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AFOSR SPONSORED RESEARCH IN COMBUSTION AND DIAGNOSTICS

PROGRAM MANAGER: JULIAN M. TISHKOFF

AFOSR/NA
801 North Randolph Street, Room 732
Arlington VA 22203-1977

SUMMARY/OVERVIEW: The Air Force Office of Scientific Research (AFOSR) program
in combustion and diagnostics currently is focused on five areas of study: high-speed
propulsion, turbulent combustion, atomization and sprays, diagnostics, and supercritical
fuel behavior. An assessment of major research needs in each of these areas is
presented.

TECHNICAL DISCUSSION

AFOSR is the single manager for Air Force basic research, including efforts based on
external proposals and in-house work at the Air Force Research Laboratory (AFRL).
Combustion and Diagnostics is assigned to the AFOSR Directorate of Aerospace and
Materials Sciences along with programs in rocket and space propulsion, fluid and solid
mechanics, and structural materials.

Interests of the AFOSR Combustion and Diagnostics subarea are given in the
SUMMARY section above. Many achievements can be cited for these interests, yet
imposing fundamental research challenges remain. The objective of the program is
publications in the refereed scientific literature describing significant new understanding
of muitiphase turbulent reacting flow. Incremental improvements to existing scientific
approaches, hardware development, and computer codes fall outside the scope of this
objective.

The Combustion and Diagnostics subarea reflects a new Air Force commitment to
support space science and technology. Accordingly, the research in this subarea will
address research issues related to chemical propulsion for all Air Force aerospace
missions, including combined cycle propulsion for access to space. This program will
complement related research activities in space propulsion and energetic materials.

Future airbreathing propulsion systems will require fuels to absorb substantial thermal
energy, raising fuel temperatures to supercritical thermodynamic conditions.
Understanding and controlling fuel properties at these conditions will be crucial for
avoiding thermal degradation and for optimizing subsequent processes within the
combustor. Environmental concerns and the availability of petroleum supplies also will
contribute to future propulsion system design and operational needs.




In the current fiscal year new research opportunities emerged in two areas: plasma-
based ignition and combustion enhancement; and combustion-based approaches for
the destruction of chemical and biological agents. Plasma research was supported
through one of three AFOSR Theme topics, as announced through Broad Agency
Announcement 2001-2. The destruction of chemical and biological agents is being
pursued through the STTR program. The research community is encouraged to
suggest other new directions for combustion research.

Decisions on support for research proposals are based on scientific opportunities and
technology needs. Researchers interested in submitting proposals should contact Dr.
Tishkoff for information on time constraints associated with proposal evaluations.
Further information on research interests and proposal preparation can be found on the
AFOSR web site, http://www.afosr.af.mil. The availability of funds places a major
constraint on program redirection and growth. Figure 1 shows the recent trend of
funding for basic research in combustion and diagnostics from Air Force and DOD
sources. Funding in the next fiscal year (FY 2001) is expected to be roughly the same
as that for FY 2000. Informal inquiries for new research are encouraged throughout the
year. Formal proposals should be submitted by 1 April for peer review by the National
Research Council.

The purpose of this abstract has been to communicate AFOSR perceptions of research
trends to the university and industrial research communities. However, communication
from those communities back to AFOSR also is desirable and essential for creating new
research opportunities. Therefore, all proposals and inquiries for fundamental research
are encouraged even if the content does not fall within the areas of emphasis described
herein. Comments and criticisms of current AFOSR programs also are welcome.
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The US Army Research Program in Propulsion and Energetics

David M. Mann
Acting Director, Engineering Sciences Directorate
Manager, Propulsion and Energetics
US Army Research Office

Currently, the Army's mechanics research program is executed by the Army Research
Office, the Army Research Laboratory, four Research, Development and Engineering
Centers, and the Corps of Engineers. In order to jointly develop the Army's mechanics
basic research agenda for the future, a Mechanics Research Strategy Planning
Workshop was convened on 17-18 January 2001 with participants from all the pertinent
Army agencies. The report from that meeting is still in the draft form. However, in the
interest of providing the attendees at this ARO-AFOSR Contractors Meeting in
Chemical Propulsion with the vision of the participants at the planning meeting, | have
copied below the introduction from the propulsion and energetics section of that report.
In my presentation, | will highlight some of the aspects of the report.

U.S. ARMY

MECHANICS RESEARCH STRATEGY
PLANNING WORKSHOP

17-18 JANUARY 2001

DUCK, NORTH CAROLINA

PROPULSION AND ENERGETICS

Introduction

Propulsion and energetics research supports the Army's need for higher performance
propulsion systems. These systems must also provide reduced logistics burden (lower
fuel/propellant usage) and longer life than today's systems. Fundamental to this area
are the extraction of stored, chemical energy and the conversion of that energy into
useful work, for vehicle and projectile propulsion. In view of the high temperature and
pressure environments encountered in these combustion systems, it is important to
advance current understanding of fundamental processes as well as to advance the
ability to make accurate, detailed measurements for the understanding of the dominant
physical processes and the validation of predictive models. Thus, research in this area
is characterized by a focus on high pressure, high temperature combustion processes
and on the peculiarities of combustion behavior in systems of Army interest.

Current ground and air vehicle propulsion relies on reciprocating (Diesel) and gas
turbine engines. These engines must be capable of delivering high power with high fuel
efficiency. These thrusts, power density and efficiency, are the heart of the Army's
initiative for the Future Combat System. The development of reliable, predictive models
for vehicle engines will require advances in understanding fundamental processes, such
as turbulent flame structure, heat transfer, and chemical kinetics, as well as
understanding and control of the complex chain of fuel injection-atomization-ignition-
combustion processes. An additional complication is presented by the high




pressure/temperature environment, encountered in Diesel engines, which influences
liquid behavior and combustion processes at near-critical and super-critical conditions. It
should be noted that over 95% of Army vehicles are diesel-powered and that the Army
desires the capability to use a single, logistics fuel in all engines, both diesel and
turbine.

Gun and missile propulsion relies on the rapid, controlled release of energy from high
energy density propellants, which exhibit unique combustion characteristics. Modermn
composite, solid propellants are characterized by a complex, multi dimensional flame
structure, with solid, liquid, liquid-gas, and gas phase reaction zones. The small scales
of the combustion zones, typically on the order of microns, and the high pressures, up
to 100,000 psi, present formidable challenges for combustion diagnostics. There are
systems whose future development requires new directions in combustion research.
Among these is the electrothermal-chemical (ETC) gun, in which the ignition, and
potentially combustion control, of solid propellant is achieved by high temperature
plasmas. Concepts for advanced, variable thrust missile propulsion also pose difficult
challenges, e.g. the interaction/combustion of hypergolic propellants, the development
of novel combustion chambers (c.f. vortex combustors), the dynamics of pintle nozzles,
etc. An underlying concern with all high energy density systems is the hazard and
system wvulnerability posed by the propeilant. Thus, research is also needed to
determine the response of these materials to inadvertent ignition stimuli and factors
controlling undesired combustion behavior, such as pressure oscillations. A key goal is
the coupled analysis of propellant composition, material characterization, combustion
dynamics, and sensitivity.




TITLE: RAMJET RESEARCH
AFOSR TASK 2308BW

Principal Investigators: Thomas A. Jackson
Mark R. Gruber

Propulsion Sciences and Advanced Concepts Division
Propulsion Directorate
Air Force Research Laboratory
Wright-Patterson AFB OH 45433

SUMMARY/OVERVIEW

This research task includes work in three primary focus areas: (1) multiphase flows relevant to
fuel injection into very high-speed, oxidizing streams, (2) shock - boundary interactions within
reactive media, and (3) multidisciplinary laser measurements for benchmarking modeling and
simulation of high-speed, reacting flows. Within each of these areas there is a strong relevance
to the scramjet propulsion system, and that relationship helps frame the context of our research.
The focus of this abstract will be on the shock — boundary layer interactions in and around a
recess in the walls that confine the supersonic core flow. A flow recess, or cavity, is an essential
element of a scramjet flameholder. Its interaction with the core flow and the method of
introducing fuel and in sustaining a stable, combustible mixture within the cavity are the subject
of our research in this area. A joint computational-experimental study has revealed the cavity to
be difficult to fuel uniformly in space and that the interchange with the core flow varies
substantially in time.

TECHNICAL DISCUSSION

A cavity is a pervasive feature of scramjet combustion piloting devices. Its function is to
decelerate a small portion of the high-speed core flow, establish a stable combustible mixture
and hold flame. Ideally, it would perform this function insulated from the flow fluctuations of
the core, interacting with the shock system like a locally thick boundary layer. It does not.
Expansion fans and shocks dominate the mass exchange between cavity and core flow. Local
stoichiometry varies widely in all three spatial dimensions and in time.

We have begun examining the flow around a model cavity-based flameholder in non-reacting
and reacting, supersonic flows. Our initial work included a parametric assessment of the effects
of cavity geometry (including length-to-depth ratio and aft wall angle) on global features such as
drag, acoustic stability, and entrainment rate. More recently two-species Raman scattering has
been used to map the fuel-air distribution around a wall cavity immersed in a Mach 2 flow with
and without an imposed shock train. Wide spatial variations in local stoichiometry are observed.
These experimental studies are complemented by computations based on a hybrid flow solver.
The hybrid solver combines the strengths of a Reynolds-Averaged Navier Stokes (RANS) code
with those of a Large Eddy Simulation (LES). These computations reveal significant temporal
fluctuations within the recessed cavity exposed to a supersonic flow. The mass exchange with
the core is highly oscillatory. One result is that fueling the cavity indirectly, through entrainment




of both fuel and air from the core flow, may be more stable than direct fueling where the cavity
stoichiometry varies temporally with variations in air entrainment.

The configuration of interest is a confined flow over a cavity located in one wall of a rectangular
cross section. A facility nozzle accelerates the core flow to Mach 1.9. The flow enters a
rectangular duct with a nominal aspect ratio of 3:1. Several duct heights downstream of the inlet
the flow passes over a cavity. Cavities of various length-to-depth ratios have been evaluated.
Cavity close-out surfaces angled 90 to 16 degrees to the core flow have been studied. Figure 1
illustrates the flow in cross-section of one such
cavity. Depicted are the results of a RANS-based
computation for flow over a cavity with no back-
pressure and no fuel or fuel-simulant injected.
The streamlines within the cavity are shown as
well as the computed pressure field, represented
by the gray-scale shading. Pressure
measurements along the cavity walls match the
computed field for all designs evaluated. This
particular cavity establishes primary and corner
recirculation zones. The shear layer separating
core and cavity flow fields is steady in the
computation.

Figure 1. Mach 1.9 flow over a cavity -
shadowgraph and RANS computation (1)

For fuel-air mixing studies gaseous fuel is injected into either the core flow and entrained into
the cavity, or directly into the cavity. For injection into the core flow, only a single ethylene
injector, angled at 15° to the primary flow direction, is used.

This facility cannot sustain enough heat release to establish the desired pre-combustion shock
system through combustion. Instead a back-pressure valve is used to create combustion-like
pressure conditions over the cavity. Unobstructed, the flow over the cavity remains supersonic,

representing the pre-ignition flow environment. 5 —
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flow, back-pressured experiment replicates the wall ~ Figure 2. Static pressure distribution in cold
pressure distribution of the combustion case. and reacting flow

A Raman scattering system was configured to simultaneously measure ethylene and nitrogen
concentrations. Ethylene was injected through the single injector upstream of the cavity at two
injection pressures. The main air stream is the only source of nitrogen in the experiment.




Ratioing the two Raman measurements - ;
throughout the cavity established the ‘ SR 3
spatial variation of the cavity o 12 3 4 s
stoichiometry. This was done with and Equivalence Ratio
without back-pressure applied to the core
flow. Figure 3 is a sample of the results at
a single axial position within the cavity
(2). These results offer no insight into the
temporal variations of the cavity
stoichiometry — only the spatial
distribution. At low fuel injection
pressure, into either the supersonic (no
back-pressure) or subsonic (back-
pressured) core flows, the ethylene does
not significantly penetrate the boundary
layer and is entrained into the cavity. It is,
however, slow to disperse in the transverse
direction. At higher injection pressure the
fuel penetrates the boundary layer of both
core flows and fails to provide much fuel
to the cavity. High pressure ethylene
injected into the supersonic core flow
sustains a very tightly bound fuel plume
and begins to form vortical, kidney-shaped Pinjection = 135 psia
structures as it is transported downstream.
While the trend of entrainment and
injection pressure is predictable, it is
noteworthy that the fuel dispersion differs :
substantially within the supersonic and subsonic core flows. Dispersion of fuel transverse to the
main flow direction is slow in both situations.

x=0 13 215 29 365 44 515 59

Figure 3. Local stoichiometry variations in cavity in a
high-speed cross-flow using Raman scattering.

Temporal uniformity of cavity fueling has been investigated numerically. A Large Eddy
Simulation (LES) flow solver has been patched into a hybrid solver with a RANS code and
utilized to examine mass exchange between cavity and core flow. Coding details have been
reported (3). Applied to the problem of continuously supplying a combustible mixture to the
scramjet cavity through core flow entrainment and/or direct injection, this computational method
is well suited. The supersonic flow in the constant-area duct up-stream of the cavity is well
modeled with the RANS solver. In the cavity region the code reverts to the LES solver that can
resolve details of the free-shear layer emanating from the forward step of the cavity. Figure 4
illustrates one frame of the periodic flow captured by the computation. The flow field is
displayed as a numerical Schlieren image. When viewed as a series of images the flow is clearly
not steady. Vorticies are formed and shed from the forward lip of the cavity suggesting mass
exchange between cavity and core flows is highly periodic. This image is sharp contrast to that
depicted in Figure 1 where the RANS solver fails to capture any instability in the shear layer
over the cavity.

Two-species Raman scattering and the hybrid RANS-LES solver are powerful tools in studying
the mass exchange between core and cavity-entrained flows in the confined supersonic flow
characteristic of the scramjet propulsion system. Mixing entrained or direct-injected fuel in the




Figure 4. Numerical simulation of a supersonic core flow over a cavity. Result based on a hybrid LES-RANS
computation.

transverse direction is slow. And, the unsteady nature of the exchange between core and cavity
makes stabilization of the combustion process challenging with the cavity-based flame-holder.
Our studies suggest better ways to fuel the cavity flame-holder and are leading us toward
alternative ways to define a stable scramjet pilot.

Acknowledgements:
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MIXING, CHEMICAL REACTIONS, AND COMBUSTION IN HIGH-SPEED
TURBULENT FLOWS

AFOSR Grant F49620-01-1-0006

P. E. Dimotakis and F. N. Egolfopoulos'
Graduate Aeronautical Laboratories
California Institute of Technology, Pasadena, CA 91125

Summary/Overview

This research focuses on fundamental investigations of mixing, chemical-reaction, and
combustion, in turbulent, subsonic, and supersonic flows. It is comprised of an experimental
effort; an analytical, modeling, and computational effort; and a diagnostics- and instrumentation-
development effort. Computational studies are focusing on fundamental issues pertaining to
hydrocarbon ignition and combustion as well as investigations of the Rayleigh-Taylor instability.

Technical discussion

Transport and mixing in turbulent jets in a crossflow is important for fuel injection in
SCRAMIETS (Mathur ez al. 1999), blade and endwall cooling in gas-turbine engines, and other
applications. Experiments measured the jet-fluid-concentration fields in turbulent transverse jets,
using laser-induced fluorescence and digital-imaging techniques. One finding is that the resulting
scalar field can be anisotropic, even at small length scales. Ensemble-averaged, two-dimensional,
scalar power spectra are computed for liquid-phase transverse jets at x/d; = 50, where x is the
downstream distance and d; is the jet diameter, in a plane transverse to the flow direction (Fig. 1,
left). Contours indicate increasing anisotropy at higher wavenumbers, i.e., at smaller scales.
Anisotropy also registers in the microscales of scalar fluctuations. Analogously to the Taylor
microscale, a scalar microscale, Ac;, for a given direction, is introduced as, Ac; = < C?s /<
(6C’/6x,-)2> . Scalar microscales for 1.0x10° < Re < 20x10* are shown in Fig. 1, right. The scalar
microscale in the vertical, y, direction is consistently larger than the horizontal, z, microscale.
The observed scalar-field anisotropy is a consequence of extensional strain along the vertical
direction, caused by the dominant, kidney-shaped vortex pair in the transverse jet. Anisotropic,
large-scale flow dynamics can impose themselves on even the smallest features of the scalar
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Fig. 1 Transverse-jet scalar field measures at x/d; = 50. Lefi: Ensemble-averaged, 2-D power
spectrum for Re; = 1.0x10°. Right: Scalar microscale as a function of jet Reynolds number
(squares: vertical, y, microscales; triangles: horizontal, z, microscales).
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Figure 2 depicts a space-time image of an isosurface of the jet-fluid concentration. illustrating
the “kidney” vortex pair as well as a strong, secondary vortex. which was not evident in 2-D
slices. The data are for a jet Reynolds number of 1000 and a jet-to-freestream velocity ratio of
10.1. A first documentation of this work will be available as a Ph.D. thesis (Shan 2001). Work
in this area presently in progress is focused on quantifying the anisotropy as well as aspects of
the three-dimensional behavior of the mixing and scalar field.

Fig. 2 Three-dimensional visualization of an isosurface in a transverse jet (Shan 2001, Re; = 10",
Ui/U, = 10.1). Visualization by S. Lombeyda (Caltech, CACR).

Experiments were performed to explore the aecrodynamic control of internal flows. as occur, for
example, in subsonic diffusers and scramjet combustors. To date, the work has focused on
subsonic diffusers, as a first step, and on the behavior of flow over a backward-facing perforated
ramp, with variable mass injection, velocity ratio, and Reynolds number. Diagnostics included
upper-guidewall pressure measurements, total-pressure measurements at the test-section exit, and
schlieren images recorded on a 10242-pixel, 30fps CCD camera. A performance parameter in
such flows is the pressure coefficient, Co = 2(p2—p1)/pU-~. Figure 3 plots C, versus the
freestream-to-injection velocity ratio, for the two freestream velocities indicated. Point | is on
the top guidewall, above the ramp start. Point 2, also on the top guidewall, is at the downstream
location of the total-pressure-probe array. The pressure coefficient is higher at smaller velocity
ratios and at higher freestream velocities, indicating Reynolds number effects. As the velocity
ratio is increased, the pressure coefficients converge and decrease. as flow in both cases
approaches a conventional shear layer with a small streamwise pressure gradient. Work in
progress is focusing on measurements of mixing between the freestream and injected fluid, using
the (H>+NO)/F, chemical reaction, to assess the behavior of turbulent shear layers in the vicinity
of solid boundaries as well as explore the additional benefits of dilatation in diffuser operation.
This work is part of the graduate research of W.-J. Su and M. Johnson.
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Fig. 4 Left: CH4-air flame (® = 0.8, Re; = 500, chemiluminescence and PSV). Gy = 112 s
Right: Extinction strain rates, Gex, against a room-temperature plate, vs. equivalence ratio, .

A new experimental method was developed for the study of premixed hydrocarbon-air flames in
a stagnation-flow configuration. Experiments were conducted at p = latm focusing on methane-
air and ethylene-air flames and investigated a range of fuel concentrations (equivalence ratio, @)
and ratios of stagnation-plate separation distance to nozzle diameter (L/d;). Methane-air flame
properties measured include laminar flame speeds, flame speeds for strained flames vs. imposed
strain rate, and extinction strain rates. The experiments relied on digital imaging of flame
chemiluminescence, particle-streak velocimetry (PSV), laser-Doppler velocimetry (LDV), and
jet-exit velocity measurements using a Bernoulli pressure-drop method. Figure 4 (left) displays
the flow-field for a methane-air flame (® = 0.8, Re; = 500). The results are in good agreement
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with previous experimental data. New extinction strain-rate data for CHs-air flames against a
room-temperature stagnation plate were acquired and compared against numerical simulations
for four different chemical-kinetic schemes. Figure 4 (right) displays a preliminary set of
measured extinction strain rates for lean methane-flames. In attempting to simulate the extinction
strain-rate values, we noted that the conventional one-dimensional formulation for the
streamfunction used in the flame codes does not capture cold-flow velocity profiles along the
stagnation streamline and, as a consequence, the measured strain-rate field at the L/d; values was
relied upon. A careful reexamination of the boundary conditions at the cold plate, vis-a-vis
reacting species, is also underway. A first report of this work was recently presented
(Vagelopoulos and Dimotakis 2001).

Direct Numerical Simulation (DNS) studies of the Rayleigh-Taylor instability have continued,
with a first documentation of this work accepted for publication (Cook & Dimotakis 2001).
Work in progress is focusing on post-processing existing three-dimensional data. A new set of
DNS runs will study density-ratio effects and mixing in accelerating flows, and increase
Reynolds numbers to values closer to the mixing transition (Dimotakis 2000). This is a
collaborative effort with A. Cook (LLNL), and T. Mattner and D. Meiron of Caltech, and is
cosponsored by the Caltech ASCI/ASAP program.

Preparatory work for experimental investigations of the behavior of spheres and drops in the
transitional Reynolds number regimes pertaining to droplet combustion is continuing. In this
regime, disturbances grow, spatial and temporal symmetries can be broken, and topological
structure varies. Our objective, in part, is to document and understand these phenomena. To this
end, a new, dedicated, liquid-phase drop tank facility was designed that will permit multi-
dimensional, fully resolved (spatially and temporally) data to be recorded. The new facility is
under construction. To allow the flow to be imaged in the frame of the sphere/drop, a drive
mechanism, consisting of a computer-controlled platform will move the digital-imaging system
along with the transmitting/receiving optics in the frame of the moving sphere or droplet. In the
case of sphere flows, the sphere-controlling mechanism is coupled to the transmitting/receiving
optics mechanism. This work is part of the graduate research of S. Malhotra.
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This work was performed by Prof. R. D. Reitz, D. Montgomery, and P. K. Senecal.
SUMMARY/OVERVIEW:

A computational optimization study was performed for a heavy-duty direct-injection diesel
engine using the recently developed KIVA-GA computer code. The effects of 11 engine input
parameters on emissions and performance were studied. Start of injection (SOI), amount of
EGR, boost pressure and eight parameters defining the fuel injection rate-shape were included
in the search. The optimized configuration results in very low soot and NOx emissions
together with relatively low fuel consumption.

TECHNICAL DISCUSSION

It is well known that diesel combustion and emissions formation strongly depend on the
rate of fuel injection. Diesel fuel injection systems typically employ either a square, rising or
falling rate of injection. Rising rate-shapes are commonly believed to be “optimal,” however
this view was established when injection durations were typically long in length and injection
timings were relatively advanced. It is clear that alternative rate-shapes should be investigated
with the use of modern high-pressure, short duration injections. Recently, a number of
experimental and computational investigations have demonstrated the capability of multiple
injections to reduce both NOx and soot emissions simultaneously. For example, Montgomery
and Reitz [1] showed experimentally that particulate and NOx emissions, as well as fuel
consumption, can be reduced over the entire engine operating map with the use of multiple
injections and EGR.

Senecal and Reitz [2] performed a computational optimization study including two split
injection parameters, as well as boost pressure, EGR, injection duration and start of injection
timing. In that study, a realistic split injection rate-shape was used, with the amount of mass in
the first injection pulse and the dwell between injections changing in the optimization. The
KIVA-GA code was introduced was used to find an optimal set of parameters that resulted in
significantly lower emissions, as well as improved fuel consumption, compared to the
baseline case. The present study is similar to the study of Senecal and Reitz [2], however a
much more general rate-shape parameterization is included, as described below. The
parameterization allows for single or double injections, different peak injection velocities for
each of the two injections, and a range of opening and closing durations.
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Baseline Design

A single cylinder version of the Caterpillar 3400 Series diesel engine was chosen for
the present study due to the large amount of available experimental data for this engine
[1]. The baseline engine specifications and operating conditions are presented in Table 1.
For this study, a 57% load, 1737 rev/min operating point was investigated. It has been
shown that the present multi-dimensional model predictions agree well with measured
data at this operating point for a variety of boost pressures, EGR levels and injection
strategies [2].

Bore x Stroke 137.2 x 165.1 mm
Compression Ratio 16.1
Displacement 244 L
Combustion Chamber | Quiescent

Engine Speed 1737 rev/min

% of Maximum Load | 57

Table 1. Engine specifications and operating conditions for the baseline engine case.

The design factors and ranges considered in the present study are given in Table 2.
The parameter ranges for boost pressure, EGR and SOI are identical to those used in the
previous study of Senecal and Reitz [2], however, a much more general injection rate-
shape parameterization is used in this study. As shown in Fig. 1, eight parameters are
used to define the injection velocity profile. The present parameterization allows for

single or double injections.
700

600 1

o

[=3

o
i

v
E

4 d
,.5400 Ramp3 Ramp4 |
2 Rampl ¢
8 2004 (
= ? Ramp2

1007/ ven
0 4—Dweli—»
0 1 2 3 4 5 6 7
TASI (ms)

Figure 1. Example injection rate-shapes in the present parameterization. Injection
velocities are presented as a function of Time After the Start of Injection (TASI) in ms.

Objective Function and its Evaluation

The objective (merit) function used previously by Montgomery and Reitz [3] and
Senecal and Reitz 2] is also used in the present study. The merit function includes fuel
consumption and engine-out NOx, Hydrocarbon (HC) and soot emissions levels, and is
given by
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X)=——
/(%) R} + R} +R,
where
_ NOx+HC PM BSFC
R = R, = R =
w.(NOx + HC), W,PM,, BSFC,

and the parameter vector X is defined in Table 2. In addition (NOx+HC)n and PM,, are
EPA mandated emissions levels (3.35 and 0.13 g/kW-hr, respectively) and BSFC, is a
baseline fuel consumption (215 g/kW-hr in the present work). Furthermore, # and W,
are weighting constants (safety factors) set to 0.8 for this study.

Parameter Range Resolution
Boost Pressure (kPa) 165 — 284 64
EGR (%) 0— 50 32
SOI (deg. atdc) -10 > 10 32
Vell (m/s) 100 —» 700 32
Vel2 (m/s) 100 - 700 32
P1 (%) 10 > 90 32
Rampl (%) 0— 100 16
Ramp2 (%) 0— 100 16
Ramp3 (%) 0— 100 16
Ramp4 (%) 0— 100 16
Dwell (deg.) 0.0 > 15.0 32

Table 2. Design parameters, ranges and resolutions.

Results

900 function evaluations (i.e., 75 x 12 KIVA runs) were performed, requiring
approximately three weeks of CPU time for convergence. The parameters for this
optimal case are summarized in Table 3. In addition, the optimum’s injection profile is
presented in Fig. 2. This rate-shape features two injection pulses, with a 4.4 deg. dwell
between them. The first pulse has a relatively long opening ramp, followed by a near-
maximum injection velocity of 660 m/s and a minimum closing ramp parameter of zero.
The second pulse is similar to the first, but with a smailer duration and a higher peak
injection velocity of 700 m/s.

Figure 3 presents soot vs. NOx points for a majority of the cases considered in the
KIVA-GA optimization simulation. It is clear that the optimum design results in
emissions levels well within the 2002/2004 mandates, and a relatively low BSFC value of
197 g/kW-hr was also achieved at the optimum point.

The 2002/2004 emissions mandates were also met with the less flexible injection
profile considered by Senecal and Reitz [3]. However, the present optimum case reached
lower NOXx levels (i.e., 0.7 vs. about 1.0 g/lkW-hr), similar soot levels (0.04 g/kW-hr) and
lower BSFC (i.e., 197 vs. about 212 g/kW-hr) than that of the the previous study. This
points out the advantage of using a more flexible injection system.
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Parameter Optimized value
Boost Pressure (kPa) 216
EGR (%) 44
SOI (deg. atdc) -6.5
Vell (m/s) 660
Vel2 (m/s) 700
P1 (%) 64
Ramp1 (%) 27
Ramp?2 (%) 0.0
Ramp3 (%) 27
Ramp4 (%) 6.7
Dwell (deg.) 44

Table 3. Optimized values of the eleven design variables.
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Fig. 2. Predicted optimum injection rate-shape. Fig. 3. Predicted Soot-NOx tradeoff

Conclusions

The KIVA-GA computational design methodology was applied to study the effects of
injection rate-shape on emissions and performance in a heavy-duty diesel engine. The
uGA efficiently determined a set of engine input parameters resulting in soot and NOx
emissions well within the 2002/2004 mandates at the considered operating condition. The
optimum case also had a relatively low fuel consumption value. The present methodology
provides a useful tool for engine designers investigating the effects of a large number of
input parameters on emissions and performance.
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SUMMARY/OVERVIEW:

The focus of the program is developing engineering models for Diesel emissions and
performance that (1) stand alone as preliminary design tools, (2) provide submodels for CFD,
spray-marching, and cycle simulations, and (3) offer real-time algorithms for control of smart
engines. These models, because of their simplicity, also provide the design engineer with
valuable insight into the predominate processes governing engine emissions and performance.
The model equations are derived from first principles and are based on Damkdhler numbers
describing the pollutant chemistry and fluid flow processes. To date emissions of oxides of
nitrogen (NOy) have received primary emphasis. Both quasi-steady and dynamic models have
been developed and examined with data from various engines. Development of similar models
for particulate emissions and power density continues. One of the topics examined in the past
year is the effect of multiple fuel injections on emissions of nitric oxide. .

TECHNICAL DISCUSSION:

Due to recent advances in injector technology, many modern injectors now have the
ability to inject multiple pulses of fuel into the cylinder during a given cycle. Experimental
engine results using injectors capable of multiple injections are plentiful in the literature and
indicate that NO,, particulates, and/or fuel consumption may be reduced by using optimized fuel
injection schemes. However, methods of determining optimized fuel injection strategies have
not been presented. To date, modeling of multiple injections has been accomplished through the
use of computational fluid dynamics codes and cycle simulation type codes. These codes, while
providing an estimation of the expected engine performance and emissions for a given injection
scheme, provide little insight as to what the best injection scheme is. Typically various injection
schemes are modeled in hopes of finding one which approaches the optimum.

The objectives of the present work are to develop semi-empirical models for engines
using multiple injections that can be used to estimate engine performance and emissions a priori
and also provide the design engineer with insight into the optimization process. Efforts to date
have been focused on the development of a quasi-steady NOx model. This model is a
modification to that originally developed at Vanderbilt under a previous ARO grant for use with
single injections [1], which was successful in correlating NO, emissions from a 2.2L high speed
direct injection (HSDI) Diesel engine [2].

Model Formulation for Single Injections: The model is based on the assumption that NO
forms in the stoichiometric contour surrounding the fuel plume (see Fig. 1; referred to as zone 1
below). The characteristic temperature and pressure for this zone are the start of combustion,
stoichiometric flame temperature (Ty=;) and pressure. The NO chemistry is based on a skeletal
mechanism for NO, emissions [1] which includes reactions from the extended Zeldovich
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mechanism {3] and select reactions from the nitrous oxide mechanism [4]. Assuming O-atom in
equilibrium, N-atom in steady-state, and NO decomposition negligible, the chemical kinetic time
for NO formation can be defined as

[NO,»

Tho = (1)
2[O]cql[N2 ]cql(klf + ka)

where kr and ks, are the rate coefficients for the leading reaction in the extended Zeldovich
mechanism and the termolecular reaction of the nitrous oxide mechanism, respectively. [NOJeq-

is a normalizing concentration that will be shown to cancel in the final form of the model
equation.
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Figure 1: Quasi-steady schematic of DI Diesel fuel plume based on laser diagnostic results of Flynn et al. [5].
NO chemistry occurs in the stoichiometric contour of the spray plume.

The residence time for a NO forming eddy in the NO formation zone (mixing time for NO
formation) was found in previous work to be given by [2],

we )"’ L ooat
.C- — —— OW 2
fl.no ( Re j V ( )

fuel

where lyow is the radius of the bowl and the subsript fi stands for fuel injection because the fuel

injection event dominates the mixing process. Here the Weber and Reynolds numbers have been
defined as

We - pfueldnozvfiel R — SPB — ZLNB

€
Y fuel Vi v

air air

where Vi, is the peak injection velocity. The mass of NO, emitted from the combustion
chamber per firing stroke is now given by

My, (gNO,/st) = m'\/I M[NO]
_ T

no

(4)

eql’
where V), is the volume of the NO formation zone (calculated using the ideal gas law) and m' is a

mode! constant that accounts for the characteristic mixing time being proportional to the actual
mixing time instead of equal.
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Model Formulation for Multiple Injections: For the work presented here, the reduction in
NOx due to the use of multiple injections is of concern. Therefore, the mass of NOy emitted by
the engine when using multiple injections is normalized by the NO, emissions from the engine at
the same speed and load condition when using single injection, thereby allowing the model
constant, as well as many other terms, to be cancelled. The above model is modified for use with
multiple injections by considering each injection separately. The model equation can now be
stated as,

#inj 2
m . T_. P .. T . Ve,
* no,multiple __ @=1,1 so¢,single no,single i, 1
' = e 2 ]y el e x— ()
Inno,single i=1 ¢=1,single soc,i Tno,i inj, single

where y; is the mass fraction of fuel in injection pulse i, and the injection velocities are evaluated
at their peaks for each injection pulse. Note that in Eq. (5) the definition of the mixing time for
NO formation given in Eq. (2) has been used as well as substituting the ideal gas law for the
volume of the NO formation zone, with many of the terms canceling due to the normalization.
In the above derivation of the model, the characteristic temperature of the NO formation zone
was calculated at the SOC conditions, which were taken to be the bulk temperature and pressure
in the cylinder. For application to the multiple injection case the conditions at the start of
combustion for each injection pulse are taken to be the motored pressure and temperature in the
cylinder.

Evaluation of Experimental Data: Engine tests were conducted on a 1.2L HSDI Diesel engine
(0.3 L/Cyl.) equipped with a common rail fuel injection system capable of multiple injections
[6]. For the present analysis the effect of multiple injections on emissions and performance was
evaluated by holding the engine speed, brake mean effective pressure (BMEP), and exhaust gas
recirculation (EGR) rate constant while changing the injection strategy between single, double
and triple injections. Presently three such conditions are available for analysis. The injection
rate and normalized cumulative heat release profiles for one condition are presented in Fig. 2.
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Figure 2: Injection rate and normalized cumulative heat release (CHR) profiles for the 2000 RPM, 200 kPa
BMEP, 33% EGR operating condition. For the engine tests the engine speed, BMEP, and EGR rate were
held constant while the injection profiles were varied from single to double to triple injections.

The predicted normalized emissions of NO, from the engine using Eq. (5) are compared
with the measured normalized emissions of NO, from the engine in Fig. 3. If the model were
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perfect the data would lie on the 45° line that has been included on the graph. The results are
very promising, as all the data are near the line.
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Figure 3: Normalized measured NO, emissions versus predicted normalized NO, emissions using Eq. (5).

Future efforts are focused on the continued development and validation of the model

presented here and a cycle simulation type model targeted for use in DI Diesel engine
optimization. The cycle simulation code will incorporate a dynamic NO, model previously
developed at Vanderbilt, as well as soot, combustion, and heat loss models. Also, tests have
begun on a light-duty DI Diesel engine, which examine the effects of injector type, injection
strategy (including multiple injections), bowl geometry, boosting, aftercooling, and EGR on
engine operation and emissions. The results from these engine tests will be used for further
model development and validation.
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PULSE DETONATION PHYSIOCHEMICAL AND EXHAUST RELAXATION
PROCESSES

Principal Investigator: Dr. Fred Schauer (AFRL/PRTS)
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SUMMARY/OVERVIEW:

The objective of this program is to establish the scientific knowledge of detonation
initiation, propagation, and blow-down needed to develop a pulse detonation engine
(PDE) that will operate on hydrocarbon fuels. Detonation tube exhaust blow-down
conditions, which are predicted to have a significant impact upon performance, will be
explored in order to achieve basic understanding of the relationships between
detonations, nozzles, and multiple detonation tube interactions.

TECHNICAL DISCUSSION

The technological motivation for this program is the need to develop low-cost high-
performance PDE’s that can operate on hydrocarbon fuels. PDE’s rely upon detonation
combustion to produce a pressure rise in the combustion chamber instead of the
expensive rotating machinery used in gas turbine engines. Consequently, the most
expensive and maintenance-intensive components of a conventional turbine engine,
namely the compressor and turbine stages, will not be necessary in PDE’s. PDE’s
operates on a near-constant-volume heat addition cycle as opposed to the constant-
pressure cycle employed in nearly all conventional aero-propulsion systems. The
constant volume cycle offers improvements to specific thrust, specific fuel consumption,
and specific impulse at a greatly reduced cost. In theory, the PDE can efficiently operate
at Mach numbers from zero to above four without using a combined cycle/rocket
approach. However, there are some major technical problems that must be resolved
before the full potential of PDE’s can be realized.

Foremost among the hurdles for a practical PDE system are the requirements for
initiation and successful propagation of a detonation with hydrocarbon fuels in air.
Although this has not.been achieved in 60 years of PDE research, modern computational
fluid mechanics (CFD), laser diagnostics, and high-speed instrumentation have not been
applied to this challenge until recently. CFD and experimental studies of deflagration-to-
detonation transition (DDT) and propagation are being carried out in order to explore the
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parameters controlling detonation initiation including: geometry effects, plasma ignition,
hybrid fueled pre-detonators, and endothermic fuels. In addition to existing high-
frequency instrumentation, an optically accessible test section will be coupled with our
high-framing rate cameras to observe the deflagration to detonation transition processes
and compare with models. The imaging and laser diagnostics experience obtained from
our AFOSR Combustion Research program will also be used to study the detonator tube
blow down. High-frequency Schlieren, PLIF, and/or planar Raman imaging will be used
to investigate the exit boundary conditions influence on thrust. Two-dimensional nozzles
are used in these investigations, and an optical test section will be employed to study both
the nozzle flow conditions and multi-tube interactions. CFD calculations are used to gain
an understanding of the mechanisms whereby the thrust is influenced by the conditions
established when the detonation wave reaches the exit plane. For example, our Chin
detonation spiral was developed recently because modeling of the detonation initiation
processes indicated a new mechanism for starting detonations. The insight gained from
discovering these phenomena resulted in propane/air detonations with no oxygen
enrichment.

This research couples the Combustion Science Branch’s extensive basic combustion
research experience with the pulse detonation engine in-house research program and
high-fidelity detonation modeling capabilities in order to gain the understanding required
to overcome the fundamental technological hurdles bracketing the PDE tube: detonation
initiation and blow down conditions. Prior 6.2 studies conducted by AFRL/PRTS have
made tremendous progress, but we lack understanding of the mechanisms enabling this
progress. The techniques developed under this research effort are producing this
understanding and then applied to the challenges of detonation initiation and tube blow
down.
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spots’ required for successful DDT. Mechanisms studied by this research for DDT
include: obstructions such as classical Shelkin spirals which create compression wave
reflections while increasing flame speed through turbulence and flame mixing
enhancement; ‘Smimov’ type cavities which generate compression waves that
subsequently interact with the flame front; and flame propagation in small detonator tube
to cell width ratios which result in increased transverse wave reflection events.

The understanding gained
of these complex mechanism
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