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Examination of diesel spray
combustion in supercritical ambient
fluid using large-eddy simulations

Wai Tong Chung , Peter C Ma and Matthias Ihme

Abstract
High-pressure conditions in diesel engines can often surpass the thermodynamic critical limit of the working fluid.
Consequently, the injection of fuel at these conditions can lead to complex behaviors that remain only incompletely
understood. This study is concerned with investigating the application of a diffuse-interface method in conjunction with a
finite-rate chemistry model in large-eddy simulations of diesel spray injection and ignition in a supercritical ambient envi-
ronment. The presented numerical approach offers the capability of simulating these complex conditions without the
need for parameter tuning that is commonly employed in spray-breakup models. Numerical simulations of inert and
reacting n-dodecane sprays — under the Engine Combustion Network Spray A and Spray D configurations — are stud-
ied, and results are compared with experimental data for liquid/vapor penetration lengths and ignition timing. In addition,
parametric studies are performed to identify flow sensitivities arising from the variation in nozzle diameters between
both injectors, along with the impact of low-temperature oxidation on ignition in Spray D simulations. Spray A simula-
tions are found to be insensitive to turbulence, and predictions for penetration length and ignition behavior are in good
agreement with experiments. In contrast, Spray D predictions for penetration length and ignition delay demonstrated
significant sensitivities to in-nozzle turbulence, introducing uncertainty to the predicted results and stipulating the need
for quantitative measurements for model evaluation.
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Introduction

Modern internal combustion engines typically operate
under pressure and temperature conditions that exceed
the thermodynamic critical limits of the in-cylinder gas.
In diesel engines, the injection of liquid fuel at supercri-
tical pressure and sub-critical temperature into a super-
critical combustion chamber introduces complex
thermo-physical phenomena that are currently not well
understood.

Various experiments have been performed under
Engine Combustion Network1 (ECN) Spray A2–8 and
Spray D9–18 target conditions in order to contribute to
the understanding of diesel combustion. In addition,
Reynolds-Averaged Navier–Stokes (RANS) and large-
eddy simulations (LES) have been used to simulate
Spray A19–31 and Spray D15,32–34 in computational
investigations. Traditionally, Lagrangian particle meth-
ods that incorporate a two-phase model have been uti-
lized assuming the presence of spray droplets.15,23,25,28

Although good agreement with experimental data have
been reported, these methods often involve careful
selection of the breakup and evaporation models along
with parameter tuning.

By considering real-fluid thermodynamic and trans-
port phenomena, Oefelein et al.31 demonstrated that
the injected liquid fuel in a diesel spray does not cross
the liquid-vapor regime, enabling the effects of surface
tension on mixing to be ignored. As a result, phenom-
ena associated with traditional spray formation such as
atomization, secondary breakup, droplet formation,
and surface tension effects can be ignored.
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The presence of surface tension effects in diesel
sprays under transcritical conditions remains a subject
of active research. The term ‘‘transcritical’’ used in this
article refers to the co-existence of sub-critical and
supercritical (with respect to temperature) states. Using
high-speed high-resolution microscopic visualization,
Crua et al.4 provided experimental evidence of surface
tension for n-dodecane droplets under typical diesel
engines conditions. Poursadegh et al.6 examined the
microscopic phase boundary of conventional liquid
fuels under typical diesel conditions and found that the
local Knudsen number exceeded the threshold for tran-
sition to a supercritical state, indicating the sub-critical
nature of these fuels in diesel sprays.

By combining theoretical and experimental analyses,
Poursadegh et al.5 showed that, under certain condi-
tions, the formation time of n-dodecane droplets
exceeds the droplet vaporization time—allowing the
atomization phenomena to be suppressed, and spray
behavior to be controlled by single-phase mixing. These
conditions could be described by diffuse-interface meth-
ods which treat fluid properties between liquid and gas-
eous regimes as a smooth function.

Yue and Reitz24 combined LES with an Eulerian
spray model that used similar time-scale arguments,
and ignored droplet breakup, to simulate Spray A with
good accuracy. Garcia-Oliver et al.33 combined an
Eulerian single liquid approach with a RANS frame-
work to simulate Spray A under ambient and injector
pressure, with more accurate predictions at higher injec-
tion and ambient pressures—highlighting the mixing-
controlled hypothesis at typical diesel conditions.

Using a quasi-conservative model and entropy-stable
algorithm,35 Ma et al.19 combined the diffuse-interface
method with a compressible LES solver that also incor-
porated real-fluid effects and finite-rate chemistry, in
order to simulate transcritical diesel spray combustion
under Spray A conditions. Simulation results for pene-
tration length and ignition delay were in good agree-
ment with experimental data. In these simulations, the
internal nozzle flow was not considered, and nozzle exit
conditions were prescribed as a plug flow profile with-
out any turbulent fluctuations, with time-dependent
mass-flow rate calculated by the CMT virtual injection
rate generator.12 Matheis and Hickel22 used a similar
approach without introducing any turbulence by argu-
ing that the jet breakup process is expected to be
controlled by the strong shear forces induced by the
high-speed jet.

The ECN Spray D configuration operates under the
same ambient conditions as Spray A, but involves an
injector with a nominal nozzle diameter that is twice
the size of that in Spray A—which causes the Reynolds
number Re, based on nozzle diameter, of Spray D to
increase to approximately Re=60,000. In addition, the
L=D (length-to-diameter) ratio of Spray D is approxi-
mately half that of Spray A—at 5.4 and 11.2, respec-
tively.17 In an experiment involving the injection of
liquid jets into a quiescent environment, Wu et al.36

showed that injectors with passage L=D ratio exceeding
4 and nozzle diameter Reynolds number exceeding
40,000 can result in turbulent spray breakup. This sug-
gests that Spray A and Spray D can possess reasonably
different near-nozzle spray behavior.

As a consequence, neglecting effects of inlet turbu-
lence and other in-nozzle phenomena may not be ade-
quate when simulating Spray D. In addition,
experimentalists have been using the ECN Spray D,
alongside ECN Spray C, in order to investigate effects
of in-nozzle cavitation on spray behavior.9,11 As a
result, simulations of Spray D typically require meshes
that incorporate effects of nozzle geometry. High-reso-
lution X-ray tomography by Matusik et al.17 on Spray
D injector nozzles has enabled the development of a
high-resolution three-dimensional (3D) mesh for Spray
D that can be incorporated in these simulations.
Battistoni et al.16 have presented LES and direct
numerical simulation (DNS) of sub-critical inert Spray
D injection using 2.5 and 1mm cells, with fully resolved
nozzle geometry. Westlye et al.9 have combined a
diffuse-interface method with LES to study the differ-
ent spray behaviors caused by discrepancies between
Spray C and D nozzle geometries. However, incorpor-
ating such an approach in the present work, where
finite-rate chemistry and real-fluid effects are consid-
ered, presents a computational challenge.

The objective of this article is to perform LES with
the diffuse-interface method and real-fluid thermody-
namics to investigate n-dodecane sprays under Spray D
conditions and compare results with Spray A calcula-
tions, under inert and reacting conditions, in order to
identify the significance of in-nozzle phenomena in
transcritical auto-ignition.

The remainder of this article is as follows: the next
section discusses the method used to perform the spray
LES. Then, the cases investigated under inert and react-
ing conditions, along with the computational setup
employed, are described. Simulation results for Spray
A and Spray D are then discussed and compared with
experimental measurements,2,9,11 before the conclusions
are presented.

Method

The governing equations that are solved in the present
study are the Favre-filtered conservation equations for
mass, momentum, energy, and chemical species

∂t�r+r � �r~uð Þ=0 ð1Þ
∂t �r~uð Þ+r � �r~u~uð Þ= �r � �pIð Þ+r � �tv + �tSGSð Þ

ð2Þ
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with density r, velocity vector u, pressure p, specific
total energy e, stress tensor t, and heat flux q. Yk, Jk,
and _vk are the mass fraction, diffusion flux, and chemi-
cal source term for species k, respectively. Subscripts v
and SGS denote viscous and turbulent quantities,
respectively.

The system is closed using the Peng–Robinson cubic
state equation in order to model real-fluid thermody-
namics under transcritical conditions

p=
RT

v� b
� a

v2 +2bv� b2
ð5Þ

with mixture-specific gas constant R and specific vol-
ume v. The coefficients a and b account for effects of
intermolecular forces and volumetric displacement and
are dependent on mixture temperature and composi-
tion.37 The evaluation of internal energy, specific heat
capacity, and partial enthalpy using the Peng–
Robinson state equation has been described in detail in
Ma et al.21,35

The dynamic viscosity and thermal conductivity are
evaluated using Chung’s method with high-pressure
correction,38 and Takahashi’s high-pressure correc-
tion39 is used to evaluate the binary diffusion
coefficients.

In this study, a reduced 33-species mechanism that is
derived from Yao et al.40 is employed. Of the 54 species
from the parent mechanism, 21 species are identified to
be suitable for a quasi-steady state assumption—
through zero-dimensional auto-ignition computations
at p=60 bar, and initial temperatures ranging from
800 to 1000K. The reduced mechanism is incorporated
into the computational fluid dynamics (CFD) solver
using a Cantera library interface.41 A more detailed
explanation on the employed mechanism is provided
by Ihme et al.20

To conduct these simulations, the unstructured com-
pressible finite-volume solver Charlesx has been
employed. In this solver, the convective fluxes are dis-
cretized using a sensor-based hybrid scheme42 in which
a high-order, non-dissipative scheme is combined with
a low-order scheme to describe interfaces and flow-field
discontinuities. Due to the density gradients present at
trans- and supercritical conditions, an entropy-stable
flux correction technique35 is used to ensure the physi-
cal realizability of the numerical solution and to

dampen non-linear instabilities in the numerical
scheme. An adaptive double-flux method35,43 is applied
to eliminate spurious pressure oscillations. In this
method, a second-order Strang-splitting scheme is
employed to separate the non-stiff convection and dif-
fusion operators from the reaction operator. A strong
stability preserving third-order Runge–Kutta (SSP-
RK3) scheme is used for time integration of non-stiff
operators. The reaction chemistry is integrated using a
semi-implicit Rosenbrock–Krylov scheme,44,45 which is
fourth-order accurate in time and has linear cost with
respect to the number of species. The turbulent stresses
are modeled using a Vreman46 sub-grid scale (SGS)
model, while turbulence/chemistry interaction is
accounted for using the dynamic thickened-flame
model47 in which the maximum thickening factor is set
to a value of 4 in this study.

Case description and computational setup

In the present study, the ECN1 Spray A and Spray D
configurations are simulated. A summary of the cases
explored in this study is presented in Table 1. Both
inert and reacting cases are considered. The effects of
nozzle turbulence with turbulence intensities u0=Uin

ranging from 0% to 5% are investigated for both spray
configurations under inert conditions at p‘ =6 MPa,
T‘ =900 K, with nitrogen used as the ambient gas. In
addition, effects of inlet velocity profile on spray
dynamics are examined using plug flow, parabolic, and
power flow velocity profile.

Simulation for reacting Spray A is performed for
p‘ =6 MPa, T‘ =900 K, 15% O2. To consider effects
of turbulence on nozzle exit conditions, two Spray D
cases under reacting conditions with u0=Uin =0% and
u0=Uin =2%, at p‘ =9:34 MPa, T‘ =900 K, and
20.9% O2 are simulated to match experiments per-
formed by Payri et al.11 In addition, a Spray D case at
p‘ =6 MPa, T‘ =1200 K, and 15% O2, based on
experiments by Westlye et al.,9 is simulated. These cases
were chosen for the high ambient pressure and tem-
perature that result in shorter ignition delay, which
reduces the computational cost of simulating spray
auto-ignition.

As shown in Figure 1, a 3D cylindrical domain, dis-
cretized by a structured mesh with hexahedral elements,

Table 1. Summary of LES cases.

Case Spray A Spray D

T‘ (K) 900 900 (1200, 900)
p‘ (MPa) 6.00 6.00 (6.00, 9.34)
O2 by mole 0.0% (15.0%) 0.0% (15.0%, 20.9%)
prail (MPa) 150 150
Nozzle diameter (mm) 90 186
u0=Uin 0%, 2%, 5% 0%, 2%, 5%

Values in parentheses denote conditions for the reacting cases.
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with a diameter of 40mm and length of 80mm is used
in this study. The domain has been discretized into a
total of 2.7 million grid points. A minimum grid spac-
ing of 8mm is selected in order to resolve the ignition
kernels, the size of which is estimated through one-
dimensional unsteady flamelet calculations. This mesh
resolution is much smaller than the 62.5mm cell size
recommended by Wehrfritz et al.48 in their mesh resolu-
tion study of inert Spray A. The injector geometry is
not included in the simulations. Instead, boundary con-
ditions that match nozzle conditions are assigned at the
domain inlet.

The fuel mass flux at the domain inlet is determined
using the time-dependent rate of injection, as provided
by the CMT virtual injection rate generator.12 Nominal
inlet conditions prescribed by ECN1,2 are used for
Spray A; the Spray D inlet condition is generated with
recommendations from Westlye et al.9 Homogeneous
isotropic turbulence, generated using the digital filter
approach of Klein et al.49 at various turbulence intensi-
ties with integral length-scale equal to nozzle diameter,
is added to the mean velocity profile in order to con-
sider the effects of in-nozzle turbulence.

The solution is advanced in time using a typical time
step of 1.2 ns, with a unity Courant–Friedrichs–Lewy
(CFL) number. The simulations were performed using
1440 Intel Xeon (E5-2698 v3) processors, and 4ms of
physical time could be completed in about an hour wall
clock time for the reacting case.

Results and discussion

Inert conditions

Figure 2 compares the spray penetration lengths for
Spray A and D under nominal conditions
(p‘ =6:00 MPa, T‘ =900 K, u0=Uin =0%). These
simulation results are compared with experimental

measurements2,9 that were determined via Schlieren
and Mie imaging for vapor and liquid penetration
lengths, respectively. In these simulations, the vapor
penetration length for both configurations is defined as
the furthest axial position where the mixture fraction Z
exceeds 0.01. The mixture fraction is defined with
respect to n-dodecane mass fraction C12H26

Z=
YC12H26

YC12H26
+YN2

ð6Þ

A previous study20 determined that the vapor pene-
tration length did not change significantly for mixture
fraction threshold values ranging from 0.1 to 0.01.
Compared to Spray A, simulation for Spray D at
u0=Uin =0% slightly overpredicts the vapor penetra-
tion length between 0.1 and 0.7ms. Liquid penetration
predictions for both Spray A and Spray D are in good
agreement with the experimental data, as can be seen in
Figure 2.

A mixture fraction value of 0.6 is chosen to define
the liquid region of Spray A and Spray D; this value
provides the best agreement with the experimental data
for the liquid penetration length in both sprays. A simi-
lar value was also employed by Oefelein et al.31 in their
real-fluid simulations. Unlike the threshold value for
the vapor boundary, Figure 3 shows that the liquid
penetration length is sensitive to the chosen mixture
fraction value, showing significant differences in liquid
penetration length predictions for mixture fractions
ranging from 0.34 and 0.79; it should be noted that
Z=0:34 corresponds to the saturated vapor-liquid
equilibrium mixture fraction, while Z=0:79 has been
noted as the mixture fraction with the most pro-
nounced changes to liquid fuel density.31 Figure 3 also
compares the estimation of liquid penetration length
with mixture fraction Z=0:6 with the ECN-recom-
mended approach, which bridges experimental and

Figure 1. Radial (left) and axial (right) view of mesh used, along with velocity magnitude profiles. The mesh consists of 2.7 million
grid points. Minimum cell size is 8 mm.
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simulation results through calculating the liquid vol-
ume fraction projected on the cross-stream direction,Ð ‘

�‘
LVFdy. Given the challenge in distinguishing liquid

components in the absence of sharp interfaces, all cells
with Z. 0:34 as ‘‘liquid droplets.’’ Following ECN
modeling standards, a set of 1mm3 are placed on a
cross-sectional plane, extracted from the simulation
domain. The liquid volume fraction is then calculated
by computing the volume fraction of the ‘‘liquid dro-
plets’’ in each cube.

Ð ‘

�‘
LVFdy is then computed using

rectangular integration. The liquid penetration length
is defined by the ECN as the furthest axial position
where

Ð ‘

�‘
LVFdyø 23 10�3 mm3=mm2. Reasonable

agreement between both approaches is seen up to
0.15ms, with a slight deviation after that—likely
caused by the fluctuating nature of the mixture fraction
approach. Note that a moving average has been
applied on Figure 3 to reduce the effect of these

fluctuations, for better visual comparison between the
different approaches.

Note that the fluctuations in the liquid penetration
length in both Spray A and Spray D arise from the
destabilization of the liquid core. During injection, the
liquid core remains stable close to the nozzle due to
large density gradients before small fragments of liquid
at the tip break off from the core. These fragments con-
tinue to be transported downstream with large momen-
tum that arise from the fragment’s large density before
transitioning into vapor phase. Fluctuations in Spray
D are larger than fluctuations in Spray A due to the
larger fragments, as a consequence of the larger liquid
core.

Figure 4 demonstrates that the liquid and vapor
penetration length calculations for Spray D are sensi-
tive to the velocity profile prescribed at the inlet, despite
identical mass-flow rates. Using a parabolic velocity
profile results in the highest vapor penetration length
prediction, while using a plug flow profile results in the
lowest. This may be explained by the high centerline
velocity in the parabolic profile and steeper velocity
gradients in the shear layer, which in turns results in
higher local momentum at the center of the jet. Similar
effects of inlet velocity profile are seen at the initial
stages of injection for the liquid penetration calcula-
tions. However, after the full development of the liquid
jet at approximately 0.1ms, the liquid penetration
length seems to be insensitive to the prescribed inlet
velocity profile.

Figure 5(a) compares the vapor and liquid penetra-
tion lengths predicted by Spray A simulations19 under
different inflow turbulent intensities. For the cases
without turbulence (u0=Uin =0%), two realizations are
conducted. It can be seen that the vapor penetration
length for Spray A is insensitive to turbulent fluctua-
tions introduced at the nozzle, as vapor penetration

Figure 2. Comparison of liquid and vapor penetration length
for Spray A and Spray D from simulation and experimental
measurements2,9 (inert, p‘ = 6:00 MPa, T‘ = 900 K, u0=Uin = 0%).

Figure 3. Spray D averaged liquid penetration length evaluated
using different evaluation criteria, compared with experiment9

(inert, p‘ = 6:0 MPa, T‘ = 900 K, u0=Uin = 0%).

Figure 4. Spray D vapor and liquid penetration length
predictions for different velocity profiles at the nozzle, with
identical mass-flow rate, compared with experimental data9

(inert, p‘ = 6:00 MPa, T‘ = 900 K, u0=Uin = 0%).
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length for turbulence intensities of 2% and 5% remains
similar to both realizations at 0%. However, the liquid
penetration length for the simulations seems to be more
sensitive to the nozzle turbulence; increasing turbulence
intensity slightly decreases the liquid penetration
length.

It should be noted that in supercritical jets, large
density differences between the injected fluid and the
ambient fluid can result in turbulence damping.50

Figure 6(a) shows Spray A where u0=Uin =0%. The
cylindrical liquid core near the nozzle remains unaf-
fected by the surrounding flow in the simulated gas

(a) (b)

Figure 5. (a) Spray A and (b) Spray D vapor and liquid penetration length predictions for different turbulence intensities at the
nozzle, compared with experimental data.2,9 Note that penetration length has been non-dimensionalized with nozzle diameter for
comparison (inert, p‘ = 6:00 MPa, T‘ = 900 K).

Figure 6. Density contours of (a) Spray A with u’/Uin=0%. (b) Spray A with u’/Uin=5%. (c) Spray D with u’/Uin=0%. (d) Spray D
with u’/Uin=5% at steady-state liquid penetration. Note that contour dimensions are non-dimensionalized with nozzle diameter. Red
lines mark the defined vapor threshold at Z = 0:01. Black lines mark the defined liquid threshold at Z = 0:6.
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chamber. However, as the spray develops, the liquid
core, which is marked by black lines in Figure 6,
increases in temperature from 363 to 900K, reducing
its density. This results in an increased spray angle,
which is indicative of increased mixing and entraining
of surrounding fluid into the jet core.

The consideration of 5% nozzle turbulence on Spray
A can be observed in Figure 6(b). Turbulence promotes
heat transfer between the cold injected fluid and hot
ambient nitrogen. Thus, the liquid penetration length
decreases slightly in Spray A at increasing nozzle turbu-
lence intensities. The vapor penetration length in Spray
A remains unaffected by nozzle turbulence for two rea-
sons: (a) vapor regions of the injected fluid, marked
within the red line in Figure 6, appear to have similar
densities with the ambient nitrogen in both 0% and 5%
nozzle turbulence intensities, hence effects of ambient
flow on both cases remain similarly dominant and (b)
the effects of nozzle turbulence on the liquid region are
not significant enough to affect the evolution of the
vapor region in Spray A. This is contrary to the simula-
tion results for Spray D, as discussed below.

Figure 5(b) demonstrates the effect of various nozzle
turbulence intensities on the Spray D vapor and liquid
penetration length. Both liquid and vapor penetration
lengths show appreciable sensitivity to inlet turbulence,
especially in comparison with Spray A results in
Figures 5(a), even at the same turbulence intensities. It
can be seen that u0=Uin =2% produces the best agree-
ment with experimental results for both liquid and
vapor penetration. The larger nozzle diameter in Spray

D increases the jet Reynolds number. This causes faster
turbulence breakup in Spray D than in Spray A.
Adding turbulent fluctuations at the nozzle results in
even faster breakup that is significant enough to affect
the development of the entire spray, resulting in a
reduction in vapor penetration lengths at greater nozzle
turbulence intensities.

Figure 7 compares center-plane mixture fraction
contours from Spray D where u0=Uin =0% and
u0=Uin =5% with diffuse-back illumination images
from experiments by Payri et al.11 At 0% inlet turbu-
lence, seen in Figure 7(b), the predicted liquid spray
matches in length with the experimental images, as
shown in Figure 7(a). Consideration of 5% inlet turbu-
lence, seen in Figure 7(c), reduces the liquid portion
nearly by a factor of 2; the liquid spray is also visibly
perturbed by turbulence. At 503ms, the vapor penetra-
tion length is about 10mm shorter than that for the
case with 0% turbulence. The spray angle widens with
the introduction of nozzle turbulence.

Reacting condition

Table 2 compares ignition delay predictions for Spray
A and Spray D with experimental results by Lillo
et al.,2 for Spray A, and Westlye et al.9 and Payri
et al.,11 for Spray D. Ignition delay data by Lillo et al.
and Westlye et al. were determined through OH* che-
miluminescence imaging with a 50% threshold, while
Payri et al. evaluated ignition delay with the rate of
change of density gradients using Schlieren imaging; a

Figure 7. Time evolution of Spray D (inert, p‘ = 6:00 MPa, T‘ = 900 K). (a) Diffuse-back illumination images from an experiment.11

(b) Mixture fraction contours from LES, u0=Uin = 0%. (c) Mixture fraction contours from LES, u0=Uin = 5%. Black lines are used to
indicate spray penetration length.
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good agreement between both experimental methods
was reported.11 LES ignition delay is determined by
observing the time taken to reach 14% of the maxi-
mum OH mass fraction; this value was found to be in
good agreement with the 50% OH* chemiluminescence
threshold for experimental measurements.26

In comparison with experimental data, the LES
under-predicts Spray A ignition delay by approximately
10%. A similar deviation was also reported by Yao
et al.40—from whom the present chemical mechanism is
adapted—with the discrepancy credited to a simplified
low-temperature oxidation sub-mechanism. This under-
prediction is also seen in simulations of Spray D at
900K ambient temperature, under-predicting auto-igni-
tion by approximately 35%. In addition to the devia-
tion caused by low-temperature oxidation, the ambient
pressure of 9.34MPa, which is a parametric variation
of the recommended 6MPa, may introduce variations
to Spray D ignition behavior. Yao et al.40 showed that
Spray A simulation conducted at 4MPa and 900K
ambient pressure and temperature can result in approx-
imately 40% error in ignition delay prediction. To
examine the impact of different ambient pressure and
temperature, we conducted LES calculations for Spray
D at 6MPa and 1200K. These results showed

significant improvements in ignition delay prediction,
with 2% error, due to the dominance of high-
temperature oxidation in characterizing ignition
behavior.

An additional source of uncertainty in ignition beha-
vior of the Spray D simulations is the sensitivity of the
spray to in-nozzle conditions: u0=Uin =2% results in
approximately 10% greater ignition delay than the case
where u0=Uin =0%. This effect of in-nozzle turbulence
intensity on Spray D ignition delay is to be expected,
given its effects on the physical spray characteristics in
the inert cases and the dependence of ignition delay on
mixing behavior.

Figure 8 compares the transient ignition process of
Spray A (15.0% O2, p‘ =6:00 MPa, T‘ =900 K,
u0=Uin =0%) and Spray D (20.9% O2, p‘ =9:34 MPa,
T‘ =900 K, u0=Uin =2%) at various times normalized
by LES ignition delay time t�= t=tLES

ig . At t�=0:85,
formation of CH2O can be seen at the core of both
Spray A and Spray D, indicating the importance of
low-temperature chemistry in the formation of CH2O.
Peaks of CH2O are observed at the centers of both
sprays, with concentration decreasing further down-
stream due to mixing with the ambient air. Subsequent
formation of OH in both Spray A and Spray D can be

Figure 8. Comparison of transient temperature and intermediate species contours between (a) Spray A (15.0% O2, p‘ = 6:00 MPa,
T‘ = 900 K, u0=Uin = 0%) and (b) Spray D (20.9% O2, p‘ = 9:34 MPa, T‘ = 900 K, u0=Uin = 2%) at various times normalized by LES
ignition delay time, t� = t=tLES

ig .

Table 2. Comparison of ignition delay tig predictions for Spray A and Spray D with experimental data.1,9,11

Case T‘ (K) p‘ (MPa) %O2 u0=Uin (%) t
exp
ig (ms) tLES

ig (ms)

Spray A 900 6.00 15.0 0 409 6 10 352
Spray D 1200 6.00 15.0 0 147 149
Spray D 900 9.34 20.9 0 238 146
Spray D 900 9.34 20.9 2 238 167
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seen to occur with the consumption of CH2O near the
edges of the spray. Values of OH and CH2O in the
Spray D case are visibly higher, as caused by the higher
ambient O2 concentration.

The transient ignition behavior of Spray A and
Spray D is further examined using the radially inte-
grated intensity Ixt plots of OH and CH2O—as
employed by Maes et al.18 Ixt for species i is defined by

Ixt, i x, tð Þ=
ð eYi x, y, tð Þ dy with i= OH,CH2Of g

ð7Þ

In these plots, red denotes maximum intensity, while
blue marks minimum intensity. In all cases presented,

CH2O can be seen forming shortly before ignition.
Ixt, CH2O peaks before being consumed during OH pro-
duction. Peaks of OH and CH2O rarely coincide, with
peak contours of OH present in the upper-right corners
of the luminous region in all three plots, indicating that
OH production occurs mostly far downstream from the
nozzle. This is explained by the importance of low-
temperature chemistry in the formation of CH2O
and high-temperature chemistry in the formation of
OH.

The Ixt, OH plot for Spray A presented in Figure 9(a)
shows that the flame-lift off length, indicated by the
slope on the bottom of the luminous region, stabilizes
after t=1000 ms. In Figure 9(b), note that the slope of
the bottom border of the luminous region in the Spray
D Ixt, OH plots is still increasing. This indicates that the
flame lift-off length has not stabilized for the simula-
tion time presented. In Spray D, transient axial loca-
tions of both OH and CH2O where u0=Uin =2% are
visibly shorter than the case where u0=Uin =0%. Flame
penetration, as indicated by the top border of the lumi-
nous region in the Ixt, OH plot, is visibly 5mm shorter in
the case where u0=Uin =2%. The sensitivity of Spray D
to nozzle exit conditions is also seen to affect the react-
ing spray characteristics.

Conclusion

Large-eddy simulations of Spray A and Spray D have
been performed using the diffuse-interface method and
finite-rate chemistry, under inert and reacting condi-
tions. Through parametric analysis, the sensitivity of
spray breakup and ignition to in-nozzle turbulence is
assessed.

With 0% turbulence intensity and a plug flow velo-
city profile at the inlet, inert Spray A vapor and liquid
penetration predictions are found to be in good agree-
ment with experimental data. At the same inlet condi-
tions, Spray D liquid penetration predictions are in
good agreement with experimental data, with a slight
over-prediction seen for the vapor penetration length.
Two parametric studies investigating the sensitivity of
Spray D behavior to in-nozzle conditions have been
performed—focusing on the effects of inlet velocity and
on in-nozzle turbulence. Under identical mass-flow
rates, the liquid and vapor penetration length of Spray
D is found to be sensitive to the prescribed inlet velo-
city profile.

Increasing inlet turbulence intensity in Spray D is
found to have a significant effect on the liquid and
vapor penetration lengths. This is in contrast to Spray
A where the vapor penetration length is found to be
insensitive to turbulence at the inlet, whereas the liquid
penetration length for Spray A decreases slightly under
increasing turbulence intensity. A turbulence intensity
of 2%, in conjunction with a plug flow inlet velocity
profile, is found to provide the best agreement with
Spray D experimental data.

Figure 9. Comparison of Ixt plots for Spray A and Spray D; red
denotes maximum intensity, while blue marks minimum
intensity. (a) Spray A Ixt plots (15.0% O2, pN = 6.00 MPa,
TN = 900 K) with uõ/Uin = 0%. (b) Spray D Ixt plots (20.9% O2,
pN = 9.34 MPa, TN = 900 K) with u#/Uin = 0% and u#/Uin = 2%.
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In addition, simulations of Spray D reacting cases,
at 0% and 2% inlet turbulence intensity, have been per-
formed to investigate the effects of inlet turbulence on
spray combustion behavior. Longer ignition delay is
seen in the 2% case. Analysis of transient combustion
behavior demonstrates decreased flame penetration
and decreased lift-off length in the 2% case. A suitable
treatment of Spray D in-nozzle phenomena is required
for the accurate simulation of Spray D behavior under
both inert and reacting conditions, the progress of
which can be benefited by more experimental data.

Ignition delay in Spray A at 900K ambient tempera-
ture and 6MPa is under-predicted by a reasonable
margin in comparison with experimental data. This dis-
crepancy may be attributed to the simplified low-
temperature oxidation sub-mechanism used in the
finite-rate chemistry model. Ignition delay in Spray D
at 900K ambient temperature and 9.34MPa is also
under-predicted, but with a more significant error, with
the additional error attributed to the higher ambient pres-
sure. Spray D LES shows accurate ignition delay prediction
at 6MPa and 1200K ambient pressure and temperature,
where the low-temperature oxidation is less important.

Analysis of transient ignition behavior through
radially integrated OH and CH2O intensity plots of
intermediate species shows qualitative matching beha-
vior of intermediate species between Spray A and Spray
D: the formation of intermediate species present during
low- and high-temperature oxidation is captured.

These results and the analysis performed demon-
strate that the LES method, employing finite-rate chem-
istry and a diffuse-interface formulation, is capable of
capturing the complex behavior in transcritical diesel
injection under different configurations, with especially
accurate results at higher ambient temperature. The
simulation results identify increasing sensitivity of
upstream flow conditions with increasing nozzle turbu-
lence, along with sensitivity to the inlet velocity profile.
This indicates the need for quantitative velocity mea-
surements to assess model accuracy.
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