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Abstract. A technique based on planar laser-induced fluoresduced compared to aromatic compounds since the lifetime
cence of 3-pentanone, for measurements of absolute concesf-excited states is controlled by rapid intersystem crossing.
tration, temperature and fyair equivalence ratios in turbu- 3-pentanone possesses an absorption feature between 220 and
lent, high-pressure combustion systems such as an interna40 nm with the peak near 280 nm at room temperature [3].
combustion engine is presented. Quasi-simultaneous excit@the absorption spectrum exhibits a temperature-induced shift
tion with 248 nm and 308 nm of 3-pentanone that is usedowards longer wavelengths of about 10 nm per increase of
as a fluorescence tracer doped to iso-octane, yields pairs 800 K (Fig. 1). Upon excitation in this region, fluorescence is
strongly temperature-dependent fluorescence images. Preeimitted between 330 and 550 nm, with a spectral distribution
ous investigations have resulted in information on temperaalmost independent of the absorbed wavelength. This spec-
ture and pressure dependence of absorption cross-sectianal shift of the absorption, albeit undesired for concentration
and fluorescence quantum yields. Using these data the ratio ofeasurements can be used for measuring temperature, for ex-
corresponding fluorescence images can be converted to temmple when 3-pentanone is seeded to non-fluorescing model
perature images. Instantaneous temperature distribution fielfisels, as the fluorescence intensity is a function of the absorp-
in the compression stroke and in the unburned end-gas of a&ion coefficient for a given excitation wavelength, and thus,
S| engine were measured. The temperature fields obtained temperature. After excitation at two different wavelengths
from the two-line technique are used to correct the originathe ratio of the fluorescence signal intensities reflects the local
tracer-LIF images in order to evaluate quantitative fuel distritemperature. This was first described by Gro3mann et al. [3]
butions in terms of number densities and fiaél equivalence and later applied to temperature measurements using acetone
ratio.
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engines prior to ignition is of major interest when modeling=
engine combustion and modifying combustion chamber geg \f — 373K
ometries. Especially in modern engines with stratified loaca ;EE

and systems with exhaust gas recirculation that both strong .
influence ignition and flame development, temperature an
fuel concentration inhomogeneities are present. For quantit:
tive measurements of fuel vapor concentrations ketones sut \
as 3-pentanone are frequently used because their evapo
tion properties are similar to those of common model fuels i i

such asso-octane [1, 2]. Furthermore, the influence of col- 250 300
lisional quenching mainly by molecular oxygen is much re- Wavelength [nm]

_ Fig.1. Temperature shift of the absorption band of 3-pentanone. Wave-
Dedicated to Professor Jurgen Wolfrum on the occasion of hiengths accessible with excimer laser systems are markedKiF, Ap:
60th birthday Raman-shifted KrF (first Stokes line in hydrogeRy, XeCl) ([18])
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as tracer [4]. Since this temperature measurement is basédter ignition the temperature could still be measured in the
on the ratio of signal intensities it is independent of localunburned gas region using the same technique.
tracer concentrations and therefore allows measurements of
2D-temperature distributions in non-homogeneously mixed
systems. 1 Theoretical background

2D-temperature distributions between 300 and 1000K
relevant for pre-combustion conditions can hardly be assessethe fluorescence signaffor weak laser excitation is given by
with other laser spectroscopic techniques developed for twahe following equation:
dimensional combustion thermometry so far. Rayleigh scat-
tering has been employed for the determination of temperag(x, p, ¢, T) = cliasedA)VN o (A, p, X, T)p(A, p, X, T ),
ture fields in flames [5]. Engine measurements have been per- 1)
formed as well [6] but problems might occur in realistic en-
gine geometries due to strong elastic scattering off surfaceshere I aser is the local laser pulse energy in the detection
Since Rayleigh signal intensities are a function of a speciesrolumeV, N is the number density and the molecular ab-
dependent scattering cross-section this method is not appkorption cross section of the marker, apdts fluorescence
cable in non-homogeneously mixed systems where local ejuantum yieldo and¢ depend on the excitation wavelength
fective Rayleigh cross-sections are unknown. Kaminski ek, pressurep, mixture compositiorx, and temperatur€. The
al. [7] presented the use of a thermometry technique basefdctor c comprises geometrical arrangements and detection
on two-line LIF-spectroscopy of atomic indium in an internal optics properties. If the same voluidds excited by two laser
combustion (IC) engine. This method has been used in statjsulses of different wavelengths (with a short temporal delay
flames by Dec and Keller [8]. However, as the atomic indiumto ensure separate detection of the induced fluorescence), the
is formed in the flame from InGlseeded to the fuel, the tracer ratio
needs to be activated within the flame front. Therefore, only
post-flame gases are accessible to these measurements. Waht1, P, T) _ liases (A1) 01(A1, P, X, T) ¢1(R1, p. X, T)
OH two-line thermometry [9] the measured species is tran-S (12, p, T) ILasep (A2) 02(h2, P, X, T) ¢2(X2, P, X, T)
sient and only present in the burned gases close to the flame 2
front. In contrast, NO, doped to fresh gases is present in both,
unburned and burned gases. Some uncertainty, however, depends on the pressure- and temperature-induced varia-
induced in the fresh gases by the presence of fdmed tion in absorption cross-sections and fluorescence quantum
by reaction of NO with air. With NO-thermometry [10] the yields whereas it is independent of the observed volime
considered temperature range can be assessed using 226-#@ detected species’ number dendiyand the detection
excitation. Problems due to weak signals and absorption dffficiencyc. Pressure and possible composition effects can
the short wavelength in engines might occur. A-X (0,2) ex-be corrected for using data provided by GroBmann [3] and
citation at 248 nm on the other hand gives only access t@ssler [15] by including a pressure-dependent ratigr,
higher temperature ranges for example after the flame frorthat includes effects oa and¢. Then, the remaining ratio
has passed. A combination of both excitation schemes allowsf both signals normalized to the respective laser energy is
the measurement of vibrational temperatures with high sensi functionF(T ) of temperature only.
tivity in the range above 900 K [11].

When addressing in-cylinder fuel concentration measureSt(A1, P T)/ltases A1)z 01(Ae, T)@1(Ae, T) FT)
ments, the temperature-dependent fluorescence cross-sectifiio, p, T)/llases (A2)7T1  02(A2, T)d2(ha, T) '
of fuel tracers has been reported as a disadvantage [2]. For (3)
single-wavelength excitation, however, the temperature influ-
ence on the fluorescence yield can be minimized when thA strong temperature dependence of the ratio, hence accu-
tracer is excited close to its absorption maximum, for exampleacy, can be expected wh&panda; are selected on opposite
at 276—280 nm for ketones [12]. This allows a direct meassides of the absorption maximum. This results in a tempera-
urement of fuel-tracer number densities without the need tture gradient with opposite sign and therefore maximizes
know local temperatures. With two-line excitation, in con-sensitivity to temperature changes. In our experiments we
trast, the measured temperature-sensitive data can then bged excitation at 248 and 308 nm (KrF and XeCl excimer
used to calculate the local temperature and correct for thiaser): with increasing temperature, the fluorescence intensity
temperature dependence of the fuel tracer signal obtainatbcreases after excitation at 248 nm [3] whereas it strongly
for either of the excitation wavelengths. With the simultan-increases after excitation at 308 nm [16]. With a calibration
eously acquired information about local temperature and fueheasurement as shown in Fig. 2, the properly corrected ratio
number density, local equivalence ratios can be calculated af fluorescence signals can then be directly converted into
long as constant oxygen content in the intake air can be asemperature. Figure 2 was composed using data for excita-
sumed. tion at 248 nm from GroBmann et al. [3] and for excitation

This paper reports the application of this techniqueat 308 nm from Tait and Greenhalgh [16]. The ratio was nor-
to measurements of temperature distributions and equivnalized to unity for a temperature of 373 K. A single calibra-
alence ratios in a Sl engine. Measurements were carrigibn measurement to scale the measured fluorescence ratio at
out in an optically accessible two-stroke engine fueled witha known temperature with the calibration data as displayed in
iso-octang3-pentanone (9A0 v/v)/air [13,14]. Tempera- Fig. 2, gives access to the temperature at any given point in
ture distribution fields were obtained for numerous detectiorm 2D-image, even if the physical properties (i.e. mixture ratio)
timings in both, the compression stroke and the power strokén the measurement volume are transient.
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. 5 For the combustion of iso—octar( NF_UIe\} ) =
é » 0.0168, thus Total~ NFuel / stoichiometric
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£ - 2 Experimental
T 1 n
€ The engine measurements (Fig. 3) were conducted in a modi-
e fied production-line single-cylinder two-stroke engine (ILO
- 0 . ' ' L372, bore: 80mm, stroke: 74 mm, compression ratio:
300 400 500 600 700 8.6) [17]. The original cylinder head was replaced by a quartz
ring of 4 mm height to allow for the entrance and exit of
Temperature [K] the laser sheets, and a cylindrical full-size quartz window on
Fig. 2. Variation of the LIF intensity ratioLr, sos/ILiF, 248 after excitation  top through which fluorescence could be monitored. A flat
at 308 nm and 248 nm, respectively, with temperature aluminum disk replaced the original piston crown with only

a small pocket spared for the spark plug, which was mounted
in the cylinder wall. The engine was carburetor-fueled with
Using a hydrogen Raman shift cell pumped by a narrowiso-octane (p.a.) doped with 10% /%) 3-pentanone. For
band KrF excimer laser allows us to generate two suitabléhe measurements described in this paper the equivalence
wavelengths (248 and 312 nm) with a single laser, whichatio was kept a# = 0.62 with an ignition timing at-20°ca
can be used for temperature measurements after optically desrank angle) with respect to TDC (top dead center). QOil
laying one of the laser beams to ensure separate signal desoling at 353 K was used instead of the original air cool-
tection. With the wavelength combination shown here, theng to achieve stable cylinder-wall temperature conditions. To
maximum temperatures are restricted to approximately 900 l&void any fluorescence interference from lubricants, a thin
since signal intensities upon excitation at 248 nm are gettinfiilm of molybdenum sulfide grease applied to the cylinder
very weak. Replacing the KrF excimer laser by a frequencywall and piston bearings replaced the oil usually added to
quadrupled Nd:YAG laser at 266 nm might overcome thistwo-stroke fuel. No interfering fluorescence from the grease
limitation. However, Fig. 5 of [3] shows an increasing ab-was detectable. The engine speed was controlled by a dy-
sorption feature at short wavelengths for higher temperaturasamometer and set to 1000 rpm. Measurements were carried
which needs to be addressed more closely in the future.  out both without ignition and in a skip-fired mode with four
Having determined the local temperatures now allows uskipped cycles between ignitions. In-cylinder pressure traces
to correct the fluorescence signals to calculate the numbevere recorded using a pressure transducer (Kistler 6001) and
densityN of tracer molecules: charge amplifier.
Two excimer lasers (Lambda Physik EMG 150 TMSC
N — SGi, p, T) _ (4) and EMG 150 EST), operated with KiF (248 nm) and XeCl
ILase; (Ai)oi (Ai, P, X, THéi(Ai, p, X, T)Vc (308 nm), respectively, were fired with a fixed delay of 150 ns
A calibration using a known number density of tracer

molecules at a known temperature scdie® absolute num- filter b
ber densities. Otherwise the volunve and the constant filter integrator
would not be accounted for and the analysis would yield relm [ _

tive number density distributions. As the concentration of the
tracer in the non-fluorescent fuel is known, the absolute num
ber density of fuel is now determined. Using the ideal gas lav
the local mole fraction can then be calculated:

NFueI _ NFueI *

{

-
248 nm

F——\b—\Eme 150 TMsC

==

XFuel = = , 5 = hotodiodes

" Nrota  pV/KT ®) P _
wherek = Boltzmann’s constant. The fyglir ratio can then two-stroke engine N EMG 150 EST
be determined via . 308 nm

|
. NFueI NFueI

F/A ratio= = 6 e

/ Nair Nrotal — NFyel ( ) out

laser
or in terms of the fuelair equivalence ratio: :
In
p ( NEuel ) / < NFuel ) @ Fig. 3. Experimental setup for the two-line LIF measurements in the two-
stoichiometric

stroke engine. Thénsert indicates the position of the observed area within

Nrotal — NFuel Nrotal — NFuel the cylinder
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to prevent cross talk of the laser-induced fluorescence sidew equivalence ratio leads to very slow combustion and thus
nals. Up to 180mJ at 248nm and 170mJ at 308 nm irproduced only small pressure increases compared to the mo-
pulses of 17 ns were available at the laser output. An untored case (Fig. 4). The setting was chosen to have some of
coated quartz plate was placed into the beams under 4%he fuel left for temperature measurements very late in the
to split off a small amount of energy. This was then measengine cycle. The acquired fluorescence images were pro-
ured with a UV-sensitive photodiode for every laser pulsecessed with the Cantata suite of image processing utilities
for each laser. The data were acquired along with the pregrom the Khoros 2.1 software package. Individual tracer-LIF
sure data using a Labview-based data acquisition board (Naignal intensities were corrected for background contribution,
tional Instruments) and synchronized with the ICCD camerasncidental laser pulse energy as measured by the photodi-
To account for the different focal lengths of the cylindrical odes, and laser sheet inhomogeneities. Pressure effects were
lenses for 248 nm and 308 nm the two laser beams were corteken into account using data from Gromann et al. [3]. By
bined on a dichroic beam splitter (HR 308 nm, uncoated fodividing two corresponding corrected images, LIF intensity
248 nm) after they each passed through a focusing cylindricahtios were obtained and referenced to a calibration measure-
lens (f =+310mm) and then were collimated as a com-ment at a known temperature. For this calibration the cylinder
bined beam with a diverging cylindrical len§ & —40 mm).  temperature was stabilized at 353K using the engine’s oil
This way the beam waists could be adjusted individually tacooling system while vaporized 3-pentanone was fed into
ensure perfect overlap at the measurement location in the etihe combustion chamber without operating the engine. Ab-
gine [1]. The dimensions of the two horizontal laser lightsolute temperatures could then be assigned to each pixel of
sheets were measured to approximately 20 mm width anthe resulting images using the calibration curve shown in
0.5mm thickness. The laser pulse energies were adjustdeg. 2. The same data could be used to calibrate the fluo-
to no more than 50 mJ at the measurement location. Thiescence signals with respect to absolute number densities.
guaranteed that the laser power density at no time exceed&ihgle-shot temperature distributions for various timings in
30 MW/cn? to ensure excitation in the linear fluorescencethe compression and the power stroke of the fired engine (for
regime [15]. The imaged area from the engine was 68mm location within the engine, see Fig. 3) are shown in Fig. 5.
52 mm onto each of the intensified CCD-cameras (LaVisiorAs the flame propagates into the fuak mixture, the fluo-
FlameStar I, 768« 572 pixel), i.e. wider than the width rescence signals disappear and no temperature information
of the light sheets. The signals generated by the two lasean be obtained there. The black regions in the images rep-
pulses were split using a broadband metal-coated beam spliesent the post-flame gas areas where fuel and fuel tracers
ter (R= 31%) and each part was imaged onto a camera witlare burned. Therefore, the limits of this black area also in-
a fy =2, f =100 mm achromatic UV-lens (Halle). The two dicate the instantaneous flame front position. Selected pro-
cameras were positioned on micrometer-controlled transléfiles taken along a line in the single-shot images are shown
tion and tilt-stages to index the two corresponding imagesn Fig. 6. The temperature gradient at the flame front is too
Any remaining mismatch was corrected during the image prosteep to be resolved with the chosen image magnification.
cessing by translatingotating one of the images with respect The profiles show that the spatial variation of temperature
to the other. A millimeter-scaled grid was positioned at thein the unburned end-gas is quite small, especially during
location of the light sheets and photographed with the CCDRhe compression stroke, as could be expected for a skip-
cameras. Separation of the two images was achieved with tHiged carbureted engine. The over-all temperature is increas-
time delay between the laser pulses (150 ns) and a short inten-
sifier gate time (100 ns). The detection of elastically scattered
laser light was suppressed using Schott WG335 filters. Th
camera signals were digitized with a resolution of 12 bit anc
stored for data evaluation.

Images taken from engine runs without fuel intake were o5 |
recorded and subtracted from the individual fluorescence im motored
ages to account for any spurious unwanted signal due to sce
tered light. For each laser beam an average spatial intensi—
distribution was measured by taking fluorescence images (&8 15 |
3-pentanone without running the engine. Ample time was al ©
lowed after taking in the 3-pentanagfiso-octane mixture to g
guarantee a homogenous mixture. These images then serv § 10
for correction of the two-dimensional fluorescence image:®-
with respect to spatial laser energy variations. Additionally,
the intensity distributions were scaled with the instantaneou
integrated laser energy as measured with the photodiodes. 5F

— ignited

3 Results and discussion

0

Measurements were performed at a constant engine speed =10 ; L
1000 rpm. The overall equivalence ratio was septe 0.62 Detection time [*ca]

Wh|Ch was measured with an airflow meter ?md by_mf—“’“tor'Fig. 4. Pressure trace in the two-stroke engine for a motored and a fired
ing the amount of fuel consumed over a period of time. Theycle
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Fig.6. Temperature profiles obtained from single shot measurements for
various detection timings. The position of the line is depicted in Fig. 5

homogeneous temperature distribution justifies the extrac-
tion of a smaller region (10 mm 7 mm) for the determin-
ation of average temperatures. Figure 7 shows some tem-
perature histograms, obtained from 100 single-temperature
measurements within these areas. The standard deviation of
these data, which includes engine cycle-to-cycle variations
as well as the statistical error of the method shows that
the temperature measurements can be obtained with a pre-
cision of better thant17 K in the motored andt25K in

Fig.5. Single-shot temperature fields for various detection timings. Th¢he fired engine, This corresponds to a relative error of

flame development is visible from thback area where the fluorescent trac-

ers have been burned by the progressing flame.lifleen the upper frame
indicates the position of the profiles shown in Fig. 6

approximately 4%. Figure 8 displays the average tempera-

ture including the above-mentioned errors as a function of

crank angle, derived from 100 single measurements per data
point. The experimental results are compared to adiabatic

ing up to top dead center (TDC), followed by a decrease duealculations assuming a temperature-independent empirical

to the expansion of the gas mixture until°4@a when the

ratio of heat capacities of = 1.33. The valuec = 1.4 for

flame has almost reached the cylinder walls. The observeglure air is reduced due to the presence of fussgctane:
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Fig. 7. Histograms for single-shot temperature measurements in the motored engine for various detection timings
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650 density of fuel molecules can then be determined using
the corresponding temperature images shown in the second
row. The correction for temperature effects was performed
on a per-pixel basis. The corrected LIF images are then
calibrated to absolute number densities using the measure-
ments under perfectly mixed conditions where the fuel con-
centration was calculated from the ratio of measured air flow
and fuel consumption. The resulting images give absolute
fuel number densities (third row). Since pressure gradients
within the cylinder can be safely neglected temperature im-
ages allow the calculation of total number densities, which
enable the calculation of fuiir equivalence ratio distribu-
tions (fourth row) using (8). This series of images shows how
the actual equivalence ratio corresponds to the measured LIF
intensity.

—— simulation
® motored
O fired

550

450

Temperature [K]

250 1 1 1 1
-90 -60 -30 0 30 60 4 Conclusions

Detection time [°ca] . . L
_ _ _Knowledge of the local fughir equivalence ratiap is of
Fig.8. In-cylinder temperature measurements for the motored and the fir

engine as a function of crank angle. The data are compared to a adiabjﬁcajor |mporpanc_e In engine development. .The equivalence
calculation for the temperature trace for the motored case ratio determines ignitability, flame propagation, temperature,

burnout and formation of pollutants such as nitric oxide, car-

bon monoxide and unburned hydrocarbons. Controlled spa-
x =1.04). End gas temperatures for engine operation withjal variations of¢ are especially crucial for a reliable and
combustion are higher compared to the motored case. Howtlean operation of lean burning engines with stratified load.
ever, variations are rather small due to the minor changes iR measurement technique that is capable of imaging the spa-
peak pressures (Fig. 4) as a consequence of the leafaiiuel tial distribution of¢ would therefore be of great importance
mixtures. for the development of such engines.

The two-line tracer-LIF measurement allows further  Two-line planar LIF-imaging of 3-pentanone, which is
quantification of fuel concentration distributions. Since LIF added toiso-octane as the primary fuel, provides a tech-
signal intensities obtained with either excitation wavelengtmique for measuring the temperature distribution and tem-
are strongly temperature-dependent, temperature informatigserature development in the unburned gas region. The tech-
is required to correct for this effect when quantitative fuelnique was applied to turbulent combustion with inhomoge-
concentration measurements are required. Figure 9 showous fuel distribution under transient conditions in Sl engine
the LIF-intensities upon 308 nm excitation for three single-combustion. A measurement precision of 4% was achieved
shot images (18ca). According to (4) the absolute number for single-shot temperature images. Temperature distributions

obtained from the two-line measurement can subsequently
be used to further quantify the fuel distribution as obtained
~ from a single-wavelength measurement. Thus, the tempera-

% é-' ture influence on tracer LIF-imaging as reported in several
é @3 applications can be accounted for. Not only can temperature
o2 ®  effects on the determination of the number density be ac-
=S o counted for but also the temperature information can be used
e[ g to calculate local fughir equivalence ratios.
= w
ol e Acknowledgements. This work was partly funded by the Commission of
g the European Community as project 4 Space (Contract No. BRPR-CT97-
E S 0462). Financial support for S. Einecke was granted by the State of
L™ Baden-Waurttemberg and the University of Heidelberg according to the Lan-
e | o desgraduiertenforderungsgesetz (LGFG). The engine was provided by J.
o 2 = Warnatz, and U. Maas, ITV Stuttgart, within an ongoing collaborative re-
'g g = search effort. Contribution to the experimental work by Robert Schief3l is
sols gratefully acknowledged.
-1 &
o
| o[ @
® @ ©  References
— Ssile
uj" 5 1. A.Arnold, A. Buschmann, B. Cousyn, M. Decker, F. Vannobel, V. Sick,
j s J. Wolfrum: SAE Paper 932696 (1993)

o 2. T.ltoh, A. Kakuho, H. Hishinuma, T. Urushiahara, Y. Takagi, K. Horie,
Fig.9. LIF-intensities upon 308 nm excitation, temperature fields, tracer M. Asano, E. Ogata, T. Yamasita: SAE paper No. 952465 (1995)
number density and fugir equivalence ratio distributions in the two-stroke 3. F. GroBmann, P. Monkhouse, M. Ridder, V. Sick, J. Wolfrum: Appl.
engine. The figure shows three different single-shot images aal8 Phys. B62, 249 (1996)



10.

11.

. M.C. Thurber, F. Grisch, R.K. Hanson: Opt. L&t2, 251 (1997)
. A. Buschmann, F.Dinkelacker, T.Schéfer, M. Schafer, J. Wolfrum:

Proc. Combust. Ins6, 437 (1996)

. C. Schulz, V. Sick, J. Wolfrum, V. Drewes, M. Zahn, R. Maly: Proc. 13.

Combust. Inst26, 2597 (1996)

. C.F. Kaminski, J. Engstrom, M. Aéd: Proc. Combust. Ins27, 85

(1998)

. J.E. Dec, J.O. Keller: Proc. Combust. Irat, 1737 (1986)

. A.Arnold, B. Lange, T. Boudh T. Heitzmann, G. Schiff, W. Ketterle, 15.
P. Monkhouse, J. Wolfrum: Ber. Bunsenges. Phys. Cheén.1388 16.
(1992)

J.L. Palmer, B.K.McMillan, R.K.Hanson: Appl. Phy$3, 167 17.
(1996)

W. Bessler, F. Hildenbrand, C. Schulz:Uaser Application to Chem-

ical and Environmental Analysis, Technical Digest (Opt. Soc. of
America; Washington DC 2000) p. 149; W.G. Bessler, F. Hildenbrand,
C. Schulz: Appl. Opt. (2000) in press

12.

14.

18.

723

H. Krémer, S. Einecke, C. Schulz, V. Sick, S.R. Nattrass, J.S. Kitching:
SAE transactions 1998, Vol. 107, pp.1048-1059, paper No. 982467
(1998)

S. Einecke, C. Schulz, V. Sick: lraser Application to Chemical and
Environmental Analysis, Technical Digest (Opt. Soc. of America;
Washington DC 1998) p. 84

S. Einecke, C. Schulz, V. Sick, A. Dreizler, R. Schie3l, U. Maas: SAE
transactions, Vol. 107, pp. 1060-1068, SAE paper No. 982468 (1998)
F. Ossler, M. Alén: Appl. Phys. B64, 493 (1997)

N. Tait, D. Greenhalgh: Ber. Bunsen-Ges. Phys. Chéi. 1619
(1993)

B. Bauerle, F. Hoffmann, F. Behrendt, J. Warnatz: Proc. Combust. Inst.
25, 135 (1994)

Note: Figures 1-6 are taken either as direct reproduction or with
some minor modification from [14]. They are reprinted with permis-
sion from SAE paper number 9824681998 Society of Automotive
Engineers, Inc.



