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ABSTRACT

Direct injection (DI) has proven to be a promising option in
Diesel and low temperature combustion engines. In con-
ventional Diesel and homogeneous charge compression
ignition (HCCI) applications, DI lowers soot and NO,, pro-
duction and improves fuel economy. In hydrogen fueled
engines, DI provides the appropriate energy density re-
quired for high efficiency and low NO, emissions. To re-
alize the full benefit of DI, however, the effect of various
injection parameters, such as injection timing, duration,
pressure, and dilution, must be investigated and optimized
under a range of engine operating conditions. In this work,
we have developed a model for high-fidelity calculations
of DI processes using the Large Eddy Simulation (LES)
technique and an advanced property evaluation scheme.
Calculations were performed using an idealized domain
to establish a baseline level of validation. The theoretical-
numerical framework combines a general treatment of the
governing conservation and state equations with state-of-
the-art numerical algorithms and massively-parallel pro-
gramming paradigms. This software enables both the
canonical cases described here and in-cylinder calcula-
tions. Here we focus on high-pressure multi-port gas
injectors designed for application in hydrogen-fueled IC-
engines. This study was conducted in support of a larger
effort to perform detailed in-cylinder LES calculations of
companion optical engine experiments.

INTRODUCTION

Direct injection (DI) has proven to be of great importance
for controlling combustion processes in internal combus-
tion engines (ICE’s). In Diesel engines, injected liquid fuel
atomizes and evaporates while undergoing turbulent mix-
ing with the oxidizer. These physical interactions, and
in particular the level of mixing, affects the formation of
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soot and nitrogen oxides (NO,). Similarly, homogeneous
charge compression ignition (HCCI) technology has re-
ceived much attention due to its high efficiency, low emis-
sions combustion mechanism [1]. HCCI relies on au-
toignition of lean, or dilute, fuel-oxidizer mixtures at low
flame temperatures [2] rather than on the propagation of
high temperature flames. The former mode of combustion
significantly reduces soot and NO,, production. But, when
the equivalence ratio and temperature of the mixture de-
crease to below 0.15 and 1500K, respectively, combustion
efficiency decreases [3]. Direct injection during the intake
stroke or early compression stroke has been used as an
effective way to control the mixture in a way that provides
high efficiency and minimum emissions.

Recent research on hydrogen-fueled ICE's (H»-ICE’s)
has demonstrated a potential to operate a transportation
power plant with near-zero engine-out emissions [4, 5].
Unlike Diesel engines, Hs-ICE's are spark ignited (SI).
The clean operation of the H,-ICE’s is largely due to the
low flammability limit of hydrogen. This allows for stable
engine operation at highly dilute low temperature condi-
tions, which greatly reduces NO, emissions. However,
other properties of hydrogen make its combustion prone
to knock, pre-ignition, and high levels of NO, produc-
tion. The later difficulty is mediated by diluting the fuel
with EGR and using a three-way catalyst [6]. While spark
knock is a property of the fuel, pre-ignition properties de-
pend on the engine design and the control strategy. In
early research, the pre-ignition requirements of hydrogen
cast doubt on its viability as a fuel. The most promising
technique to control pre-ignition and boost power output
is DI.

The primary challenge with DI H,-ICE’s is injection timing
and enhancement of mixing. Typically, gaseous hydrogen
(although cryogenic hydrogen can also be used [6]) is in-
jected at intake valve closure (IVC). While this eliminates



the possibility of backfire, it also sets an upper limit on the
mixing time between fuel and oxidizer before the mixture
is ignited by the spark. In practice, the mixing time is low-
ered further by delaying the injection time with respect to
IVC to avoid a partially premixed fuel-oxidizer mixture from
contacting in-cylinder hot spots and pre-igniting. The start
of injection (SOI), therefore, affects the level of unmixed-
ness of the mixture at the time of spark ignition and has
a direct impact on pollutant formation [7]. Delaying SOI
decreases not only the mixing time, but also the injection
duration. Therefore, to realize the full benefit of DI while
delivering a sufficient load, a large burden is placed on the
injector to supply the fuel at increasingly high pressures
and flow rates. Current injector technology limits engine
operation from low to medium speeds [8].

To investigate issues related to high-pressure gas in-
jection processes, we have developed a general model
framework that combines a detailed property evaluation
scheme for arbitrary gas-liquid hydrocarbon mixtures (in-
cluding hydrogen, oxygen and nitrogen) with the Large
Eddy Simulation (LES) technique. In LES, the large en-
ergy containing scales of fluid motion are solved on a
computational grid. The small (more universal) subgrid-
scale (SGS) interactions are modeled. This allows time-
accurate predictions of unsteady turbulent flow fields. In
contrast, the Reynolds-Averaged Navier-Stokes (RANS)
approximation, where both large and small scales of fluid
motion are ensemble averaged, only provides a bulk rep-
resentation of these unsteady dynamics.

LES can be inherently more accurate, albeit more com-
putationally expensive. The mathematical foundations of
LES and its applicability in single and multiphase combus-
tion are well established [9—13]. Several researchers have
used, both, RANS and LES to perform DI studies [14—
17]. As a step toward the systematic validation of our
theoretical-numerical framework, we have considered a
series of canonical cases with current emphasis placed
on high-pressure injectors designed for application in Ha-
ICE’s. Results are compared to the experimental data ac-
quired by Petersen and Ghandhi [18, 19].

EXPERIMENTAL DATA

High-pressure multi-port hydrogen injector studies were
conducted in an optically accessible chamber by Petersen
and Ghandhi [18, 19]. Single, three, seven, nine, and
thirteen port injectors were used. Single jet injection was
achieved by blocking all but the central port of the seven
port injector, or realigning one port of the three port in-
jector with the chamber axis. Jet flow patterns were vi-
sualized using a Schlieren technique. The images were
processed to determine the penetration length and an-
gle. The pressure history during injection was also mea-
sured to determine the mass flow rate of the injected
gas. Injection pressure, injected gas, chamber density,
and chamber gas composition were varied to isolate the
effects of pressure, density, compressibility, and ratio of
specific heats. A summary of experimental conditions are

Table 1: Injection conditions considered in the experi-
ments of Petersen [19].

Case | p; (MPa) | p;i* (kg/m?) | Gas?
1 104 8.50 Ho
2 10.4 16.1 He
3 7.00 79.1 No
4 5.20 4.29 Ho
5 5.20 8.32 He
6 5.20 59.6 No
7 8.72 Ha, He
8 6.97 Ho, He
9 3.55 Hz, He
10 1.82 H,, He
11 0.13-0.387 Hz, He

TInjection pressure

fInjection gas density

§Injection gas composition

90.13, 0.15, 0.19, 0.21, 0.24, 0.27, 0.32, 0.35, 0.38

Table 2: Chamber conditions considered in the experi-
ments of Petersen [19].

Case | p,' (MPa) | pot (kg/m?) | Gas®
1 0.10 1.15 No
2 0.34 3.80 No
3 0.46 8.17 CO,
4 0.72 12.8 CO-
5 0.72 8.17 No

t Ambient chamber pressure
fAmbient chamber gas density
§Chamber gas composition

provided in Tables. 1-3.

Tables 1 and 2 show the range of conditions for the injec-
tion process and the chamber, respectively. Table 3 de-
scribes which multi-port hydrogen injectors were used in
different cases. The numbers in this table denote the num-
ber of ports in an injector considered with corresponding
injection and chamber conditions. The designations “all”
and “none” indicate that all, or none, of the injectors were
considered under corresponding injection and chamber
conditions. These data were used to establish baseline
validation of the model described below.

THEORETICAL-NUMERICAL FRAMEWORK

THEORETICAL FORMULATION. Results presented
here were obtained using the theoretical-numerical frame-
work developed by Oefelein [12, 13]. The numerical
framework solves the fully coupled conservation equa-
tions of mass, momentum, total-energy and species.
These equations can be expressed in conservative form
as follows:



Table 3: Injector types studied under different injection
and chamber conditions.

Table 2

Table 1 1 2 3 4 5
1 allt | all 3,7 all all
2 all all 7 all all
3 all all | none | none all
4 all all 3,7 all all
5 all all 7 all all
6 all all none | none all
7 3 3 none | none 3
8 3,7¢ | 3,7t | none | none | 3,7¢
9 3,74 | 3,7¢ | none | none | 3,7¢
10 3,74 | 3,7t | none | none | 3,7¢
11 18 1 | none | none | none

T All denotes the 3,7,9,and 13 port injectors

tHq only

§Single jet is achieved by blocking all but the central port of seven port
injector, or realigning one port of a three port injector with a chamber axis
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where q; and w; represent the mass diffusion fluxes

and the rate of production of the i*" species, respec-

tively.

The viscous stress tensor is assumed to follow Stokes’
hypothesis and the heat release due to chemical reaction
in Eqg. (3) is accounted for in the description of the specific
enthalpies, h;, as given by the enthalpy of formation, 17, .
The heat release rate can be represented equivalently, as
a source term on the right hand side of Eq. (3), as the
product of the enthalpy of formation and the local rate of
production of all the species considered in the system.
Using this representation, the source term and specific
enthalpies would be defined as

N
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Equations (1) through (4), coupled with 1) an appropriate
equation of state, 2) appropriate treatments of thermody-
namic and transport properties, and 3) validated mixing
and combining rules for the mixtures of interest accommo-
date the most general system of interest including cases
where multicomponent and/or preferential diffusion pro-
cesses are present.

FILTERED CONSERVATION EQUATIONS. Implemen-
tation of LES and the generalized SGS closure employed
are discussed in detail by Oefelein [12] and thus will be
omitted here. The discussion provided in [12] includes a
description of the baseline SGS model framework, imple-
mentation of the dynamic procedure, the filtering process,
and issues related to the treatment of sprays, liquids and
high-pressure “dense” gases. Various validation studies
are also discussed to highlight the maturity of the model.
Here we apply this framework to the specific case of high-
pressure gaseous injection processes.

For LES applications, the filtered version of Egs. (1)—(4)
are solved. These equations are given, respectively, as:

dp
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The terms P, 7, O, and S, represent respective compos-
ite (i.e., molecular plus SGS) stresses and fluxes. The
terms Qe and w; represent the filtered energy and species
source terms.
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Figure 1: Thermodynamic regimes of interest using oxy-
gen as an example.

The subgrid-scale closure is obtained using the “mixed”
dynamic Smagorinsky model by combining the mod-
els proposed by Erlebacher, Hussaini, Speziale and
Zang [20] and Speziale [21] with the dynamic modeling
procedure [22—-26]. The composite stresses and fluxes in
Egs. (7)—(10) are given as
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The term p, represents the SGS eddy viscosity, given by
ne = pORATIZ, (14)
where
IIg=S: S, and S:%(va+vaT). (15)

The terms Cg, Pr;, and Sc;, represent the Smagorin-
sky, SGS-Prandtl and SGS-Schmidt numbers and are
evaluated dynamically as functions of space and time.
The overall model includes the Leonard and cross-term
stresses and provides a Favre averaged generalization
of the Smagorinsky eddy viscosity model [27] coupled
with gradient diffusion models that simulate subgrid-scale
mass and energy transport processes.

THERMODYNAMIC AND TRANSPORT PROPERTIES.
Our model provides a generalized treatment of the equa-
tion of state, thermodynamics, transport processes, and

chemical kinetics for any arbitray hydrocarbon mixture,
including hydrogen, oxygen and nitrogen. The property
evaluation scheme is designed to account for thermody-
namic nonidealities and transport anomalies over a wide
range of pressures and temperatures. An example of typ-
ically encountered thermodynamic regimes is shown in
Fig. 1.

To account for thermodynamic non-idealities and trans-
port anomalies over a wide range of pressures and tem-
peratures, we apply an extended corresponding-states
principle similar to that developed by Rowlinson and Wat-
son [28] with two different equations of state. A 32-term
Benedict-Webb-Rubin (BWR) equation of state is used to
predict the pressure-volume-temperature (PVT) behavior
of the liquid-phase, saturated vapor mixtures, and gas
phase properties in the vicinity of the critical point. The
Soave-Redlich-Kwong (SRK) equation of state [29, Chap-
ter 3] is used elsewhere.

The law of corresponding-states expresses the general-
ization that equilibrium properties which depend on inter-
molecular forces are related to the critical properties in a
universal way. In 1873, van der Waals showed that this
law is theoretically valid for all pure substances whose
PVT properties can be expressed in terms of a two-
constant equation of state. In 1939, Pitzer showed that
this law is similarly valid for substances which can be de-
scribed by a two parameter intermolecular potential func-
tion. The corresponding-states principle holds well for flu-
ids containing simple molecules and, upon semi-empirical
extension, also holds for more complex mixtures.

The corresponding-states model used in this study is
based on three assumptions: 1) the configurational prop-
erties of a single phase mixture 7,, can be equated to
those of a hypothetical pure fluid; i.e.,

nm(p7T7Xla---aXN):’r]w(va) (16)

2) the properties of the hypothetical pure fluid obey clas-
sical two parameter corresponding-states formalism

Uz(P, T) = nan(Wsz,hmfz) (17)

where 7, corresponds to a reference fluid; and 3) the ref-
erence fluid density and temperature, p, and T,, obey an
extended equilibrium corresponding-states principle given
by

Po = phy To =T/ fs (18)

The terms &, f, and W, in Egs. (16)—(18) are, respec-
tively, the equivalent substance volume reducing ratio,
the equivalent substance temperature reducing ratio, and
molecular weight for the multicomponent mixture. The
equivalent substance volume reducing ratio accounts for
the distribution of energy with respect to the reference
fluid. The temperature reducing ratio accounts for molec-
ular size differences. F, in Eq. (17) is a dimensional scal-
ing factor. The functional forms of these parameters are
described below.



Implementation of the corresponding-states methodology
requires the selection of a reference fluid. In this study
methane is employed for two reasons. First, a reliable
database exists with sufficient data correlated for the
equation of state, relevant thermodynamic properties, and
transport properties. Second, it is similar in structure to
the chemical systems of interest.

To apply the model to mixtures, analytical expressions for
F,, must be specified along with a set of mixing and com-
bining rules for n,, f, and W,, a reference fluid equa-
tion of state, and relevant property data for the reference
fluid. Following Leland and Chappelear[30], the mixing
rules employed are as follows

N N
he =Y Y XiX;hi (19)
i=1 j=1
N N
fo=h" D0 XX fijhi (20)
i=1 j=1
N N
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i=1 j=1

where subscript 5 corresponds to binary pair parameters.
Combining rules for these terms are given by

hij = % (h}“’ + h}/B)S (1— ;) (22)
fij = (fifj)% (1 = kij) (23)
2W,W.;

In Egs. (22) and (23), the quantities /;; and k;; represent
binary interaction parameters which account for molecular
energy and volumetric effects in the binary system. The
guantities h; and f; are the equivalent substance reducing
ratios for compound i in the mixture. These quantities are
obtained by a two-parameter methodology as follows

B, — (Vc,i) &i (Vi Triywi) (25)
Veo '
T .
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Functions ¢; and 6, are shape factors [31, 32] which ac-
count for non-sphericity with respect to molecular struc-
ture. Subscript ¢ denotes a critical value, r a reduced
value.

The functional form of the BWR equation of state is
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n=1 n=10

where ~ is an empirically fitted parameter termed the
strain rate. Coefficients a,, are functions of temperature

and the universal gas constant R,,. These quantities are
given as

al(T) = RUT
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a14(T) = N28/T2 + NQQ/T3

a15(T) = Ngo/T2 + N31/T3 + Ngg/T4
The SRK equation is of the form
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Here, w represents the accentric factor and Q, and ,
are empirically derived constants. When evaluated with
respect to bar, mol/liter, and K, these constants take
on the values of 0.42748 and 0.086640, respectively.

Equation (18) coupled with Eqg. (27) in the vicinity of the
critical point, Eq. (28) elsewhere, and the mixing rules
given by Egs. (19)—(21) are used to obtain the PVT be-
havior for the multicomponent system considered in this
study. Explicit expressions for the enthalpy, Gibbs en-
ergy, and constant pressure specific heat are required as
a function of temperature and pressure. Having estab-
lished an analytical representation for real mixture PVT
behavior, these properties are obtained by means of a
two step process. First, respective reference properties
are transformed to those for the mixture at a given pres-
sure using the corresponding-states methodology out-
lined above. The equation of state is then employed to
obtain a pressure correction using departure functions of
the form given by Egs. (30)—(31) [29]. These functions
describe the deviation of known reference values with re-
spect to pressure at a given temperature and composition.
They are derived by means of the Maxwell relations [33,
Chapter 10].

The viscosity 1 and thermal conductivity A are obtained
using the methodologies developed by Ely and Hanley
[34, 35]. Equations (16)—(24) are employed with scaling
factors of the form
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using values of n = 1 and n = —1, respectively, in Eq.

(21).

For mixtures of molecules of substantially different size;
i.e., when the difference between two binary species ap-
proaches volumetric ratios on the order V.1 /V. 2 ~ 6, the
mean density approximation given by Eq. (16) fails. Since
most thermophysical properties are determined from rela-
tively short range forces, the properties of the larger com-
ponent dominate. To correct for this effect in the prediction
of mixture viscosity, Eq. (32) is used together with an En-
skog correction of the form given by Ely and Hanley [34]

1= to(po, Tp) Fy, + ApENSKOG (34)

This correction has been shown to improve predictions for
mixtures which exhibit large size and mass differences for
both dense and dilute gas states.

In a similar manner, Ely and Hanley [35] propose an ex-
pression of the form

A=A (pm )F)\ + )\N( ) + A)\crit ([)7 T) (35)

for thermal conductivity. The first term on the right-hand
side accounts for purely collisional and transitional effects.
The second term accounts for transfer of energy due to
internal degrees of freedom. This term is modeled by
means of a modified Eucken correlation with an empiri-
cal mixing rule for polyatomic gases [29]. The last term in
Eq. (35) accounts for near critical effects.

The effective diffusion coefficient D,,,, for each species i is
related to the binary diffusion coefficients D;; of the mix-
ture using the formula given by Bird [36, Chapter 16]

(1- X))
SHEn

J#i
Theory describing diffusion in binary gas mixtures at low
to moderate pressures has been well developed [29]. At
low pressures, these coefficients vary inversely with pres-
sure or density and are essentially independent of com-
position. At high pressure, however, the product D;;p (or

Dim,g (36)
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(31)

D;;p) is no longer constant. For this situation, these prod-
ucts decrease with increasing pressure (or density) and
are dependent on composition. Thus, binary mass diffu-
sivities are obtained by means of a two step approach.
First, low-pressure theory is employed using Chapman-
Enskog theory coupled with the Lennard-Jones inter-
molecular potential functions. A high pressure correction
is then applied using the corresponding-states methodol-
ogy proposed by Takahashi [37].

A priori validation of the accuracy of our property evalua-
tion procedure with available experimental data is shown
in Fig. 2. The experimentally obtained density data of
Vargaftik [38] is compared to density calculated using our
scheme. The results are in excellent agreement with the
experimental data. Figure 2 also shows the specific heat,
dynamic viscosity and thermal conductivity of oxygen ver-
sus temperature over the same range of temperatures
and pressures. It is important to note that the methods
applied here are applicable to any arbitrary hydrocarbon
mixture at typical conditions of interest in IC-engines. Sev-
eral other validation studies have been performed for a
variety of mixtures using the the NIST database.

NUMERICAL FORMULATION. Calculations were per-
formed using a massively parallel flow solver designed
specifically for application of LES to turbulent, chemically
reacting and/or multiphase flows. It solves the fully cou-
pled conservation equations of mass, momentum, total-
energy, and species in complex geometries. The temporal
integration scheme employs an all Mach number formula-
tion using the dual-time stepping technique with general-
ized preconditioning. The approach is 4th order accurate
in time and provides a fully-implicit solution using a fully
explicit and highly-scalable multistage scheme in pseudo-
time. Preconditioning is applied in the inner “pseudo-time”
loop and coupled to local time-stepping techniques to min-
imize convective, diffusive, geometric, and source term
anomalies (i.e., stiffness) in an optimal manner. This, in
turn, maximizes convergence rates as the system is ad-
vanced forward in time. The formulation is A-stable, which
allows one to set the physical-time step based solely on
accuracy considerations. This attribute alone typically
provides a 2 to 3 order of magnitude increase in the allow-
able integration time-step compared to other contempo-
rary methods, especially in the incompressible, low Mach
number limit.
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for pure oxygen.

The spatial scheme is designed using non-dissipative,
discretely-conservative, staggered, finite-volume differ-
encing stencils. The discretization is formulated in gen-
eralized curvilinear coordinates and employs a general R-
refinement adaptive mesh (AMR) capability. This allows
us to account for the inherent effects of geometry on tur-
bulence over the full range of relevant scales while sig-
nificantly reducing the total number of grid cells required
in the computational domain. Treating the full range of
scales is a critical requirement since turbulence-chemistry
interactions are inherently coupled through a cascade of
nonlinear interactions between the largest and smallest
scales of the flow.

The differencing methodology has been specifically de-
signed for LES. In particular, the 2nd order accurate
staggered grid formulation, where we store scalar val-
ues at cell centers and velocity components at respective
cell faces, fulfills two key accuracy requirements. First,
the staggered formulation is spatially non-dissipative (i.e.,
possess purely imaginary Fourier characteristics), which
eliminates numerical contamination of the subgrid-scale
models due to artificial dissipation. Second, the stencils
provide discrete conservation of mass, momentum, total
energy and species, which is an imperative requirement
for LES. This eliminates the artificial build up of veloc-
ity and scalar energy at the high wavenumbers, which
causes both accuracy problems and numerical instabili-
ties in turbulent flow calculations.

Table 4: Thermodynamic and transport properties for the
three injection cases considered.

Hy Ny

po (M Pa) 10.4 0.101 0.336 0.722
Ty (K) 298.15 | 298.15 | 298.15 | 298.15

po (kg/m?) 8.19 1.15 3.80 8.18

o 1.43 1.40 1.40 1.42

C, (J/kg K) | 14600 1040 1044 1052
1 (kg/m s) | 8.69e-6 | 1.83e-5 | 1.83e-5 | 1.84e-5
¢ (m/s) 1381 | 3521 | 352.4 | 252.8

The numerical algorithm has been designed using a fully
consistent and generalized treatment for boundary condi-
tions based on the method of characteristics. The com-
bined formulation allows us to treat complex time-varying
IC-engine geometries in a routine manner. The code has
been simultaneously optimized to provide excellent paral-
lel scalability attributes using a distributed multiblock do-
main decomposition with completely general connectiv-
ity. The superior scalability attributes demonstrated (both
strong and weak) are a direct result of the explicit nature
of the code. The algorithm is also fully vectorized and has
been optimized for commodity architectures.



Table 5: Hydrogen flow conditions at the nozzle exit plane.
P, (MPa) 0.101 0.336 0.722
Uqug (M/5) 255 240 236
Mavg (kg/s) | 6.67e-4 | 6.28e-4 | 6.19e-4

]
T

Figure 3: Cross section of the three-dimensional grid used
for the calculations showing a typical multiblock decompo-
sition.

RESULTS AND DISCUSSION

As part of our effort to validate the theoretical-numerical
framework described above, we have performed a series
of high-fidelity LES calculations of the three hole injector
considered by Petersen and Ghandhi [18, 19]. This case
represents a subset of the data provided from the exper-
iments. Here we focus on three cases, where hydrogen
is injected into nitrogen. For all three cases the hydrogen
is injected at 10.4 M Pa, which corresponds to Case 1
in Table 1. Chamber pressures are fixed at atmospheric,
340 kPa and 720 kPa, which corresponds to Cases 1, 2
and 3 in Table 2. The high-pressure of the injection pro-
cess places it in the supercritical regime, as illustrated in
Fig. 1. Key properties associated with these three cases
are listed in Tables 4 and 5. Note that the orifice jet diam-
eter in all of the calculations was 0.8 mm.

A cross-section of the curvilinear grid used for the calcu-
lations is shown in Fig. 3. The grid is stretched to provide
appropriate resolution in the jet region where the shear-
layer interactions are the strongest. Calculations were
performed in a domain that was 100 jet diameters long
and 50 jet diameters wide. The full three-dimensional grid
contained 128x160x160 cells the axial (x) and transverse
(y,z) directions, respectively. The injector port was also
included to resolve the boundary layer, with stretching ap-
plied in the wall-normal direction such that the first cell
from the wall was within a y™ value of 1 and the first 16
cells within the interval 0 < y* < 30. The grid spacing was
set such that Az and Azt where approximately 50. No-
slip boundary conditions were applied at the upper and
lower walls.

To facilitate efficient calculations, the computational do-
main was decomposed into 800 16x16x16 blocks, with
each block run on a separate processor. A typical multi-
block decomposition is shown by the black lines in Fig. 3.

Each of the cases considered is advanced in time with
a time step of approximately 30 ns. The total simulation
time is approximately 1 to 3 ms, depending on the case.
Each case consumes approximately 50,000 to 100,000
cumulative CPU hours on a CRAY XT4 platform. In each
case the maximum CFL number based on the convective
velocity is limited to a value of 0.1. Injection of hydrogen
into the nitrogen filled chamber is initiated by ramping the
mass flow of the jet from zero to the peak value listed in
Table 5 over an interval of 0.75 ms. The ramping function
employed corresponds with that measured in the experi-
ments.

A representative result is given in Fig. 4, which shows the
level of qualitative agreement obtained between the ex-
perimentally observed and simulated results for the case
when the chamber pressure is 0.34 M Pa. On the left
we show the instantaneous shadowgraph from the exper-
iment. On the right we show instantaneous iso-contours
of density from the LES solution at the same instant in
time. Blue represents the density of the pure hydrogen
stream (0.273 kg/m?), red represents the density of pure
nitrogen (3.80 kg/m?) and yellow represents an interme-
diate value of the mixture density (2.04 kg/m?). Similar
results have been obtained for all of the cases.

Comparisons between the shadowgraph data and corre-
sponding LES suggest that the fine-scale turbulent struc-
ture (which dominates the spatial evolution of the flow)
can be reproduced quite accurately in the simulations.
This is a crucial requirement for developing accurate (and
cheaper) predictive models and provides us with a way to
perform detailed analysis of these types of flow in a man-
ner that is anchored to actual data. Our ongoing studies
of these types of processes will include detailed analysis
of the turbulent structure and the related dynamics and
scalar mixing processes.

As a next step in validating our model, we have performed
detailed comparisons with the jet penetration data pro-
vided from the experiments. Figures 5-7 show results
correpsonding to Conditions 1, 2 and 5 in Table 2, respec-
tively. The penetration length was calculated by measur-
ing the distance from the jet’s exit to a location along the
centerline where the mass fraction of hydrogen fell below
a value of 3% of the maximum. In each case the LES re-
sults are in good agreement with the experimental data.
Calculations of the entire set of injectors are in progress
with the objective of further detailed evaluation and analy-
sis of more complex issues such as jet-jet interactions. In
addition to direct use of the model in a companion set of
in-cylinder calculations, results from these studies will be
used to systematically progress toward liquid hydrocarbon
fuels.
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CONCLUSIONS

A series of high-fidelity Large Eddy Simulations of high-
pressure hydrogen injectors have been conducted. To ac-
count for the relevant physical processes, a novel thermo-
dynamic and transport property evaluation scheme has
been developed and implemented and a baseline level of
validation has been established. This scheme accounts
for thermodynamic nonidealities and transport anomalies
over a wide range of pressures and temperatures. In ad-
dition to the simple binary system considered here, the
overall scheme is applicable to a wide variety of hydrocar-
bon mixtures.

The simulation results were compared to the experiments
of Petersen and Ghandhi [18, 19]. Good qualitative and
guantitiative agreement was obtained by comparing both
shadowgraph results and the jet penetration data acquired
in the experiment. The LES resolved turbulence struc-
tures are also in good qualitative agreement with those
observed experimentally. The current work provides a
baseline level of validation. Ongoing extensions include
performing a systematic study of a variety of injector con-
figurations with emphasis placed on development of im-
proved engineering based models.
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