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Abstract

Since about 20 years, horizontal dilution tubes are in use to study soot formation close to the main
reaction zone, in order to characterize the properties of nascent soot nanoparticles and to obtain
insight into the soot formation process. In this study, the performance of horizontal dilution tubes, both
free standing and embedded, is investigated by RANS and LES. The flame gas enters the dilution
tube through a pinhole and, in experimental studies, it is claimed to mix quickly with the cold, inert gas
flow in the dilution tube. Previously, the distortion of the flow and temperature profiles around the
dilution tube were investigated. Here, the orifice flow as well as the dilution process inside the tube are
studied. The volume flow through the orifice is shown to be proportional to the square root of the
pressure drop. The discharge coefficient is the range 0.9 + 0.3 in the cold air (calibration) case and
drops to 0.35 under hot (flame) conditions. The resulting dilution ratio is roughly a factor of 5 below
typical literature data. The gas sample is found to remain in the wall boundary layer and, the mixing
process is not complete at the end of the dilution tube. Turbulence decays rapidly behind the tube inlet
and, in the main body of the tube, the flow is in the laminar to turbulent transition regime. Turbulence
increases significantly in the outlet section which has much smaller pipe cross sections. Despite its
relatively low Reynolds number, the outlet flow to the particle sizer (or to the gas analyzer) is clearly
turbulent and, interactions with the wall are probable. The results are in agreement with previous
findings from laminar jets in crossflow. Guidelines for optimization of the sampling conditions are
suggested.

Introduction

The combustion of fossil fuels, as well as that of CO2 neutral alternatives, like biomass, in industrial
firings can give rise to the formation of soot and other products of incomplete combustion. On the one
hand, a certain amount of soot may be welcome, because it supports the heat transfer in industrial
furnaces. On the other hand, soot as well as inorganic fly ash components stick to the boiler tubes,
hence they need to be cleaned in regular intervals. Moreover, if emitted into the environment, in the
form of submicron particles, soot is also viewed as hazard in terms of climate and health issues. It is
therefore desirable to control and monitor soot formation in order to avoid expensive filters or other
installations.

Soot formation in hydrocarbon flames has been studied for many years. It involves a gas to particle
transition, heterogeneous particle growth and aerosol dynamics at high temperature. Early studies
were performed with non-intrusive, optical techniques preferentially. Therefrom, it is known that the
major part of the soot mass is formed by heterogeneous surface growth, while particle inception
contributes only 10 - 20% to the total soot mass [1,2]. The precursors of the first, nascent soot
particles were expected to be polycyclic aromatics (PAH) and finally, pyrene was included as key
intermediate in soot formation in the so-called HACA mechanism (hydrogen abstraction, CzH:
addition) which is used to model soot formation numerically [3]. The modern research focuses on the
experimental detection of further PAH-type precursors and on the feasibility to include them in soot
formation models. In addition, it is discussed, how spherical structures can emerge from the
interaction of planar precursors [4-6].

In this context, it is still interesting to study soot particle inception which in premixed flat flames occurs
a little downstream of the main reaction zone where the particle number density can be around 102
cm3, while the particle size is only a few nm. Under such conditions, non-intrusive optical
measurements have limitations, because both light scattering and extinction are weak. Since about 20



years, an alternative particle counting and sizing method has become common. It involves the use of
macroscopic (10 mm i.d.) horizontal dilution tubes for gas and particle sampling. Particle analysis is
done by scanning mobility particle sizers (SMPS) which basically consist of a DMA (differential
mobility analyser) for particle mobility and size analysis and of a CPC (condensation particle counter)
for particle counting. The method was first proposed by Kasper et al. [7] and was further developed by
Zhao et al. [8,9] who emphasized the need for high dilution ratios, because SMPS have an upper limit
of particle number concentrations in the order of 10° - 107 cm. The reliable particle sampling from a
high temperature, reacting environment indeed requires a fast quenching and dilution process, in
order to avoid further particle inception, surface growth and coagulation in the measurement device.
Horizontal dilution tubes, fed with a cold, turbulent inert gas were expected to satisfy these
requirements due to turbulent mixing of the small sample gas flow into the dilution gas flow. The
sample gas flow enters the dilution tube through a small orifice (0.1 — 0.5 mm i.d.), driven by the
pressure drop at the orifice. Since it is impractical to measure the sample gas flow directly under flame
conditions, the orifice flow is usually measured under ambient air conditions and extrapolated to flame
conditions. The extrapolation is usually performed with the assumption of Poiseuille flow in the orifice.
As described in the Theory section below, a revised procedure based on Bernoulli’s equation is
proposed in this paper. In addition, it is emphasized here that the experimental setup corresponds to a
jet in crossflow arrangement and the orifice flow can be understood and interpreted in terms of the
corresponding flow characteristics. Finally, it has also become common to integrate the dilution tube
into a cooled stagnation plate, so in addition to the CFD simulation of a free standing dilution tube, this
case is considered also. While numerous studies have investigated the possible measurement errors
associated to the introduction of macroscopic dilution tubes into the postflame gas [10-18], this paper
considers the gas flow inside the dilution tube by Reynolds Averaged Navier Stokes (RANS) and
Large Eddy Simulations (LES), in order to obtain better information about the mixing and quenching
conditions and performance.

Theory
The orifice flow rate Qorr is considered to be given by the isentropic flow rate according to Bernoulli’'s

equation:
Qorf =Cd . Aurf - 2APM./ p (1)

Eq. (1) is valid for incompressible fluid flow (at Mach number < 0.3) and p is density, APor is the
pressure drop at the orifice, Aor is the orifice cross section. Cq is the discharge coefficient, typically
around 0.7 [19-21], but due to the presence of a crossflow, Cs may be larger than 1 [22].
The flame gas sampling can be understood to be a jet in crossflow arrangement, where the sample
gas flow is the jet and the dilution gas flow is the crossflow. Jets in crossflow have a wide range of
practical applications and have been investigated for many years [22-26]. Several characteristic
numbers are used to describe their flow characteristics:

- the jet to crossflow velocity ratio R = (pj/p«)® - Vi/Ves

- the jet to crossflow density ratio S = pj/p«

- the jet to crossflow momentum flux ratio J = R?

- the jet Reynolds number Rej = viDi/yj , 1 = nilpj
Therein, v is velocity, D is diameter, n is dynamic viscosity and p is kinematic viscosity. Subscript j
denotes the jet and « denotes the crossflow. Experimentally, high R, J and Re;j were found to favour
the mixing of the jet into the crossflow. At J < 5, the jet is known to adhere to the wall and not to mix
well with the crossflow [24,25]. Such conditions are met under flame gas sampling conditions, where a
high temperature, high viscosity jet enters into a much colder crossflow and, typical values are R =
0.14-0.77 and J = 0.02 - 0.6.

CFD Simulations

An uncooled, free standing ceramic (Al203) dilution tube with 9 mm i.d. and a pinhole of Do = 0.3 mm
was used as base case [27]. The nitrogen dilution flow Qn2 was 30 slpm. In the experiment [27], the
pressure drop between the measurement locations AP1 and AP2 in Fig. 1 was assumed to decrease
linearly. The two outlets were in parallel at slightly different vertical positions. Another setup with
outlets oriented perpendicularly was modelled earlier [28] with no difference in major findings. The
calculations were performed for a single phase gas flow under cold (calibration) conditions and under
hot (flame) conditions. The tube wall temperature was assumed to vary between 298 K and 1000 K
under flame conditions as shown in Fig. 1, in agreement with literature reports [8,9,27]. The flame gas
composition was taken to be xco2 = 0.042, xco = 0.21, xn2 = 0.42, xH20 = 0.268, xc2H2 = 0.03, XcHa =



0.02 and xc2ra = 0.01. It corresponds to an CH4/O2 oxy-fuel flame with equivalence ratio ® = 2.4. The
orifice volume flow was determined from the calculated mass flow rate and density. The dilution ratio
is then given by DR = 1 + Qn2[slpm]/Qorf [slpm].
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Figure 1. Geometry of the free standing dilution tube and wall boundary conditions.

Two meshes were generated with spatial resolutions of 170 um and 30 um. RANS calculations were
performed with the SST k-o turbulence model and near wall treatment was done by high resolution
inflation layers. The same results were obtained with both meshes which confirms grid independence.
The LES calculations were performed with the finer mesh using the Smagorinsky model for subgrid-
scale modelling. Vortex detection was done using the Q criterion, the A2 criterion as well as pressure
and velocity fluctuations [29].

Results

While the dilution gas flow enters the tube under turbulent conditions, it rapidly looses its turbulent
properties and the Reynolds number decreases from 5000 at the inlet to 1500 at the location of the
orifice (Fig. 2). Towards the DMA outlet, which carries only 5% of the total flow, it decreases further,
while it increases significantly in the pump outlet. At the location of the orifice, the radial velocity profile
indicates the flow to be in the laminar to turbulent transition regime [Fig. 3].
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Figure 2. Sketch of the Reynolds number and flow Figure 3. Radial velocity profile at the location
splitting along the tube axis. of the orifice.

In agreement with this, only tiny and uniformly distributed vortex structures are detected in the main
section of the dilution tube (Fig. 4) which indicates rather homogeneous flow conditions. In the outlet
sections, large vortex structures are visible (Fig. 5), even in the DMA outlet despite its low Re number.
Obviously, the length of the outlet tube is too small to level out the turbulent motion which originates
from the region, where the flow splitting starts. This is illustrated further in Fig. 6 which compares the
pathlines in the two outlets. While in the pump outlet, they are in parallel, they appear to be twisted or
meandering in the DMA outlet. Turbulent flow at low Reynolds number is a wellknown phenomenon
[30]. Moreover, in the results it is also seen that the sample gas flow does not mix well into the dilution
gas flow. Rather, it remains in the relatively hot boundary layer at the tube wall and, consequently,
concentration gradients develop in the middle section of the tube and persist in the outlet section (Fig.
7). Very similar results were obtained for embedded dilution tubes which differ from free standing
tubes mainly by the much more intense cooling, down to roughly 400 K [18].

The calculated orifice flow rates for ambient air and for hot flame gas are shown in Fig. 8.a. The
corresponding discharge coefficients are Cq, caic = Qort, caic / Qort, theoreticar, Where Qorr, theoreticar iS given by
eq. (1) setting Cq = 1. For ambient air, Cq is close to 0.7 at low pressure drop, then it increases to a
maximum of 1.25 at AP =~ 150 Pa and it decreases towards higher pressure drop. This behaviour is in
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Figure 8. (a) Orifice flow, broken and dotted lines: eq. (1); (b) calculated discharge coefficients,
broken lines: fit for cold (air) conditions and, fit using Cd o« n™7® for hot (flame) conditions;
(c) calculated dilution ratio DR at the DMA outlet under flame conditions.

agreement with previous literature data [22]. Under flame gas conditions, Cq is much smaller and does
not exceed 0.35. This is probably due to the increase of the gas viscosity at higher temperature and
indeed, Cq appears to scale with n%-7° (Fig. 8.b). Fig. 8.c shows the calculated dilution ratio as function
the pressure drop. The calculated DR is based on the area weighted average of the CO2 mole fraction
at the DMA outlet (see comment in the Discussion section).

Discussion

RANS calculations and LES were performed to study the gas flow and the mixing process in horizontal
dilution tubes. It was found that the initial turbulence of the dilution gas flow rapidly decreases.
Therefore, the flow is in the laminar to turbulent transition regime in the main part of the tube with Re



numbers ranging from 1500 - 2000. The turbulence increases again towards the outlet tubes which
have a much smaller diameter than the dilution tube. In the pump outlet, Re numbers of 2 - 10* and
higher are met. In the DMA outlet, which carries only about 5% of the total gas flow, Re decreases to
roughly 1000, but vortex structures persist and the flow lines are seen to oscillate and to touch the
outlet tube wall. This appears unfavorite for a reliable and reproducible gas and particle sampling.
Differently from previous reports, the orifice flow was described here by Bernoulli's equation and a
discharge coefficient. Under low temperature (i.e. calibration) conditions, Cq was found to be in the
range 0.6 — 1.25, with the maximum value reached at AP ~ 150 Pa. Such a behaviour is in agreement
with previous literature data [22]. Under hot (flame) conditions, Cq was found to be much smaller,
below 0.4, which may be due to the higher gas viscosity at elevated temperature. Indeed, a correlation
Cd o« n""® appears to explain the results.

In a novel approach, the orifice flow was interpreted in terms of a jet in crossflow configuration. The
the jet to crossflow momentum flux ratio was found to be extremely small which prevents efficient
mixing according to previous literature reports. In fact, it is seen in the CFD results that the flame gas
sample flow adheres to the wall or wall boundary layer and that concentration gradients persist along
the cross section of the tube. It means that the mixing process remains incomplete at the available
time scale. This is seen clearly in the results which show concentration gradients along the cross
sections of the dilution tube and the tube outlets. Therefore, since dilution ratios are usually calculated
with the assumption of complete, homogeneous mixing, they can only serve as rough estimates. In
addition, experimental DRs have a tendency to turn out too high because of eventual clogging which
decreases the orifice diameter. The uncertainties associated to clogging are approximately of the
order of a factor 3 in dilution ratio [13]. The dilution ratios obtained in this study are about a factor of 5
below reported averages.

Conclusions

Horizontal dilution tubes are widely used in flame gas and soot particle sampling. The mixing and
quenching processes in a horizontal dilution tube was investigated by RANS calculations and by LES.
Two high resolution grids were used and grid independence of the results was confirmed.

The high initial turbulence intensity at the tube inlet was found to decline rapidly and, the dilution gas
flow was found to be in the laminar to turbulent transition regime in the main part of the tube. Due to
the temperature and viscosity difference of the gas flows, the mixing and cooling processes are slow.
Therefore, the sample gas flow has a tendency to remain close to the tube wall and corresponding
concentration gradients persist towards the end of the dilution tube, where the gas flow is split into
comparatively small outlet pipes. Here, the turbulence intensity increases significantly and turbulent
vortex structures develop which persist even in the outlet to the measurement device (DMA) despite
the low Re number therein. Consequently, the flow lines appear to touch the outlet pipe wall many
times which is disadvantageous for a reliable and reproducible sampling procedure. This behaviour
was observed for the case of both free standing and embedded dilution tubes.

In a similar previous study [28], a different dilution tube configuration was investigated with pipe outlets
perpendicular to each other. In addition, the tube diameter was a factor of two smaller and the tube
material was steel instead of AlOs. The major findings, however, were the same, hence it is
concluded that the results truly reflect the flow properties for this type of jet in crossflow arrangements
and are representative for most of the individual experimental setups.

In a situation of persisting concentration gradients, the concept of a dilution ratio with homogeneous
mixing has a limited applicability. In this study, the DR was calculated using area weighted average
concentrations at the DMA outlet and, the calculated values are a factor of 5 below typical reports in
the literature.

To improve the performance of horizontal dilution tubes, it appears that the jet to crossflow momentum
flux ratio should be increased. This may be achieved by applying a higher pressure drop at the orifice
or by reducing the flow rate of the dilution gas. In addition, small obstacles might be installed in the
dilution tube upstream of the orifice, in order to maintain a higher turbulence intensity. Also, a dilution
gas of low viscosity/high diffusivity may improve the mixing process.
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