Cambustion Application Note  DMS01

Particulate Mass Measurement with DMS Series Fast Spectrometers

* CAMBUSTION®

This note describes how new software for the DMS&@MS50 fast particulate spectrometers can be
used to measure particulate mass in real-time, sgiéitific emphasis on Diesel engine emissions.
Applications for the technique discussed includesiel Particulate Filter (DPF) evaluation and real
time engine calibration to meet emissions stand@dta validating the methods used is also
presented.

Resolution of the full particle number:size spectrallows the measurement to be weighted by any
function of particle size, e.g. number, surfaceaoe mass (Figure 1). The new software fits lograir
functions to each individual aerosol mode and redunany of the pitfalls associated with mass
calculation. Practical advice on using a DMS instent for mass calculation follows. For a more
technical discussion of all the important factdusn to the appendix on page 5.
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Figure 1: Diesel Engine Aerosol Studied with DMS500: Number Spectrum & Weighted by Mass

Practical Mass Measurement with the DMS500

The calibration is specific to a particular DMStmsnent, and also contains a description of a fipeci
type of aerosol to be examined in terms of the raguesent and densities used to calculate mass.
Upon selecting this in the DMS User Interface (4200 abové), the instrument will now display
lognormal fits for nucleation and accumulation n®d&ng side the standard spectrum, and can write
the mass of either/both modes to a datafile orognued outputs.

For best results, the instrument must be complatalyned up, high gain (or medium for 3 range
DMS500s) should be selected and the instrument beiautozeroed. For transient applications it is
recommended to run at full 10 Hz (200 ms time respdor DMS500) as sharp transient spikes in
mass are often observed which contribute signiflgan the cumulative mass in a test. 4:1 primary
dilution should be used when directly sampling framexhaust system with the heated sample line
option (see app. note(s) DMSO03; and/or DMS05 foF D&lated applications), and sufficient dilution
from the internal rotating disc diluter should Is=d to keep the dynamic range indicator in thergree
zone as much as possible throughout the test.i@ilgbrrection can be enabled to compensate the
concentration for both types of dilution if desired

" provided with all new DMS instruments and avaiaftr free upgrade to existing customers. Noteahat
computer upgrade may be required for existing custs.
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Post processing any DMS data file to give mastsis gossible as part of the DMS Excel tools (v4
onwards, downloadable from the Cambustion websita fmid-2006).

To calculate actual mass emission rather than o@sentration, exhaust volumetric flow needs to be
taken into account. This can be done by taking estwolumetric flow values, converting to
instantaneous mass per sample point, and summatgtloe period of interest in Excel:

Total Exhaust Mass (10) =ZMass Conc (ug / cc)xExhasust Vol Flow (cc /s)xSample Interval (s)

The sample interval can be obtained from the difiee of any two consecutive values in column A of
the DMS file.

It should be noted that the mass concentratiowithsall DMS data) is strictly valid at Standard
Temperature and Pressure (S.T.P., i.e. 0 °C amwoh.1ads. pressure); therefore volumetric exhaust
flow measurements should be converted to S.T.P.

Volumetric exhaust flow can be estimated from eagiir inlet mass flow if available. The volumetric
flow of the air inlet can be calculated from th&ake mass flow correcting for the difference insign
between ambient air and that at O °C. For diesgihess running ak>2 it can be assumed that the
S.T.P. volumetric flow of intake air and exhaussggs are roughly equal to within around 3—4 %. For
conditions nearing stoichiometry, fuel flow andiomay have to be considered.

Data representing exhaust flow, intake flow, filmlv and/orA can be usefully logged in real-time via
the DMS’s analogue inputs, and then used to gétirma exhaust volumetric flow when post-
processing in Excel.

A comparison has been madéetween DMS mass concentration measurements abd%junnel
concentration by filter paper and b) Raw exhauateatration (direct DMS feedgas sampling) by hot
weighing a Diesel Particulate Filter before anérs$ioot loading. The CVS and DPF methods were
attempted on a chassis dynamometer with a 2.24litrglinder common rail diesel (Engine ‘A’), and
the DPF method alone was also attempted on anedgmamometer with a 2.0 litre 4-cyclinder
common rail diesel (Engine ‘B’). The experimerdatup for the DPF weighings is shown in Figure 2.
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Figure 2: Experimental setup for DPF mass tests
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Figure 3 shows the real time soot loading rate aneEDC cycle, calculated from the accumulation
mode mass concentration given by the new softwait (ucleation mode discriminated out by
software and ignored), and the exhaust volumdtig faken from the engine air intake mass flow (see
app. note DMSO06 for a similar example showing peethumber and size in each mode over such a
cycle).
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Figure 3: Real time soot mass loading rate over NEDC (engine ‘A’)

The transient spikes in mass in the trace are gerand correspond to bursts of soot during
acceleration where the concentratéon sizeof particles increases somewhat, giving much muaies
over a very brief period. Thus the use of a vesf fasponse instrument, such as the DMS500, is both
justified and indeed necessary to capture a saanifiproportion of the mass emitted over the cycle.
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Filter Paper & DPF : DMS correlation : index =3.19
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Figure 4: Comparison of mass concentration measured with DMS500 and by gravimetric methods. Line
indicates 1:1 correlation and is not a line of best fit to the data. Error bars in DPF weighings are based
on precision of balance used, those for filter papers are based upon repeatability figures quoted in ref 3,

Figure 4 summarises all the mass concentratiortsgsom these tests. In attempting to achieve
correlation with the filter paper mass measurememts must be aware of some of the shortcomings of
that technique. The material collected on therfiiteper during the test forms a good site for
condensation of some heavy hydrocarbon materialshvdre actually vapour phase in the exhaust.
Thus these gas phase pollutants are includediitearhass measurement, and are responsible for a
degree of variability. Please note that these dssame a mass:size relationship best suited to DMS
instruments without the new “agglomerate” calitmatiplease see the appendix for a fuller
explanation.

DMS series fast particulate spectrometers are wgejul tools for calculating both real-time partate
mass and total mass emission over a test. The oftwese ensures that data post-processing can be
kept to the bare minimum of incorporating exhawdtimetric flow to achieve this.
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Appendix

For non-spherical particles, diameter is not wefirted, so particulate classification must be maadle
the basis of an equivalent diameter. For instrusibased on a DMA (e.g. SMPS) where the particles
are singly charged, classification is by mobilitgrdeter which is the diameter of a sphere with the
same aerodynamic drag as the particle. With meltiplarging, which is significant for larger pamtis!

in the SMPS (>~100 nm) and most combustion pagiclddMS instruments (>~30 nm), the mobility
diameter can be measured if compensation is madbgaumber of charges per in the data processing
(asitis in the DMS series). This is important feass calculation because the volume of a non-
spherical particle is generally not the same asahtihe mobility equivalent sphere. Furthermor, f
accumulation mode particles, the ratio of actuddine to equivalent sphere volume is not constant bu
varies with particle diameter. This is becausedhmsticles consist of an agglomeration of smaller
spheres (~20 nm diameter), and the packing effigidrecomes lower as the cluster becomes bigger.
This effect is described in the literature equindieas either a variable effective density (asswa
spherical relationship of volume with mobility diater), or a fractal dimension of the particles such
that the volume is no longer proportionatj;ﬁ.

Figure 5: Typical Diesel Engine Accumulation Mode Fractal Agglomerate4

Mobility diameter measurement gives no informatdnout the particle density, which must be
assumed. The aerodynamic diameter, (measured tactiop instruments, e.g. ELPI), is the diameter
of a sphere of unit density with the same massgeheatio as the particle. This depends on dertsitty,
more strongly than required to accurately predietrhass, so mass estimation from aerodynamic size
measurements still requires knowledge of the dgngieasurement of both the aerodynamic and
mobility diameters provides one method of measuttiegeffective density.

In the literature, the effects of accumulation mddaesity and fractal structure are generally careid
together in effective density measurements. Aloith data based on aerodynamic & mobility
diameter$there are measurements comparing the classificafia DMA and Aerosol Particle Mass
AnalyserP (APM), which selects an aerosol monodispersedhamge:mass ratio. D4td obtained with
the APM shows the relationship between mobilitynaiger and particle mass for diesel accumulation
mode particles shown above from heavy duty enginitk,regression to a massp /d," model, with
0= 6.05x<10%** andn = 2.34 on average (Figure 6). A recent sfudith the Centrifugal Particle Mass
Analysef (CPMA; an improved type of APM) and SMPS has shdvat a power law close th***

also holds for light duty diesels.
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DMA Diameter to Mass Relationship
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Figure 6: Relationship between Diesel Particle Size (as measured by an SMPS) and Mass®. Black line
shows the average over all loads.

For the accumulation mode size range, this is densd the best relationship to use to predict nfsss.
stated above, given the difficulty in defining ttiemeter of fractal agglomerates it is importamade
that instruments which measure size by particlg dfane (e.g. SMPS) will give subtly different
diameter measurements of agglomerates than insttsmdiich size on charge:drag ratio (e.g. DMS
series and other similar instruments). This diffiereeis only noticeable for particles > 100 nm in
diameter (i.e. as multiple charging becomes prengleo does not really affect number based
measurements for typical diesel particulates tosagificance. However, when weighting by mass,
the tail of the accumulation mode distribution waitbvide a significant contribution to the overall
mass. To take this into account, a recent sthdg compared DMS500 and SMPS and combined with
data from Parletal.’ has concluded (Figure 7) that the correct relatignfor the DMS500 between

size and mass is best expressed as:
Mass (ug) = 1.53 x10™° [d,>*° (nm)
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Figure 7: Relationship between Diesel Particle Size (as measured by a DMS500) and Mass"
However, since 2008, Cambustion have been supplying anrieadsoot (agglomerate) calibration

with all new instruments (this is available as pgnade to existing customers). This is described in
more detail in the not€alibration of the DMS Serieend application note DMS09, both available from
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the Cambustion website. This involves calibratimg DMS with a DMA (to measure mobility
equivalent diameter), and so instruments with suchlibration require less of a “correction”. Takin
this into account, for instruments running a “Die#gg....dmd" file the recommended mass to size
relationship (which the .dmd file defaults to) is:

Mass (pg) = 2.20 x10™"° [Up2'65 (nm)
For GDI mass, we recommend using the standard fegahealibration” and assuming unit density, i.e.
Mass (pg) = 5.20 x107° Ed,f' (nm)

(see application note DMSO08 for further informatedsout GDI sampling). Again, “GDI_....dmd" files
will default to these settings.

The broadening of size distributions by some imatrats can introduce a source of error into mass
calculation. A number of physical effects (e.gfuifon, probabilistic charging, finite sample flows
discretised detection) result in the raw outpultrfqearticle spectrometers being spread over a wider
size range than the actual spectrum. If this iscoatected, the centre of the size distribution mvhe
reweighted to reflect mass will shift further tharcorrect, leading to a significant error in tbéat

mass estimation. The standard DMS data processicgndolutes the raw output with the broadening
function of the instrument such that this effeamisimised for distributions wider than=1.2". The
new lognormal data processing algorithm (introdugeldw) allows resolution of aerosol modes as
narrow assy=1.05.

Lognormal Data Processing

Cambustion have recently introduced unique datagssing softward which can parameterise
aerosol size distributions from DMS instrumentsainms of their fit to a number of lognormal size
distributions. The software can operate in reakton via a post-processing utility, and is desatilve
more detail in application note DMS06. The prineipdvantages of this technique in terms of engine
aerosol mass calculation are:

« Automatic discrimination of Nucleation and Accuntida modes; acts as “software
thermodenuder” — even for overlapping modes.

e Up to 10 times greater mass sensitivity than reghting of the standard spectrum.

»  Greatly increased spectral resolution — can resatresols as narrow ag=1.05, previously
unachieved of for a fast (i.e. non-scanning) adnosxbility sizer (see app. note DMS06 for an
example), as it works with the fundamental instratmesponse, not just fitting a line to a
spectrum.

» Takes account of the instrument’s noise base (medsvhen automatically zeroing the
instrument), only returning aerosol modes of trigaificance.

« Makes handing large unwieldy data files easier,almvs simple real-time output of required
gquantities as analogue outputs, making data fronsMdtruments as easy to interpret and
use as traditional fast response gas analysers.

The mass calculation from spectral data is in gandue to the weighting used, very sensitive to
erroneous detection of large particles due to néigéng a lognormal function suppresses noise far
from the peak of the distribution. This can inceeti®e sensitivity in mass measurements up to 10
times. The DMS500's response to a “perfect”, ste@@ym nucleation mode aerosol was calculated
and then added to the real instrumental noise [édsg was processed with both the standard and
lognormal DMS data processing algorithms, and thesmweighted results are shown in Figure 8.

T 04 = GSD = Geometric Standard Deviation = measutbefvidth of a lognormal size distribution. Alwaydl.
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From Figure 8:
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Figure 8: Sensitivity to Mass of Standard and Lognormal Data Processing Algorithms. Expressed as the
RMS difference between “true” mass of computer synthesised aerosol response and that from
processing by both methods, after the addition of real instrumental noise.
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