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The Differential Mobhili ty Spectrometer is designed to continuously measure the size spedra of agosols,
espedally engine exhaust particulates. Measurement of the whole particle size spedrum without assumptions of
the form of the size distribution all ows identification of multimode spedra (such as $multaneous nucleaion and
acamulation modes) and cdculation of total emissions with any desired size weighting. This paper largely
concerns the modelling and performance of the instrument and the effed on alternative spedral weightings.

The Differential Mohility Spectrometer evolved from the Fast Aerosol Spedrometer described by Graskow and
Collings[1],[2]. Size dasdfication isby eledricd mobility similar to aDMA or SMPS. As siown in dide 3, the
classfier issimilar to an ‘inside out’ DMA: the sample a€osol is charged and introduced to the cantre of an
annular column, surrounded by a dean sheah flow. An electric field generated by a entral high voltage
electrode causes the particlesto drift radially and they are wlleded on an array of eledrodes along the outer
wall of the olumn. The airrents due to the charged particles are measured by eledrometers, indicaing the
particle size spedrum in red time. Compared with the ealier FAS, the DM S uses unipdar diffusion charging, a
longer classifier and improved eledronicsto increase the maximum particle size from 60rm to 1000m,
eliminate sensitivity to particle surface omposition, and improve sensitivity. With alower limit of around 5rm
this coversthe full range of nucledion and acaimulation mode exhaust particles. The prototype instrument is
shown on slide 4: it also incorporates red time cdculation of the particle size spedarum from the raw currents.
Engine emissions measurements with this prototype will be presented in ref [3].

Slide 5 shows the dassification principle of the DMS: the mean charge per particle (on the left hand log scade€)
and mohility and eledricd mobility (on an arbitrary log scale) are plotted against alogarithmic scde of particle
diameter, with grid lines at decales. The sizerange of interest, from around 5-1000mm, gives a mohili ty range of
around 4% orders of magnitude: instruments operating with predominantly singly charged particles (such asthe
FAS and the SMPS over most of its range), must cover such arange of eledricd mobiliti es which isimpradical
for simultaneous classificdionin asingle mlumn.

Unipdar diffusion charging places a much greder charge onthe larger particles, reducing the range of eledricd
mobility. The gproximate mean diffusion chargeis propartional to o for smaller particles and close to o for
larger ones, but, because only charged particles are deteded in the dasdfier, the dhargeis effectively constant at
1 for small particles. The dharging charaderistic combined with the dhange from free-moleaular to continuum
drift behaviour causes aflattening in the dectricd mobility vs d, which limits the maximum particle size:
optimisation of the dharging processand classficaion pressure extend thislimit to beyond 1um in the arrent
prototype. For the largest particles, field charging is difficult to avoid and this causes an inversion in the
mobility relationship, therefore these particles are excluded from the dassifier with an upstream impador stage.

Along with time resporse and sensitivity requirements, the sizeresolution of the instrument isimportant for
measurement of exhaust particulates. Thisis most easily quantified asthe dosest separation in size between two
monodispersed agosols which are still resolved as distinct pe&ks by the instrument. Over the wide size range of
thisinstrument alogarithmic metric is appropriate. A resolution of ¥ decale, equivalent to aratio in diameter of
approximately 1.8, all ows discrimination of the nucleation and acaimulation modes. To suppart this resolution,
the output spedrum must be discretised in steps ho more than helf as far apart; over the 5-100hm sizerange,
thisrequires at least 20 elements, although more ae preferred to reduce @rorsin classfication caused by
guantisation of the spedrum: the prototype outputs the spedral density at 32 sizes.

Inthe DM S, the response to a given particle sizewill be spread over a number of eledrometer detedors by
several fadorslisted in Slide 7. Amongst continuous measuring instruments, one of the alvantages of the DMS
concept isthe relative eae of providing many detedor stages to minimise this surce of smeaing: the
prototype has 22 detedors. Diffusion of particlesin the dasdficaion columnisrelatively less sgnificant for a
DMS compared with conventional DMAs asthe most diff usive small particles are deteded at the start of the
column.

In order to optimise the design o the instrument, it is necessary to model the overall spedral broadening. This
can be mnsidered as the mnvdution of the various effeds, but this caculation is not convenient as sme of the
fadors are substantially non-gaussian in their distribution and classfication is a non-linea function of particle
size Therefore, a Monte-Carlo model, implemented in Matlab, and shown schematicaly in Slide 8 is adopted.
This model combines cdculations of the processes of charging and classfication with random assgnment of the
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fadors responsible for response broadening. Calculation of the full particle dharge distribution function (as
oppaosed to just a correlation for mean charge) isrequired: thisis smilar to Adadhi et al [4]. The dassfier is
modell ed with establi shed relations for particle mobhili ty. The model incorporates random assgnment of particle
size (for non-monodispersed aeosols), charger Ni t(ion density- residencetime product), particle charge,
clasdfier introduction radius, manufaduring tolerances, and diffusive displacementsin axial and radial
diredions. Modell ed eledrometer currents are acamulated over approximately 1000iterations of the model in a
few seconds which yields a stable output.

When run over the whole range of particle sizes, the model yields atransfer function, shown in Slide 9 for the
prototype, which relates the steady input particle spedrum to the output currents. Thisis possble because the
behaviour of the instrument is gationary and linea to superposition of particle spedra. Experimental
measurement of this function in such detail would not be practicd but verification can be performed at a variety
of particle diameters. The feaures visible in the transfer function around 50rm are asociated with the transition
from single to multi ple charges per particle: the data processng algorithm is designed to avoid unwanted
artefadsin the output caused by this effed.

Theresolution is cdculated from the instrument transfer function by considering the output produced by a
monodispersed spedrum and producing an estimate of the spedrum with the intended data processng. The
modell ed resporse to such agrosols pacel at four / decale (5.6nm, 10mm....1um) are shown in Slide 10. The
resolution, twicethe standard deviation of the estimated distributions, is plotted below and isin the region of
0.15t0 0.2 decales over the sizerange except for the range affeded by the transition to multiple charging.

Reweighting the number spedrum all ows cdculation of other total emissions metrics such astotal length or
surface aeawhich may be relevant to hedth effeds and future emissons gandards, or masswhich is valuable
for correlation with current measurements. Slide 12 shows the dfed of different weightings on cumulative mass
emissions measured with the DM S from a 2.2| passenger car diesel engine over the NEDC cycle. The total
number measurement clealy indicaes a different relative significance of the urban (<800s) and extra-urban
(>800s) phases compared with alternative massweightings. The dp3 isbased on a sphericd assumption for the
particles whereas dpz'4 issuggested by Kittelson et al [5] due to the fradal-like behaviour of acaimulation mode
particles. Over this test, the difference between these two is small as the particle diameter is quite stable.

The broadening of estimated particle size distributions due to finite size resolution of the instrument affeds the
acaracy of reweighted statistics as shown in Slide 13. For example, a 60rm aeosol with oy = 1.2 (mass median
diameter = 66rm) may be resolved with the same diameter but o4 = 1.6 which has a mass median diameter of
116rm and twicethe total mass for the same total number. If the broadening is known, corredion of the
reweighted statistics would be possble.

Slide 14 shows the spedral broadening produced by the DM S prototype (modell ed) with different data
processng agorithms. For 60nm geometric mean diameter agrosols with o4 (gsd) varying from 1.1 to 24, the
solid lines (left axis) indicate g4 of the crresponding output spedrum from the instrument after processng. The
dashed lines (right axis) show the ratio of this estimated g, to the adual input spedrum. The simplest form of
data processng, used by some instruments, is to as®ciate the raw signal from each detedor or measurement
with a particle sizerange and to build the spedrum up from these ‘bins'. The output produced by such a
technique is sown by the raw output lines. the estimated spedrum is broadened, about as much as considered in
the previous example, leading to significant errorsin reweighted statistics without corredion.

Estimation of the size spedrum by inverting the transfer function gves a better estimate of the spedrum. This
technique is also preferred for the removal of artefacts due to multiple discrete charging of particles. In order for
thisinversion to be mathematicdly well-conditioned, some redundancy is required and a least squares technique
isused to derive apseudo-inverse. The results of using thistechnique ae shown by the linea inversion lines:
the broadening is substantially reduced, espedally for the wider distributions. Further improvement beyond this
is possble with the non-linea inversion algorithm shown.
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Differential Mobility Spectrometer.

Grounded Electrode Rings
Sample Aerosol Inlet

Aerosol Charger

Sheath air flow

Charged Particle Trajectories

High voltage
electrode

* Similar to DMA, but:
* Aerosol inlet inside sheah flow
¢ Single Monodisperse exit replaced by multiple olledion eledrodes.
* Dired electrometer conredioninsteal of aerosol particle @unter.

1. Determination of Real-
Time Particulate Size
Spectra with a Differential
M obility Spectrometer.

The DMSisdesigned to
continuously measure the size
spedrum of particulate
emissions from IC engines on
transient cycles.

2. Contents.

This presentation will briefly
discuss the DMS concept and
performance of the prototype
instrument, and will consider
the use of the fully resolved
number:size spedrum to
estimate total emisgonsin
other weightings, such as mass
and surface aea

3. DM S Concept.

The DMS operates smilarly
to an‘inside out’ DMA:
charged particles are
introduced into the centre of
an annular clasdfier with a
strong radial field, surrounded
by a dean sheah flow. The
particles drift outwards
acordingto their eledrica
mobhility, and are clleded on
an array of eledrodes on the
outer wall connected to
eledrometers, allowing red
time measurement of the
whole size spedrum.
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DMS Research Progress

* Sizerange from 5nmto 1000nm
— operation at 0.25ber

— multiple charging on large particles to reduce
mobility range

* Eliminate sensitivity dependence on particle
composition
— unipolar diffusion charger
¢ Elimination d transent artefads

¢ Dataprocessingto recover particle spectrum from
eledrometer measurements

— capable of runring in real-time (faster than 10x per
second)

* Improved sensitivity
— increased sample flow
— improved dedronics

Diffusion Charged Classification
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Instrument Performance for Engine Exhaust
Particulate Measurement

* Timeresponse
— Sub second response required for measurements on standard test cycles.
— Prototype achieves sib 055 T, 4,
— Target 200ms for future instruments.
*  Sensitivity
— Intended for CV'S or raw measurements with Diesel and Gasoline engines and
roadside appli cations.

— Prototype noise floor ~ 4x10* dN/dl /cc for 60nm particles: corresponds to
approximately 2.5x10% /cc accumul a??gﬁ mode, 1x10¢ fc):%r monodispersed

— Tests show satisfactory measurement of:
— Diesel (non-trap) and GDI accumulation mode particulates from CVS
dilution tunnel

— Nucleaion mode particulates formed by Diesd with particulate trap, in CVS
tunrel

— Roadside measurement of Nucleation and Accumulation modes.
* Sizeresolution
— For discrimination of nuclegtion from accumulation mode particul ates.
— Requires ~ Y2 decade resol ution.

4. DM S Progress

The DMS prototype is shown
here. Compared with
previously reported work, this
instrument offers a much
wider size range and better
sensitivity and transient
performance.

The main changes to achieve
this are the use of unipolar
diffusion charging, improved
electronics and alonger
classifier.

This prototype a so includes
software to recreate the
particle size spectrum from the
electrometer readingsin real
time.

5. Diffusion Charged
Classification

Unipdlar diffusion charging
applies a substantially multiple
chargeto larger particles. This
reduces the dedricd mobhili ty
range over the particle size
range of interest compared
with single or equili brium
charging. Thisisimportant for
achieving simultaneous
classficdioninasingle
column.

Beyond a maximum sizelimit,
eledricad mobili ty beacomes a
pasitive function of diameter,
S0 these particles must be
excluded from the amlumn
with an impador.

6. Required Instrument
Perfor mance

Theinstrument isintended for
measurement of engine
exhaust particulates,
particularly on transient
emissionstest cycles.

Thisrequires sib-second time
response. The sensitivity of
the instrument is auitable for
measurements either raw or in
CVSdilution systems, or for
roadside measurements.

Discrimination of the
nucleation and acawmulation
modes requires goodsize
resolution.
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Size Resolution

The sizeresolution of aDMS s dependent on the * blurring’ of t he spectrum as
it passes through the system. Important mechanisms are:

* Width of diffusion charging pdf.
— including any distribution in charging Ni.t
* Finiteratio of sample flow: sheath flow in classifier
* Manufacturing tolerances in classifier
* Finite size/number of detector rings
— analogous to finite time response of DMA/CPC in SMPS
* Brownian diffusion/ effect of turbulence in column
* Dataprocessing agorithm

Effect of column transfer function on these distributionsis non-linear, so simple
convolution in deterministic model is hot possible.

Therefore, Monte-Carlo modelling approach is adopted

Monte-Carlo Modelling of DMS

Monte Carlo Assignments
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7. Size Resolution.

The size resolution of the
DMSisafunction of a
number of factors which blur
the response, in terms of
distribution of current over the
various electrometers, and the
processing of those data to
recover the particle size
spectrum.

In order to assess the blurring
and derive the required data
processing, al these factors
are considered in aMonte-
Carlo model of the instrument.

8. Monte-Carlo DM S M odel

Given aparticular particle
size, the Monte-Carlo model
randomly assigns values to
each of the blurring factors,
and then predicts the current
detected on each electrometer.
The currents are accumul ated
over approximately 1000 runs
with the same aerosol
parameters but new random
assignments to predict the
overall response to agiven
particle size.

9. Instrument Transfer
Function

Running the model over a
range of particle sizesyieldsa
matrix which expresses the
output current vector as a
function of the particle size
spectrum discretised into a
vector.

Thisis an instantaneous
transfer function (not
considering the time domain
behaviour).
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9

response dNfdlogdp fcc

DMS Response

Differential Mobility Spectrometer Size
Resolution

* Theresponse of thewhole
instrument + inversion
agorithmisafunction
relating e ements of the
estimated spectrum vedor to
given sizesin the sample
aerosol.

* Theresponse of ten sizes at

1

03

DMS Resolution

s decadeis plotted here.

® Theresolution of the
instrument depends on the
width of these responses and
can be calculated from them.

* For the prototype instrument,
thisis below ¥ decade over
amost thewhole sizerange
of interest.
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Spectral Measurement allows Reweighting

Ability to reweight spedra dlows correlation d different
agosol measurements. number, surface aea mass

Use of ared-time number based instrument to identify most
important phases of atransient cycle for total emissions.

Initia target:
- Develop acumulative weighting of the number:size spedrum

which correlates with total mass measurements

Final goal:
« Calculation of absolute amisgons masses from spectral data

— requires the above plus very accurate calibration of size dassification.

0.1
0.09 4
0.08 4
0.07 4
0.06 4

£ 0.05 4
0.04 4

0.03

Alternative Spectral Weightings

Cumulative Particulate Emissions

T 2.5E+12

d > fractal model (Kittelspn et al)
1 2.0E+12
unweighted
(number)

-+ 1.5E+12

number

+ 1.0E+12
d,? spherical model

- 5.0E+11

T
0 200

T T T T 0.0E+00
400 600 800 1000 1200
time (s)

10. DM S Size Resolution

Given the instrument transfer
function and the data
processng algorithm, the
estimated spedrum for given
input monodispersed agosols
can be predicted.

Asthe dosest spaced
gausdans which show distinct
maxima ae spaced at 2x
standard deviation, this metric
on the monodispersed
responses is the resolution.

Thisisestimated between 0.15
and 0.2 decades over most of
the sizerange of the DMS.

11. Spectral M easurement
Allows Reweighting.

The resolution of the whole
particle size spedrum rather
than just a summary parameter
alowsthe cdculation of total
emission statistics on any
basis, eg. number or area

Correlation with mass
measurementsis espedally
valuable, and work is going on
to develop aspedra
weighting that allows this.

The fast response instrument
can then be used to identify
phases of atransient cycle
particularly significant for
total emission production.

12. Alternative Spectral
Weightings.

Plotting the cumulative
emissionstrajedory over an
NEDC test cycle measured
with the prototype DM S
shows the difference between
the total number and two
alternatives for atotal mass
correlation.

The relative significance of
the urban and extra-urban
phasesis substantially
different for the dternative
bases.
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Reweighting of broadened spectrum

Effect of Spectral Broadening on Alternative
Spectral Weightings

——true number spectrum
——resolved number spectrum
——true mass spectrum
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Conclusions

A DMSinstrument has been built to resol ve engine spectra with sub-second

response time.

Modelling shows aresolution of better than 4/decade is possible over asize

range from 5nm to 1000nm.

In calculating alternative spectral weightings from the instrument output,
any broadening of spectral features due to finite resolution must be
considered if the moments of the size distribution are to be preserved.

Use of an inversion algorithm as opposed to attributing each detector to a

size binis preferable in order to minimise spectral broadening

Particulate diameters vary enough during the course of a vehicle emissions

test cycle that mass and number emission trgjectories differ significantly,
however, d;? and d,24 mass weightings produce similar results.

13. Effect of Spectral
Broadening on Weightings
If blurring in the instrument
broadens the estimated
spectrum compared with the
actual one, reweighted totals
of the estimated spectrum will
bein error even if the total
number is correct.

Thelight green line shows a
broadened estimate of the light
red spectrum: the total number
is correct, but when
reweighted by mass (heavy
lines) the total is more than 2x
too high. If reweighting is
applied, this effect should be
corrected, yielding the blue
mass weighted estimate.

14. Data Processing Effect
on Spectral Broadening.

This graph shows the effect of
aternative data processing
agorithms on different widths
of 60nm centred spectra
resolved by aDMS.

The simplest ‘raw output’
approach where each
electrometer is attributed to a
given size range substantially
broadens the response. It is
better to ‘invert’ the transfer
function to estimate the
spectrum: linear and non-
linear algorithms for this show
substantially less broadening:
virtually none on exhaust-like
gsd around 1.8.

15. Conclusions.
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