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Optical diagnostics and physical probing of the soot processes in high pressure combustion pose
challenges that are not faced in atmospheric flames. One of the preferred methods of studying
soot in atmospheric flames is in situ thermophoretic sampling followed by transmission electron
microscopy imaging and analysis for soot sizing and morphology. The application of this method
of sampling to high pressures has been held back by various operational and mechanical problems.
In this work, we describe a rotating disk multi-probe thermophoretic soot sampling system, driven
by a microstepping stepper motor, fitted into a high-pressure chamber capable of producing sooting
laminar diffusion flames up to 100 atm. Innovative aspects of the sampling system design include
an easy and precise control of the sampling time down to 2.6 ms, avoidance of the drawbacks of
the pneumatic drivers used in conventional thermophoretic sampling systems, and the capability to
collect ten consecutive samples in a single experimental run. Proof of principle experiments were
performed using this system in a laminar diffusion flame of methane, and primary soot diameter
distributions at various pressures up to 10 atm were determined. High-speed images of the flame
during thermophoretic sampling were recorded to assess the influence of probe intrusion on the flow
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. INTRODUCTION

Designing engines to operate mainly in the diffusion
mode of combustion makes it possible to have a reliable
and consistent combustion process with overall equivalence
ratios much lower than the lean flammability limits. These
engines are built to operate at high pressures, exceeding
40 atm in gas turbines and 100 atm in diesel engines, for
thermal efficiency and compactness concerns. The formation
of soot is an artifact of the diffusive combustion process, and
the pressure has a significant degree of influence on soot
concentrations in diffusion flames.! These types of flames
in practical engines are not easily characterized because
of experimental limitations related to optical accessibility,
complex flame geometries, and the vast range of time and
length scales.

Since the chemical reactions governing the various
flame processes are intrinsically nonlinear, the responses
of combustion events to pressure changes are not usually
monotonic.' Therefore, it is not trivial to scale measurements
at atmospheric flames to high-pressure combustion. For this
reason, high pressure combustion has been one of the targeted
research areas in industry and in academia in recent years.>>

Currently, measurements of spatially and temporally
resolved turbulent mixing rates in sooting turbulent diffusion
flames are not feasible. Pressure compounds the problem
further not only by affecting the soot formation and oxidation
rates (mainly through changing the associated time scales) but
also by altering the turbulence field and therefore modifying
the mixing rates. Through the use of approaches like the
flamelet hypothesis, which proposes that turbulent flames
are a collection of deformed laminar flames, the similarities
between laminar and turbulent flames can be exploited.* This
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opens the possibility of using laminar diffusion flames in high-
pressure experiments for tractable measurements. However,
there are relatively few detailed fundamental studies on soot
formation in laminar diffusion flames at elevated pressures.'-

Experimental research in laminar diffusion flames under
elevated pressures is held back by the complications in
designing an experimental apparatus and in operating instru-
ments that require accessibility for intrusive and non-intrusive
measurement techniques. In addition, the stability of laminar
diffusion flames, especially originating from buoyancy effects,
becomes an important issue at elevated pressures due to the
increase in Grashof number, which scales with the square of
pressure. These impediments have limited the number and the
extent of experimental soot studies in laminar diffusion flames
at elevated pressures. >

A detailed account of soot formation in laminar diffusion
flames under elevated pressures and the intrusive and non-
intrusive soot measurement methods is given in arecent review
paper.! For soot particle size, aggregate size, fractal dimension
of the aggregate, and soot concentration in atmospheric
flames, laser scattering and extinction techniques have been
successfully used.” ' Although light extinction and spectrally
resolved soot radiation have been used for soot concentration
and temperature measurements at high-pressure laminar
flames,'"'? light scattering to determine the soot particle size
in high-pressure diffusion flames has not yet been demon-
strated. Another optical technique to measure soot particle size
and concentration is laser-induced incandescence (LII), which
has been successfully used at atmospheric conditions.'®'*
However, the application of LII at high pressures faces several
challenges that are not encountered at atmospheric pressure,
in both experimental implementation and in the interpretation
of the detected signals.”>™!'7 Recent refinements in the LII
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technique as well as in the LII heat transfer models have
improved the technique to a certain extent, but it is still not
clear whether LII is capable of measuring primary soot size at
elevated pressures.'®!? This uncertainty necessitates the use
of physical sampling approaches.

The thermophoretic sampling for soot characterization at
atmospheric pressure flames using a pneumatically activated
sampling probe was described by Dobbins and Megaridis?
to provide complementary information to optical techniques.
Several thermophoretic sampling and subsequent transmission
electron microscopy (TEM) analyses for soot morphology
studies in atmospheric flames were reported, see, for example,
Koyli et al,”! Hu et al.,””> and Hu and Koylii.?® Lee
et al.** proposed an improved sampling system, activated
pneumatically similar to that of Dobbins and Megaridis,?
reducing the intrinsic vibration caused by pneumatic controls.
For sampling soot particles from a high-pressure laminar
premixed flame, Leschowski et al.?> reported a design that
adopted the pneumatically activated sampling systems of
Dobbins and Megaridis®® and Lee et al.>* to high pressures.

Wagner and his co-workers reported some of the earlier
primary soot particle size measurements in shock tube
pyrolysis*® and high pressure premixed flames.?’ Analysis
by transmission electron microscopy of physically collected
soot samples from pyrolysis of selected fuels in shock tube
experiments concluded that the pressure does not exhibit a
marked influence on particle diameters from 25 to 50 atm.?®
On the other hand, Heiderman et al?’ found that, in rich
premixed flames of acetylene and air, the primary particle size
decreased with increasing pressure from 30 at 70 atm.

We report a multi-probe thermophoretic soot sampling
system fitted into a high-pressure chamber that is capable of
producing sooting laminar diffusion flames up to 100 atm.
The described system provides an easy and precise means
of controlling the soot sampling time. It is capable of
collecting ten consecutive samples in a single experimental
run. In addition, it does not use pneumatic drivers that are
associated with high levels of vibration.?* Proof of principle
experiments completed using this system in a high-pressure
laminar methane-air diffusion flame are discussed, and the
flame disturbance caused by the sampling probe intrusion into
the flame is described.

Il. THERMOPHORETIC SAMPLING SYSTEM DESIGN
AND OPERATION

The thermophoretic sampling system was designed with
the aim of integrating it into an existing high-pressure
combustion chamber and its laminar diffusion flame burner.
This high-pressure chamber and the co-flow burner have
been described in detail in previous publications highlighting
its full experimental capabilities;?® 3¢ only certain technical
features, which are required to describe the thermophoretic
sampling system and its operation, will be summarized here.
A schematic of the experimental setup is shown in Fig. 1,
including the optical soot measurement system and the general
layout. A cut-away view of the high-pressure combustion
chamber and the main components of the thermophoretic
sampling system are shown in Fig. 2.
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FIG. 1. Schematic of the experimental setup shown with the sampling sys-
tem in the combustion chamber.

The cylindrical high-pressure chamber’s internal diameter
and height are 24 and 60 cm, respectively, and it is capable
of sustaining operating pressures up to 110 atm. Optical
access into the chamber is through three windows located
at the chamber mid-height and at angular locations of 0°, 90°,
and 180° to allow line-of-sight measurements as well as 90°
scattering and imaging experiments. Located in the center of
the high-pressure combustion chamber is the co-flow laminar
diffusion burner.

The co-flow laminar diffusion type burner consists of a
fuel tube concentric with a co-flow air tube. The stainless steel
fuel tube has an inner diameter of 3 mm and an outer diameter
of 5.7 mm, which decreases with a 14° taper to a fine edge
to prevent any recirculation zones from forming at the exit.
Located 4 mm upstream from the fuel tube exit is an insert
of metal porous material to help minimize non-uniformities in
the flow. Encasing the fuel tube is a stainless steel co-flow air
tube with an inner diameter that expands from 18 to 38 mm to
contain a disk made of porous material, for the same purpose
as in the fuel tube, upstream of the co-flow fuel exit. The
co-flow burner is enclosed with a flame enclosure to damp the
flame instabilities that could be triggered by any recirculation
and buoyancy effects present inside the chamber. The flame
instabilities are prevalent in atmospheric conditions and have
been observed to become stronger at higher pressures leading
to flame oscillations. Apart from protecting the flame, the
enclosure design serves two different purposes: (i) to hold a
ceramic igniter horizontally at 25 mm above the fuel nozzle
exit and (ii) to provide physical access to flame via a 3.5 mm
thick slot cut perpendicular to the enclosure axis located on
the side of the enclosure.

The thermophoretic sampling system, designed and built
for soot measurements in the high-pressure chamber described
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FIG. 2. Cross section of the high-pressure combustion chamber with the thermophoretic sampling system and the burner assembly. The details of the sampling

system and the burner assembly are shown in the blowout view on the right.

above, has three main components: a circular sampling disk,
a motor drive, and a programmable control unit. The central
component of the system is the circular sampling disk that
has ten sampling probe arms extending radially outwards as
shown in Figs. 3 and 4. The radial extension of each probe arm
can be adjusted by +1.25 mm to allow sampling at different
radial locations within the flame at a given height above the

Inner wall of the
combustion chamber
(diameter = 240 mm)

FIG. 3. Top view of the sampling system and the burner with respect to
the combustion chamber inner wall. The TEM grid at the end of one of the
sampling probe arms is shown concentric with the flame axis.

burner rim. Each sampling probe arm holds a 3 mm diameter
TEM grid in a pocket located at the outer end of the probe
arm. These circular pockets are about 3.3 mm in diameter
with a depth of 0.5 mm. On the sampling side, a 2.5 mm slot
exposes the mesh of the TEM grid to the flame. These probe
features are depicted in Fig. 4. TEM grids were secured into
the pockets by a high-temperature resistant adhesive tape.

The motor drive system consists of a stepper motor
(Parker, model: OS22B), a gearbox (Parker, model: 10:1-
PX23), a rotational encoder (Parker, model: 755A-23A), and a
homing limit switch (Crouzet Switches, model: 831860CFDO-
BL), Fig. 5. The gearbox used in the motor drive has a ratio
of 10:1 and has a custom designed output shaft with a flange
for directly connecting the sampling. The motor used is a
0.9° stepper motor with micro-stepping control capability that
provides a high angular precision as well as smooth operation.
The stepper motor’s output shaft is mounted to the gearbox
with a flexible coupler to minimize system vibration. The
rotational encoder is connected to the bottom end of the stepper
motor, and it tracks the stepper motor displacement to within
+0.014° during the sampling process.

The sampling velocity profile of the TEM grid through the
flame cross section of a given height above the burner rim is
controlled by the programmable control unit of the sampling
system. So the sampling time, i.e., the period during which
the TEM grid is exposed to the flame, and the velocity of the
sampling arm can be programmed as desired. For example,
the control unit can be programmed such that the probe arm
would decelerate as it enters the flame and reach a zero velocity
when the TEM grid is at the desired sampling location within
the flame. At the end of the programmed sampling time,
the probe accelerates and exits the flame. The control unit
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FIG. 4. Details of the sampling disk and TEM probe arms.

can also be programmed so that the probe arm would sweep
across the flame cross section at a constant angular velocity
for cases in which information averaged over the flame cross
section is desired. When the sampling process is initiated, the
stepper motor drives the sampling disk at the desired velocity
profile and the sampling probe arms rotate through the slot
in the flame enclosure. After each probe arm completes the
sampling process, the sampling disk is slowed down or brought
to a complete stop to allow the flame to recover from the
disturbance and to have a stable flame for the next sampling
process. To collect samples from different elevations within
the flame, the flame enclosure is vertically adjusted to the
desired height.

The diameter of the flames is typically in the order of a few
millimeters and decreases with increasing pressure' in laminar
diffusion flames that can be stabilized in the high-pressure
combustion chamber. Sampling soot at a given height of the
flame with a small TEM grid of 3 mm diameter at a constant
angular velocity would yield an averaged soot property at
that flame height over the flame diameter. All measurements
reported here were made at a height of 3 mm above the burner

Homing switch

+~——— Homing switch mounting bracket

Motor drive system
mounting bracket

Stepper motor

FIG. 5. Picture of the motor drive system.

rim as it is in the soot formation dominated part of the flame
and it is just before the soot yield reaches a maximum.'??8

The sampling time should be carefully controlled to avoid
too many soot particles collected on the TEM grid forming
several layers. In previous studies of soot by thermophoretic
sampling and TEM analysis, it was suggested that the ratio
of soot covered area to grid surface area should be less
than 15%2%>* for an unbiased analysis of the images. A
series of preliminary sampling experiments was conducted to
determine the suitable sampling times so that the area coverage
would be less than 15% at different pressures. For the case
that the sampling probe swipes through the flame at a constant
angular velocity, the sampling time is defined as the time it
takes for the probe to traverse the diameter of the flame at the
sampling height. For the laminar diffusion flames probed in
this work, sampling times of 3-8 ms gave satisfactory results.
Shortest sampling time with the current design of the motor
drive was 2.6 ms with constant angular velocity sampling in
the current methane diffusion flames.

lll. DISTORTION OF THE FLAME BY SAMPLING
PROBE

Insertion of a physical probe into the flame interferes with
the flow field and distorts the streamlines. This interference is
one of the major drawbacks of the thermophoretic sampling
technique. It is usually assumed that>* the interference would
be mostly hydrodynamic, but still the resulting change in the
flow field has the potential to influence the sampling process.
It would be quite challenging to quantify the influence of the
flow field disturbance on the sampling process; however, high-
speed images may provide some insight, although qualitative
in nature, into this concern.

We recorded high-speed video images of the flame at
5000 frames/s using a high-frame rate camera (Photron,
model: SAS) during the sampling process. A series of images
thus captured displays the extent of typical disturbance
induced by the sampling probe, Fig. 6. The image A in Fig. 6 is
that of the stable flame before sampling starts. The condition
that the edge of the thermophoretic probe is about to enter
the flame is depicted as image B in Fig. 6. When the probe’s
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FIG. 6. A series of high-speed images displaying the disturbance induced by the sampling probe at 7.1 atm. The image A shows an undisturbed flame about
11.4 ms before the probe enters the flame. The image B shows the flame when the leading edge of the probe is about to enter the flame. In image C, the TEM
grid is concentric with the flame centreline, and in image D, the trailing edge of the probe is just leaving the flame boundary. Subsequent images, E to L, show
the various stages of flame’s disturbed flow field, and the image L depicts a stable flame again about 110 ms after the sampling probe enters the flame.

leading edge reaches the flame’s visible boundary, the flame
is slightly distorted due to presence of the probe, image B.
When the TEM grid on the probe is concentric with the flame
centerline, image C, the distortion caused by the insertion
of the sampling probe looks like an indentation on the right
side of the flame image. When the trailing edge of the probe
is leaving the flame boundary, image D, the flame seems to
be already recovering from the distortion, which has moved
downstream of the sampling height. The time from the moment
the probe’s leading edge just entering the flame to the moment
its trailing edge leaving the flame is about 7.6 ms. At 3 mm
above the burner, the axial velocity along the flame centreline
is about 0.5 m/s,’! whereas the linear velocity of the probe
corresponding to a 7.6 ms sampling time is about 0.4 m/s,
which is on the same order of magnitude as the flame centreline
velocity. Subsequent images show the various stages of the
flame’s disturbed flow field. The last image in Fig. 6 shows a
stable flame about 100 ms after the sampling probe exits the
flame.

Lee et al.** identified the vibration and the aspect ratio
of the probe as the major causes of sampling errors in
thermophoretic soot collection. The origin of the vibration
is due to the pneumatic actuation mechanism they used in
their design to deploy the probe into the sampling location. To
avoid the vibration problem, our design used a rotating system
of probes tightly controlled by a stepper motor. Lee et al.’*

recommended using a probe with an aspect ratio (thickness to
width ratio) larger than 0.2, and the probe used in the present
design has an aspect ratio of 0.25.

The disturbance caused by the sampling probe has been
found to be repeatable, at least in visual appearance, at different
pressures and sampling times as depicted in Fig. 7.

IV. TEM IMAGE ANALYSIS RESULTS

Soot samples were collected on TEM grids (carbon
coated copper grids, SP1:3520C-CF) at various pressures in a
methane-air diffusion flame using the thermophoretic sampl-
ing system described in Section II. To keep measurements
at different pressures tractable, fuel and air mass flow rates
were kept constant at all pressures considered. The methane
flow rate at all pressure levels was kept as 0.55 mg/s, which
corresponds to a carbon mass flow rate of 0.41 mg/s. This
carbon flow rate is the same as the carbon flow rates in our
previous work with methane and other gaseous'>?®3 and
liquid fuels.>* At all pressures, a constant co-flow air mass flow
of 0.34 g/s is provided. Typical images, recorded by a TEM
(Hitachi, model: H-7000), of the collected soot aggregates at
various pressures are shown in Fig. 8. The analysis technique
described by Lapuerta et al.3” was used to obtain primary soot
particle sizes from TEM images.

FIG. 7. Flame shape distortion at different pressures and residence times when the TEM grid is concentric with the fuel nozzle of the burner.



055101-6

A. M. Vargas and O. L. Giilder

P =10 atm

FIG. 8. TEM image of soot aggregate particles at 2.3 atm, 4 atm, 5.4 atm,
7.1 atm, and 10 atm. Solid bars on the images represent 100 nm.

It should be emphasized that the flame heights in
buoyancy-dominated laminar co-flow diffusion flames are
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independent of pressure and they remain constant when the
fuel mass flow rate is kept fixed. Constant flame height with
pressure implies that the residence times are independent of
the pressure, and measurements can be compared at the same
heights above the burner exit.' The flames probed in this study
are all with the same mass flow rate of methane, and they
are buoyancy dominated.’’ Thus, the measurements at the
same elevation at different pressures represent the identical
residence times for all flames and they can be compared to
assess the influence of pressure.

Histograms of primary soot particles determined from
TEM images of the soot samples collected at 2.3, 4, 5.4, 7.1,
and 10 atm display distributions similar to ones obtained at
atmospheric pressure, Fig. 9. These histograms of primary soot
particle sizes at various pressures can be fitted with log-normal
distribution functions (not shown in Fig. 9) similar to size
distributions reported previously for flames at atmospheric
conditions.

The overall trend observed from the primary soot diameter
distributions shown in Fig. 9 is that the mean primary
soot diameter decreases with increasing pressure within the
pressure range investigated. Using an identical burner and
chamber, Thomson et al.'> measured an “effective primary
particle size,” which increased with pressure, using LII
However, as the authors'’ indicated, the effective primary
particle size measured by LII at elevated pressures does
not represent the primary soot particle diameter because
the shielding effect on heat conduction between aggre-
gated particles and the surrounding gas is neglected.'?
As a result, it is not possible to determine whether a
change in measured effective particle diameter is caused
by a variation of the primary soot particle size, aggre-
gate characteristics, or both without complementary exper-
iments such as thermophoretic sampling. For this reason,
it is not possible to compare the current thermophoretic
measurements with those performed by LII under comparable
conditions.

V. MEASUREMENT UNCERTAINTIES

Uncertainties involved in the primary soot particle size
measurements with the described sampling system and TEM
image analysis stem from several factors. One of these factors
is related to the intrusive sampling system that disturbs
the flow field and could influence the sampling process,
as discussed in Section III, and it is difficult to assess its
magnitude. Further, radial temperature gradients in co-flow
laminar diffusion flames are significant and this may influence
the thermophoretic velocity and hence the deposition rates
leading to a sampling biased toward hotter regions of the flame.
However, the quantification of this bias is beyond the scope
of the current study and would require a detailed simulation
of the flow and temperature fields of the flame during
sampling.

Another source of uncertainty is due to manual analysis of
the TEM images to infer the primary soot size distributions.
If a statistically sufficient number of samples are available,
the error involved was estimated as about 10% (within 95%
confidence).?
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FIG. 9. Variation of the primary soot particle diameter distribution with
pressure at a height of 3 mm above the burner exit.

Another potential source of error could be due to the
sampling time. This aspect of the problem has been inves-
tigated with a limited number of samples to see whether the
sampling time, within the limits determined by the preliminary
experiments discussed in Section II, affects the measurements
significantly. A representative sample of these measurements
is shown in Fig. 10. Within the sampling time ranging from
4.2 ms to 7.6 ms, the primary soot size distribution from a
flame at 2.3 atm did not change significantly. Similar results
were obtained at higher pressures.
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FIG. 10. Primary soot particle size measurements with different sampling
times at 2.3 atm.

VI. CONCLUDING REMARKS

We developed and built an innovative thermophoretic soot
sampling system capable of operating at elevated pressures to
probe laminar diffusion flames for soot formation studies at
high pressures. The sampling system’s main component is a
rotating disk with multiple probes that can collect samples on
TEM grids. The rotating sampling disk is driven by a micro-
step stepper motor whose radial displacement is tracked by
a rotational encoder. Sampling time and time lag between
successive samplings can be programmed with a control unit
with high precision. Sampling times as short as 2.6 ms can be
achieved at elevated pressures. We used this thermophoretic
sampling system in a high-pressure combustion chamber
capable of 110 atm with a co-flow laminar diffusion flame
burner that was used previously for high-pressure soot studies.
We probed a laminar methane diffusion flame up to 10 atm for
proof-of-principle measurements and collected soot samples
on TEM grids for subsequent TEM imaging and analysis to
infer primary soot particle diameters. Soot primary particle
size distributions at different pressures showed that mean
primary soot diameter decreases with increasing pressure. We
recorded high-frame rate images (5000 frames/s) of the flame
during the sampling process to assess the influence of probe’s
intrusion into the flame on the flow field. We demonstrated that
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the described thermophoretic sampling system is well suited
for high pressure soot research as a complementary method to
non-intrusive techniques.
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