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ABSTRACT

Ultrafine particles within Diesel exhaust gases have gained increased attention within the last few years, as especially the particle size is expected to be the key property for possible toxicity and carcinogenicity from Diesel engine emission. Various exhaust after treatment systems like oxidizing catalysts or soot filters have been applied for a significant reduction of soot mass concentration, but their influence on particle sizes and number concentration also has to be considered. This enhances the need for new measurement techniques which allow to measure relevant morphological parameters of soot particles.

Laser-induced incandescence (LII) is presented as a favorable optical technique for soot measurements. It is based on the analysis of the enhanced thermal radiation of the particles after heating with an intense laser pulse and has been successfully applied for soot concentration measurements within laboratory flames and even within technical systems like the cylinder of a Diesel engine. Also, a great potential for emission measurements has been indicated.

In this work, the soot particle emission of a turbocharged 1.9l DI Diesel engine has been investigated within the raw exhaust gas. Quantitative on-line measurements of both the primary particle sizes, based on the analysis of particle cooling, and the mass concentration are simultaneously feasible, even under very low sooting conditions. Basic features of the technique are discussed, and results are presented for various engine speeds and loads and additionally for cold start conditions. Primary particle sizes in a range of 19-36 nm and mass concentrations of 5-110 mg/m3 were found, and a characteristic dependence on the operating conditions of the engine was observed.
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INTRODUCTION

Increasing requirements for the environmental accept-ability of internal combustion engines have led to strin-gent emission regulations and, as a consequence, to stronger efforts towards cleaner combustion concepts. Additionally, the development of several exhaust gas after treatment systems like oxidizing catalysts and parti-cle filters has significantly reduced the mass of gaseous and particulate emissions from diesel engines in order to meet future emission regulations which are becoming continuously more stringent, especially within the Euro-pean Community and the United States of America. As a result, within the last 25 years soot mass emissions from diesel engines have been reduced by about one order of magnitude. This tendency was additionally enhanced by epidemio-logical studies, which gave evidence to the thesis that diesel soot induces cancer and mutations in animal tests. However, the underlying mechanisms are not com-pletely understood and yet require additional effort for future work. In the last several years, there has been a strong indica-tion that, besides the mass concentration, the particle size distribution of diesel soot also has to be considered for an estimation of health hazard effects. One possible explanation is that polycylic aromatic hydrocarbons (PAHs), most of which have been shown to cause cancer, are mainly deposited at the surface of the soot parti-cles, and thus smaller particles are more dangerous than larger ones due to their larger specific surface. Another important aspect is the effect that the particle size is the most relevant factor for the respirability of soot. There have been indications that especially particulate fil-ter systems may significantly reduce the total mass of soot emissions, but may simultaneously induce a shift within the size distribution function towards smaller particles. 
Particle sizes are not considered in any emission regula-tions, but future developments may have to focus on this parameter and therefore appropriate measurement tech-niques are necessary for both soot mass concentration and particle sizes. Possible future regulation may include different limiting values for different size classes.

Currently, the filter smoke method, the opacity method and some improved variants of them are used for most purposes, including inspection and maintenance. How-ever, there are some deficiencies connected to these methods. In particular for transient behavior, soot con-centrations are becoming more difficult to investigate, as samples have to be collected over a sufficient period of time to ensure accurate data. In contrast, optical tech-niques generally offer the possibility for real-time mea-surements, but extinction measurements and light scattering fail to produce accurate measurements for low soot concentrations.

Particle size measurements up to now focus primarily on the aggregate size as the investigated parameter. Usually the mobility of electrical charged particles is analyzed with differential mobility analyzers (DMA) or scanning mobility particle sizers (SMPS). If primary particles have to be determined, sampling with subsequent trans-mission electron microscopy is currently in use as an ex situ technique. However, a problem with these tech-niques arises from the fact that diesel exhaust gases additionally contain droplets of sulfuric acid, which may falsify the results and lead to misinterpretations. A promising measurement technique, which has been used for soot diagnostics for the last ten years, is laser-induced incandescence (LII). It is highly specific to solid particles and has been applied successfully to many objects of investigation like laboratory flames injec-tion chambers and even within the cylinder of optically accessible engines .However, this technique has not yet been applied for emission control of diesel engines, although it was suggested that it could be very useful for this purpose . Melton analyzed blackbody radiation of laser heated soot particles and suggested its use as a measurement technique for soot volume fraction. Afterwards LII has been applied by many researchers and has been the object of several studies which gave evidence that accu-rate measurements of mass concentrations are possible, although some deficiencies have also been reported for certain systems . More recently we started to analyze LII with respect to particle size and have shown that from the signal decay the primary particle size can be evaluated. This is due to the fact that particle cooling after the laser pulse exhibits a size dependent behavior as the specific surface is the main quantity for conductive heat loss at late detection times.

It is the aim of this paper to demonstrate the applicability of LII for an accurate simultaneous real-time measure-ment of mass concentration, even under very low sooting conditions, and primary particle sizes. First results of measurements performed in the exhaust of a production DI diesel engine with a very simple experimental set-up are presented.

THEORY

The basic principle of laser induced incandescence mea-surements is to heat up the soot particles by a highly energetic laser pulse from ambient temperature and to analyze the enhanced thermal radiation. For high values of laser irradiance (some tens of MW/cm2) the particles reach temperatures of about 4000 K within a few nano-seconds. For suitable detection wavelengths, the radia-tion increases by several orders of magnitude, and a clear separation of the signal from background luminosity is possible.

The starting point for LII measurements is to describe the time dependence of the particle temperature for the indi-vidual experimental conditions and properties of the par-ticles. This can be achieved by setting up the power balance, which has to include laser absorption and all rel-evant heat loss mechanisms. The resulting differential equation reads

	Q
	d p
	2
	E  - L (T - T  )d
	2
	+
	DH
	v
	×
	dm
	

	
	
	
	
	
	
	
	
	
	
	
	

	abs
	4
	
	i
	0
	p
	
	M
	
	
	dt
	

	
	
	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	
	
	
	
	
	


· d p 2 ò (d p ,)M  b (T ,)d - d p3  C dT = 0.
6dt

[image: image1.png]signal (@.u.)

0.1

0.01

0.001

50 100 150 200 250 300
time {ns)




The different terms of equation 1 denote absorption of laser irradiation, heat loss due to conduction, vaporiza-tion and radiation and the change of internal energy. These mechanisms are discussed in more detail by Hofeldt  Melton and Dasch. In setting up equation 1 we assumed spherical primary particles which have only point contact and which can form aggregates of various size. For this morphology which is confirmed by transmission electron microscopy (TEM) for several objects of investigation and for a suffi-ciently loose structure with fractal dimensions of about 1.5-1.8, mutual interferences between the individual particles within a cluster can be neglected and the heat transfer is mainly determined by the specific surface of the particles and thus by the primary particle size dp. We feel that this treatment of the power balance is more straight forward than that of Hofeldt, whose calcula-tions are based on the size of aggregates and effective values for the density of the particles and optical parame-ters. The absorption cross section can easily be calcu-lated by an algorithm including the Mie formulae, because an ensemble of spherical particles can well be treated as isolated spherical particles in this case. However, the two different ways of treating the power balance are equivalent and the results are thus comparable.

By a numerical solution of the power balance, equation 1, the temporal profiles of particle temperature and size can be derived and model curves for the signal decay can be obtained by integrating the spectral radiant excitance weighted by the spectral response of the detector, given by
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SOOT MASS CONCENTRATION
 It can be shown that for high laser irradiance at the moment of maximum temperature the signal is nearly proportional to the local soot volume fraction if suitable detection wavelengths are chosen, which has been stated by Melton and confirmed by many researchers. This is due to the fact that, if modest vaporization is induced, all particles reach nearly the same temperature and their emission scales proportional to their volume for small particles in the Rayleigh regime. If quantitative values for the mass concentration are required it is necessary to perform an appropriate calibration. This can easily be done by a single line-of-sight extinction measurement [19]. Therefore the light of a continuous wave laser is passing through the detection volume and the total transmission yields the soot volume fraction integrated along the path following
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follows from the complex index of refraction m . For spa-tially homogeneous conditions the integral can be expressed through
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From thiscalibration factor can be derived which allows quantitative measurements of the mass concentration for all operating conditions.

SOOT PRIMARY PARTICLE SIZE 

 Additionally to the applicability of LII to concentration measurements, it has also been indicated by Melton that particle cooling exhibits a size dependent behaviour. Unfortunately, he did not address the relevant size parameters. In previous work. we followed this idea and demonstrated that particle cooling after laser heating can indeed be used for quantitative measurements of the primary particle size. This can be achieved by calculating model signal decays for the given experimental conditions and comparison to the experimental data. As only relative signal changes are evaluated this approach directly yields the desired parameter without the need for further calibration. As a specific example in Figure 1 the normalized signal decay is depicted for various primary particle sizes, which are typical for raw diesel exhaust gases at a ambient temper-ature of 500 K.


There is an almost exponential signal decay for detection times some 100 ns after the initial laser pulse and a convenient and favorable way of data evaluation is to measure the decay time and compare it to model results. In Figure 2 the relation between the decay time and the underlying primary particle size is depicted, as it follows from theoretical calculations. If two-dimensional information is desired an experimental signal ratio taken at two different detection times is an useful and easy approach for planar particle sizing. How-ever, for a proper choice of the moments careful considerations of statistical effects as well as the degree of uncertainty in gas temperature have to be included. In previous work a more detailed investigation on parameters influencing the applicability and the performance of LII and TIRE-LII measurements has been given. However, some aspects are important to be repeated here briefly. An especially important parameter which has to be included in all calculations of this type is, of course, the temperature of the ambient gas phase, because the tem-perature gradient between the particles and the sur-rounding gas is the main force of cooling. As a result, the temperature has to be measured simultaneously and included into the evaluation procedure for measurements with best accuracy possible.

RESULT
It has been demonstrated that laser induced incandescence is an appropriate tool for accurate soot emission measurements. Simultaneously accessible quantities are the mass concentration, the primary particle size which seems to be very important for health hazard, and, as a quantity derived from these, the number concentration of primary particles which might be the key factor for possible cancerogenicity and mutagenicity. Measurements have been performed within the exhaust gas of a production DI diesel engine of a passenger car and the results have been correlated to conventional exhaust gas diagnostics concerning NOx and HC emissions.The technique described requires only little experimental effort, but produces data with high reproducibility. One major advantage is particularly the high temporal resolu-tion, which makes it, in contrast to other established methods, possible to investigate also the transient behav-ior of the engine. For example, also cycle resolution is feasible for each cylinder separately, if measurements are performed directly behind the outlet valve. By this, also a different behavior of the single cylinders is observable and conclusions to important effects from internal com-bustion may be drawn. Generally, the technique is appli-cable at every location within the exhaust system and, as a further example, enables also the in situ investigation of important characteristics of oxidation catalysts and soot filter systems.
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