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Abstract
Flame spray pyrolysis (FSP) has drawn the attention of the industry and scientific community due to its
versatility, scalability and cost for synthesis of a wide variety of materials with controlled characteristics.
Since the FSP processes are still not fully understood, standard burners have been developed for systematic
experimental and numerical investigations. Within the DFG-funded Priority Programme on ’Nanoparticle
Synthesis in Spray Flames SpraySyn: Measurement, Simulation, Processes’ (SPP1980), a standard burner
has been proposed. The characterization of the velocity field of this burner is therefore crucial, because
the flow velocity is linked to the FSP processes, influencing the precursor atomization, flame and produced
material. In the present work, we measure the gaseous velocity field from the nozzle outlet to positions
located 26 mm downstream of the mentioned SpraySyn-burner by means of 2D-2C PIV at a variety of
combinations of sheath-, pilot- and dispersion-gas flow rates under non-reacting and reacting conditions
with different stoichiometry. The nozzle outlet velocity of the SpraySyn-burner is characterized by averages
and standard deviations of PIV measurements.
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Introduction

Flame spray pyrolysis (FSP) has demonstrated to be an attractive process to generate a wide spectrum of
functional materials in the form of powders and films with tunable characteristics (Messing et al., 1993;
Gurav et al., 1993; Mueller et al., 2003; Okuyama and Lenggoro, 2003; Strobel and Pratsinis, 2007; Kilian
et al., 2014; Schulz et al., 2018). Countless products have been already synthesized from different precursor
solutions by FSP processes, such as zinc oxide (ZnO), alumina (Al2 O3 ), ceria (CeO2 ), magnesia (MgO),
magnesium-aluminate (MgAl2 O4 ), cupric oxide (CuO), iron oxides (FeO, FeO2 , Fe2 O3 ), titania (TiO2 ),
zirconia (ZrO2 ), to name some (Mueller et al., 2003). Industry and scientific community have become
interested in the FSP process because of the variety of potential applications, its flexibility, scalability and
cost of production (Strobel and Pratsinis, 2007).
In the last 30 years, significant development in understanding of combustion aerosol formation has permitted FSP materials with nearly controlled characteristics to become available (Kilian et al., 2014; Schulz
et al., 2018). After the liquid-precursor atomization, the particle formation by FSP can be described by several sequential physical-chemical mechanisms with branching connections that lead to a variety of different
products (Gurav et al., 1993; Strobel and Pratsinis, 2007). For instance, for the formation of agglomerated
fractal-like nano-particles the combined mechanisms are: droplet evaporation, precursor reaction (combustion), particle nucleation, surface growth, coagulation, sintering, aggregation and agglomeration (Strobel
and Pratsinis, 2007). However, there is still a lack of knowledge of the complexity of the FSP process
and the interplay between the particle-formation mechanisms, usually occurring within turbulent reacting
multi-phase flow fields (Schulz et al., 2018).
To overcome this deficiency, standard burners allow for systematic experimental and numerical investigations. Different standard burners have been used for flame research, such as Hencken burner, Gülder

Figure 1: (a) Schematic cross-section of the SPP1980 SraySyn burner with zoomed image from the top of
the nozzle outlet. (b) PIV experimental setup showing a premixed flat flame.
burner, Santoro burner, McKenna burner, Sandia Flame D, Cambridge swirl burner, CORIA spray burner, to
name a few (Abdelsamie and Thévenin, 2019; Schneider et al., 2019). These burners can be operated under
reproducible standard conditions to provide valuable databases (benchmarks) for understanding the underlying physics and to validate models. Within the DFG-funded Priority Programme on ’Nanoparticle Synthesis
in Spray Flames SpraySyn: Measurement, Simulation, Processes’ (SPP1980), a standard laboratory-scale
spray-flame burner for nanoparticle synthesis has been proposed, called SpraySyn burner (Menser et al.,
2014; Schneider et al., 2019).
The working principle of the SPP1980 SpraySyn-burner (Fig. 1a) is described as follows. The liquid
precursors are atomized by a high-velocity oxygen dispersion gas, flowing through a central two-fluid nozzle. The precursor solution is selected according to the desired final product. The resulting spray flame,
due to the reaction between the liquid precursor with the oxygen gas, is stabilized by a surrounding axisymmetrical laminar pilot flame of premixed methane and oxygen gases. A laminar co-flow of nitrogen shields
the internal flow against environmental fluctuations and supports the transport of produced particles. The
SpraySyn-burner has a simplified geometry for simulations and allows for easy optical access for experiments (Schneider et al., 2019). Therefore, the influence of the combination of liquid precursor solution and
gas flow-rates on the composition, size and morphology of produced particles can be investigated.
The objective of the present work is to initially characterize the gaseous velocity field at the nozzle outlet
of the SPP1980 SpraySyn-burner, because the flow velocity directly influences the FSP processes, affecting
the properties of precursor droplets, flame and ultimately the produced material. To this end, we measured
the velocity field from the nozzle outlet to positions located 26 mm downstream of the SpraySyn-burner by
means of a hot-wire anemometer and a high-speed 2D-2C PIV at different flow rates under non-reacting
(isothermal) and reacting (combustion) conditions.
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Experimental Setup

In the SpraySyn-burner (Fig. 1a), the liquid precursor solution for the FSP atomization process can be delivered by a 0.70-mm outer-diameter, 0.40-mm inner-diameter needle. The needle is installed in the center of
a nozzle with a 1.50-mm outlet diameter, where oxygen flows as dispersion gas. The position and orientation of the needle can be precisely adjusted by three micrometer screws at the burner bottom (not visible in
Fig. 1). The needle axis is concentric to the nozzle and its flat tip aligned with the burner surface. A flat-flame
from the reaction of a methane-oxygen premixed pilot gas is supported on a porous sintered-brass plate of
70-mm diameter. Nitrogen flows in the outermost annular region as sheath gas to stabilize the flame. It is
important to mention that, in the present work, no liquid precursor (or gas) is injected through the needle, so
the studied flow can be classified as an annular jet discharged into a co-flowing low-momentum stream.
The gas flow rates are determined by Bronkhorst mass flow controllers (models EL-Flow Select and
Mass-Stream) and given in standard conditions of 101325-Pa absolute pressure and 0◦ C temperature. The
gas temperature at the nozzle outlet in non-reacting conditions is 20 ± 3◦ C measured by a type-K thermocouple connected to a Pico TC-08 data logger.
No combustion chamber is used around the burner, in order to avoid confinement effects in the jet
flow. The exhaust gases are collected through a pyramidal chimney hood, located 1 m above the burner
surface, and vented out from the lab. The influence of the chimney hood on the flow dynamics is considered
negligible at positions close to the burner outlet.

The burner is mounted into a 3D traverse system, which allows its translation with 50-µm resolution for
measuring different regions, while hot-wire anemometer or PIV systems are maintained fixed.
A hot-wire anemometer (HWA) is used for validation of PIV data and to measure in regions where no
particles can be seeded (i.e., above the porous plate) in non-reacting flows. To this end, a 1D hot-wire 55P16
probe (sensor diameter of 5 µm and length of 1.25 µm) connected to a Dantec Mini-CTA 54T30 system with
12-bit A/D resolution is employed. Since the length of the wire probe acts as a spatial filter, the orientation
of the probe is crucial. The probe support is vertically aligned, coinciding with the extension of the PIV
plane. The wire probe is orthogonal to the PIV plane in order to increase the sensitivity for the streamwise
flow discharged through the burner. The HWA is maintained fixed by a thin horizontal profile to minimise its
influence to the surrounding flow. The velocity measurements at different positions are obtained by moving
the burner, as described before.
The experimental setup for high-speed two-dimensional two-component PIV measurements (Fig. 1b) is
composed of a LaVision HighSpeedStarX camera (1024x1024 pixel, pixel size of 20 µm, 12 bit) equipped
with a 200-mm Nikon Nikkor lens with a 532-nm band-pass filter. The light is delivered by a Continuum
Mesa Dual-Pulse Nd:YAG laser (2x10 mJ, 532 nm). The light beam is guided by mirrors to the measurement
region and the light sheet generated using two spherical lenses and one cylindrical lens. The light sheet is
vertical and crosses the central of the burner. A knife-edge filter is used to crop the bottom part of the light
sheet, avoiding reflection at the burner surface. Due to the small size of the nozzle, the camera magnification
is set to 0.82 and the image width reduced to 640 pixel, leading to a field of view of 15x25 mm, imaging a
region from 1 to 26 mm height above the burner (HAB) surface. The acquisition frequency in a traditional
dual-frame single-exposure PIV configuration is 5 kHz with a laser pulse delay of 4-10 µs, depending on the
flow rate under investigation. The minimum allowable pulse delay of our system is 4 µs. The PIV system is
synchronized by a programmable time unit driven by the LaVision DaVis 8.4 software.
The dispersion gas, flowing though a narrow annular slit of 1.50-mm outer and 0.70-mm inner diameter
of the nozzle outlet (Fig. 1a), is seeded by titanium-dioxide particles (with nominal diameter of approx.
0.4 µm) using a swirling bed generator with a magnetic stirrer and a bypass. The magnetic stirrer is necessary
to increase particle concentration at lower flow rates, while the bypass is used to avoid over seeding at higher
flow rates. The particles are dried overnight in an oven at 120◦ C to decrease moisture and agglomeration.
The porosity of the sintered-brass plate does not allow the seeding of the pilot and sheath gases. The
seeding through this narrow annular slit is a challenging task. The annular slit is constantly cleaned before
each experimental run in order to avoid nozzle restriction, which could otherwise interfere in the dispersion
gas velocity or clog the flow.
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Hot-Wire Processing

The hot-wire anemometer is operated in a constant wire temperature condition. The wire temperature is
maintained at 222◦ C, employing a standard CTA configuration from Dantec with a Wheatstone bridge of
1:20 and an overheat of 0.72 (Jørgensen, 2005).
The HWA is calibrated inside a wind tunnel located in the Fluid Dynamics and Technical Flows Laboratory (ISUT) with a Pitot-static tube as the velocity reference. The air temperature is about 20◦ C. A
power-law calibration curve (King’s law) is employed to convert hot-wire voltages into velocities. The hotwire velocity uncertainty is estimated as 4% for velocities above 0.2 m/s. Below this velocity level, the
HWA measurement values are bias, because the natural convection effect in the heat transfer from the hot
wire becomes not negligible compared to the forced convection effect due to the flow (Jørgensen, 2005).
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PIV Processing

The PIV processing in the present work using the DaVis software will now be described. In order to avoid
PIV processing in regions of the acquired images without seeding particles, an algorithmic mask, based
on the local standard deviation of grey-level intensity and binary operations, is used. Velocity fields are
evaluated by a multi-pass cross-correlation approach. Two initial passes employing interrogation windows
of 64x64 pixels with a 2:1 elliptical Gaussian weighting function (main axis along the vertical direction) are
adopted, because the streamwise jet flow is vertical and faster than the radial flow. The velocity computation
procedure is followed by three passes using interrogation windows of 32x32 pixels with a round Gaussian
weighting function and high precision in the last pass. All passes use 50% of overlap, leading to a final
grid resolution of 0.4 mm. Spurious vectors are removed based on the universal outlier detection over a 5x5

kernel. No interpolation is adopted to replace removed vectors. The PIV uncertainty is estimated by the
Correlation Statistics Method (Wieneke, 2015) implemented in the DaVis software.
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Results

A variety of combinations of sheath-, pilot- and dispersion-gas flow rates are investigated under non-reacting
(NR) and reacting conditions with different fuel-oxidizer proportions (φ) and without liquid precursor injection. Table 1 summarizes the studied cases. For example, case 3 refers to a stoichiometric flame (φ=1)
according to the reaction CH4 + 2 O2 → CO2 + 2 H2 O. Gas flow rates are given in standard litres per minute
(slm).
Examples of a PIV particle distribution and velocity-magnitude colour plots with vector arrows are
presented in Fig. 2. The horizontal coordinate is aligned with the radial jet direction. Despite the acquired
non-uniform particle distributions (Fig. 2a), instantaneous velocity fields with good quality and low amount
of spurious vectors are obtained under non-reacting (Fig. 2b) and reacting conditions (Fig. 2c). The particle
dispersion displays, on average, a cone-like shape that is narrower for higher dispersion gas velocities.
The particle concentration diminishes with axial distance from the nozzle (discharge location), because of
dispersion and dilution (due to entrainment of surrounding fluid).
PIV statistics from the nozzle outlet to positions located 26 mm downstream, calculated using more
than 4300 velocity fields, will now be discussed. In order to validate the PIV measurements, time-averaged
velocity profiles along the radial direction at different heights above the surface of the burner are also measured by means of a hot-wire anemometer for case 1. HWA measurements are performed employing only
N2 gas for pilot, dispersion and sheath flow, in order to preserve the calibration. The nozzle outlet is at
atmospheric pressure with a temperature of about 20◦ C, equivalent to the conditions in the wind tunnel.
HWA time-averaged velocity is computed for each radial position with steps of 0.2 mm using 1000 samples
acquired with a frequency of 1 kHz.
The comparison of time-averaged velocity profiles from HWA and PIV measurements for case 1 is
presented in Fig. 3. PIV uncertainty bars are added on every second point to not overcrowd the graph.
Excellent agreement is observed between the velocity measurements by these two techniques at all three
heights above the burner. The marginally wider profile of the PIV measurement compared to that of the
HWA at 4 mm HAB seems to be a consequence of two effects. The first effect is the spatial filtering of
the size of the final interrogation window (around 0.8 mm in the present work). The second effect is the
intermittent sampling in this region of high shear, where PIV measurements are not possible when the flow
is not seeded (entrainment from the slower pilot-gas flow). A dual-peak velocity profile due to the exit from
an annular slit is not observed in this plot. Nevertheless, it is expected to exist at lower heights and then
to merge into a one-peak profile similar to that of a single round jet (Ko and Chan, 1978). The jet profile
develops into a Gaussian curve for heights greater than 8 mm above the burner (R squared of the curve fit
above 0.99), in a zone where the axis of the annular potential core is merged to the the nozzle axis (Ko and
Chan, 1978). The Gaussian shape of the averaged velocity profile is expected for the developed region of
a round jet (Hussein et al., 1994; Pope, 2000). The increase of PIV uncertainties with the radial distance
from the jet center is also noticeable in this figure. This is caused probably by the lower amount of velocity
vectors to compute the average in these regions, due to the oscillation of the seeded jet border (given by the
algorithmic mask employed), and by the low particle number in the corresponding interrogation windows,
due to outer fluid entrainment without seeding particles.
Time-average and standard deviation of velocity fields measured by PIV for non-reacting and reacting
conditions of cases 1, 2 and 3 are displayed in Fig. 4. The change in the velocity dynamics is enormous
due to expansion of the gases during the combustion process. The maximum measured velocity for the nonreacting case is about 58 m/s (Fig. 4a), while for the reacting case with fuel-oxidizer proportion of φ=0.5
(Fig. 4b) it is 40% faster and with φ=1 (Fig. 4c) it is 47% faster. The higher velocity values appear at the
centreline of the jet, as expected for a round jet (Pope, 2000). The velocity fluctuations are also greater
under the reacting conditions. For instance, the maximum standard deviation value of reacting flow with
φ=1 (Fig. 4f) is about 22% greater than for the non-reacting flow (Fig. 4d). Standard deviation values are
greatest at radial positions about -1.3 and 1.3 mm. Small differences from the jet symmetry for time-average
and standard deviation of velocity fields seem to be caused by a slight misalignment between the nozzle and
needle axes.
Fig. 5 shows the difference between non-reacting and reacting conditions of cases 4 and 5 in the measured time-average and standard deviation of velocity fields. Again, pronounced effects in the velocity
dynamics are observed during the combustion process. The maximum measured velocity under reacting

Table 1: PIV cases.
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Figure 2: (a) Sample of a typical particle distribution, and instantaneous velocity fields at the nozzle outlet
for (b) non-reacting (case 1) and (c) reacting conditions (case 3).
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Figure 3: Time-averaged velocity profiles measured by hot-wire anemometer and PIV at different heights
above the burner for the non-reacting flow of case 1.
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Figure 4: Comparison of non-reacting and reacting conditions at combined flow rates of 120 slm of sheath
gas, 7.5 slm of pilot gas and 4 slm of dispersion gas. Time-average (top) and standard deviation of velocity
fields (bottom) at the nozzle outlet for cases 1, 2 and 3 (from left to right).
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Figure 5: Time-average (left chart region) and standard deviation of velocity fields (right chart region) at
the nozzle outlet for (a) non-reacting (case 4) and (b) reacting conditions (case 5) at combined flow rates of
120 slm of sheath gas, 18 slm of pilot gas and 4 slm of dispersion gas.
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Figure 6: Time-average (left chart region) and standard deviation of velocity fields (right chart region) at
the nozzle outlet for (a) non-reacting (case 6) and (b) reacting conditions (case 7) at combined flow rates of
120 slm of sheath gas, 18 slm of pilot gas and 10 slm of dispersion gas.
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Figure 7: Magnitude profiles of (a) time-average and (b) standard deviation of velocity along the jet centreline under non-reacting and reacting conditions.
flow conditions with φ=0.25 is increased by 26% when compared to the non-reacting case. It is interesting to note that negligible differences are observed in the non-reacting case after a 2.4-fold increase of the
pilot-gas flow rate, from 7.5 slm (case 1, Fig. 4a,d) to 18 slm (case 4, Fig. 5a).
Time-average and standard deviation of velocity fields under non-reacting and reacting conditions of
cases 6 and 7 are presented in Fig. 6. Case 7 is the current standard condition recommended to operate the
SPP1980 SpraySyn-burner according to Schneider et al. (2019). The maximum measured velocity in the
reacting flow (Fig. 6b) is 16% greater than that of the non-reacting corresponding flow (Fig. 6a). Comparing
this figure with Fig. 5, we can observe that the increase of dispersion-gas flow rate, not only changes the
measured averaged velocity fields (expected behaviour), but also the standard deviation velocity fields. For
instance, the maximum velocity under reacting conditions of case 7 (Fig. 6b) is 2-fold greater than that of
case 5 (Fig. 5b), while the maximum velocity fluctuation is 3.4-fold increased.
Centreline profiles of the magnitude of time-averaged velocity and of their fluctuations are presented in
Fig. 7. The legend for both graphs is displayed in Fig. 7b. Significant differences in the shape and in the
magnitude values are observed in both plots comparing associated flows under non-reacting and reacting
conditions (i.e., case 1 compared with case 2 or 3, case 4 compared with 5, and case 6 with 7). The profile
peaks of the standard deviation of velocity are always located at positions further downstream under reacting
conditions. In contrast, no difference is observed neither in the magnitude of the time-averaged velocity nor
in its standard deviation between non-reacting cases 1 and 4 (same dispersion gas flow rate). The jet flow
close to the burner therefore seems to be independent of the low-momentum pilot gas flow rate under the
non-reacting conditions of the present work. This fact was already discussed for the visual inspection of the
associated 2D velocity fields of Fig. 4a and 5a.
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Conclusions

The present work characterizes the gaseous velocity field from the nozzle outlet to positions located 26 mm
downstream of the SPP1980 SpraySyn-burner by means of 2D-2C PIV at various flow rates for non-reacting
and reacting conditions. Time-average and standard deviations of velocity fields are discussed. The PIV velocity field is validated against hot-wire anemometer measurements under non-reacting condition, showing
good agreement. The quality of the present measurements are corroborated by the computed low uncertainty
levels.
Regarding the flow velocity dynamics, great changes are observed comparing non-reacting and reacting cases, and also comparing reacting cases with different fuel-oxidizer proportions (stoichiometry), due
to temperature change and expansion of the gases during the combustion process. Peaks of the standard
deviation of velocity along the jet centreline are located at positions further downstream under reacting
conditions.

The understanding of the dispersion gas flow field provided here is an important step, because the flow
velocity is directly linked to the flame spray pyrolysis processes, affecting the precursor atomization, flame
and ultimately the size and morphology of the produced material.
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