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Si/Si, ;Ge,; AND B,C/B,C QUANTUM WELLS THERMOELECTRIC FOR
DIESEL ENGINES |

. S. Ghamaty and N. Elsner
Hi-Z Technology, San Diego, California, U.S.A.

ABSTRACT

The electronic and thermal propesties of bulk
materials are altered when they are incorporated
into guantum wells, Two-tdimensional guantum
wealls have heen synthesized by alternating layers
of B,C and B,C in one system and altemating
layers of Siand 8i, ,Ge, . in another system. Such
nanostructures are being investigated as

candidate thermoelectric materials for highfigures .

of merit (). The predicted enhancement is
attributed o the confined motionof charge carriers
and phonens in the two dimensions and separating
thern from the ion scattering centers.

Molecular beam epitexy {(MBE) and sputtering
techniques have been used {o prepare these
multilayer films. Films have been deposited on
single-crysial silicon substrates. The o and g
properties of these fims have been determined
over a broad range of temperatures from 4.2K io
1200K and were previously reported. The op
values for these P type B-C and N type SiGe films
were more than a factor of 10 to 30 times higher
than buik P type B-C and N type SiGe.

Recently, thermal conductivities have also been
measurad with a modified 3-w method. The room
temperature themnal conductivily of 8i and
Si,,Ge,, were also encouraging smaller, and
about one third {1/3} of the bulk values and in line
with theoretical predictions. The periormance of
the MBE films have been systematically compared
with bulk materials. Preliminary theimoelectric
measurzments of the multilayer structures, lead us
te believe that significant gains In the
tharmoelectric figure of merit {(Z) may be possible
with this approach.

The first quantum well thermoelestric couple with
N-type Si/Si,:Ge,, and P-ype 8,C/B.C was
fabricated from these fiims. The test resulls
generated continue to indicate that much higher
thermoelectric efficiencies can be achieved inthe
quantum wells compared to the bulk materials.
Also, the potential cost of fabricating quantum well
modules will be discussed and are expecied to be
much lower than presert bulk thermoelectric
module on a cost/watt basis.

BACKGROUND

Thermogleciric materials are ufilized for power
generationin remote locations, onspacecraitused
for interplanetary exploration, and in places where
waste heat can be recovered. Broader usage is
limited by the efficiency of present systems and
the power-spegific cost ($/W) of power generation.
Materials with a ZT 26 can lead to afactorof 240 3
improvement in thenmodynamic efficiency. Recall
that the themmadynamic efficiency, n, of a
thermoelectric power generator is

qz'Tk-Tc'[M‘l -
T, |M+7/,

where M is defined as

M=J1+—;-Z(Tc+Th) @

and T, is the absolute temperature at the hot
junction and T, is the absolute temperature af the
cald junction. To achieve a high efficiency with 2
power genersator, the overall figure of merit for the
device, Z, must be high. The figures of merit of
the thermoelectric materials used to construct the
device must also bz high. For a specific material,
Zis defined as: ‘

a
Z: ..._52_
Kph * Kel

@)

where G is the electrical conductivity, « is the
Seebeckcoefficient, K, is the phonon contribution
tothe thermal conductivity, and K, is the electronic
contribution to the thermal conductivity. Note that
Ky is also known as k, the lattice themal
conductivity. Much of the effort to improve Z over
the past 20-30 years has focused on attempis to
reduce Kk, without adversely affectingthe electrical
conductivity. Some success has been achisved
with solid-solution alloving, Further reductions in
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k; have been achieved by reducing the grain size
of silicon-gemmanium alloys, however, this
approach Is still in its infancy and the potential
benefit is beliaved to ba relatively small.

Multitayer films of B,C/B,C and Si/SijsGeye are
being investigated as a means of achieving a
high Z. Models based upon quantum mechanics
prediet that such structures should have an
unusually high 2 {1-5]. The quantum-well (QW)
layer is sandwiched between two barrier layers.
Typically, the QW material has a very narrow band
gap and the barrier material has a relatively iarge
band gap. Molecular beam epitaxy (MBE) and
sputtering have been employed to fabricate the
samples.

For power applications, the concern is that the
above materials will inter-diifuse at some elevated
temperature and Jose their two-dimension
struciure ard agsuciated quantum well properties,
For pawer generation applications, B-C and SiGe
alloys appeared to be the best initiat selection for
the following reasons: '

¢ B-Chavevery low diffusion coefficients in one
another.

+ Siand Ge have very low diffusion coefficienis
in one another. The dopants boron and
phosphorous however can diffuse much
guicker and hign temperature aging studies
will be necessary to determine how long these
films will remain stable at the anticipated
operaling temperatures.

« B-C as well as SiGe alloys do not have to be
deposited in an exact stoichiometty t¢ be
useful thermoelectric materials.

* Since stoichiometry is no: critical, the
deposition process canbe conducied with less
critical controls.

EXPERIMENTAL
« and p Measurements

Room temperature resistivilies were measured on
samples using the following method: the current
was intreduced at the ends of a long, rectangular
cut sample and the voltage probes were near the
center of the tes] spacimen. The resistance was
obtained from the vcltage drop, and the resistivity
was calculated by knowing the cross-sectional
aree of the bar and the distance belween the two
vollage probes (ASTM F-43). The Allesi
instrument, which uses prassure conlacis, was
used as the voltage probes in this case.
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The high temperature o and p of the films were
mezsured in asystem at Hi-Z and the results have
bean published previously [4, 5. The electrical
resistivities of the samples were measured as a
function of temperature from 300K fo 1200K using
a Linear Research LR400 4-wire biidge operating
at 16Hz. Electrical contact to ihe films was made
by wrapping nickel wire around the sample, and
bonding the wires to the surface with silver paint.
The therrnocouple leads were held to the surface
of the sample with the nicke! wires, and bondedin
place with the silver paint. Currents for the
measytements werea in the range ¢f 1 to 100 mA.

Thermal Gonguctivity

Room temperature thermal conductivity of S¥SiGe
quantum well films were measured by the 3w-
method. These measurements were done on two
different groups of samples with similar resuits.
The resulls are listed in Table 1. The bulk SiGe -
thermal conductivity measured in this modified 3w
apparatus {Figure 1) vielded values within ~10% of
published data.

In order to obtain the thermal kK in the plane
direction (along the film) the fllm has to be
instrumented on the edge as illustrated in the
Figure 1. Values cbtained by this techniqus
{Table 1) indicate 2 large decrease (factor of 3} in
Kinpiane TOT the forthe 8i/8iGe quantumwells versus
bulk material. These types of reduction in thermal
conductivities are not unique and have alse been
observed by other investigators ‘in  other
superlatiices. For example Yao [8] and Yu [9]
reported aknost an order of magnitude reduction
N Kinpiene Of GaAS/AIAS quanturn wells compared
to the bulk value: Also Chen [10] presented a
thermalconductivity's madelin superiattices which
predicted a similar reduction in K. of SVGe
quantum wells.

Pokshed face

Figure 1. In Plane Thermal Conductivity
3-u) Method,
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Table t Thermal Conductwﬂy of SifSi Ge Film by 3m-method )

P-type Si Ge 0.058
N-type Si Ge 0.051 0.0135
8i 1.5 0.51
N and P Couple HW. Therefore the B,C/B,C-Si/SiGie P-N couple

AB,C/B,C-SI/SiGe P-N couple {shown in Figure 2)
with low contact resiszance was fabricated and the
results appear very promising. Each leg in this
couple consists of a square of 1000A thick
muliilayer of B,C/B,C (P type) and Si/SiGe (N type)
films. The films are deposited on 0.5 mm thick
silicon substrate that is approximaiely 1Temxicm.
At 2 AT=E80°C (T y~40°C and T;,~90°C), the
voltage measurad on this couple was ~ 0.1 Volis.
The contact resistance was a fewohms which was
very low compared to the total resistance of the
couple which was approximately 20 k0. Thie is the
resisiance of the fims and does not include the Si
substrate [4, 5]. The results are tabulated in the
Table 2. Efficiency was obtained as follows: {i}
Power data, o and p, were measured ata T, =
90°C and Ty = 40°C. {ii} The Z for the couple,

" overthe AT = 90°C - 40°C, was calculated using

bulk thermal k properly data. {iii} Efficiency was
then calculated using the farmulas 1 through.3.
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Figure 2. Schematic of P-N couple
tost fixture.

These values of voltage and resistance give a
matched load power of about 0.125 uW (micro-
Watls) for the couple at a T.~40°C and
Thq=90°C. At these same temperatures and
dimensions a bulk Bi.Te, couple produces only
D.01 W, a bulk B;C-SiGe couple produces only
0.004 pW, and a bulk SiGe couple produces 0.02

produces about len limes more power, than the
bulk BiTe couple and about thirty times more
power than bulk B,C-SiGe couple. Although this
couple was fabricated with thin films (only 1000A),
Hi-Z hopes to duplicate these results with much
thicker fitms {100,000A) on a thinner or insulating
substrate. Silicon substrates with thicknesses of
Sum {(micro-meter) and 10um are available
commercially as are insulating substrates like
Kapton. If fabrication of thick films on these
subsirates is successiul then a 1cmxicm couple,
like the one described above, would produce
1250pW of power at a AT+50°C. Ths final goal is
to fabricate and measure the properties of these
thicker P-N couples on very thin or insulating
substrates,

THERMOELECTRIC FOR DIESEL ENGINES

The auxiliary power requirements for heavy-duty
frucks confinues to increase. This will be
parficularly true when the power required io
operate systems to reduce NO, and particulaies
are introduced. If somethmg is not done to
reduce the engine auxiliary power load, these
cleanup systems could essentially double the
auxiliary power requirements which willresultina
significant increase fuel consumption.

Hi-Z has been working for several years {o
develop a system that can reuse the waste
energy available in the enging’s exhaust fo
provide the auxiliary power for the truck {111, The
system we are currsnily testing is shown in
Figure 3 mounted on a class 8 truck in place of
the muffler. This generator uses thermoelectric
modules made of bismuth-telluride to convert the
exhaust heat directly to 1kW of eleciricity with an
efficiency of about 5%. A study of replacing the
alternator with a 1kW thermoelectric generator
completed in 1992 [12] showed that while the
projected cost at the 1kW thermoelectric
generator is more than a comparable alternator,
the break even time for a class eight fruck using
such a system should be about two years in the
United States and about eight months overseas.

251




L3 PEEE i e i SHo Tt
Figure 3. 1kW Thennoelectric Generator
Installed on a Class 8 Truck

This study only considered replacing ihe
altemnator. However, there are gaings in fual
econemy o be made if some of the other engire
driven awdliaries can be replaced by electric
driven components whose power is derived from
waste heat rather than from the engine shaft.

98 ENGINE WITH 20%; TEG

These auxiliary devices could include the fan,
power steering, power brakes, air compressor,
NO, and particulate cleanup systems, and possibly
air conditioning.

Figure 4 is an energy diagram for a typical
present-day (96) Diesel engine. This figure aiso
shows the same engine with a 5% efficient
themmoelectric generator. One seas that the
efficiency of the engine is increased almost two
percentage points using the thermoelectric
generator.

One has two choices to reduce the break even
times. The first Is to reduce the cost of the
gensrator componenis and the second is to
increase the system conversion efficiency.

Reducing compenentcost is difficult to do by itself.
It can be more easily achieved, howsver, when the
conversion efficiency is increased because one
needs to transfer and convert less energy to
provide the same output power. This resulls in
fewer, smaller, and, therefore, cheaper

$6 ENGINE WITH 524 TEG

Figure 4. Energy Diagram for 86 Engine with Therinocelectric Generator



components are required which should resultin a *

lower cost and, therefore, a shorter break-even
time.

Hi-Z is approaching thd problem of increasing
system efficiency in twe ways. The first is a near
term program which should bear fruit within the
next few months and the second is a long term
program which may require several years to
complete.

Near Term

The Jst Propulsion Laboratory in Pasadena
recently announced [13] the development of zinc-
antimonide (§2n,5b,). The figure of merit (2) for
geveral conventional P-type thermoelectric
materials including zinc-antimonide are shown as
afunction of temperature in Figure 5. One can see
that the Z for zinc-antimonide is higher than that
for bismuth telluride above about 125°C. Since the
energy conversion is proporticnal to the area
under the ZT curve, the use of a P-type
thermoelectric element made of a combination of
bismuth-teliuride on the, cold end and zine-
antimonide on the hot end holds promise for a
higher, greater conversion sfficiency than using P-
type bismuth-telluride alone In the 250 to 300°C
range.
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Figure 5. Figure of Merit Vs, Temperature

for Several Thermoelectric Methods

Hi-Z and JPL are currently working on a pragram
funded by DARPA to segment P-type zince
antimonide and P-iype bismuth-telluride to
oplimize the system conversion sfficiency. If this
program is successful,- the module conversion
efficiency will increase from 5% to about 7%
which represents a 40% increase.

Long Term

Hi-Z has been deveicping multilaysr quanium wall
(MLQW) thermoelectrics for several years. These
materials consist of very thin {100A) alternatling
layers of materials with two different electron band

gaps. When properly fabricated, the resulting
material has very much improved thermoelectric
properiies compared to the same basic material
made by conventional bulk methods.

Two fypes of MLOW systems have been
discovered to date and both are now being
developed under contracts to DOE. These
systems are the silicon-germanivm MLQW [14]
and the boron carbon MLQW [15], The silicon-
germanium MLQW data indicate they willbe used
forcooling applications while boron carbon MLOQW

" indicate they are good for power production. The

boron carbqn MLQOW will be discussed first.

One of the problems that remain to be solved with
the boron-carbon MLQW is that it can only be
made as a P-lype material. We are currently
investigating other materials system to see if we
can develop an N-type MLQW material with high
temperature capability similar to that of the boron=
carbon MLQW. -

A conventional N-type bulk alloy such as bismuth-
telluride can be used with the P-type boron-carbon
MLQW materials to form the required couples.
This will not result in conversion efficiencies as
high as a systemn which uses both N— and P-type
MLQW, however, the theoretical conversion
efficiencies are still significantly higher than that
provided by a system which uses only
conventional bulk alloys. The current estimate is
that a thermoelectric conversion system which -
uses a boron-carbon MLQW for the P legs and
conventional bismuth-telluride for the N leg will
have a conversion efficiency of about 20%.

The energy balance diagram shown in Figure 4 is
forapresent day (86) engine and a thermoelectric
generatorwith 2 20% energy conversion efficiency
which can be achieved using the MLQW
technology. In this case the overall energy
efficiency is improved by a little over 7 percentage
peinis or 17.7% compared to the standard engine.

Figure & shows the energy balance for a
conventional LE 55 engine. Since there is less
energy contemt in the exhaust of the LE 55 than
the present day (96) engine, less energy is
available for conversion. However, the inclusion of
a thermoelectric gensrator with 20% efficiency
would still improve the efficiency of the LE 55 by
over 7 percentage points or 12.7%, as shown in
Figure 6.
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LE 55 ENGINE WITH 20% QW TEG

Figure 6. Energy Diagram of LE 55 Engine

It appears possible that the conversion efficiency
of a2 MLQW device couki be as high as 40% if a
high temperature N-iype materials can be
identified. If that does happen, then the energy
balance for the LE 55 with an advanced
thermoelectric generator could be as shown in
Figure 6. This energy balance shows a poiential
efficiency improvement of aimost 10 percentage
points or 18% over the LE 55's nominal 55 percent
efficiency.

Conctsion

The overall engine efficlency of large Diesel
angines can be improved by adding a
thermoelectric generator to convert some of the
energy availabie in the exhavst 1o useful eleciric
energy. The overall percentage improvemenis
which can be expected from current maierials is
low. However, new materials are being developed
which can lead to significant improvements in
overall engine efficiency over the next several
vears, Some of these materials will be availablz
within a few months while more advanced
materials will require several years of
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development. Incomporation of these new
thermoelectric materials should lead to a
significantimprovementin overall engine efficiency
as well as a shotter break-even time. While the
improvements expected are greater . when
thermoelectrics are applied to present day
engines, it will also significantly improve the
efficiency of the advanced LE 55 engine.

Cost of Quantum Well Module

Gust of a generator with 30% conversion efficiency
maciues will be about 10% of a gencrator with 5%
conversion afficiency modules as it is shown in
Figure 7. Converssly, for generators of tha same
size, the power output of a generator with 30%
conversion efficiency modules will be about 10
times that of a generator with 5% conversion
effic.ency modules.
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Low AP Electrostatic Diesel Engine Nozzles

A. J. Kelly
Charged Injection Corporation

Introduction

To the extent that diesel engine performance and
emissions behavicr are controlled by atomization
and mixing, theinvolvement cf electrostatic effects
will mest assuredy provide a suite of options
unavailable by anyothermeans, Mostimportantly,

these options have yet to be explored much Jess -

exploited. itis an interesting commentary on the
slate of diesel engine research to note that the first
electrostatic nozzie has yet {o becperated in even
a single cylinder test engine. This is all the mors
striking in light of a robust scientific, technology
and engineering base thatexists forthese nozzles;
abaseshowing notonly thatthere isnofundamental
impediment to adaptation but that it represents
“drop-in" technology to boot,

Mounting evidence, as exemplified by the recent
work of Seibers (1), implicates mixing asthe primary
factor controlling diesel combustion. Contrary to
conventional wisdom, atomization can no longer
be considerad to be the absoluts determinant of
fuel utilization. While all diesel atlomizers provide
adequate atomizasion, proper mixing certzinly is
the necessary and sufficient condition for
vaporization and combustion, and may well be the
dominant factor for emissicns control. In light of
this, consideration must be given to slectrostatic
atomization. Even if its other attributes are
naglectad, the hallmark of this process - vigorous
droplet self-dispersion and attendant mixing - has
tobe considerad in the questforemissions control,

Quite bluntly, the purpose of this talipaper is to
challenge the engine community to at leastconsider
the use of electrostatic atomization; its neglect to
date is inexplicable and can no longer be justified
on any rational bagis.’

Electrostatic Atomization

A sense of the inherently unique options provided
by ‘electrostatic atomization for enhanced fueliair
mixing, and an apprectation ofhow slectrical forces
cancontribute to the detailed control of combustion,
can begarnered from consideration of the charged
Jet-A plume depicted in Figure 1. For reference
purposes, plume scale can be inferred by noting

that the single orifice atomizer, shown at the top of
the image, is two centimaters in diameter.

Figure 1. Charged 0.9 mL/s Joi-A Plume,
{asuing From a 250 um Diamster Orifice,
7 kV input Voltage, ~2 1A Curront.

First, and most obviously, this and all charged
droplet plumes differs from conventional,
uncharged plumes insofar as a “spray cone
angle” cannot be defined. In fact, the finest
droplets generated close to the atomizer are
not imaged, but actually are projected
sideways at greater than 180°, A porticn of
these highly charged fines return to wet the
graunded atomizer.

Second, droplet and plume development is pursty
electrostatic in nature. In the absence of
electrical energization, the Jet-A issues as a
straight, columnar stream frem the 250 pm

. diameter orifice.

Third, the atomization process is exceptionally
efficient. Both atomization and dispersion are
produced by approximatety 14mwW of electrical
input energy, corresponding fo the 7KV input
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voltage and a spray current of ~2 pA. The
hydraulic energy assaciated with the two
ammosphere (~200 kPa, 30 psi) pressure drop
simply serves to move the Jet-A through the
device; it does not contribute to atomization
nor does it zid dispersal. This is vividly
lustrated by the ability of this device to operate
atpressure differentials below 50 kPa {5 psi).

Fourth, theatomizer caseis grounded; atomization
and dispersal is solely due to the free electric
charge in the exiting fluid. Infact, the electric
fieldimposed by charge trappedin the fluid is
limited by the background atmosphere
breakdown strength. Fortuitously, increased
background pressure serves to elevate break
down strength, permitting mare charge to be
impartedtothefiuid. Consequently, increasing

. background pressure resulisin smakler droplet
sizes, and enhanced dispersal. In addition,
the dropiet size distribution, which is inherently
narrower than conventiorally generated
sprays. further narmows with pressure.

Fifth, droplet surface charge, by counteracting
surface tension, funclions asa surfactantand
assists in droplet shattering.

Sixth, since chargeinjection occurs on microsecond
tmescalesitisrealisticto considermodulating
theinjection pulseto orchestratethetemporal

and spatial placement of fuel within the

combustion chamber. True elecfronic control
canbe exercised overthefuel airratiothrough
out the combustion charmber.

Seventh, and most remarkably, atomization and
dispersion is independent of fluld properties
and flow rarte.

This tast attribute requires some explanation.

Electrostatic spraying is the only atomization
processquantitatively dascribed by afirst principies
model (2). This model permits spray distributions
(both dropletsize and charge level) to be calculated
with ~25% accuracy without recourse to arbitrary
constants. Briefly, mean dropletdiameter (d)forall
Newtonizn fluids and spray droplet sizes larger
than ~1 pm can be shown to adhere to a simple
rule: d{um) =75/~p,, where p, isthe charge density
{C/m3, pA/mLis).

Thislaw has been verified o within several percent
accuracy for a wide variety of fluids, fiow rates and
operating conditions. As far as is currently known,
mean droplet size (for purely electrostatic
atomization)iscompletely independentofallfactors
save charge density, and reflects the quantum
mechanical behavior of free charge on the droplet
surface.
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Charge Injection Atomization

Questions concerning the basic physics of
atomization not withstanding, an immediate

consequence of the theory is that high flow rate
electrostatic atomization of all fiuids could be

achieved by directly charge injecting the spray

fluid. All that need be done is to submerge an

electron gun in the fluid to be atomized and

dispersed; this is the SPRAY TRIODE® atomizer.

Clossing over details covered in the refersnces (2,

3), alichargeinjection atomizers exhibit the following

behavioral characteristics:

*Droplet self-dispersivity

*Draoplet size-insensitivity to fluid properties,
flow rate

-Namow droplet size distibutions

«Electrotiically controilable droplet size
sEnhanced dropiet shattering

and provide unigue opportunities for improved fuel
preparation.

Extensive testing, in conjunction with theory (a first
principles model of the SPRAY TRIODE atomizer
{4) permits ab iniiio calcuiation of droplet size and
charging distributions with ~25% accuracy),
provides assurance that existing diesel nozzles
can be readily adapted to provide charge injection
atomization and dispersion. This is illustrated by
the cross sectional schematic of Figure 2.

HIGH
VOLTAGE
LEADR

| GROUNDED
NOZZLE TP

PINTLE

INSULATOR

CIRCULAR
EMITTER

Figure 2. Schematic of a Typical Multi-ofifice
Diesel Injector Converted to a Charge
Injection Electrosataic Atomizer. All Orifices
in the Circumferential Row are "Servicad” by
a Single Emittor Elactrode. Additicnal Rows
of Orifices and Emitters can be Added to
Further Reduce Delivery Pressure.



For reasons expleined in the literature, SPRAY
TRIODE atomizer orifices typically fallinthe 100 to
300 pm diesel nozzle diameter size range.
Consequently, since efecirostatic atomization and
dispersion are independent of flow rate, additional
orifices and or slils can ba added to safisfy the
delivery requirement at a substentially lower
pressure and pumping power level. Atomization/
dispersionisdecoupled fromdsiivery requirements.

This capablity Is aliuded {o in the schematic of
Figure 2 whare a circular emitter slectrede
“services” aring of eight or more orifices. Several
such groupings can be readily accommodated
within the confines of the sac region to form a very
{ow pressure shower head nozzle. - This is made
possible by the faci that charge injection opfimally
occurs when the emitier/orifice entrance gap
distance is approximately an orifice diameter. In
olher words, charge injection takes place within a
volume havingdimensionscomparableto the orifice
diamsier. [tis alsoworth noting that charged fluid
can be transported withoutmeaningfulloss through
orifices having substanlially higher-length to
dizmeater ratios than those illusirated. -

A special zirconiaftungsten emitter electrode
assures reliable charge injection. These elecirodes
have proven to be exceplionally tough, resistant to
degradation and straight forward. to produce in
arbitrary shapes. Other than this component, and
the insutatad high voltage wire required for
energization, no other atomizar components have
{0 be accommoadated within the nozzle boundaries.

Even if the rapid (MH2) response capabliity of'

these devicesis usedto tailor the spray/dispersion
characteristics of the charged plume for aptimal
combustion/emissions reduction, total power
requiremenis will be low. An instantanecus flow
rate of 100 mL/s, charged iomeaningfully high4 C/
m?® level, by application of 10 kV corresponds to a
per nozzle instantaneous power expenditure of 4
Walts. Average power will be comespondingly
less. Cabin lights will draw more power than the
electrostatic nozzles. Butwhat canbe expected of
the charged nozzle?

Charged Plume Behavior

R K Avva of CFD Research Corporation has
modified their proprietary CFD-ACE simulation
code (5} to include a self-consistent description of
charged droplet behavior for the purposes of
avaluating the influence charging has upon diesel
injection. Introduction cf the long range electrical
force, which places every charged draplet in
communication with every other droplet in the

plume, makes simulations ofthis nature dauntingly
complex and computationally intensive.
Accordingly, the simulation was lirnited to dead top
center of a 15:1 compression ratio truck engine
with a chamber pressure of 4.4 MPa, 610°C
temperature and a total nozzle flow rate of 0.4 Lfs
through 280 um diameter orifices, To lessen the
computational burden, only one orifice was
simulated and evaporation, but not combustion,
taken into account. The droplet size distribution
was taken to be that generated by a SPRAY
TRIODE atomizer operating at 4 C/m3, that is
dropletsin the 20 to 60 um range with a distribution
peak at approximately 52 um. '

Figure 3 shovrs the progression, at 0.1 ms intervals,
ofabase-case, uncharged 268my's injection velocity
plume. Lateral droplet dispersion, starting
approximaiely at 0.2 ms, is litle amplified by the
time the piston head/cylinder wail is encountered
at the 0.4 ms mark. By contrast, modest droplet
charging (4 C/m?) (Figure 4) immediatsly acts to
expand the plume. Mixing is enhanced, particularly
during the fater phases of the injection puise where
& small contingent of droplets has flowed under
action of the plume seli-field to the cylinder head
and is filling the far reaches of the chamber.
Clearly charging Is having a salutary effect on
mixing and should positively impact combustion
andemissions. Thissimulation supports the notion
that by controlling charging level during the course
of the injection pulse it will be possible o actively
control combustion to meet spacific ends.
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Figure 3. Uncharged Plume Development at
0.1 ms Intervals for Injection of 0.1 Lis
Through a 280 um Orifice at 268 mis in 4.4
MPa, 810°C Alr
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Figure 4. Charged Plume {4 Cim?}
Development at 0.1 ms Intervals for Injection
of 0.1 Lis Through a 280 jum Crifice at 268 m/
s in 4.4 MPa, 6§10°C Air, Compare to Plats of
Figure 3.

In addition to providing new options to electrically
control atomization/dispersion and combustion,
charge injection atomizersoifer anotheradvantage.
By decoupling, fluid delivery and atomization/
mixing, amaried reduction in fuel delivery pressure
and an associated reduction in eguipment and
pumping costs is possible. This capability will not
only benefit existing engines, but has the potential
to upgrade the large number of older, polluling
diesels now in use world-wide.
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Figure §, Uncharged Plume Development at
0.1 ms Intervals for Injection of 0.1 Lis

" Through a 280 um QOrifice at 100 nmys in 4.4
MPa, 610°C Air, Compare fo Plots of Figure 3.

Computational limitations precludad simulation of
ptume behavior for injection velocities beiow 100
m/s. Nevertheless, such injectors would exhibit a
seven-fold reduction in AP relative to the existing,
268 mfs, example of Figures 3 and 4,
Unsurprisingly, the uncharged 100 m/s plume (cf.
Figure 5) exhibits markedly less lateral dispersion
and penefrates 70% the distance of its 268 m/fs
counterpart. Again, the same plume droplet size
distribution and chamberconditions are used. The
situation is radically altered with the application of
charging (Figure 8). Seif-field repulsive effects,

. while only marginally improving penetration, actte

explosively disperse the plume laterally to such an
extent that it reaches both the cylinder and piston
head. The peculiar "broccoli™like appearance of
the plume reflects a computational restraint
requiring the use of an eight droplet size category
histogram rather than a continuous profile,
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Figure 6. Charged Plume {4 C/m?)
Development at 0.1 ms Intervals for Injection
of 0.1 Lis Through a 280 um Crifice at 100 m/
s in 4.4 MPa, §10°C Air, Compare to Plots of
Figures 4 and &.

As with all numerical simulations, criticism can be
leveledthatotherassumptions ortechniques weuld
lead to different results, The essential pointio be
madeis that while the details of the simulation can
be legitimately questioned, there is little room to
doubt that even small amounts of charging can
produce giobally significantenhancementindroplet
dispersion/mixing.



Summary

Electrical control of plume development and droplet
mixing can be achieved by reconfiguring existing
nozzles to directly charge injection fuel. The ability
to obtzin improved atomization/mixing/combustion
at lower AP will certainly lower engine cost, improve
reliabillty and can have g salutary influence on
emissions. The path is open for fulure enginz
designs in which electrostatic atomization obviates
the need for turbulence and swir (6).
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REAL-TIME MEASUREMENT OF DIESEL PARTICULATES

Kevin M. Morrison
Electro-Mechanical Associates

INTRODUCTION

Real-ime measurement of dissel patticulates is
essential for optimizing fuel economy and
driveability while controlling particulates on the
various cycles prescribed by the Environmental
Protection Agency. °~ A rapid pariculate
assessment is needed because of the usual
particulate overshootwhen the loadis ramped-up.
The overshooi lasis only for-a few seconds anc
thus makes steady measurements
unrepresentative of transient operation.

This presentation describes a new, optically based
particulate meter which is suitable for both light
and heavy duty diesel engine applications, steady
state or transient. It can also be useful for spark
ignition engine development where particulates are
a concern, i.e. direct injection combustion.

BACKGROUND

Electro-Mechanical Associates (EMA) is staffed
mainly by active or retired University of Michigan
personnel from Mechanical Engineering and
Applied Mechanics. For more than 5 years EMA
has been partnering with a major heavy duty diese!
manufacturer to construct a viable particulate
meter capable of real time, on-line operation. That
effort Fas resulted in the laser based meter
described in this presentation. The meter has
shown relatively good comrelation with filter weights
in beth steady and transient tests. It has proven
essentiai for use in NOx/particulate optimization
strategies, for it is now possible fo rapidly identify
operating modes which produce high levels of
particles. The meter has also been ussful for
identifying bad cyiinders or injectors.

The patticulate meter has been shown to he much
more sensitive to low engine-out soot levels than
existing opacity type smoke meters. This will be ol
increasing importance as regulations drive soot
levels down further. Actually, the soot levels of
today’s engines are below the useful range ol
existing opfical meters. Even filter weights are not
very useful for ergine development on the EPA
transiert cycle, due to the length of fime required
to get a measurable sampie from a low emission
ahygine and the particulate avershoot effect.

TECHNICAL APPROACH

A laser beam reflects and scatters light from the
particulates. Thislightis transduced by two photo-
detectors, The signals from the deleclors are
processed fo provide a measure of the particle
concentration and the average size of the
particles. The oulput is displayed in real fime.
Calibration is by comparison with filter weights.

. Steady mode and overall transient cycle results

are obtained readily on a relative basis for a given
angine, fuel and lubricant. Absolute values
depend on the care of calibration, but relative
valugs are usually sufficient for emission system
development purposes. Because the EMA
particulate meter is based on light reflection rather
than attenuation, when compared to typical light
extinction (opacily) meters, it is less prone to
measurement error due to dirty windows or
reduced light scurce output.

CHARACTERISTICS

+ Sample rats of 5 to 10 per second {100 -
200 ms).

+ Responds well on the EPA Heavy Duty Diesel
Emission Test Cycle

» Particle size down to 0.7 microns or less
(important for health effects).

+  Cormelates prmarily with dry particles
{insclubles).

+ The meter is relatively simple, low cost and
does not maguire the degrae of test csll
sophistication required of filier weight
measurement instaflations.

+« Problems with sooting of the optical system
and reflected “glare” are largely scived.

+ QGives accurate directional information for a
given enging, fuel and lubricant.

« Provides real-time partticle size estimate.
SUMMARY

With increasing emphasis on emissions and
economy, many new engine and powerirain

designs are evolving, such as direct injection
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gasoline, light duty and utiiity diesal engines, and
hybrids and vehicles with conlinuously variable
transmissions. Al these are potentially high
particulate emititers eilther because of
heterogeneous combustion orextended high load
operation. Directinjection engines, eitherdieset or
gascline, exhibit increased particulates at high
load and upon rapid increase of lpad. On
transients the particulate increase tasts only a few
ssconds and depends, for example, on the velume
of the intake manifold, turbo-chargerdzlay, oxygen
sensor and air meler response, and electronic
control fuel strategy. Steady state filter welghts do
not give comrect data for minimizing transient
partictlate emissions. it is very important to have
real time data when tailoring such engines for
minimum particulate emissions in real word
driving and on the highly transient cycles
prescribed by EPA,
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