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Abstract

Imaging has long shown that under some high-pressure ¢onslithe presence of discrete two-phase flow processes
becomes diminished. Instead, liquid injection process@ssition from classical sprays to dense-fluid jets with no
drops present. When and how this transition occurs, howewernot well understood until recently. In this paper, we
summarized a new theoretical description that quantifiegffects of real fluid thermodynamics on liquid fuel injec-
tion processes as a function of pressure at typical Dieggheroperating conditions. We then apply the Large Eddy
Simulation (LES) technique coupled with real-fluid thermpdmics and transport to analyze the flow at conditions
when cylinder pressures exceed the thermodynamic cripicgdsure of the injected fuel. To facilitate the analysis,
we use the experimental data posted as part of the Engine @tiod Network (see www.sandia.gov/ECN); namely
the “Spray-A (n-dodecane)” case. Calculations are peréarby rigorously treating the experimental operating con-
ditions and relevant thermo-physical gas-liquid mixturegerties. Details related to the transient mixing field are
presented with emphasis on the state of the mixing field poiauto-ignition. The analysis reveals the profound effect
of supercritical fluid phenomena on the instantaneous ttieensional structure of the compressed liquid core and
related multicomponent mixing layer dynamics.
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1. Introduction

Future Diesel engines will operate in high pressure, lowpemature regimes with significantly opti-
mized fuel injection systems. As such, the current reseiarfdtused on developing a better understanding
of fuel mixing at elevated pressures and the related trahsiixing mechanisms. Research over the past
decade has provided significant insights into the strucimee dynamics of multiphase flows at high pres-
sures (see for example [1-5]). Most of this research hasd@sain the context of liquid-rocket propulsion,
which involves direct injection of both liquid fuel and oizér into the combustion chamber. However, the
observed trends are equally valid for other liquid fueledickes. Here we focus on Diesel engines at condi-
tions where the fuel is injected at conditions that excegthitrmodynamic critical pressure. In particular,
recent research by Dahms and Oefelein [6, 7] has providedcoeeeptual insights into Diesel injection
processes at high-pressures.

Imaging has long shown that under some high-pressure tomglithe presence of discrete two-phase
flow processes becomes diminished. Under such conditiiojusd linjection processes transition from clas-
sical sprays to dense-fluid jets with no drops present. Whisntiansition occurs, however, was not well
understood until recently. To the Author’s knowledge, theadry presented in References [6, 7] is the first
to quantify this transition. A key output are regime diagsasuch as the example shown in Fig. 1. Detailed
analysis of the gas-liquid interfacial structure quardifimder what conditions “classical” spray dynamics
transition to diffusion dominated mixing. Predictions bBaween corroborated using microscopic imaging
to visualize the features of dense-fluid jets (top right imagFig. 1) and classical spray atomization (bot-
tom right image). Analysis of the trends suggests that migsi-performance combustion devices currently
operate over ranges of pressures and temperatures in thigywid this transitional regime.

The regime diagram in Fig. 1 shows results for n-dodecarextiefl at a temperature 863 K into
gaseous nitrogen at varying ambient pressures and terapsatThe classical spray regime (highlighted
in white) and diffusion-dominated mixing regime (gray) &and using the Knudsen-number criterion ex-
plained in Reference [7]. To illustrate the relevance of tiagram, ambient gas pressure-temperature lines,
which span a range of conditions during different Dieselimmgompression cycles, are shown for three
representative conditions; a) turbo-charged, b) medingadsl and c) light-load operation. The correspond-
ing initial pressures and temperatures ar@.8)bar, 363 K, b) 1.6 bar, 343 K, and c¢)1 bar, 335 K,
respectively. Fuel injection then occurs at full compressionditions, as indicated by the three respec-
tive points in the diagram. Interestingly, the cylindergmares at full compression exceed the supercritical
mixture pressure for all of the cases considered. Only urefmesentative light-load operation does there
appear to be a chance that classical fuel spray atomizati@s place. Thus, contrary to conventional wis-
dom, the regime diagram suggests that classical spray pf@redoes not occur at typical Diesel injection
conditions. Instead, the fuel jet exhibits diminished iifgeial structure and surface tension, which leads to

diffusion-dominated mixing.



To enhance our understanding of the processes described, al® have combined the new theoretical
findings and the Large Eddy Simulation (LES) technique tm gainore detailed view into direct injection
processes in Diesel engines. At the conditions of interagting layer dynamics are dominated by non-
ideal thermodynamics and transport processes. We use pleeimental data provided by Pickett al. as
part of the Engine Combustion Network cases (see www.adiagov/ECN [8]); namely, the “Spray-A (n-
dodecane)” case. This case corresponds identically toathditions depicted by the dense-fluid jet image
shown at the top right in Fig. 1. LES is performed using the-fleed model describe below. Results are
then analyzed from the perspective of real-fluid thermodyina with emphasis on the state of the transient

mixing field prior to auto-ignition.
2. Approach

LES is performed using a single unified code framework caR@dPTOR, which is a fully compress-
ible solver that has been optimized to meet the strict algmic requirements imposed by the LES for-
malism. The theoretical framework solves the fully couptetiservation equations of mass, momentum,
total-energy, and species for a chemically reacting flowis Hesigned to handle high Reynolds number,
high-pressure, real-gas and/or liquid conditions over dewwach operating range. It also accounts for
detailed thermodynamics and transport processes at theculat level, and is sophisticated in its ability
to handle a generalized model framework. A noteworthy aspe®APTOR is it was designed specif-
ically for LES using non-dissipative, discretely conséimeg staggered, finite-volume differencing. This
eliminates numerical contamination of the subgrid-scatel@s due to artificial dissipation and provides
discrete conservation of mass, momentum, energy, andesp&dnich is an imperative requirement for high
quality LES. Details related to the baseline formulatiod anbgrid-scale models are given by Oefelein [9].
Representative case studies are given by Oefelsih [10-13, 15-18].

The baseline system of equations are cast in dimensiordesausing a reference length-scélg, flow
speed/,.f, and fluid state characterized by a reference depsitysound speed..¢, constant pressure spe-
cific heatC), ¢, and dynamic viscosity,.;. Using these quantities, reference Mach and Reynolds nismbe
are defined a8/ = Uyer/cret aNd Re = protUserOret / iret- With these definitions, the filtered conservation
equations of mass, momentum, total-energy and chemicalespean be written in conservative form as

follows: o
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The termspP, 73' , O, andS; represent respective composite (i.e., molecular plusrgifisgale) stresses and
fluxes. The term!?}6 andw; represent the filtered energy and species source terms.

The subgrid-scale closure is obtained using the “mixed’atiyic Smagorinsky model by combining the
models proposed by Erlebachadral. [19] and Speziale [20] with the dynamic modeling proced@fe-25].
The composite stresses and fluxes in Egs. (1)—(4) are then g

7 = (ut+u)é [—;(V'ﬁ)IﬂL(VﬁﬂLVﬁT)}
—ﬁ(ﬁé/ﬁ—ﬁ@ﬁ), (5)
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The termu; represents the subgrid-scale eddy viscosity given by
1
= pCRNHg, (8)

where
- - 1
Hg:S:S,andS:E(VfH-VﬁT). 9)

The termsCg, Pr, andSc,, represent the modified Smagorinsky, subgrid-scale Preanttil subgrid-scale
Schmidt numbers, respectively, and are evaluated dyn#ynasafunctions of space and time. The overall
model includes the Leonard and cross-term stresses andigsoa Favre averaged generalization of the
Smagorinsky eddy viscosity model [26] coupled with grataifiusion models to account for subgrid-scale
mass and energy transport processes.

Equations (1)—(4) coupled with an appropriate equationtaties appropriate treatments of thermody-
namic and transport properties, and validated mixing amdbdéoing rules accommodate the most general
system of interest including cases when multicomponentoamuleferential diffusion processes are present.
The property evaluation scheme used for the current studgsigned to account for thermodynamic non-
idealities and transport anomalies over a wide range ofspres and temperatures. The scheme is com-
prehensive and intricate, thus only a skeletal descriptenm be given here. The extended corresponding
states model [27, 28] is employed with a cubic equation diest@&Experience has shown that both the
Soave-Redlich-Kwong (SRK) and Peng-Robinson (PR) egustiwhen used in conjunction with the cor-

responding states principle, can give accurate resultstbgaange of pressures, temperatures, and mixture



states of interest here. The SRK coefficients are adjustid/apor pressure data and are thus more suitable
for conditions when the reduced temperature is less than Bhe PR coefficients, on the other hand, are
more suitable for conditions when the reduced temperatugegater than one. Here the PR equation of
state was used exclusively.

A summary of the cubic equations of state and recommendextarus is given by Reiet al. [29, Chap-
ter 3]. Having established an analytical representatiomefal mixture pressure-volume-temperature (PVT)
behavior, the thermodynamic properties are obtained irstes. First, respective component properties are
combined at a fixed temperature using the extended corrdsgpstates methodology to obtain the mixture
state at a given reference pressure. A pressure correstitnem applied using departure functions of the
form given by Reidet al. [29, Chapter 5]. These functions are exact relations ddrivsing the Maxwell
relations (e.g., see VanWylen and Sonntag [31, Chapterat@]make full use of the real mixture PVT path
dependencies dictated by the equation of state. Stand#ted@bperties are obtained using the databases
developed by Gordon and McBride [32] and Keteal. [33]. Molecular transport properties are evaluated
in a manner analogous to the thermodynamic properties.o%fiscand thermal conductivity are obtained
using the extended corresponding states methodologiedoged by Ely and Hanley [34]. Mass and ther-
mal diffusion coefficients are obtained using the methogiel® outlined by Bircet al. [35] and Hirschfelder
et al. [36] in conjunction with the corresponding states methaghp proposed by Takahashi [37].

3. Results and Discussion

Using LES with the real-fluid model framework described ahave have performed a series of studies
aimed at understanding the diffusion dominated mixing phegna illustrated in Fig. 1. We focus on the
Spray-A experiment described by Pickettal. [8]. Liquid n-dodecane a363 K is injected through a
0.09 mm diameter injector nozzle into a gaseous mixtur®@@t K and60 bar. These are precisely the
same conditions represented by the dense-fluid jet imagenshiothe top right in Fig. 1. The peak injection
velocity is 620 m/s, which was selected to provide the same injected mass flevasthe experiment.
A synthetic turbulent signal with a turbulent intensity op&rcent is superimposed on the bulk profile.
Measurements have shown that the vessel temperature istalimiéorm in space, which justifies the use
of adiabatic walls in the simulation. The grid spacing in W#nity of the injector exit is approximately
4 um, with the grid stretched optimally in the downstream andaladirections. The integration time step
is 2.3 ns.

Figure 2 shows a qualitative comparison of the injectiorusege. Results from the LES are compared
to the shadowgraphs from Pickettal. [38]. The experimental images were obtained using a aiffback
illumination method, with the dense region highlightedngsan arbitrary cut-off value in the gray scale.
Based on recommendations from Pic&eal., instantaneous shots of the LES temperature field wereeohos
for comparisons. Comparisons between respective imagmssshualitatively good agreement between
the experiment and LES. Large structures present in the-ilaokination images are also observed in the



numerical results. The density of the n-dodecane jet ibijigibove700 kg/m? at the injector nozzle exit
whereas the density of the ambient gag3skg/m3. The presence of strong density gradients is known
to have a stabilization effect on hydrodynamic instalgiiti30], which delays the destabilization of the
jet. Once destabilization occurs, parcels of dense fluidathefrom the compressed liquid jet. The dense
fragments can still be observg® diameters §.3 mm) downstream of the injector exit. The presence of
these fast-moving structures enhances local turbulerteeeddies generated in the shear layers significantly
affects mixing.

The vapor and “liquid” penetration trajectories are showrkig. 3. In the LES, vapor penetration is
detected by the most upstream point of the iso-surface ctesiized by a mixture fraction of = 0.01. The
sensitivity of this value has been tested and penetratiovesthave less than 2-percent variation between
Z = 0.01 andZ = 0.1. LES results are in good agreement with experimental measnts, except at
the initial phase of injectiont(< 50 ps). During the initial startup, the simulated vapor penébratis
slightly over-predicted. This is possibly an artifact ofundary anomalies associated with the interior sac
and nozzle regions of the injector. The time-resolved tiqeire length was determined from high-speed
Mie-scatter imaging using a 3-percent threshold of maxinmtensity, which to some degree is an arbitrary
value. Given the current premise that a distinct gas-liguoierface does not exist in this flow, defining the
threshold associated with the compressed-liquid coreiregjadditional analysis. Two liquid penetration
curves are extracted from the LES to investigate. The firbased on a threshold &f = 0.79, which is
the value where the density changes the most with respett(see Fig. 4 b). The second was based on a
threshold ofZ = 0.6, which is simply the value that provides the best match withdxperimental data.
Both thresholds lead to the same trend as in the experimepiatéau is observed in the temporal evolution
with differing constant values of penetration dependingt@mixture fraction value chosen.

A key focal point of this study is to better understand thealdnstantaneous mixture state of the jet
immediately prior to auto-ignition, which occurs at approately t = 260 us after the start of injection.
Figure 4 provides a global representation of the mixtureesttithis point in time. Scatter plots of (a) tem-
perature, (b) density, (c) compressibility factor, (d) Mawmber, and (e) speed of sound are shown as a
function of mixture fraction. The adiabatic mixing tempera is also plotted in Fig. 4(a), as shown by the
blue solid line. The red line represents the average. Thdinear relation between these quantities and
mixture fraction can be largely attributed to real-gas i@lynamics, where large changes in temperature
and density occur as a function of relatively small variagian composition. Scatter away from near adia-
batic mixing can be attributed to multidimensional trarspmomalies. Turbulent stretching and curvature
induced by the evolving coherent structures amplifies peeteal diffusion effects at both resolved- and
subgrid-scales.

Figure 4(d) and (e) reveal new and interesting conditioes@ated with real-fluid thermodynamics cou-
pled with turbulent mixing: the Mach number in the flow varfesm low-subsonic levels to approximately
Mach 2.5. The speed of sound£ /7(9P/3p)r.y,) is seen to vary from approximate#0 m /s in the



ambient gas, t@00 m /s at a mixture fractions of approximately = 0.79, to 1000 m /s in the pure fuel. In
the mixing layer of the jet, non-linear thermodynamic effdead to an increase in the ratio of specific heats
and a significant decrease of the partial derivatty€/0p) 7y, which globally results in strong decrease of
the sound speed. In the same region, the entrainment caygsbd high-speed jet induces flow velocities
of approximatelyd00 m /s, which is more than two times the local sound speed. Thesdized regions of
supersonic flow have a significant influence on the local presgeld and resultant scalar mixing processes.

To better understand the state of the transient mixing fiedt prior to auto-ignition, one can use the
parametrization shown in Fig. 4 to approximate local igmtdelay times in the mixture. The adiabatic
mixing temperature is discretized in mixture fraction smaas shown with the red line in Fig. 4(a). A
Perfectly Stirred Reactor (PSR) simulation is performedaath of these points using CANTERA [39] and
the detailed scheme developed by Westbreblal. [40]. The chemical kinetics scheme is composed of
15787 reactions and 2115 species. Figure 5 shows the typstabdtained. Temperature as a function of
time for mixture fractions close to the stoichiometric v&abf Zgt = 0.045 are shown. As is consistent with
experimental studies [14], a two-stage ignition procesbserved. The auto-ignition time is defined as that
needed for the PSR to reach 90-percent of its equilibriunpegature. Figure 6 shows the resulting auto-
ignition time as a function mixture fraction. A fourth ordeslynomial is used to fit the data points located
near the stoichiometric point where the auto-ignition timkess thar2.5 ms. This allows the auto-ignition
field to be mapped over the mixture fraction field.

Using the results obtained above, we now show regions wheoeignition is most likely to occur. Fig-
ure 7(a) shows the ignition delay time, (b) the magnituddnefrhixture fraction gradient, (c) the magnitude
of the axial-component of velocity, and (d) the typical ltbiea where the first ignition kernels are observed
in the experiment. Analysis of the temporal evolution of tihese fields reveals that regions of the flow that
are both flammable and have low values of scalar dissipatittnanly appear after approximatedg0 s
after the start of injection. Thus, the instantaneous floucttire at260 ©.s was selected to highlight where
the ignition delay time is less thah5 ms. This allows us to focus on the structure of the chemically ac
tive regions. These data show that there are many favoratégions that trigger chemical reactions within
the mixing layer of the jet. Upstream locations befat® diameters 18 mm) is where small pockets of
flammable mixture appear first. However, Figs. 7(b) and (ojsthat strong velocity and mixture fraction
gradients in these regions will prohibit the formation of first flame kernels due to high stretch and scalar
dissipation rate. Low gradients and larger flammable pachet present betwe@00 and 250 diameters
(18 — 22.5 mm) downstream of the injector, which is in qualitative agreatrwith the location of the initial
kernels observed in the experiment. These findings repradest step toward the development of a robust
ignition model based on an appropriately reduced versighefVestbroolet al. [40] mechanism.



4., Conclusions

Imaging has long shown that under some high-pressure @omslithe presence of discrete two-phase
flow processes becomes diminished. Under such conditiigjusd linjection processes transition from clas-
sical sprays to dense-fluid jets, with no drops present. Veherhow this transition occurs, however, was not
well understood until recently. In this paper, we have sunized a new theoretical description that quan-
tifies the effects of real fluid thermodynamics on liquid fugkection processes as a function of pressure
at typical Diesel engine operating conditions. We then $eclion the effects of real-fluid thermodynamics
and transport using the Large Eddy Simulation (LES) teamicfinalysis was performed using the Engine
Combustion Network (www.sandia.gov/ECN) Spray-A caseSlvias performed by identically matching
the operating conditions used in the experiments. Resudis analyzed with emphasis placed on the state
of the transient mixing field prior to auto-ignition.

The LES results revealed the instantaneous three-dinraisstructure of the injected fuel jet with a
degree of resolution that is not accessible by current éxjgertal diagnostics. Using the detailed infor-
mation available in the LES, results complementing expenital data are shown. Corresponding mixture
fraction, temperature, density, Mach number, and speedwfdsdistributions were analyzed. Large den-
sity gradients associated with the compressed liquid caggdrs a cascade of processes characteristic of
supercritical flows, where turbulent mixing is profoundlydified by high-pressure non-linear mixing and
diffusion. Once the destabilization of the dense core aqoarcels of dense fluid detach. The presence
of these fast-moving dense structures enhances locallémd® An unexpected feature of the present case
was how the instantaneous Mach number field varied withinghenixing layers. Results demonstrated
that the flow is supersonic at various locations within the&ing layers due to variations associated with
the speed of sound. This remarkable behavior is the resultaf supersonic injection of a compressed
liquid at supercritical conditions. The subsequent comsglglity effects lead to pressure waves that affect
the destabilization and transient mixing of the injecteel fu

The present work also focused on the identification of therfiafile regions resulting from the present
non-ideal mixing. Using the observation that the scatteewfperature in mixture fraction space is small, a
series of perfectly-stirred-reactors were computed teger a mapping of ignition delay time as a function
of mixture fraction. This provided an accurate way to laoalpotentially reactive mixtures. Analysis of
the gradients of mixture fraction and velocity showed thédrge region of flammable mixture with low
gradients forms between 200 and 250 diamete#s{22.5 mm) downstream of the injector. In this region,
any initial kernel would experience minimum heat losses stnektching. It is in this zone that ignition is
observed experimentally. These findings represent a fepttstvard the development of a robust ignition

model based on an appropriately reduced chemical mechamdmelated combustion closure.
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Fig. 1: Regime diagram for n-dodecane injected at a temyreraf363 K into nitrogen suggests the presence of dense supercritical
jets under diesel engine conditions without drop formatidtigh-speed imaging of both a dense jet and spray illustrtte
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Fig. 2: Injection sequence showing (a) shadowgraphs frakeftiet al. [38] and (b) corresponding LES fields. Images are obtained
using diffused back illumination with a grayscale intepsftreshold set to qualitatively indicate the dense ligeigion. Based on
recommendations from Picket al., instantaneous shots of the LES temperature field wereeohfis comparisons. Spacial
graduations are imm and time is inus, as indicated in the respective images.
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Mie-scatter imaging using a 3-percent threshold of maxinmtensity.
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