Cambustion Application Note ~ DMSO07

Flame Sampling using the DMS500

* CAMBUSTION®

The DMS 500, in conjunction with a bespoke sampfiggtem and its standard dilution system, has
been used to measure the size-distribution ofgestformed within flames. The DMS was
particularly suited for such an application, beesil® low pressure used in the classification syste
combined with the high specification turbo pumpowak extremely rapid (supersonic) sampling and
dilution of particles from flames, without the régument to build a complicated sampling system.

This note, based upon work at the Department oh@te Engineering at the University of
Cambridge, details the experiments which were edrout, the minor modifications to the DMS which
were made, and the sampling probes which were matst. It also details the best conditions which
were found to obtain reliable results.

Introduction

Sampling particles from a flame is not a simplepmsition. In addition to the high temperatures, th
chemical environment is frequently very challengiwih high concentrations of radicals and / or
highly oxidising or reducing conditions. Furthemapsevere losses of particles can occur during the
sampling process:

1. At the orifice at the entrance to the sampling prob
2. Whilst the gases are cooling during their trartsibtigh the probe
3. During their transport from the probe to the anatys

In order to produce quantitative results, all thsearces of particle loss must be reduced, togettier
any agglomeration of particles during samplingrosample lines. Points (1) and (2) are addresged b
careful design of the sampling probe, point (3dsressed by sampling at reduced pressure into
dilution N,. The main aim of this research was to investitfadebest way to sample from a flame,
such that the measured size distribution and mtalber of particles was that formed within the ftlam
and was independent of any sampling effects.

Recommended I nstrumentation

The DMS500, with the standard dilution system isdydut with the inlet restrictor changed for that
used with remote sampling.

Cambustion aided in the design of bespoke samplioges ?which were constructed from quartz.
These probes were designed to take advantage BiMI®s dilution ability and its ability to samplé a
reduced pressure. Figure 1 shows a probe sanfptinga flame.
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Figure 1. DMS500 sampling from a flame using argusampling probe.
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The left hand image is a photograph of the actaimipding system. The flame (which has been made
visible by the addition of a small amount of soditarthe feed gas) is stabilised on a movable water-
cooled burner.

The sampling orifice, glowing white hot, supersatiy samples the flame gases into the
sampling system, which is held at ~ 0.3 bara. Bsedhe flow through the orifice is choked, the
flowrate of sampled gas does not depend upon théitimns downstream of the orifice. Nitrogen ( 0.3
bar, supplied and metered by the DMS) rapidly dduhe sampled gas, preventing agglomeration. The
high flowrate within the sampling system effectgudtive low pressure and the high flow of fkom the
DMS leads to residence times as low as 25 ms isdhgling lines, with simultaneous dilution by a
factor of 10 and expansion of the sampled gasfagtar of ~ 3.3 means that the sampled particles
neither agglomerate nor coalesce post samplingnd&td non-conductive sampling hose was used to
transport the sampled gas, after cooling and dituith the probe, to the DMS500

Experimental Conditions

The flame which was sampled was a laminar flam#h aitemperature of ~ 1730 =80 It was
extremely fuel lean, and consisted gHg/ O, / N, with mole fractions in the unburned gases of 0.054
/0.380 and 0.570, so that there was ~ 2.8 timeas @pin the flame than that required for complete
combustion. The total flowrate of the unburnt gas 154 ml/s. A small amount of Mg@as
nebulised into the flame, giving an initial moladtion of ~ 13 ppm of Mg in the gas phase withim th
reaction zone of the flame. Because of the extrgtmgh oxygen (and O radical) concentration in the
reaction zone, particles of MgO formed extremefidly in the flame; changing the height at which
they were sampled did not appear to vary the meddR6D (particle size distribution) markedly.

Cooling water recirculation loop, T ~ 900C
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Figure 2. Flowsheet showing the DMS sampling feoftame, with a cooling water recycling loop.
All flowrates are the equivalent flow at N.T.P.

Dilution Nitrogen
0-333ml/s

DMS500

Figure 2 shows the DMS500 sampling from the flaam&l controlling and metering the dilution
nitrogen for the sampling system. The dilutiomagen at ~ 0.3 bara (filtered by the DMS through a
HEPA filter), which was supplied by the DMS500 passhrough a coil of copper tube, ~3 mm i.d., 3
m long, submerged in a tank of water at €®nd was heated to ~%80 The N then passed into the
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sampling probe (which also cooled by the water ftbentank at RC), where it diluted the gas
sampled from the flame. The gas then continugdedMS500, which requires an inlet flowrate of
133 ml/s (N.T.P). Any gas in excess of this antawas spilled to a vacuum line, which bypassed the
DMS500 and entered the vacuum pump (supplied WweixMS500) directly. For experiments where
the total flowrate of dilution gas + sampled gas \ess than 133 ml /s (N.T.P.), extra gas is @dahit

to the sampling line via a HEPA filter. The prassim the entire sampling loop is controlled using
pipe clamp on the sampling line at the inlet toEiS 500, as is the total amount of gas spillethéo
vacuum line. Generally, no constriction was apphéthe inlet to the DMS — in this case, the press

in the system is ~ 0.3 bara.

This experimental setup allowed the effects ofakient post-sampling dilution and expansion of the
gas from the flame to be measured, allowing measemés to be made of the extent to which sampling
of the particles affected the measured size digioh and total mass of particles.

Results
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Figure 3. Particle size distributions measuredgisiifferent diameters of orifice (as shown, all
dimensions in mm), plotted against the dilutiontha first stage (i.e. that within the sampling prhb
The colour corresponds to Le@f the total number of particles sampled.

Figure 3 shows a map of the number of particlebo(ad plotted against the particle diameter (x-axis
and the dilution within the sampling probe (y axgfined as the total flow divided by the sampled
flow. Itis clear from figure 3 that the measuridmeter of the particles shifts from an average 20
nm for a dilution ratio of unity, to ~ 6 — 8 nm fparticles. There is a corresponding increashen t
number of particles, so that the total mass sammpjeghch orifice remains more-or-less constants Th
is clear evidence of agglomeration or coalescefhpamicles post sampling, should they be
insufficiently diluted.
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Figure 4. Total mass detected (left) and modai@ardiameter (right), plotted against Lg@f the
dilution ratio.

Figure 4 shows the total mass sampled for eacheofaur different sample orifices, plotted agathst
Log;, of the dilution.

Sampled M ass of Particles

Disregarding results for dilution ratios < 3 (ie5 on a logarithmic basis) where the very hot gase
probably damaged the sampling probe, it is cleairttie total mass of particles sampled is reasgnabl
consistent, at least for the 0.40 mm and 0.63 nifit@s at dilution ratios of ~ 10 or more (of coeys
since the mass of particles depends upon theiret@maubed, it is notoriously difficult to obtain
reliable measurements of the total mass of pastitience the errors). It is also clear that tkalte

for the total mass of particles sampled agree thiwR5 % with the expected results from an
independent calibration of the nebuliser usingralependent calibration method (in fact, since this
work has been completed, losses in the pipes frarh a system leading into the DMS have been
much better characterised, so that the observedegiancy can, at least in theory, be correctedTfoe)
smaller orifices lost a greater proportion of thenpled particles around the relatively cool sangplin
nozzle. Interestingly, when the flowrate of ditutinitrogen to the smaller nozzles was increased to
very high total flowrates, such that the flow witlthe sampling probe was turbulent, the measured
number of particles decreased dramatically; thigcated that turbulence in the sampling system was
to be avoided for quantitative results to be ol#dinThis was checked by inserting an object inéo t
sampling probe to artificially induce turbulence fawer flowrates of dilution gas — as expectee, th
total mass of particles sampled dropped markedly.

Sampled Particle Diameter

The modal particle diameter is also shown in Figlt4ds apparent that the measured particle diamet
converges to 6 — 8 nm for all diameters of samptirifice as the dilution within the system incregse
though it is important to bear in mind that theatohass of particles sampled reduces markedlyhtor t
very highest dilutions (i.e. these with the smalksnpling orifices).

Conclusions
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The DMS500 is an ideal tool for sampling from flaandue to the ease with which it can be converted
to rapidly expand and dilute samples. Differergigies of sampling probe have been tested to see
which ones give the most consistent results in $esfithe mass and particle size distribution sathple
It was found that a water-cooled probe, with a cahénd and an orifice ~ 0.4 mm in diameter, with a
flowrate of dilution N passing through it, diluting the sampled gas gctor of at least ten was
required to produce quantitative results. For almmuore in depth description of the sampling system
and results obtained, the interested reader istdugo reference [2].
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