
SESSION I! 

Diesel Engine Issues and Challenges 

Session Chair: Gurpreet Singh 
U.S. Department of Energy 

Paul Jacobs 
California Air Resources Board (CARB) 



DIESEL AND GASOLINE LIGHT TRUCK EMISSIONS: 
"THE REST OF THE STORY" 

Tom Vaohon  
Cate rp iUar lnc ,  

ABSTRACT 

What is the impact on ambient air qualiW' in 
major metro areas if a significant share of light 
mack gasoline engines are displaced by 
diesele? This is a ~ystems question that 
requires a systems analysis. Such an analysis 
is presented {or two LDT4 light trucks; one 
powered by a gasoline engine and t~e other by' 
a diesel. Vehicle plu¢ upstream emiesione are 
accounted for and a total environmental co~1 
per 1,000 miles is eslimated for each truck 
using damage ,,'alues per ton for each pollulart. 
Ta|ipipe, evaporative, fuel processing upstream, 
atmospheric secondary reactions, road dust and 
greenhouse gases, are included. 
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L.D.  T R U C K S '  F U T U R E  P O W E R  P L A N T  

- 5 0 %  M O R E  M P G  

- B E T T E R  D R I V E A B I L I T Y  

- M O R E  T O R Q U E ,  P U L L I N G  P O W E R  

- I H G H E R  R E S A L E  V A L U E  

- L O N G E R  L I F E  

(BUT, ITS A DIESEL) 
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BIG IMAGE PROBLEM 

GUSTOMER: PERCEPTION 
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g/mi x $/kg x lkg/lOOOg = $11000 mi 

T 
vehicle + 

upstream 
damage based 
cost for each 
emission (direct 
+ secondary) 

T 
env. / health effects 

cost per !000 mi 
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RESULTS WITH ARGONNE STUDY 
AVERAGE EMISSION VALUES 

Tailpipe Emissions: Nominal LEV, LDT4 
Upstream Emissions: Refinery, Storage, Transport, Nat'l 

Averages 
$f1000 Miles, Total Env. Cost 
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TAILPIPE, TIRE & BRAKE, UPSTREAM 
PMIO 

EACH HAS DIFFERENT SIZE DISTRIBUTION AND COMPOSITION 
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RESULTS W/U  OF CA, DAVIS STUDY 
EMISSION VALUES (UPPER BOUND) 

-railpipe Emissions: Nominal. LEV, LDT4 
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RESULTS W! U OF CA, DAVIS STUDY 
EMISSION VALUES (LOWER BOUND) 

Tailpipe Emissions: Nominal LEV, LDT4 
Upstream Emis: Refinery, Storage & Transport in Major Metro Areas 

$11000 Miles, Total health Effects Cost 
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CATERPILLAR'S LIGHT TRUCK CLEAN DIESEL PROGRAM - 
TECHNOLOGIES TO MEET FUTURE 

HSDI EMISSIONS REGULATIONS 

Michael  A. Flinn and Kevin P. D u l l y  
Caterp i l la r ,  Inc.  

INTRODUCTION 

Caterpillar Inc.'~, Engine Research department 
is involved in a program to develop 
technologically advanced prototype engines for 
the Sport Utility Vehicle (SUV) and Light Truok 
{L'r) vehicle m~rkets. Meeting the objectives of 
this program, which is co-funded by the 
Department of Energy's Office of Heavy Vehicle 
Technologies (DOE- OHVT) office, will result in 
vehicular powe3olants capable of delivering 
significant rue| savings in this fast-growing 
tuReen-let market. 

Ught Trucks (pickups and sport utility vehi;les 
< B500# GVW) now comprise over 40% of new 
vehiole sales in the U.S. and welt over h~lf ot" 
th~ new vehicle fuel consumption levels. Atthe 
same lime, higher technology diesel engirl~,s 
are making dramatic gBlns in the higher priced 
fuel market~ such as Europe. Automaker~ and 
the DOE feel that there is a demand waiting to 
be satisfied with an advanced diesel engine for 
LT's and SUV's (Fig. 1) in the U.S. market. 
Converting the~e vehicles to advan;ed, ultra 
low emitting diesel engines would improve their 
tankomiles-per-gal]on fuel economy by at least 
50%. This could easily~tranelate into a rue! 
savings of 0.7 MBPD (million barrels per day), 
or roughly 20% of our nation's total oil import 
Is,/sis. 

The challenge in DOE's Light Truck program is 
to maintain the inherent luel economy benefits 
of the diesel engine powerpl~nt while meeting 
the stringent gaseous emissions requirements 
as defined in EPA legislation, Caterpillar's Light 
T~¢k Clean Diesel (LTGD) program will deliver 
prototype vehicles in 2002 demonstrating a 50% 
fuel economy improvement over 1997 gasoline 
powered vehicles while complying with EPA's 
Tier II emissions regulations. 

CATERPILLAR'S LTCD PROGRAM 

Caterpillar is te~med with Ford Motor Comoany 
on this 5 year program to develop prototype 
vehicles ,demonstrating the target fuel economy 
and emissions levels (Fig. 2) through the use of 

significantly advanced compression Ignition, 
direct injm.,,tion (CIDI) teehnologie~o In 2002, the 
development team will deliver prototype 
vehicles with CIDI powerplants exhibiting 
performance speclfications approximating those 
shown in Fig. 3. These powerplants will meet 
the requirements of the program and provide 
excellent driveability due to the excellent low- 
end torque characteristics Inherent In CID1 
engines. 

The program (Fig. 4) consists of five primary 
tasks. Current activities focus on development 
tasks 1.1 - 1.3 which include defining 
specifications for the teohnologiaally advanced 
vehicle and powertrain, devel oping para]lel 
technologies necessary Lo meet the program 
goals and demonstrating these technologies on 
mule HSDi engines. Prior to their incorporation 

• into the LTCD demonstration engines, each 
technology will p=ss through a rigorous 
downselection process involving assessments 
against performance, cost and feasibility goals. 

Due to the anticipated ~ignific, ant challenge of 
meeting the Tier II emissions goals, the scope 
of Caterpillar's LTCD program was modified in 
early 1998 to augment development efforts in 
many of the teohnology areas. One of the 
primary augmented focus areas was emissions 
and aftertraatment Inability to meet the 
requirements of Tier II emissions legislation 
would be unacceptable, even if the vehicles 
were to meet the 50% fuel economy 
improvement goal. 

As the program scope was modified, the 
development team established a second phase 
of emissions development (Phase 2) and 
pulled-forward the date for demonstration of the 
~riginal emissions goals (Phase 1.) Phase ! 
emissions will be demonstrated in-vehicle and 
phase 2 emissions will be demonstrated on an 
engine transient emissions test bed. Both 
phases will target the 50% fuel economy goal 

7{) 



EMISSIONS PROGRAM 

@everal drivers are mandating a more focused 
effort on emissions reductions technolog.v 
development at Caterpillar. These include the 
general ~o~g-term emissions and attertreatment 
research activities curre'~tly underway, the 
regent off-6ycle emissions issue and the desire 
to leverage sucx;essful technology' across the 
entire Caterpillar product line. In particular on 
the LTCD Program, the renewed technology 
emphasis coupled with aggressive transient 
emissions targetshave led to a two-phase 
emissions program. 

In Phase 1, emissions targets are 0.5 g/mile 
NOx and 0.05 g/mile partioul .ate matter (PM) 
over the US FrP-75 transient emissions cycle. 
These targets.are for the ~ntractuaJly obligated 
F-150 vehicle demonstratio.1 at the end of the 
LTCD Program. in addition, a Phase 2 program 
is planned with emissions targets of 0.05 gtrnlle 
NOx and O.01 g/mile PM (LEV II). Achievement 
of these emissions levels will only be attempted 
over the FTP-75 transient emissions cycle in an 
engine dynamometer demonstration. 

The difficulty of achieving these goals in a 
vehicle with a -5000 lb. test weight is 
recognized from the outset. However, the 
stringent targets will drive emissions and 
aftertreatment technology development as 
applied to HBD! Diesei engines to new levels. 

A schematic showing the major general 
elements of the Phase I and 2 programs is 
presented in Fig. S with the more detailed paths 
given in Fig. 6. The Phas~ 1 program is 
underway in Q4 '98, and the majority of the 
Phase 2 program begins in Q3 'g9, although 
several activities have al ready been started. 
The baseline engine is a Perkins ,3.0L V6 with 
the Bosch VP-44 fuel system, electronic EGR 
system and an oxidation catalyst. FTP-75 
emissions dat~ were obtained in atest vehicle 
at Light Truclo'SUV road load conditions. The 
cycle NOx and particulate emissions were 0.65 
g/mile and 0.1 g/mile, respectively as indicated 
in Fig. 6 and are the starting emissions levels 
for the Caterpillar LTCD Program. 

The first major emissions reduction techr.ology 
to be developed is in the area of fuel injection 
systems. The Caterpillar H_=UI-B fuel system 
will be implemented in the LTCD engine at an 
early stage. This fuel system offers cam- 
independent flexible injection control (small pilot 
quart~ities, split injection~, adjustable iront-end 
rates, etc.) that will provide approximately 2.0% 
lower particulate emissions levels than the 

"/4 

existing VP-44 fuel s~tstem. Air systems 
technology development is also a strong 
emphasis of the Caterpillar LTCD Program. 
Variable geometry turbocharging alon0 with a 
fast acting electronically controlled EGiR system 
capable ol tight AFR control are major program 
components. Careful control of these 
components will be accomplished using model- 
ba~sed mapping with feedback control. The 
tighter transient AFR control well allow the EGR 
e/stem to reduce parliculate~ by an additional 
25% with a further 5-15% redu~on in NO× 
emissions levels, Combustion optimization 
technlque.~ (bowVswlr]/fuel spray' matching) 
using CFD to guide an experimental test 
program should lead to further 10% reductions 
in NO× and PM. 

Depending upon which Phae, e I path is chosen 
(see Fig. 6a), a more conventional 
aftertreatment technology will then be required 
to achieve the emissions targets. The first 
option is an active lean NO× catalyst with 
supplemental HE; inj~tion. NO× conversion 

• efficie .notes of 30% with this type of system 
have been advertised by several major catalysl 
gEMs. However, an FTP-75 cycl~ convex/on 
efficiency of 18% should be adequate to 
achieve Phase 1 emissions targets, assuming 
the other systems achieve reductions as 
indicated. Alternatively, with a different injection 
timing and EGR tune for NO× control, an 
advanced Diesel oxidation catalyst capable of 
20% solid particulate reduction ~outd be used. 
Either of these paths requires o~rerall NOx and 
PM reductions of 23% and 46%, respectively, 
compared with the existing baseline engine. 
This levei of reduction will require significant 
technological advances over the next two years, 
but is feasible based on existing information. 

The Phase 2 emissions targets mandate 
substantially' improved performance from the 
fuel and air systems (engine out reductions of 
44% NOx and 61% PM). In addition, advanced 
aftertreatment solutions capable of further 70- 
85% reductions in NQx and PM will be required. 
Overall reductions from the baseline engine of 
approximately 90% Ior both NOx and PM will be 
required to meet the stringent phase 2 targets, 
Collaborative programs between Oaterpillar and 
catalyst gEMs and consulting firms are 
underway to develop these advanced 
aftertreatment systems, 

Three primary paths have been identified as 
indicated in Fig. Bb. The first uses diesel fuel 
with a regular (-.900 ppm) euffur level. The 
technology with the most potential here is a 
system using a urea-SCR system combined 



with a cataiy'zed diesel particulate fitter. The 
second path requires low sulfur (<10 ppm) fuel 
but allows for NO× trap and continuously 
regenerating trap (CRT) technology. Finally, a 
third path using alternative ~echno]0gies has 
been identified. Here, advanced systems such 
as a partier oxidation luel reformer, non-lherm.at 
plasma (with catalyst) and homogeneous 
charge compression ignition c~mbustion are 
being investigated as enabling technologies. 

Cleady there are numerous inhibitors to 
implementation of each.of these advanced 
diesel emissions reduat[on technologies in light 
truck and sport utility vehicle applications in the 
future. Foremost are the t~rce, cost, and 
technology hurdles associated with their 
development. Lower temperalu:e SCR 
catalysts and better NOx trap regeneration 
schemes are being investigated, but must be 
further developed. Durable/advanced sensors 
for urea and NOx must be developed for use in 
feedback control and anti.defeat eppiic~llon~. 

The highly interactive nature between the fuel 
injection, turbooharger, EGR and aftertreatmant 
systemn will mandate improvements in 
microprocessor speed and controls algorithms. 
The increasing stringency of the legislated 
emissions levels makes the task more difficult 
to achieve. In addition, for several of the 
aftertreatment technologies, lower fuel suttur 
levels will be required to improve catalyst 
performance and prevent poisoning. Finally, ~or 
SCR aftertreatrnent s:ysterns, infrastructure 
improvements will be needed to support the 
distribution of urea. 

CONCLUSIONS 

DOE's light truck program offers significant 
challenges but =leo has the potential to bring 
tremendous value to this country through large 
reductions in fu~l u~ge in the light truck vehicle 
market and tl~rough significant reductions in one 
of the primary greenhouse gase¢ 002. The 
diesel engine powerplant offers ~he greatest 
potential for meeting the fuel economy goals in 
this program in the shortest amount o! time. 
Meeting Tier 2 emissions requirements, while 
still maintaining a significant fuel economy 
advantage, will be the significan ~. challenge. 
Caterpillar and other U.S. diesel engine 
manufacturers have continuously improved the 
emissions and performance of their producls 
over the past 20 years, reducing regulated NOx 
emissions by' 70 percent and lewedng 
particulate emissions by 90 percent. During 
that same period, diese! engine fuel efficiency 
has improved over 2,5 pc;cent, These same, 

and even more advanced, technologies when 
incorporated into light duty platforms will result 
in products that meet customer expectations 
and proviffe significant value to the country. 
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POLARIZED LIGHT SCATTERING FOR 
DIESEL EXHAUST PARTICULATE CHARACTERIZATION 

A.J. Hunt, M.S. Quinby-Hunt, and I.G. Shepherd 
Lawrence Berkeley National Laboratory 

ABSTRACT 

The polarization properties of scattered light are 
being exploited to determine the size distribution 
and composition cf the exhaust particulate from 
diesel engines. The feasibility of the approach 
was establ ished through prel iminary 
measurements using a polarization-modulated 
angle-scanning nsphelometer (POLNEPH) to 
completely characterize the intensity and 
polarlzalion of the scattered light. The size 
distribution and complex index of retraction of the 
particles were determined from the .data by 
simultaneously tilting 'measured the angle- 
dependence of three or four scattering 
transformation matrix elements with Mie 
scattering calculations. Based on the results of 
the preliminary measurements a new instrument 
(Scatterometer) was designed specifically for 
rapid in-situ determination of particle size and 
optical properties of modern diesel engines. 

INTRODUCTION 

This research is directed towards developing a 
new method and instrument to characterize diesel 
exhaust particles by the measurement of the 
intensity" and polarization of light scattered from 
the exhaust stream, In particular, w~ are 
developing a real-time light scattering instrument 
to measure Ihe size and optical properties of 
diesel particulates. This instrument development 
program will enable the study of the exhaust 
particle characteristics as a function of engine 
running conditions,fuel composilion, and exhaust 
after trea'mnent processes. It will also allow the 
study of various po~-cembustion factors such as 
afterlreatment technology, and di]utioncondifiens 
(dilution volume ratio, injection techniques, time, 
and relative humidity) on the particle size 
distribution and content. 

We are undertaking this reseamh because of the 
increased importance of small particles released 
into the environment. Accurate, real-time 
measurements el = particulate matter (PM) 
emissions are essential for engine development 
and monltoring evaluation of after-treatment 
teehno~cg[e~ and emissions compliance. 
.Airborne particulates ~re known to constitute a 

majorhuman health risk 1. .Recent epidemiologica 
studies report that particles with diameters of less 
than 2,5 pm are most dangerous - a tact of 
particular relevance to emission~ from modern 
diesel engines that are in this range. Further, 
these particles are known to have a profound 
effect on visil~ilib/in Class I areas and constitute 
a major couroe of carbonaceous particulcz~es in 
populated areas. 

Diesel particulate pollutants consist primarily of 
coot resulting from incomplete combustion of the 
fuel z3. Concern about the health effects of 
airborne particulate matter led the federal 
government, in 1971, to regulate such pollutants 
and in 1987, by basing the standard on the mass 
of panicles with diameters d < 10 pro, further 
tightened the regulation. Recentepidemiologic~! 
studies TM have indicated that the most dangerous 
particles have d < 2.5 pm and a more stringent 
standard has been promulgated by' EPA. These 
health effects are of special pertinence to diesel 
engine emissions. Particulate emissions in die..,~l 
e×haust~ that range in size from small 10-30 nm 
spheres to ctusters (aggtomerates) of ~ese 
spherules with diameters up to 10 pro, are a 
major source of the most hazardous aerosols s. 
.Furthermore, transportation-generated particles 
h.ave several special problems 2. Theyare emitted 
close to ground tevel in areas of high population 
density" agd= due to their small size, have long 
lifetimes: They also can transport heavy metals 
and other pollutants, which may be absorbed on 
the surface of the particles, and deposited deep in 
the lungs. 

Current measurement methods are inadequate to 
fully o haractedze these parliou late s. Conventional 
methods that rely on the exhaust opacity (smoke 
meters) do not worlc with newer direct-injection 
diesel engines because the total ma~.~ and 
particle size in the emissions do not cause 
sufficient •opacity to provide retiable 
measurements. Filter methods are slow and 
cumbersome and give only total mas~ 
information. Multistage impactors require time- 
consuming analysis methods and most do not 
accurately measure the smallest particles in the 
exhaust. Acfvanced particle characterization 
instruments such as the Scanning Mobility 
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Panicle Sizer generally require long sampl ing 
times to obtain size distribution information and 
therefore do not eh~r~ete riz~ transient eh~ng~ in 
particle characteristics. In addition, these 
methoc~s provide little or no information about 
particle composition or its carbon content. 

THEORE~CALBACKGROUND 

To better understand the approach used In this 
work a brief description of light ~oattering 
formalization is given here. The intensity and 
polarization of any b~am of light can be described 
by a ,S-element Stokes vector,/, the components 
of which measure the following: 

I = total intensity of light, 
Q = ± 90 ° polarization, 
U --- ¢-45 ° polarization, 
V = circular polarization. 

Ught scattering may be described thec, reticaily by 
the transformation efthe I :~ 4 Stokes vector by a 
4 × 4- Mueller matrix, I ' =  Mi, where the.Mis the 
Mueller scattering matrix and r the Stokes vector 
of the scattered light. The comp!ete angle 
dependenc~ of the matd× elements represents all 
the information available from light scattered 
without wavelength shift s . The approach used in 
this work relies on matching measurements and 
theory of the angle dependence of several 
elements of the Mueller matrix. The matrix is 
determined by the characteristics of the 
scatterers, including their size, structure, 
symmetry, orientation, and complex refractive 
index m ( m =  n -  iK), wher~ n is the real 
(refractive) and K the imaginary (absorptive) part 
of the refractive index. The Mue;ler matrix 
associated with a suspension of aerosol particles 
can be used to describe and quantify the effects 
of particles on polarized light, in general, eight 
elements of the Mueller matrix (normalized by the 
total intensity; designated as S~, = S~IS,) are 
non-zero for aerosols: S , ,  ".q12 = ,?~, ,~.~, ,.o~, S~, 
and S~ = - S~. 

Deterr~nation of Size and Refractive Index for 
SpheEcally-Syrnmet/Yc Parbcle~ 

The size, refra~-ive index and shape information 
1or a distribution of particles from the observed 
scattering cannotin ~ceneral be obtained by direct 
inversion of the Mueiler matdx. It is necessary, 
therefore, to calculate the scattering from 
ass urn ed ensembles af particles using a variety ot = 
models based on 1he scattering system and 
compare the results with the experimental data. 
if the particles are sphericalor needy so, then the 
scatterir=g of such an ensemblecan becalculated 
rigorously using Mie scattering models s.7. It is 
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only necessary to calculate 4 elements of the 
scattering matdx for spherical particles - all others 
b~ing z~ro, eclua] to, or ~h~ negative of the four 
c~lculated, and ~2 is unity. Particles may be 
considered spherical when S~ is greater than 0.9 
at all angles ~. If the particles are spherical, 
agreement between observation and calculations 
b~sed on the Mie model is excellent z.~. 

Preliminary S,, measurements of the exhaust 
from modem direct injection diesel engines 
indicate that they .qeneraily may be treated as 
spheres (although this is not necessarily true ~o r 
older diesel engines). Tl~ereIore Mie calculations 
were used to predict 'the resulting angle 
d~penden~e of the Mueller matrix. The measured 
scattering is compared with 1hat predi~ed by Mie 
calculations and the input parameters to the 
mode] are adjusted until the agreement is 
optimized. There is no exact solution to this 
problem; the fitting procedure we employed 
matches the tour retevant matrix elements 
simultaneously. It is performed iteratively with 
computer code developed at LBNL based on the 
Levenburg-Marquardt optimization technique 1°. 

The code usesthetype of size distribution, mean, 
minimum, and maximum radii and the complex 
refractive index as input param@ters and iterates 
to the optimal solution based or] the minimization 
of X =, the "goodness of fit" parameter, in the 
calculations the size probability dietribulion 
(generally log normal produced the best fits) and 
minimum and maximum particle radii were fixed 
and other input~were treated as free parameters. 
Thesefitting programs run rapidlyon modern PCs 
and can done at a near real-time basis. Thus the 
procedure is measure the light scattering for 
several matrix elements atfixed number of angles 
and apply the optimization technique to rapidly 
determine the size distribution and complex 
(terra,live and absorptive) indices of refraction. 
These numbers can be used to determine an 
effective size, amount of soot present and degree 
of compactness o! the particles. 

Non-sphe•caJly Symmetric Particles 

Theoretical analysis cf the more general case of 
non-spherical particles 1~ is more difficult but was 
considered important in certain cases. Namely 
older diesel engines produce larger particles that 
deviate more slgnilicantly from spherical 
symmetry especially as measured in fractions of 
the wavelength of light. In cases when S== was 
measured to be significantly less than unity an 
alternative approach 1o modeling light scattering 
from non-spherical diesel soot particles was 
developed. In this o~se the particle model 
represents the particle as an agglomeration of 



primary soot nanoparticles. These particles or 
clusters ar~ ger~eraled using ~ r~ndom-waik 
procedure to build up a parlicle that is 
characterized by a fractal dimension and a radius 
of gyration. The numrcef of primary soot particles 
that are added in the random walk procedure 
.determines the size of tile cluster (radius of 
gyration). The fractal dimension (degree of 
compactness) i~ calculated from the ~oordinates 
of the computer, generated particle. 

Once a particle is generated using the random- 
walk model, the scattering is calculated from an 
ensemble average of these particles. Figure 1 
illustrates the t3,pe of particle model generated by 
this procedure. It can be seen that the particle 
model resembles electron micrographs of soot 
particles. In this case the calculation is based on 
the ~oupled-dipole approx[mation, 1='~3 that is well 
suited to the aggiomerale particle model. The 
calculation is more computationally intensive and 
therefore required a larger computer than that 
needed for the Mle calculations. The calculations 
are carried out in parallel mode with a Cr~y T3E 
(with Up tO 540 processing elements ave!fable). 
In thin case the particle size wilt be determined 
using the Levenbufg-Marquardl optimization 
technique with look-up tables for the results. 

Figure 1. A model of a diesel soot particle 
generated by a random walk calculation. 

EXPERIMENTAL APPROACH 

To determine which of the MuelI~r scattering 
matdx elements are most diagnostic for 
characterizing diesel pa.rtiole size and the most 
sensitive measurement contiguration, extensive 
measu rementswere performed using our existing 
angle-scanning poiar izat ion-m odu lated 
nephelometer 7'~'9 (POLNEPH). 

This in~rument uses a linear polarizer and 
photoelastic modulator operating at 50kHz to 
modulate the polarization of light 1torn a 532 nm 
ow Nd YAG laser. The light is passed into the 

sampte region that contains the exhaust plume. 
The exhaust isdirectedthough the s~nsing Tegion 
and drawn off with a vacuum line to confine the 
stream. The scattered light is collected with a 
photo-multiplier tube that is moun;ted on the 
rotating arm. Before reaching the photornultiplier 
tube the light passes through a linear polarizer. 
An angle scan using POLNEPH ~akes about one 
minute. By manually selecting the modulator 
orientation, polarLzetion filters, retarders, and 
synchronously detecting the 50 and 1£10 kHz 
component of the scattered light, all sixteen 
elements of the Mueller matrix from 10-170 ° were 
measured, Agreement between repeated 
measurements of'the same matrix element was 
excellent. Measurements were routinely made of 
four elements o! the Mueller matrix for 
comparison with results from analytical models. 

RESULTS 

The results of scattering measurements using 
POLNEPH for two matrix elements are presented 
in Figure 2. Thetotal intensity ($1~) and the linear 
to circular polarization transformation (S~) are 
shown for two engines and load conditions. The 

• engines are a Cummins B5.9 175 MAN 6 
cylinderturbo-diesel connected 1o sn eddy current 
dynamometer and an APme Motori- ADX 300 one 
cylinder dire~ injection diesel engine used in a 
motor-generator configuration to provide a load. 
The total intensity ($1~) is seen to vary well over 
an order of magnitude from the front to back 
scattering direc~ons. The small diesel shows a 
larger change with angte for tuit load vs. idle 
conditions indicating a larger particle size forfull 
load. The S= matrix element for the small engine 
demon~rates considerable variation with load. 
This variation is oI~e of the keys in pro,Jiding 
unambiguou~ padicle size information from the 
m ultJ-curve fitting procedure. Calculations based 
On the assumption that the particles are very 
much smaller than the wavelength of light are 
also shown in the figure (Rayleigh scattering). 
The Raylelgh equations are o/ten used to 
describe scattering from diesel particles. It san 
be seen that it provides avery poor fit to the data, 
clearly indicating that Rayleigh theory would be 
inappropriate for analyzing even these small 
particles. 
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Figure 2. Above: Scattered intensi ty u~. angle 
for  two diesel engines with vary ing loads. 
Below: polarization t rans lormat ion matrix 
element S= l'or the same load (raw exhaust, 
no di lut ion). 

To illustrate the usa of the data to provide size 
and optical properties, measurements were 
performed on the Cummins diesel engine usinga 
crude diluSon tunnel  The experimental and 
theoretical results are compared in Figure 3. In 
this case three matrix elements were measured 
and matohed simult=neously by the ourvo fitting 
procedure outlinP..d above. The solid diamonds 
represent the experimental data. (The ourves 
were fit every degree, the diamonds are used to 
distinguish the two cuwes.) Figure 4 ilius~ates 
the particle size dist[ibutions determined from the 
data in Figure 3 displayed two ways: as mass v~,. 
size and number of particles vs. size. It can e'e 
seen that the medians for these two curves 
derived from identical data are dramatically 
different, indicating the prevalence of large 
numbers of very' small particles. 

~CA'i-1"EROM ETER D E S I G N  

The lomgoing experiments demonstrated that 
three matrix elements were sufficient to 
unambiguously charaotedze the diesel exhaust 
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Figure 3. Experimental and calculated 
a ,g le  dependent matrix.elements. Based 
on the iteratlve fit the size distr ibut ion gave 
a~ effective mean diameter of 32 nm for a 
log normal distr ibut ion of part icles wit~ 
standard deviation of 0.9, The effective 
ref ra~iv~ index for  the part ic les w a s  
1.36+0.08L 

parlJcles from the engines that were measured. 
This information provided the basis for the design 
of the 5cat terometer ,  an instrument that is under 
construction for routine diesel exhaust 
characterization. 

;50 



a ,  

S 

~ 4  
¢.- 

R 
13- 

Diesel Particulate Size Distribution 
(Number based) 

0 0.00 

Mean Diameter = 30 nm 
Re? inde~ = "i .365 4- O.GSi 

/ " 

0.10 0.20 0.30 0.40 
Diesel Particle Diameter (p.m) 

b i  

Diesel P~rticula;ie Size Distribution 
(Mass based) 

4 
Mass Modal Diameter = 160 r ~  
Ref Index = 1.,-%5 4- 0.08i 

\ tN i 
• , , • ,~ ~ .  ~ . ~ ' ~ '  

I~: ,,, 

O.{ OA D.B 1.2 1.6 2.0 

Diesel Partid~ Diameter" (l.tm) 

r-, 

#_1 

Figure 4. Particle size distributions derived 
from the data in Figure 3. a) Particle number 
vs, size b) partiole mass vs. ¢ize. Please note 
that the scale of the x-axis changes 
dramatical ly, The entirety of f igure a f i ts into 
the first division of figure b. 

The Scalterometer uses the same polarization 
modulation and phase sensitive detection used in 
POLNEI~H but is specialized for rapid in situ 
measurements of diesel exhaust stream. In the 
Scatterometer, instead of scanning with time to 

measure the angle dependence, the angle 
dependence wil l  be detected near ly 
simultaneously using multiple detectors. A new 
type of compact programmable photomultiplier 
will be used that allows rapid sensitive 
measurement of the matrix elements. 
E~amination of the data with the optimi2.ation 
technique showed that twelve detectors would be 
sufficient for the fitting. 

.The d~ta from the photomultiplier tubes are 
multiplexed into a 16-btt A/D converter that is 
connected to a dedicated PC. "The phase 
sensitive focl(-in detection is implemented in the 
computer software instead of havingtwelve lock- 
in amplifiers. The estimated time response ofthe 
scatterometer will be in the I to 10 Hz range, 
depending on the ND configuration. Figure 5 
illustrates the final design of 1he two new 
scatterometers under construotion. 

FUTURE PLANS 

We plan to complete the ¢onstru~ion of two 
Sc~,tterometers for parlicle size measurements in 
early FY 1999. The instruments are designed to 
operate at a time resolution in the 1-10 Hz rate. 
At faster rates the data will be taken at a rapid 
rate and the analysis performed later to analyze 
rapid transient events. One instrument will be 
used at ORNLand the other by LBNLwith vadous 
engines. The Soatterometer results will be 
compared at ORNL with simultaneous 
measurement with a Scanning MoSility Particle 
Sizerand Electrical Aerosol Analyzer. In addition 
the Scatterometer will be used to charaotedze 
exhaust from several fuels in OAAT fuel matrix. 
The use of shorter wavelengths will be explored 
for enhanced sensitivity to the smallest particles 
in modem diesel exhaust, The modeling effort 
will continue development of the coupled-dipole 
calculation for sizing non-spherical diesel par'deles 
with the Scatterometer. 
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