene (20% mass fraction) (Honnet et al. 2008).
Turbulence and chemistry interactions in the LES are described using a multi-regime
flamelet model (Knudsen & Pitsch 2009) that is based on solutions of both the nonpremixed and the premixed flamelet equations (Peters 2000),
ρ ∂2
(φk ) = ω̇k ,
2 ∂Z 2


∂
∂
∂
ρu sL,u
(φk ) =
ρDk
(φk ) + ω̇k ,
∂x
∂x
∂x

χZ,k

(4.1)
(4.2)

where the scalar dissipation rate is χZ,k = 2Dk |∇Z|2 , sL,u is the premixed burning
velocity, and where φk is the mass fraction of a chemical species. The φk may also
represent temperature, in which case additional transport terms appear. The flamelet
solutions that will be accessed in the combustor LES are generated by solving these
equations using the kerosene mechanism and the FlameMaster program (Pitsch 1998).
Non-premixed solutions are generated at a variety of reference dissipation rates, whereas
premixed solutions are generated at a variety of equivalence ratios.
A standard presumed-PDF approach is employed to filter these flamelet solutions for
use in LES. A beta-PDF is used to describe the subfilter distribution of mixture fraction,
and a delta-PDF describes the distribution of C (Pierce & Moin 2004). Premixed flamelets
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can be integrated with this joint PDF Pe to give filtered premixed solutions,
Z Z


g
g
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002 , C
e Z
e =
e Z
e dZ dC,
φek,prem (Z,
φk,prem (Z, C) · Pe Z, C; Z,
Z
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(4.3)

C

g
002 ,
e the mixture fraction variance Z
where the filtered values of the mixture fraction Z,
e are taken from the LES flow solver to fully set the profile
and the progress variable C
of the PDF. Similarly, the filtered non-premixed flamelet solutions are written (Ihme &
Pitsch 2008b)
Z Z


g
g
002 , C)
002 , C
e Z
e =
e Z
e dZ dC.
φek,nonpre (Z,
φk,nonpre (Z, C) · Pe Z, C; Z,
(4.4)
Z

C

Once the databases are created, a method of determining which database to access is
needed. Here a regime indicator that considers how chemical source terms are balanced
in the limit of each canonical flamelet regime is used (Knudsen & Pitsch 2009). The
index is developed by transforming the Cartesian coordinate system used in the progress
variable transport equation into a system consisting of the mixture fraction coordinate
Z, a reactive coordinate Λ, and a corresponding temporal coordinate. The details of this
transformation are available elsewhere (Knudsen & Pitsch 2009).
The terms that appear in the transformed equation can be grouped according to the
regime they describe and then filtered. The resulting premixed and non-premixed terms
are


∂
Θprem =
(4.5)
(C) · ρu sT,u |∇Λ| − ∇ · ρD∇Λ + Θprem,sfs ,
∂Λ
ρ ∂2
Θnonpre = −e
χZ
(C) + Θnonpre,sfs ,
(4.6)
2 ∂Z 2
where Θprem,sfs and Θnonpre,sfs represent subfilter contributions. The Λ variable in the
premixed equation is defined as the value of the progress variable that occurs on a nonpremixed flamelet solution at the stoichiometric mixture fraction, Λ = C (Zst ). In this
study only the resolved portions of the Θnonpre and Θprem are used to form a regime
indicator ξ,
R
Θprem dV
V
R
R
,
(4.7)
ξ=
max( V Θprem dV + V Θnonpre dV, )
where V is the volume of the neighboring two computational cells in each direction. The
integration ensures that regime transitions do not occur over a single computational cell.
The  term is a small, positive number employed to ensure that the regime indicator is
always well defined. Once ξ is known, premixed and non-premixed flamelet solutions are
accessed from their respective databases using the construct


 
g
g
g
002 , C)
002 , C)
002 , C)
e Z
e = φek,nonpre (Z,
e Z
e · 1 − ξ + φek,prem (Z,
e Z
e · ξ .
φek (ξ, Z,
(4.8)

5. Flamelet databases
The flamelets used to create the non-premixed chemistry database are shown in Fig. 2.
The boundary condition at Z=0 is pure air at a temperature of 300 K. The boundary
condition at Z=1 is pure Jet-A fuel. Because fuel is injected in liquid form, the temperature boundary condition at Z=1 must account for the energy required to evaporate the
fuel. The process of evaporation is modeled in flamelet space by setting the enthalpy of
the pure gas phase fuel to be equal to the enthalpy of the injected liquid fuel.
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Figure 2. Left: non-premixed flamelet solutions used in the LES. The flamelets in this figure
are computed using unity Lewis numbers for the two fuel species, and non-unity Lewis number
for all other species. Right: the effect of Lewis numbers on non-premixed flamelet solutions with
χZ=Zst =10 s−1 . The flamelets are computed with: (· · ·) non-unity Lewis numbers for all species;
(– – –) unity Lewis numbers for all species; (——) unity Lewis numbers for the fuel species and
non-unity Lewis numbers for all others.

The appropriate gas phase enthalpy at Z=1 is found by first calculating the enthalpy
of the injected liquid fuel relative to a known reference point. The reference point is
chosen to be the gas phase fuel at the boiling temperature, giving
"Z
#
Tbp

Hf,liq (Tinj ) = Hf,gas (Tbp ) −

cL dT + Lv (Tbp ) ,

(5.1)

Tinj

where Hf,gas is the enthalpy of the gas phase fuel, Tbp is the liquid boiling temperature,
and Tinj is the liquid fuel injection temperature. The enthalpy of the gas phase fuel at
the Z=1 boundary condition can also be calculated relative to the known reference point.
This enthalpy is
"Z
#
Tbp
Hf,gas (TZ=1 ) = Hf,gas (Tbp ) −
cp dT .
(5.2)
TZ=1

The temperature TZ=1 is the temperature needed at the gas phase Z=1 flamelet boundary. Setting the enthalpy of the injected liquid fuel equal to the enthalpy of the gas phase
fuel at Z=1 provides an equation for TZ=1 ,
Z Tbp
Z Tbp
cL dT + Lv (Tbp ) =
cp dT.
(5.3)
Tinj

TZ=1

Solving this equation for the LDI combustor results in a temperature of TZ=1 ≈ 100 K.
This flamelet space temperature is never observed in the LES because liquid evaporation
e = 0.25.
leads to maximum mixture fraction values of approximately Z
In the context of turbulent combustion, it is typically argued that unity Lewis numbers
should be used to describe mixing in flamelet space (Peters 2000). This argument is made
by noting that if the turbulent diffusivity is much larger than any particular molecular
diffusivity, then these turbulent diffusivities are the controlling parameters in both the
numerator and denominator of the Lewis number. Although the unity Lewis number
assumption has been effectively applied in many turbulent flows (Peters 2000; Pitsch
2000; Ihme & Pitsch 2008b), under certain circumstances differential diffusion effects
may need to be considered (Bergmann et al. 1998; Pitsch 2000). For example, in regions
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Figure 3. The effect of the liquid fuel boundary condition on non-premixed flamelet solutions
with χZ=Zst =10 s−1 . Two sets of Lewis numbers are shown, and the flamelets associated with
each set are plotted using both TZ=1 = 300K and TZ=1 = 100K.

of a flow that have laminarized, the turbulent diffusivity will be small and non-unity
Lewis numbers are appropriate (Pitsch 2000).
The span of mixture fraction space that is realizable in multi-phase combustion tends
to be much smaller the full span of zero to unity mixture fraction that is realizable in pure
gas phase combustion. This change to the realizable space has important consequences
for both dissipation rate modeling and scalar variance modeling. The influence of this
change on Lewis number assumptions, however, remains less explored. In anticipation of
the LES results shown in section 7, and of how these results may be affected by Lewis
number assumptions, flamelets with two sets of Lewis numbers are considered. The first
set employs all unity Lewis numbers, whereas the second employs a unity Lewis number
for the two fuel species and non-unity values for all other species. The influence of these
different Lewis numbers is shown on the right in Fig. 2 and Fig. 3. Note that flamelets
with all non-unity Lewis numbers are also plotted for comparison. As expected, allowing
for non-unity Lewis numbers decreases the maximum observed temperature and shifts
the reaction zone to richer mixture fractions. In the LES shown below, only the flamelets
with unity Lewis numbers for the fuel species and non-unity Lewis numbers for all other
species are used for modeling.
The effects of the flamelet space fuel boundary temperature are shown in Fig. 3.
Flamelets are shown in pairs, where one of the flamelets has been solved using a boundary temperature of TZ=1 = 100 K and the other has been solved using a boundary
temperature of TZ=1 = 300 K. Figure 3 shows that use of a lower boundary temperature
has a minimal effect when the Lewis number of the fuel is unity, but a significant effect
otherwise.
The flamelets used to create the premixed database are shown in Fig. 4. The flammability limits of Jet-A and air occur at Z=0.029 and Z=0.175 in this figure. Unlike the
non-premixed regime, non-unity Lewis numbers are used for all species because the inner
layer of premixed structures tends to exist on sub-Kolomgorov scales in the industrially
relevant corrugated flamelets and thin reaction zones regimes.
Liquid fuel injection is accounted for in the premixed flamelets just as in the nonpremixed flamelets. The vapor phase fuel temperature at Z=1 is TZ=1 =100 K; the temperature of the pure air is TZ=0 =300 K. The unburnt temperature at any mixture fraction
is found by linearly interpolating between these two values. On the right side of Fig. 4
the influence of this fuel boundary temperature is shown. CO from premixed flamelet
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Figure 4. Premixed flamelet solutions used in the LES. The flamelets in this figure are computed
using non-unity Lewis numbers for all species. The equivalence ratios of the three flamelets on
the right are φ = 0.50 (Z = 0.033), φ = 0.75 (Z = 0.049), and φ = 1.2 (Z = 0.076).

solutions that are computed at three different mixture fraction values is plotted using
two different unburnt temperature boundary conditions. One set of flamelets assumes a
temperature at Z=1 of 300 K, the other assumes 100 K. This boundary temperature has
a minimal effect on the flamelet profiles, which all exist at the lean end of the mixture
fraction domain.

6. Heat loss model
6.1. Radiation and wall heat loss
Radiation and wall heat loss are accounted for using the enthalpy deficit equation from
section 3. The radiation source in this equation is modeled using an optically thin gas
assumption (Ihme & Pitsch 2008a; Barlow et al. 2001),
X
4
q̇rad = 4σ T 4 − T∞
am pm ,
(6.1)
m

where σ is the Stefan-Boltzmann constant, pm is the partial pressure of species m, and
am is the Planck mean absorption coefficient of species m. The source term that is needed
in LES, q̇ rad , is computed by applying appropriate filters to Eq. (6.1) and then accessing
and combining flamelet solutions from both regimes to determine the temperature and
partial pressure values. The m species that are used in Eq. (6.1) are H2 O, CO, CO2 , and
the two fuel species.
Although no experimental measurements of the combustion wall temperature are available, several computational studies (Patel & Menon 2008; Iannetti & Liu 2008) have
predicted combustion chamber temperatures that are higher than the experimentally reported values (Cai & Jeng 2005). In an attempt to eliminate wall heat losses as a source
of temperature over-prediction, the chamber wall temperature in the LES is set to a relatively low, but arbitrarily chosen, value of 550 K. This temperature was selected because
it produces a relatively high heat flux out of the chamber, but higher or lower temperatures could also have been considered. Neumann temperature conditions are applied at
the upstream chamber bulkhead where cold gas is expected.
6.2. Enthalpy / flow solver coupling
The enthalpy deficit equation, the enthalpy related consequences of differential diffusion,
and the enthalpy effects associated with spray evaporation must all be coupled with the
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flow solver. As discussed above, spray evaporation and differential diffusion are accounted
for in flamelet space through boundary conditions and Lewis numbers. In an effort to
account for the remaining issue of enthalpy deficits, some flamelet models introduce the
enthalpy as an additional independent flamelet coordinate (Ihme & Pitsch 2008a; ElAsrag & Pitsch 2008). This expands the unfiltered flamelet parameterization relationship
from a function of only Z and C to a function of Z, C, and H. This approach, however,
can become computationally expensive due to the increased memory requirements needed
for parameterizing a database with more coordinates.
Here the enthalpy is considered using a variation of a flamelet approach proposed
for compressible flow solvers (Terrapon et al. 2009). In a given LES cell the flamelet
enthalpy Hf lm from Eq. (3.1) is calculated by accessing the enthalpy variable from the
two flamelet databases according to the multi-regime operator shown in Eq. (4.8). This
e f lm can be added to the transported enthalpy deficit H
e def to form
flamelet enthalpy H
e
the total enthalpy H. The total enthalpy is then used to form an implicit equation for
the filtered temperature Te in the mesh cell,
i
h
X
e =
(6.2)
H
Hm (Te) · (1 − ξ) · Yem,nonpre + ξ · Yem,prem ,
m

where the species mass fractions are determined from the flamelet databases, where the
summation loops over a set of m species, and where Hm (Te) is the enthalpy of species
m at the temperature Te. Once known, Te is used to modify the density that is accessed
from the flamelet databases in a way that accounts for heat losses,
h
i

 (1 − ξ) · Tenonpre + ξ · Teprem
.
(6.3)
ρ = (1 − ξ) · ρnonpre + ξ · ρprem ·
Te
The calculation of the change to the progress variable source term is less straightforward.
Here it will be assumed that ω̇ C has the functional form of a generic Arrhenius source
term,




e · exp − Ea .
ω̇ C = A · Cmax − C
(6.4)
RTe
The A, Cmax , and Ea /R variables in this expression depend on the local gas conditions,
but are not a function of the progress variable or temperature. Once this form is assumed,
the effect of heat losses on the source term can be described. The assumed form is used
to modify the ω̇ C and Tef lm values that are accessed from a database. Note that Tef lm
is equivalent to Tenonpre or Teprem in the limit of the non-premixed or premixed regime,
respectively. The ratio of a source term that considers heat losses and a source term that
does not consider losses can be written,


ef lm + ∆T ))
exp
−E
/(R(
T
e
a
ω̇ C (Tf lm + ∆T )


=
,
(6.5)
ω̇ C (Tef lm )
exp −Ea /(RTef lm )
where ∆T is the difference between the temperature predicted by the multi-regime
flamelet method and the temperature Te from Eq. (6.2) that accounts for the effect of
heat losses. After manipulation, this expression can be written
!!
Ea
Tef lm
e
e
ω̇ C (Tf lm + ∆T ) = ω̇ C (Tf lm ) · exp −
−1
.
(6.6)
RTef lm Tef lm + ∆T
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Figure 5. Instantaneous representations of the multi-regime LES. In the first plot, liquid fuel
droplets are shown at 7X magnification, colored by temperature. In the second plot, three
progress variable isocontours are shown. Axial velocity and regime index contours are shown in
the third and fourth plots.

Equation (6.6) provides a means of modeling how heat losses affect the progress variable
source term from the multi-regime approach. The flamelet source term ω̇ C is simply
modified by an exponential term describing the chemistry’s response to temperature
changes. The Ea /R term can be determined by applying a simple curve fitting algorithm
to source terms in the tabulated chemistry database, as is done in the simulations below.
A more accurate description of this term could be found by rewriting Eq. (6.4) as


ω̇
 C
 ,
Ea /R = −Te · ln 
(6.7)
e
A · Cmax − C
and then expanding it in a Taylor series and retaining as many terms as desired. This
latter approach would be similar to the method suggested by Wang et al. (2010).

7. Results
Instantaneous fields from the multi-regime LES are shown in Fig. 5. The spray droplet
distribution, three isocontours of the progress variable field, the axial velocity, and the
regime indicator are plotted.
Time averaged velocity statistics from the LES and the experiments are shown in Fig. 6.
Axial (U), axial rms (Urms ), and cross-stream (W) velocities are plotted at sequential
downstream locations. Agreement between the LES data and the experiments is generally
good, with the exception of the first axial and axial rms stations (X/D0 =0.20). There, the
LES apparently over-predicts the strength of the recirculation region and the turbulence
intensity. The significance of these discrepancies is attenuated by the fact that a particlebased laser scattering technique was used to conduct the experiments, and in the vicinity
of the swirler exit the measured velocities were artificially shifted toward positive values
by interference from spray droplets (Cai & Jeng 2005). Note that other researches have
reported similar discrepancies relative to experiments (Iannetti & Liu 2008; Patel &
Menon 2008).
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Figure 6. Time-averaged velocities in the combustor from multi-regime LES (—–) and from
experiments (◦). Left: axial velocity; Center: axial velocity rms; Right: cross-stream velocity.
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Figure 7. Left: time-averaged temperatures from the LES (—–), from LES without considering
heat losses ( ), and from experiments (◦). Center: regime indicator ξ from the LES. Right:
conditional H2 O from the multi-regime LES (4), and from premixed flamelets only ().

Temperature and regime information is shown in Fig. 7. Note again that these simulations were all computed using non-unity Lewis numbers for all premixed flamelet species
and most non-premixed flamelet species. Unity Lewis numbers were used only for the fuel
species in the non-premixed flamelets. The left plot compares the time-averaged temperature from the LES and the experiments. Here some differences can be noted, such as the
simulation’s general over-prediction of the downstream temperature and also of the shear
layer temperature at the first station (X/D0 =0.20). To determine whether these overpredictions are related to the heat loss model, a time-averaged temperature field taken
directly from the multi-regime flamelets is also plotted on the left in Fig. 7. This solution,
represented by the square symbols in the figure, does not make use of the enthalpy deficit
and therefore does not account for either radiation or wall heat transfer. It differs from
the full LES solution only in the immediate vicinity of downstream walls, suggesting that
heat losses are localized in the combustor domain and are not responsible for the LES
temperature over-prediction. Lewis number effects are also not probable causes of the
over-prediction, because the non-premixed flamelet solutions in Fig. 2 demonstrate that
the use of unity Lewis numbers would only increase the temperature further.
The time-averaged regime indicator ξ from Eq. (4.8) is plotted in the center of Fig. 7.
ξ = 1 corresponds to premixed combustion and ξ = 0 corresponds to non-premixed
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Figure 8. Time-averaged species mass fractions from the multi-regime LES (—–) and from
experiments (◦). Left: CO2 ; Center: CO; Right: H2 O.

combustion. The multi-regime model predicts mixed regimes near the swirler and spray
cone, where mixture fraction dissipation rates are high. Farther downstream, however,
the dissipation rate diminishes and the regime indicator predicts predominantly premixed
behavior. Note that this prediction is somewhat sensitive to how the regime indicator
is treated when chemical source terms become small and the transformation terms in
Eqs. (4.6) asymptote to zero. Further discussion of this issue can be found in Knudsen
& Pitsch (2009).
Conditional H2 O species data from the multi-regime LES, and from the purely premixed flamelet database, are plotted in the rightmost pane of Fig. 7. The premixed and
multi-regime solutions overlap around Zst = 0.064 but deviate at richer mixture fractions where the premixed flammability limits are reached and the multi-regime model
predicts non-premixed burning. The non-premixed flamelets are characterized by a lower
H2 O content, and lower the multi-regime H2 O solution relative to the purely premixed
solution.
Unconditional CO2 , CO, and H2 O signals from the LES are compared with experiments in Fig. 8. Significant scatter exists in the experimental data, with experimental
values at the positive and negative radial boundaries varying by as much as 100%. Although this uncertainty places limits on the data interpretation, the multi-regime solution
agrees reasonably well with the available measurements. H2 O is predicted quite well, as
is CO and CO2 at downstream locations. Similarly, the trend of initially high and then
decreasing CO concentrations is adequately captured.
Further analysis is needed in order to understand the sensitivity of the LES results
to the predicted regime. Due to some uncertainty present in the experimental data, it
will be challenging to fully determine which physics are responsible for the temperature
over-predictions. In spite of these limitations, the LDI case has provided a multi-physics
turbulent platform with which a series of recently developed additions to the flamelet
modeling framework can be analyzed.
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