	
  
	
  
	
  
www.flame-structure-2014.com

	
  

Berlin Institute of Technology
(TU Berlin)

	
  

Prof. Dr. Frank Behrendt
Fakultät III: Prozesswissenschaften,
Institut für Energietechnik

	
  
	
  

Chair Energy Process Engineering and
Conversion Technologies for
Renewable Energies (EVUR)
Fasanenstr. 89
10623 Berlin

	
  
Berlin Institute of Technology • Fasanenstr. 89 • 10623 Berlin

Institute for Combustion and Gas
Dynamics – Reactive Fluids (IVG) and
CENIDE, Center for Nanointegration,
University of Duisburg-Essen
Omid Feroughi

Carl-‐Benz-‐Str.	
  199
47057	
  Duisburg

27. Mai 14

Confirmation of paper submission
Name:
Email:
Co-author:
2nd co-author:
3rd co-author:
Title of Paper:

	
  

Contact
info@flame-structure-2014.com
frank.behrendt@tu-berlin.de

Omid Feroughi

omid.feroughi@uni-‐due.de

H. Kronemayer
T. Dreier
C. Schulz
The effect of turbulence on time-averaged
thermometry in a pilot-plant nanoparticle
synthesis reactor
Program:
Turbulent flames
Name of Institute: Institute for Combustion and Gas Dynamics –
Reactive Fluids (IVG) and CENIDE, Center for
Nanointegration, University of Duisburg-Essen	
  

The effect of turbulence on time-averaged thermometry in a
pilot-plant nanoparticle synthesis reactor
O. M. Feroughi, H. Kronemayer, T. Dreier, C. Schulz
Institute for Combustion and Gas Dynamics – Reactive Fluids (IVG) and CENIDE, Center for Nanointegration,
University of Duisburg-Essen, Duisburg, Germany
thomas.dreier@uni-due.de

Abstract
In situ gas-phase temperatures were measured in a scaled-up flame reactor for nanoparticle synthesis. The effect of
turbulence on time averaged multi-line NO-LIF thermometry was investigated by numerical experiments and applied to experimental results.
Introduction
Gas-phase temperature is of great importance in combustion systems because it strongly influences flame chemistry
and therefore, e.g., combustion efficiency or pollutant formation. Multi-line NO-LIF thermometry using laser sheet
imaging is a tool to accurately measure gas-phase temperature fields in a spatial plane without the necessity of calibration1. Imaging measurements of temperature are based on successive detection of the two-dimensional distribution of NO-LIF intensities while scanning a laser within a section of the NO A–X(0,0) absorption band at around
225 nm. Because the spectrum is generated not on a single-shot basis but by accumulating many subsequent images,
in turbulent systems fluctuations in time and space lead to the acquisition of averaged LIF spectra as a superposition
of contributions from varying local conditions in space and time. This results in systematic biases of experimentally
extracted and real-time temperature fields, an effect that is amplified because the LIF-signal intensity does change
non-linearly with temperature.
In the present work, quantification of the deviations of the excitation-scan-retrieved temperatures from averaged
measurements, is achieved by numerical experiments. The results of this theoretical approach are transferred to
temperature measurements carried out in a flame of a pilot-plant nanoparticle synthesis reactor.
Numerical experiments
Effect of temperature variations on time-averaged multi-line NO-LIF thermometry
In the present work deviations of the excitation-scan-retrieved temperature from mean gas temperatures were determined from numerical experiments. Previous detailed investigations revealed a most temperature-sensitive spectral region for NO-LIF in the 44406–44424 cm–1 range with good sensitivity in the 300–2500 K range2. NO-LIF
spectra were simulated for various temperatures and the expected signals at each excitation wavelengths are determined from adding the signals from various individual representation of the spectra for the relevant temperature,
weighted by the probability of the occurrence of the respective temperature. As one example, an “experimental”
spectrum was combined from averaging 15 spectra that had been calculated for 15 equidistant temperature values
around a mean temperature. The resulting spectrum was then fitted with LIFSim, with signal intensity and the absolute temperature as free parameters. The resulting temperature then is the derived “NO-LIF mean temperature” with
a deviation from the “real” mean gas temperature. This procedure is repeated for various mean temperatures from
300 to 2500 K in steps of 200 K. Various widths of the distributions were assumed, e.g., 1000 K ±10% (±100 K) for
linear temperature fluctuations from 900–1100 K. For bimodal distributions at 1000 K ±10% (±100 K) one spectrum at 900 and one at 1100 K are averaged. Temperature variations weighted by a Gaussian distribution were also
considered. Excitation spectra were simulated for mean temperatures from 300 to 2500 K with simulated temperature fluctuations of ±5, ±20, ±50 and ±70% (i.e., at 1000 K with RMS fluctuations of ±50, ±200, ±500, and ±700 K).
Representative results from the numerical experiments are shown in Fig. 1. With increasing fluctuation the deviation of the “NO-LIF temperature” to the mean gas temperature increased. Gaussian temperature distributions resulted in lower bias errors than linear and bimodal distributions. Temperature fluctuations of less than ±5% resulted in a
negligible error of less than ±1% in temperature for all cases. For all spectral ranges investigated, deviations are
positive at temperatures below 900 K and negative at higher temperatures. This means that the measurement systematically over predicts mean temperatures below 900 K and under predicts them above this value. Finally we
found that a larger spectral range for the acquisition of excitation spectra does not lead to robustness against drawbacks due to fluctuations.
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Fig. 1: Results for linear (a), Gaussian (b) and bimodal (c) fluctuations of temperature for a fitted spectral range 44406–44424 cm–1.

Experiment
Measurements were performed in a pilot-plant flame-synthesis reactor operating at ≤ 1 bar with a mildly turbulent
jet flame (Re ≈ 8300). The flow direction is from top to bottom. The nozzle used for supplying the various gases
(CH4, H2, Ar/NO, O2, air) consists of three coaxial tubes. The combustion chamber is 1100 mm long and has an
inner diameter of 102 mm. A tunable, pulsed, narrowband dye laser (DCM, λ = 622 nm, Δν < 0.1 cm–1, Radiant
Dyes) pumped by a frequency-doubled Nd:YAG laser (Continuum, Powerlite Precision II 8010) with a repetition
rate of 10 Hz was used to generate laser radiation between 602 and 660 nm. UV radiation for exciting NO between
223 and 230 nm is generated by sum-frequency mixing of the dye-laser output with the third harmonic of the
Nd:YAG laser (355 nm). A laser sheet (60 mm high, 1 mm thick) is directed horizontally through the center of the
reactor at four distances (30, 230, 480, 730 mm) downstream of the nozzle exit. LIF signals are recorded with an
intensified CCD camera (LaVision, Imager Intense) at 90° relative to the laser sheet. A combination of two 230 nm
long-pass filters suppresses elastic stray light and transmits NO LIF (230–300 nm). Shot-to-shot laser energy variation is recorded by an energy monitor (LaVision) and stored with each image for later intensity correction.
Results and discussion
The flames were doped with 100 ppm NO, that has negligible influence on the flame chemistry in lean flames.
LIFSim3 was used to extract temperature values for each image point from NO-LIF excitation spectra. Various
conditions for stable flames with varying gas flows with and without adding Fe(CO)5 were selected to characterize
the flame reactor. Fig. 2a–d shows the corresponding temperature fields at the position right below the burner nozzle. Temperature profiles along the reactor axis (±0.75 mm) were evaluated by horizontally binning pixels (Fig. 2e).

Fig. 2: Temperature distributions for
various flame conditions. e) Temperature profiles along the center axis.

The results of the numerical experiments were compared to experiments carried out in the pilot-plant flame reactor.
50 single-shot NO-LIF images taken with the laser tuned to either a temperature-sensitive or a temperature insensitive NO transition were statistically analyzed. The objective was to find out if the fluctuations in measured LIF
intensities mainly result either from temperature fluctuations or from fluctuations in NO concentration (caused by
the fact that NO is not present in all incoming partial flows and therefore turbulent mixing can lead to variations in
local NO concentration). This is accomplished by exploiting the fact that significant intensity variations in the fluo-

rescence signal – either due to temperature or NO concentration variations – are encountered when crossing flame
fronts. After applying an iterative median filter for noise reduction, all single-shot images of each data set were
binarized by thresholding the measured NO-LIF intensity at 6% of the maximum value. The flame contour was
localized and images of flame contours were averaged to create a statistical image of the flame front position for the
temperature sensitive and insensitive transition, respectively.
A quantity for the deviation of the flame front from the most probable flame contour position at a certain distance
from the burner nozzle is calculated by fitting Gaussian profiles to selected image rows (cf. Fig. 3a, black lines).
Their spatial width (FWHM) represents a measure for the fluctuation in flame-front position. Fig. 3b shows the
widths of the respective profiles for the five distances from the nozzle for both the temperature-sensitive and the
temperature-insensitive transition.

Fig. 3: a) Sum of individual flame contours from 50 binarized single-shot NOLIF images for temperature sensitive (left)
and temperature insensitive transitions
(right). b) FWHM of the spatial spread in
flame contour as a function of distance
from the nozzle.

It can be seen, that for distances up to about 27 mm from the nozzle the FWHM and therefore the fluctuation for
both transitions are in the same range. At larger distances from the nozzle the FWHM for the temperature sensitive
transition is more than twice as big (13.7 and 6.3 mm, respectively) as for the temperature insensitive transition.
From both approaches it can be concluded that the evaluated fluctuations are mostly caused by temperature fluctuations and are much less a consequence of fluctuations in NO concentration.

Fig. 4: a) Measured temperature field via multi-line NO-LIF thermometry with the corresponding areas to (b). b) relative [%] deviation
of the LIF-signal from the mean value. Dashed lines and numbers
separate regions of different magnitude in fluctuation.

Fig. 5: a) Single images with threshold values marked as white lines
used for the binarization. b) Probability distribution for finding hot
post-flame gases at certain locations. White and black dotted contour
lines are at 21 and 79%, respectively.

The single-shot LIF images were used to evaluate the type and size of the fluctuations for the present flame conditions to quantify their influence on the measured temperatures resulting in an error estimation for different spatial
regions, e.g., the central flame cone, or the shear layer between the fuel and oxidizer flows. A pixel-wise statistical
analysis of the single-shot LIF intensity images (with excitation in the temperature-sensitive transition) provides a

fluctuation value that is comparable to the input of the numerical experiments. In the entire field distributions of the
intensities could be well fitted by variable width Gaussian functions. Fig. 4a shows the corresponding averaged
temperature field. Fig. 4b shows the relative signal variation for the temperature-sensitive transition. The dashed
contour lines separate regions of different magnitude as indicated by the color bar. Region 1 marks moderate Gaussian distributions (10–15% around the mean intensity). From the comparison to the numerical experiments and the
assumption that NO-LIF translates linearly into temperature (cf. Fig. 1b, red circles) with the temperature known
from Fig. 4a it can be determined that the maximum temperature deviation caused by fluctuations is below ±2%.
Region 2 mostly covers areas outside the center of the flame. The width of the Gaussian distribution here is between
15 and 20%. The estimated maximum temperature deviation caused by fluctuation of a maximum magnitude of
20% for region 2 is below ±1.5% (cf. Fig. 1b, red circles). The deviations of ±2% for region 1 and 2 respectively are
still within the stated accuracy of ±2% for multi-line NO-LIF thermometry1, 4. For region 3 in Fig. 4a a very wide
distribution width of up to 65% was determined. Comparable values from the numerical experiments showed that
the maximum temperature deviation caused by fluctuations of this magnitude is about ±6% (cf. Fig. 1b, blue triangles) which means, that the results for temperature in these regions of the flame should be treated carefully.
For regions close to a fluctuating flame front a bimodal temperature distribution can be assumed as worst case scenario where temperature varies between ambient and flame temperature. The errors in these regions must therefore
be assessed in a different way: To determine areas that are with high probability either before or behind the flame
front the laser was tuned to a transition that preferentially shows hot NO (i.e., a high ground state energy, here: P12),
thresholding of the measured intensity distribution allows to separate burned and unburned regions (cf. Fig. 5a).
These images are binarized and averaged for 50 individual measurements showing the probability of the presence of
burned gases in the respective area (Fig. 5b). Iso-lines of 21 and 79% probability are added. Temperature results in
region 1 and 3 are within the accuracy of ±6% as evaluated before. For bimodal distributed fluctuations in region 2
of Fig. 5b, as a first approximation we use the “±50% data” (cf. Fig. 1c green triangles) according to the numerical
experiments. In this case, the determined error in temperatures using the results of the numerical experiments is up
to ±25%. Because of this large error, extreme care is advised when temperature results of this area are used for
further analysis. In most cases the temperature profile along the reactor axis is of great importance and used for
further analysis (e.g., determination of quantitative particle concentration or comparison with simulation results). In
this region, the error there is within the above mentioned accuracy.
Conclusions
Non-intrusive temperature measurements via NO-LIF thermometry imaging were carried out for several conditions
of a nanoparticle synthesis flame reactor in pilot-plant scale. The effect of fluctuations of the flame on timeaveraged multi-line NO-LIF thermometry were investigated by numerical experiments. The results were applied to
the measured temperature fields to separate areas where the errors due to time-averaging are in an acceptable range
from those where results become questionable.
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