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ABSTRACT

The Lean Direct Injection (LDI) combustion concept has
been of active interest due to its potential for low emissions un-
der a wide range of operational conditions. This might allow the
LDI concept to become the next generation gas-turbine combus-
tion scheme for aviation engines. Nevertheless, the underlying
unsteady phenomena, which are responsible for low emissions,
have not been widely investigated. This paper reports a numer-
ical study on the characteristics of the non-reacting and react-
ing flow field in a single-element LDI combustor. The solution
for the non-reacting flow captures the essential aerodynamic flow
characteristics of the LDI combustor, such as the reverse flow re-
gions and the complex swirling flow structures inside the swirlers
and in the neighborhood of the combustion chamber inlet, with
reasonable accuracy. A spray model is introduced to simulate
the reacting flow field. The reaction of the spray greatly influ-
ences the gas-phase velocity distribution. The heat release effect
due to combustion results in a significantly stronger and compact
reverse flow zone as compared to that of the non-reacting case.
The inflow spray is specified by the Kelvin-Helmholtz breakup
model, which is implemented in the Reynolds-Averaged Navier

Stokes (RANS) code. The results show a strong influence of
the high swirling flow field on liquid droplet breakup and flow
mixing process, which in turn could explain the low-emission
behavior of the LDI combustion concept.

1 Introduction
The future environmental regulations and the economical is-

sues are the main driving forces behind the development of mod-
ern gas-turbines with essential features like low pollutant emis-
sions and high efficiency. For aircraft gas-turbines, the vision set
for the year 2020 and beyond imposes additional challenges to
the development of gas-turbine design to meet the requirements
of lowering harmful emissions and specific fuel consumption.
It is a well known fact that increasing pressure ratios and tur-
bine inlet temperatures improve the thrust level and the engine
cycle efficiency. Nevertheless, emissions of NOx will increase
with increasing pressure ratios and turbine entry temperatures,
which will eventually jeopardize the low pollutant characteris-
tics of gas-turbines [1].

Although major changes in the future engine designs are
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most likely, combustion process will continue to influence the
engine emission characteristics. Therefore, a great deal of at-
tention has been focused on identifying innovative combustion
approaches that could improve both engine cycle efficiency and
emission levels. To achieve a low level of NOx emissions, re-
ducing the combustion flame temperature and the flow residence
time are the two most effective and popular approaches. One re-
cently investigated method that could incorporate both the NOx

abatement techniques into one design philosophy, is the Multi-
point Lean Direct Injection (MPLDI) methodology [2, 3]. As
shown in Figure 1, a set of small swirler-injectors are employed
to attain a uniform combustion caused by the direct fuel injection
into the combustor. Fuel and air are injected at an equivalence ra-
tio close to the Lean Blowout (LBO) limit, which essentially re-
duces the combustion zone temperature. The arrangement of the
multi-burning zones will cause strong interactions among them-
selves, thereby expediting the fuel-air mixing process. As a re-
sult, a complete combustion can be achieved within a short com-
bustor length. Furthermore, since the amount of air required for
combustion is injected directly, no dilution regions are required,
leading to a more compact combustor with less structural weight.

Figure 1. The Multi-Point LDI (MPLDI) combustor geometry

Nevertheless, before investigating the complex MPLDI
combustor, it is important to understand how each small swirler
behaves in an actual combustion environment. Therefore, in this
paper, as a first step, an effort is made to simulate a single-
element LDI combustor. Simulations for both non-reacting and
reacting flows are performed to compare with the measurement
data [4]. Unsteady Reynolds Averaged Navier Stokes (URANS)
code is used to simulate the non-reacting flow field. The realiz-
ableκ−ε and the Reynolds Stress Turbulence Model(RSTM)are
used to specify the turbulence. For the reacting case, steady state
RANS with the realizableκ− ε turbulence scheme is used to
model the continuous phase, and the discrete phase model (DPM)
with the unsteady particle tracking scheme is implemented to
characterize the liquid fuel droplets. The liquid fuel droplets es-
sentially represent the discrete phase. The continuous and the
discrete phase are coupled in such a way that the discrete phase

trajectories are allowed to impact the gas-phase equations. How-
ever, the spray modeling offers challenges for the following rea-
sons. The typical sprays consist of an initial dense regime where
the liquid jet breaks up leading to significant particle-particle in-
teractions. On the other hand, in the downstream, the droplet
dispersion creates a dilute spray regime. Due to the reduced vol-
umetric fraction of the liquid in the dilute regime, it may be pre-
ferred for modeling. But it is impossible to avoid the dense spray
regime and the associated jet breakup process, which can pos-
sibly influence the subsequent dispersed spray. Unfortunately,
both experiments and the available computational models could
not give full resolution of the liquid jet breakup in the dense
spray regime [5]. So there are many unsolved issues pertaining
to the breakup process and its incorporation within the numerical
models. There are two most popular breakup models, which can
be implemented in RANS simulation, namely the Taylor Anal-
ogy Breakup (TAB) model [6] and the Kelvin-Helmholtz (K-H)
model, have been widely used. In the present study, the latter
model is used for its capability in resolving droplet breakup pro-
cess induced by high weber-number flows. In addition to the
K-H breakup model, the dynamic-drag model (DDM) is imple-
mented to characterize the drag effects on drop’s acceleration.
Furthermore, turbulent dispersion of the droplets is defined by
the Stochastic tracks model. The mixture-fraction/ beta PDF
equilibrium chemistry model is used to predict the combustion
of the vaporized fuel. The grid used for the computation is suf-
ficiently refined until no appreciable changes are observed in the
flow field.

The solution for the non-reacting flows in the single-element
configuration captures the essential flow features of LDI com-
bustor, such as the complex highly turbulent flow field inside the
swirlers and in the combustion chamber and the reverse flow re-
gions at the center of the injector, near the wall corners, and on
the divergent section of the venturi. The components of the mean
and turbulent velocities are studied at various axial locations
inside the combustion chamber, which exhibit good agreement
with the measurement data [4]. For the reacting case, a compact
but stronger central recirculation zone is observed as compared
to the recirculation zone seen in the non-reacting case. The paper
also discusses about the temperature profiles and the trajectories
of liquid droplets, which are not explained in the measurements.
However, as a next step, efforts are currently underway to sim-
ulate the reacting flow field using URANS and LES, in order to
explain the unsteady dynamics within the flow field. In addition,
the droplet velocities, its size and distribution are under investi-
gation.

The paper is structured as follows. In the next section, the
mathematical formulation used in the present investigation are
briefly discussed. In Section 3, the experimental setup and the
numerical approach are summarized. This is followed by results
and discussion in Section 4 and conclusions in Section 5.

2 Copyright © 2011 by ASME



2 Mathematical Formulation
The mathematical models that are used in the simulation are

presented briefly in this section. The Fluent®code is used for
the simulation, which implements the Euler-Lagrange approach
to treat the multi-phase flow. The gas-phase is treated as contin-
uum by solving the Navier-Stokes equations, while the dispersed
phase is solved by tracking the liquid particles through the cal-
culated flow field.

2.1 Gas-Phase equations
The governing equations for the gas phase include equations

of mass, momentum, and energy conservation, supplemented by
the turbulence model equations. The interactions between the
spray drops and the gas phase is accounted for by considering
the exchange functions.

In the absence of liquid drops, the gas-phase mass conserva-
tion equation is

∫
Volg

{∂ρg

∂t
+∇.(ρgu)}dVolg = 0 (1)

whereρg is the gas density andu is the velocity of the gas.
When the spray drops are present, the differential form of

the gas-phase mass conservation equation becomes

∫
Vol

{∂ρ
∂t

+∇.(ρu)}dVol=−
∫

Sur fd
ρg(u−w).nd dA (2)

whereρ is the gas mass per unit volume of the mixture,Sur fd
are the inner surfaces of the control volume in contact with the
drops,w refers to the interface velocity, anddA is an element of
total surface area.

For an individual drop, the rate of change of liquid mass due
to evaporation can be expressed as

∂
∂t

(

4
3

πr3ρl

)

=

∫
Sur fd

ρl (w− v).nd dA (3)

whereρl is the liquid density,v is the drop velocity and the in-
tegration is over the surface of the drop. For mass conservation,
the right hand sides of the Eqns 2 and 3 must be equal. When
Eqn 3 is summed over all of the drops, and the liquid density is
assumed to be constant, Eqn 2 becomes

∂ρ
∂t

+∇.(ρu) =
∫ ∫ ∫

ρl 4πr2R f drdvdTd (4)

This is the final form of the mass conservation equation, whereR
is time rate of change of drop radius,r, andTd is the temperature
of the drop.

Similarly, the momentum and energy equations can be ob-
tained. For a single drop, linear momentum conservation gives

4
3

πr3ρl F =
∫

Sur fd
[ρg(u− v)(v−w).n−Pgn+ τg.n+σ∇.n]dA

(5)
whereF is the acceleration of the drops,τg is the viscous stress
tensor of the gas,Pg is the thermodynamic pressure of the gas,
andσ is the surface tension.

2.2 Spray equations and exchange terms
The spray equation [7] describes the evolution of the droplet

distribution function,f , which has eleven independent variables.
They include three droplet position coordinatesx, three velocity
componentsv, the drop radius coordinater, the drop temperature
Td, the drop’s distortion from sphericityy, the rate of change of
drop distortiondy/dt = ẏ, and timet:

f (x,v, r,Td,y, ẏ, t)drdvdTddydẏ (6)

The above equation represents the probable number of droplets
per unit volume. The time evolution off is obtained by resolving
a form of spray equation,

∂ f
∂t

+∇x.( f v)+∇v.( f F)+
∂
∂r

( f R)

+
∂

∂Td
( f Ṫd)

∂
∂y

( f ẏ)+
∂
∂ẏ

( f ẏ) = ˙fcoll + ˙fbu (7)

In the above equation, the termṡfcoll and ˙fbu are the sources due
to droplet collision and breakup respectively.

By solving the above spray equation and summing the rate of
change of mass, momentum, and energy for all droplets at posi-
tion x and timet, the exchange functions between the continuous
and discrete phase can be obtained. These exchange functions
are the following:

1. the rate of mass evaporation from the dropletsρ̇s

2. the force transmitted to the gas through droplet drag, body
forces and momentum exchange due to evaporationFs

3. the energy transmitted to the gas by evaporation, heat trans-
fer into the droplet, and work due to turbulent fluctuations
Q̇s

4. the rate at which turbulent eddies do work in dispersing the
dropletsẆs

These exchange functions determine the interactions between
spray droplets and gas-phase flow field.
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2.3 Atomization and Droplet Breakup Modeling
The pressure swirl atomizer model, which is also known as

the Linearized Instability Sheet Atomization (LISA) model [8],
is used to specify the fuel atomization process. The LISA model
assumes that the transition from internal injector flow to fully-
developed spray is divided into three steps: film formation, sheet
breakup, and atomization. The geometry of the atomizer and the
location of the spray injection are also specified in the atomizer
model.

In the droplet breakup process, the primary breakup is not
treated in this study. Therefore, only the secondary breakup pro-
cess of initially injected liquid fuel is considered. The Kelvin-
Helmholtz breakup model [9] or the Wave model is chosen, since
it is more suitable for high Weber-number flows as in the present
study. The model considers that the breakup of the droplets to
be induced by the relative velocity between the gas and liquid
phases. It assumes that the time of breakup and the resulting
droplet size are related to the fastest-growing Kelvin-Helmholtz
instability, derived from the jet stability analysis. The wave-
length and growth rate of this instability are implemented to pre-
dict the details of the newly-formed droplets.

The radius of the newly-formed droplets is considered to be
proportional to the wavelength of the fastest-growing unstable
surface wave on the parent droplet:

r = B0Λ (8)

whereB0 is a model constant, which is set to 0.61 [9] andΛ is
the wavelength of the fastest-growing wave. The rate of change
of droplet radius in the parent parcel is given by

da
dt

=−a− r
τ

, r ≤ a (9)

wherea is the parent drop or jet radius andτ is the breakup time,
which can be expressed as:

τ =
3.726B1a

ΛΩ
(10)

whereB1 is the breakup time constant,Ω is the maximum wave
growth rate on the drop surface for the corresponding wavelength
Λ. For the stripping breakup process, when the droplets are ex-
posed to a violent disturbance,B1 =

√
3 has been found to be

satisfactory [9]. In the present investigation, the same value for
the breakup time constant is considered.

In the wave model, mass is accumulated from the parent
drop at a rate shown by the expression for the breakup timeτ,
until the shed mass is equal to 5% of the initial parcel mass. At
this time, a new parcel is created with the newly formed droplets
and their radius is calculated using Eqn 8.

Additionally, in the present study, the Dynamic Drag Model
(DDM) is specified to include the effect of drop oscillation and
distortion on the drop drag coefficient using the following rela-
tion [10]:

CD =CD,sphere(1+2.632y) (11)

whereCD,sphere is the drag coefficient of the spherical droplet.
The above equation indicates that the drag coefficient of a dis-
torted drop should lie between that of a rigid sphere and that of a
disk, whose drag coefficient at high Reynolds numbers is about
3.6 times higher than that of a sphere.

For collision and coalescence modeling, the stochastic
method of O’Rourke [11] has been used in the code.

2.4 Turbulence Dispersion Modeling
The dispersion of liquid particles due to turbulence in the gas

phase is predicted by using the stochastic tracking or Discrete
Random Walk Model (DRWM). The model includes the effect
of instantaneous turbulent velocity fluctuations on the particle
trajectories through the use of stochastic methods.

The stochastic tracking approach predicts the turbulent dis-
persion of particles by integrating the trajectory equations for
individual particles, using the instantaneous fluid velocity,u+
u
′
(t), along the particle path during the integration. By comput-

ing the trajectory for a sufficient number of representative parti-
cles, the random effects of turbulence on the particle dispersion
may be accounted for.

2.5 Combustion Modeling
In the present reacting case, the mixture-fraction/PDF mod-

eling approach is used to model the non-premixed turbulent com-
bustion by solving a transport equation for a single conserved
scalar, called the mixture fraction. Multiple chemical species, in-
cluding radicals and intermediate species, can be incorporated in
the problem definition and their concentrations are derived from
the predicted mixture fraction by using the assumption of equi-
librium chemistry. The properties of the species are accessed
through a chemical database. This approach is effective because
atomic elements are conserved in chemical reactions. As a result,
the mixture fraction is a scalar quantity and its governing trans-
port equation does not consist a source term. In the present case,
using this model, combustion is simplified to a mixing problem,
and the complications associated with closing non-linear mean
reaction rates are avoided.

The interactions between turbulence and chemistry are mod-
eled by using the Beta PDF(β-PDF) closure model. The shape of
the PDF,p( f ), produced by theβ function depends on the mean
mixture fraction (̄f ), and its variance (f ′2). The Fluent®code
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predictsf̄ and f ′2 at each point in the flow field, thereby comput-
ing the assumed PDF shapep( f ), which is used as a weighting
function to determine the mean values of species mass fractions,
density, and temperature.

C12H23 is considered as a liquid fuel to approximate the ex-
perimental Jet-A fuel. The equilibrium mixture consists of 20
chemical species. A non-adiabatic combustion system is consid-
ered when the PDF look-up tables are constructed.

3 Experimental Setup, Boundary Conditions, Grid,
and Numerical Approach

3.1 Experimental Setup
The LDI combustor experimental setup is designed by the

NASA Glen Research Center. The experimental data for the
single-element LDI geometry is provided by Cai et. al [4]. The
single-element fuel injector module is illustrated in Figure 2. It
comprises a 60◦, six helicoidal swirled-vaned inlet, followed by a
short converging-divergingventuri that ends at the dump plane of
a square combustion chamber. The outer and inner diameters of
the swirler are 22.5 mm and 8.8 mm respectively. The calculated
swirl number is 1.0 [4]. Both converging and diverging angle of
the venturi are 45◦. The design of the converging-diverging ven-
turi is made such that it can lower the chances of the return of
the spray droplet from downstream and prevent flame flashback
and auto ignition inside the swirler [4]. The fuel injector is in-
serted through the center of the swirler and the fuel tip is placed
at the throat of the venturi. The fuel nozzle is a 90◦, hollow cone,
pressure swirl atomizer. The diameter of the orifice is 0.0005 m.

Figure 2. The single-element LDI combustor geometry with the air

swirler-fuel injector configuration being zoomed in

3.2 Initial and Boundary Conditions
For both non-reacting and reacting case, air at stagnation

temperatureT0 = 294.28 K and 1 atmosphere pressure enters
with a flow velocity ofU0 = 20.14 m/s normal to the inlet face.
Inlet air density is 1.19 kg/m3. Turbulence specification method
is intensity and length scale with 10% turbulent intensity and one

tenth of inlet diameter length scale. The fuel is injected at 0.415
g/s, which in combination with the air mass flow rate gives an
equivalence ratio of 0.75 for the reacting case. The fuel atomizer
is operated at a pressure of 110 kPa.

3.3 Grid and Numerical Approach
The computational work presented here is carried out for

a single-element LDI combustor module. An implicit finite-
volume scheme with second order accuracy in space and time
is employed. Computation is performed for the entire geometry
including the flow development section for the incoming air, six
swirling passages for the injector module, convergent-divergent
venturi, and the rectangular flame tube. The grid has been refined
a few times in order to investigate the effects of grid density on
the flow field. The grid consists of hexahedron and tetrahedron
elements. The final refined grid for the single-element model, as
shown in Figure 3, has 2,374,805 elements. The grid is clus-
tered normal to the walls to resolve the large gradients through
the boundary layer.

Figure 3. Grid distribution for the single-element configuration

The pressure-based solver is used with the coupled pressure-
velocity coupling scheme. The third-order MUSCL discretiza-
tion method is specified to solve the momentum equations and
the second-order upwind scheme is applied to solve the other
equations. A higher-order convective discretization scheme is
suitable for the present problems involving highly turbulent flows
inside the swirlers and complex flows at the combustion chamber
inlet. Furthermore, the flow is not aligned with the grid due to
the presence of tetrahedral and hexahedral elements. Therefore,
a higher-order scheme is expected to yield greater accuracy and
decrease the possibility of numerical discretization error.

The computation is carried out until the solution becomes
statistically stable. In the URANS calculations for the non-
reacting case, at first, a steady flow state Realizableκ− ε model
is used to create a realistic initial flow field for the unsteady com-
putations. Once the flow field is reasonably converged, unsteady
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calculation is enabled. The unsteadyκ− ε calculation is contin-
ued until the flow becomes statistically stable. Thereafter, the
solution is restarted using the RSTM. When the flow is fully de-
veloped and statistically stable, time-averages are calculated by
sampling at a specified frequency to obtain both mean and root
mean square values. Likewise, the calculation is continued until
statistically stable data is obtained. The duration of the com-
putation is determined beforehand by estimating the mean flow
residence time in the solution domain. The standard measure
for the convergence of the iterations is the residuals of the equa-
tions being solved. In the present case, it is observed that when
the residuals of the continuity, momentum, and Reynolds stresses
equations drop by more than five orders of magnitude, there is no
appreciable change in the solution. Thus at that stage, the case is
considered as converged. The balance of mass flux into and out
of the computational domain is also monitored. When the con-
vergence is reached, the mass imbalance is found to have a very
small fraction of the total flux (of the order of 10−8) through the
system. For the URANS calculation, the physical time-step is
1.0E−06(s)and the CFL number for the pseudo time iteration is
less than 1.

For the reacting case, a steady state RANS simulation is per-
formed for the gas-phase calculations. The liquid-phase is mod-
eled by using the Discrete Phase Model (DPM) with the unsteady
particle tracking approach. The Realizableκ−ε model is used to
specify the turbulence. For the liquid spray calculations, models
for atomization, droplet breakup, droplet coalescence and colli-
sion, droplet drag, and turbulent dispersion are incorporated in
the DPM. In addition, the mixture-fraction/PDF modeling ap-
proach is used to model turbulent combustion inside the LDI
combustor. Simulation is conducted until the residuals of the
continuity, momentum, and energy equations drop by more than
five orders of magnitude, and no significant changes are found in
the solution.

4 Results and Discussion
In this section, the computed results for non-reacting and

reacting flow field of the single-element LDI combustor are sep-
arately reported. The results between two cases are compared.
Furthermore, the computed data are compared with the measure-
ment data [4].

4.1 Non-reacting Flow Field
Figures 4 and 5 are the axial mean velocity contours in the

X-Y plane and the iso-surface of zero axial mean velocity re-
spectively. The iso-surface of the zero axial mean velocity is
also known as the vortex breakdown bubble (VBB). The figures
indicate the presence of a very large recirculation zone in the cen-
tral core region, which extends upstream up to the injector tip. At
low swirl numbers, there may be a significant radial pressure gra-

dient at any axial position caused by the centrifugal effects, but
the axial pressure gradient is relatively low. Nevertheless, when
increasing the swirl, a strong coupling develops between axial
and tangential velocity components and the axial (adverse) pres-
sure gradient increases. A point is reached, when the adverse
pressure gradient along the jet axis cannot be further overcome
by the kinetic energy of the fluid particles flowing in the axial
direction, and a recirculation flow is set up in the central portion
of the jet. The formation of the recirculation zone, a form of
vortex breakdown, acts as an aerodynamic blockage or a three
dimensional bluff body which stabilizes flames. This is essential
to provide sufficient residence time, temperature, and turbulence
for a complete combustion of the fuel. In addition to the major
recirculation zone at the center, there are two other regions in
which the flow is reversed, one is located in the diverging sec-
tion of the venturi and the other one is found in the corner of
the upstream wall of the combustion chamber. The presence and
the interaction of these vortical structures make the mean flow
unsteady in the frontal region. The high fluctuating velocity, as
shown later, further demonstrates the existence of the large de-
gree of unsteadiness in this region.

Figure 4. Axial mean velocity distributions (in m/s)

Figure 5. VBB of the single-element LDI combustor (side view)
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The axial mean normal stress distribution at the centerline
is compared to the measurements at various axial locations in
Figure 6. The axial normal stresses have the highest value at the
swirler exit owing to the high level of turbulence resulting from
the high degree of swirling flow. After this, the axial normal
stress decays rapidly and then becomes almost constant within
the recirculation zone. Although it levels off, it still decays as
the flow moves to the downstream.

Figure 6. Computed centerline axial mean normal stress vs. experimen-

tal data

Figure 7. Computed non-reacting axial mean velocity at various axial

locations compared with measurements

Figure 7 compares the computed axial mean velocity distri-
bution along the radial direction with the measured data for dif-
ferent axial locations. At 5mm downstream, both measurements
and computed URANS data indicate the presence of an axial
mean velocity peak away from the centerline and a reverse flow
region in the central part. Nevertheless, the computed results ex-
hibit symmetrical profiles unlike the measured data. The discrep-
ancy at this location may be due to various reasons. Apart from
the computational issues such as grid resolution, there was also
difficulty in obtaining accurate experimental data at this location
as stated in the literature [4]. Nevertheless, at all other locations,
the computed data for the mean axial velocity profiles have a
good agreement with the measurements, which do show almost
symmetry over there. Both measured and computed data exhibit
axial velocity peaks near the wall of the combustion chamber
when the flow hits the wall. As the flow moves downstream, the
axial mean velocity peak, initially observed away from the cen-
terline at the location x= 5mm, flattens out due to expansion of
the recirculation zone in the central region. On the other hand,
further downstream, the magnitude of the axial velocity peaks
close to the chamber wall also decreases. At x= 92mm, the axial
velocity profile shows an almost flat velocity distribution. How-
ever, as discussed later, the axial velocity profiles for the reacting
case is quite different from the non-reacting case.

Figure 8. Computed non-reacting radial mean velocity at various axial

locations compared with measurements
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Comparisons of the radial mean velocity for various axial
stations along the radial directions are shown in Figure 8. The ra-
dial velocity is high as the flow enters the combustion chamber.
Therefore, at 5 mm downstream, the radial velocity has higher
magnitude than at other axial locations. The profile indicates a
quick expansion of the flow in the radial direction. Nevertheless,
some discrepancies with the measurements are observed at this
station along the positive radial direction. Unfortunately, it is
the same location where measurements are uncertain. At 15 mm
downstream, the radial velocity is almost zero. Further down-
stream, at 29mm and 46mm, the radial velocities change direc-
tion owing to the shrinkage of the recirculation zone. The ra-
dial mean velocity profiles are relatively flat at 76mm and 92mm
downstream of the combustion chamber inlet.

Figure 9. Computed non-reacting tangential mean velocity at various ax-

ial locations compared with measurements

Figure 9 compares the computed tangential mean velocity
profiles to the measurements at different axial locations. This
velocity component, which essentially represents the swirl of
the flow, is important since the combustor is designed for cre-
ating high swirling flows to enhance the mixing of fuel and ox-
idizer. At the initial stations (at 15mm and 29mm downstream),
the tangential velocity profiles indicate the formation of a com-

bined solid and free vortex structure. Further downstream, peak
swirling velocity moves outward and a solid vortex profile is es-
tablished. Furthermore, it is observed that unlike the radial veloc-
ities, the tangential velocities are much higher even in the down-
stream.

Figure 10. Computed non-reacting axial RMS velocity at various axial

locations

Figure 11. Computed non-reacting tangential RMS velocity at various

axial locations

Figures 10 and 11 show the components of the turbulent ve-
locity profiles at various axial locations. The root-mean-squared

8 Copyright © 2011 by ASME



(RMS) values presented here represent the turbulent velocities.
Turbulent velocities are computed at 3 additional stations very
close to the combustion chamber inlet, where no experimental
data are provided. The velocities in these 3 locations, namely
1mm, 2mm, and 3mm downstream of the chamber inlet, are plot-
ted together. Figure 10 shows stronger turbulent axial velocities
close to the chamber inlet. However, they decay rapidly in the
downstream.

Similar behavior is observed for the turbulent tangential ve-
locity profiles, as shown in Figure 11. At 1mm downstream, the
peak axial turbulent velocity is around 17m/s, while the peak tan-
gential turbulent velocity is 11m/s respectively. Such variations
in the components of the turbulent velocity are also observed at
the two other axial locations close to the chamber inlet. The dif-
ferent turbulent velocity profiles among three components found
in these axial locations indicate the non-isotropic Reynolds stress
distribution induced by the high swirling flow.

Overall, the numerical modeling of the non-reacting flow
field in the single-element LDI combustor using the URANS
method coupled with theκ− ε and RSTM turbulence models
exhibits good agreement with the measurements. The accuracy
of the current URANS results are comparable with the numerical
results reported in the literature [12] using the LES scheme.

4.2 Reacting Flow Field
Figure 12 shows the centerline axial velocity along the

length of the combustor. The central recirculation region for
the reacting case is significantly stronger as compared to that of
the non-reacting case, due to the effect of heat release resulting
from combustion. Nevertheless, the length of the reverse flow
region in the latter case is twice as much as the length for the for-
mer case. Furthermore, the figure indicates that flow acceleration
from 1 m/s for the non-reacting case to 15 m/s for the reacting
case in the downstream.

Figure 12. Computed centerline axial velocity for the non-reacting and

reacting case vs. experimental data

The radial profiles for axial velocities are compared to the
measurements [4] at various axial locations in Figure 13. At the
first measurement station, the RANS data predict a strong recir-
culation in the central portion with almost symmetric peaks on
either sides. On the other hand, the measurement data do not
exhibit any reverse flow and the velocity magnitude is relatively
higher. However, in the experimental study [4], the authors men-
tioned about the difficulty in sorting the seeding particles from
high momentum spray particles at this location. This may be the
reason why the positive axial velocities are measured in spite of
a reverse flow zone. Further downstream, the comparison be-
tween RANS and the measurements are quite reasonable. It can
be observed that at 15mm and 29 mm downstream, where intense
reaction takes place, the expansion of the hot reacting gas-phase
leads to narrow reverse flow zones with higher reverse veloci-
ties as compared to the non-reacting flow (as shown earlier in
Figure 7). At 46 mm downstream, the recirculation zone almost
disappears due to high axial momentum. Further downstream, at
76mm and 92mm, although the velocity profiles show a relatively
flat velocity distribution, they still possess higher magnitude as
compared to that of the non-reacting case at these locations.

Figure 13. Computed reacting axial velocity at various axial locations

compared with measurements

Figure 14 exhibits the tangential velocity distribution. The
reacting gas-phase swirl velocity has higher magnitude com-
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Figure 14. Computed reacting tangential velocity at various axial loca-

tions compared with measurements

pared with the non-reacting case. This could be due to the pres-
ence of the low density gas phase at high temperature. Unlike in
the non-reacting flow, the reacting case shows that the peak ve-
locity moves towards the center. Except at 5 mm downstream,
the reacting gas-phase velocity profiles at the other locations
form a combined vortex structure. This can be attributed to the
short recirculation zone for the reacting case and as the flow goes
past the recirculation zone, the redistribution of the flow field re-
sults in the combined vortex profile. The computed data for the
tangential velocities shows a good agreement with the measured
data at all the axial locations.

Figure 15 shows the instantaneous temperature profiles in
the X-Y plane at Z= 0. The equivalence ratio computed from
the inlet boundary conditions is about 0.75. The adiabatic flame
temperature is approximately 2100 K. The mean temperature at
the exit plane is between 1750 K and 1850 K. The experiment
does not provide the temperature profiles. However, the com-
puted results for the temperature plots are compared with the nu-
merical predictions using the laminar chemistry model in the Na-
tional Combustion Code (NCC) [13]. The temperature profiles
obtained from the present simulation show good agreement with
literature. Figures 16(a) and 16(b) show the temperature profiles
at 40mm downstream and at the chamber exit respectively. Fig-
ure 16(a) indicates that the higher temperature regions exist in

Figure 15. Computed temperature profiles (in Kelvin) on the X-Y plane

at Z= 0

(a) At 40 mm downstream

(b) At the combustion chamber exit

Figure 16. Computed temperature profiles (in Kelvin) inside the combus-

tor

the central portion, which spread and mix with the low temper-
ature regions close to the wall. The high swirling flow inside
the combustor also plays an important role in the mixing pro-
cess. Nevertheless, towards the exit, as shown in Figure 16(b),
an almost uniform temperature profile is observed, and the initial
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higher temperature regions have merged with the lower tempera-
ture regions, thereby forming a moderate temperature zone at the
exit.

Figure 17. Particle tracks for the spray injection (particle diameter shown

in meters)

Figure 17 exhibits the trajectories of the droplets in the spray
injection, which allow to review the locations of the droplets.
The trajectories terminate when the liquid fuel is completely va-
porized. 15,000 droplet parcels are introduced into the domain
at every time step by implementing the LISA atomization model
[8]. In essence, each of these discrete droplet streams has its
own set of initial conditions. From the figure, it can be observed
that the maximum diameter of the droplets is about 2e−04m or
0.2mm. Nevertheless, the diameter of most of the droplets in
the spray domain is between 20µm and 70µm, which is consis-
tent with the Sauter Mean Diameter (D32) of the droplets ob-
tained from the measurement. Furthermore, it is found that al-
most all the droplets vanish at 25mm downstream due to evap-
oration, and there is a significant reduction in liquid volumet-
ric fraction after 15mm downstream. The figure also illustrates
droplet breakup process and coalescence among the droplets.
Coalescence of initially smaller droplets results in bigger diame-
ter drops in the downstream, as shown in the zoomed-in view in
Figure 17. Around 20 particle streams are shown in this view to
demonstrate the droplet breakup and coalescence phenomena. It
is further observed that each particle stream is randomly oriented
until the particle evaporates. Therefore, the smaller droplets are
expected to be following the paths of the gas-phase flow field in-
duced by the swirling flow. It is also expected that the possible
presence of the spiralling precessing vortex cores in the neigh-
borhood of the injector might influence particle dispersion.

Nevertheless, in order to validate the spray model, it is
important to investigate the size, position, and statistics of the
droplets in more details and compare them with the measure-
ments.

5 Conclusions
Numerical simulation is performed for the non-reacting and

reacting flow field associated with a single-element LDI combus-
tor. The simulation is conducted for the entire geometry, encom-
passing six helicoidal air flow passages and the square combus-
tion chamber. The results are compared with the measurements.
The solution for the non-reacting flow captures the essential aero-
dynamic flow characteristics of the LDI combustor, such as the
complex swirling flow structures inside the swirlers and in the
vicinity of the combustion chamber inlet, the large central recir-
culation zone originating from the tip of the fuel injector, and the
reverse flow regions at the corners of the chamber wall and on the
wall of the divergent venturi, with reasonable accuracy. Further-
more, the calculated mean and turbulent velocity components at
various axial locations within the combustor exhibit good quan-
titative agreements with the measurement data.

A spray model is introduced to simulate the reacting flow
field. The reaction of the spray greatly influences the gas-phase
velocity distribution. The high axial momentum induced by com-
bustion and momentum transfer between liquid and gas phase
cause the decrease of the recirculation region in the reacting case.
In addition, the heat release due to combustion leads to an expan-
sion of the gas-phase, which results in higher velocities as com-
pared to the non-reacting case. The computed gas-phase velocity
profiles are consistent with the experimental data. The tempera-
ture profiles indicate that the swirling flow influences the higher
temperature regions to spread and mix with the low temperature
regions, and towards the exit a near uniform temperature profile
is observed. The Kelvin-Helmholtz breakup model in combina-
tion with the Dynamic Drag Model is implemented in the RANS
code to characterize the droplet breakup process. Turbulent dis-
persion effect is also included in the spray model. The solution
indicates that the evaporation of almost all the droplets occurs
within a few millimeters inside the combustion chamber. The
computed droplet size is reasonable compared with the measure-
ments. The computed data shows the influence of the swirling
flow on the droplet breakup and coalescence process. The tem-
perature plots and the spray behavior indicate a rapid and ho-
mogeneous mixing occurring inside the LDI combustor, which
might result in low emissions of pollutants.

The present study reveals that the commercial RANS code
with the realizableκ−ε and RSTM turbulence models can effec-
tively predict the complex flow field behavior of the LDI combus-
tor for both non-reacting and reacting flows. However, a detailed
validation of the current spray model is required, which will be
obtained in the future by comparing with the experimental mea-
surements of the locations, size, and statistics of liquid droplets.
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