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Abstract

Industrial process tomography is widely used for the characterization of a wide variety of
physical processes. One of the drawbacks of process tomography equipment is that they are specific to
a particular application and process. Therefore, different instruments are required for characterizing
turbulent sprays and flames. A modular sensor suite is developed to characterize flames and sprays
used in the propulsion industry. The sensor suite enables the user to select from a range of plug and
play emitter and sensor modules to estimate several physical characteristics of the system under study.
The sensor suite developed in this study is capable of measuring planar temperatures, radical species
concentrations (such as OH, AlO, CH, C+), and particulate volume fractions in flames and planar surface
area densities and drop sizes in sprays. The modular suite also has a configurable algorithm with an
embedded database that includes many of the radiative properties, such as wavelength and line width,
gas species, and particulate volume fractions. The sensor suite is a monolithic structure that can be
mounted in any orientation around the physical process. Sample soot and temperature data from
ethylene and propulsion diffusion flames ,and OH concentrations from a hydrogen flame are presented
to highlight the capabilities of the sensor suite in characterizing turbulent diffusion flames. In addition,
sample surface area densities and drop sizes from a water spray are presented to highlight the capability
of the sensor suite to characterize sprays. The data obtained from the sensor suite is validated using
data from published literature for flames and using Phase Doppler Interferometry in sprays. The current
sensor suite can accommodate flames and sprays that are up to 250 mm in diameter, making it a
valuable diagnostic for the propulsion industry.
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Introduction

Recently, Ehn et al. (2017) reviewed advanced laser-based techniques for gas-phase diagnostics
in reacting flows. The principle methods for obtaining planar information in reacting and non-reacting
flows include Planar Laser-Induced Fluorescence (Zhou et al., 2015), Particle Image Velocimetry (Alkislar
et al., 2000), two-color thermometry (Brisley et al., 2005), Coherent anti-Stokes Raman Scattering
(Bohlin and Kliewer, 2015), chemiluminescence (Floyd et al., 2011), Fan Beam Emission Tomography
(Sivathanu et al., 2007) Tunable Diode Laser Absorption Spectroscopy (Xu et al., 2016) and Particle
Imaging Velocimetry (Alkislar et al., 2003), Pattern Imaging Velocimetry (Sivathanu et al.,, 2019) and
Statistical Extinction Tomography (Lim et al., 2003). Besides there are several other methods not
mentioned here used in a wide variety of flows.

Using the above diagnostic methods, we can obtain planar temperatures, major and minor
species concentrations, particulate volume fractions, drop surface area densities, drop sizes, and
velocities. Most of these techniques require custom hardware and software that apply to only that
technique. For instance, you would use two-color thermometry for obtaining planar temperatures,
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without concentration information. Or you could use extinction tomography to acquire particle drop
surface areas. If you desire to receive multiple details, you could use some of the spectroscopic
techniques (such as TDLAS, FBET) that provide concentrations and temperatures. Even this information
is limited to a certain extent by choice of wavelengths used for the spectroscopic measurements.

Based on the above, the primary objective of this study is to develop a modular sensor suite that
can be configured to obtain different information in turbulent reacting and non-reacting flows. The
sensor suite is populated with receiving modules and sending modules. The intent is to create a plug
and play approach using these receiving and sending modules to measure various properties using a
common platform.

Experimental Arrangement

The frame of a circular extinction-based optical patternator is utilized as a general-purpose
platform. A solid model of the sensor suite is shown in Fig. 1.
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Figure 1. Solid model of the sensor suite.

A sensor suite contains a fixed number of receiving and/or transmitting optical modules,
arranged in a dodecagon (twelve-sided polygon) pattern as shown in Fig. 2.
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Figure 2. Schematic of the modular sensor suite.

The two critical elements of the modular sensor suite are the radiation receiving and radiation
transmitting modules. The radiation sending module is shown on the left panel of Figure 2, the sensor
suite is shown in the middle panel, and the receiving module is shown on the right panel of Figure 2.
The sending module consists of a laser and sheet forming optics. The laser sheet typically has a fan
beam collimated by the collimating lenses shown in the sensor suite (middle of Fig. 2).

The receiving module consists of three sub-elements, i.e., the lenses, the filter, and the array
detector. The collimating lens (shown on the figure of the sensor suite as well as separately in the
exploded view) is the first element and is used to ensure that only parallel rays enter the array detector.
The diameter of the collimating lens determines the size of the flame/spray that can be interrogated
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with the system. For the work presented here, the diameter of the interrogated area is 175 mm. The
platform for the sensor suite had an internal diameter of 875 mm and an external diameter of 1225 mm.

The imaging lenses are used to focus the radiation from the flame (for emission measurements)
or the sending optics (for extinction measurements) onto the linear array. The second element is a
filter. The filter used depends specifically on the species that is being studied. For example, a filter
centered at 313 nm can be used to study OH chemiluminescence. In this study, the primary focus is on
determining soot volume fractions in the overfire region using extinction tomography, and soot volume
fractions and temperatures in the underfire region using emission tomography.

A photograph of the sending and receiving modules are shown in Fig. 3.

Fold mirrors

Figure 3. Photograph of the sending and receiving modules.

Both the sending and receiving units are identical in footprint. The sending module typically has
a laser and the collimating lens, while the receiving unit has the collimating lens and the detector unit.
Fold mirrors are used to reduce the footprint of the instrument.

Numerical Methods

The deconvolution algorithm used with these modules is described first. Only four modules are
discussed in the following. The first module is for estimating soot volume fractions from extinction
measurements at 632 nm. The second module determines temperatures and soot volume fractions
from two-wavelength emission measurements at 800 and 900 nm. The third module is for estimating
local OH emission intensities from chemiluminescence measurements at 310 nm. The last module is for
estimating drop surface area densities and drop Sauter Mean Diameter (SMD) from combined extinction
and scattering measurements at 635 nm. The four modules are described in further detail below.

Soot Volume Fraction Module

The extinction measurements are first deconvoluted using the Maximum Likelihood Estimation
(MLE) method of Vardi and Lee (1993). The details of the method for determining local extinction from
the path integrated measured will be discussed first. The modular suite provides the path integrated

transmittances (Tj')along the 512 parallel paths (i) and for six axes or view angles (j). The local

extinction coefficients are obtained from the transmittance measurements by deconvolution. The
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division of the domain into homogeneous sections (concentric arcs subtending 30 degrees at the center
with a width of approximately 0.75 mm) for the deconvolution problem being considered is shown in
Fig. 4. The flame or particulate flow within the domain is assumed to be turbulent and stationary. Axi-
symmetry is not assumed for the flame or the particulate flow. The instantaneous transmittance and
temperature of each ring fluctuate with time. However, the assumption of a stationary turbulent flow
implies that the moments of transmittance (time-averaged) are constant and homogeneous for each
path. The interrogation domain is divided into twelve pie-shaped zones and 512 concentric circles.

Axis #1
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Axis #4-
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Figure 4. A schematic of the deconvolution domain for the sensor suite.

Therefore, there is a total of 3072 homogeneous sections in the deconvolution domain. The
dotted lines in Fig 4. show the six axes or view angles of the sensor suite. The path integrated
transmittances that are measured for six representative parallel paths for the first view angle (axis #1)

are shown as Tll to T16 in Fig. 4.

It should be noted that the local extinctions coefficients along axis #1 are obtained from the
transmittance measurements conducted perpendicular to axis #1. In each section, the specific
iJ ) is assumed to be homogeneous, where i represents the concentric circle, and
j represents the zone (not the view angle since the deconvolution domain can be split into greater than
six zones (Lim and Sivathanu, 2005). This is the basic spatial resolution of the system. For the light path
1 in Fig. 2, the instantaneous path-integrated transmittance can be related to the local extinction
coefficients of the sections through which the light path passes as:

extinction coefficient (K

exp(—k1A] — k1A% - k3AY) =1;] (1)

where the Aji represents the path length traversed by the beam in the i circle and jth zone. Eq. 1 can be

rewritten as a linear equation by using the logarithm function as follows:
KIAT +K1AT +k3AT =-log(l;h) 2)

Similarly, linear equations can be constructed from the optical paths for the remaining 5 axes.
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There is a total of 6 x 512 optical paths available from the measurements. The total number of

J

unknown variables, «Jis 256x12. The first moment (mean) of the extinction coefficient, Kj can be

i
written as:

E{K%All +cFAS HAY }: E{flog(lll )} (3)

Equation 3 is a linear equation and therefore, the averaging operation can be carried separately

for the terms as follows:
AllE{K% }+ AzlE{K% }+ AllE{K{’ }: E{flog(lll)} (a)

The optical path lengths, Aji , are constant and can be calculated from the geometry of

the problem. The first moments (mean) of the path-integrated transmittances, E{flog(ll')}, are
obtained from the measurements. By taking the expectation operator for all 512 optical paths and six
axes, a linear system of equations for mean local extinction coefficients for the 3072 homogeneous
sections can be constructed. The constructed system of linear equations for the mean of the local
extinction coefficients are inherently ill-conditioned and have a positive coefficient matrix.
Furthermore, the solution must be positive because the extinction coefficients are always positive. The
MLE method (Vardi and Lee, 1993) is best suited for handling linear inverse problems with positivity
constraints, due to its guaranteed convergence and ease of implementation. The MLE method
converges to an optimal solution with log norm for both square and non-square matrices. The solution
of the equations provides the local mean extinction coefficients across the entire plane in the
deconvolution domain. The algorithm has already been tested in the past with synthetic data as well as
with water sprays (Lim and Sivathanu, 2005).

After the mean local extinction coefficient is calculated, the soot volume fraction can be
obtained, using the Rayleigh approximation, as:

()

j (%)
where fy is the local soot volume fraction, and H, is the dimensionless extinction coefficient obtained
from the refractive indices of soot at the wavelength, A (Siegel and Howell, 1992) and a value of 9.3
(average value from Williams et al., 2006) is used in these experiments.

This dimensionless constant provides the local soot volume fractions from the absorption
measurements. The above set of equations can also be used to solve for any non-radiating material in
the path of the laser sheet (such as jet exhaust particulates, cold sprays, etc.)as long as the refractive
indices of the material are known.

Temperature Module

The second module that is developed is the soot temperature module. To determine the
temperatures in a plume, the emissivity is required. A two-wavelength technique is used for estimating
temperatures and emissivity simultaneously (Sivathanu and Faeth, 1990). For emission tomography at
two wavelengths, the spectral radiation intensity, |, emitted by a small segment in the flame at any
wavelength A, is given by the Radiative Transfer Equation (RTE) as:

Iy, =Ipy.(1-exp(-H f,A/N)) (6)
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where I)Lb is the Planck function (dependent on the temperature only), H, is a function of the real and
imaginary refractive indices of soot (Siegel and Howell, 1992), f, is the local soot volume fraction, and
A'is the optical path length. The spectral radiation intensity (by using the definition of black body
radiation) can, therefore, be written as:
2
hc 1

Iy =2x . (1-exp(-Hy f,A/A))

» 2> exp(hc/AKT) M

(7)

where h, ¢, and k are the fundamental radiation constants. For a given temperature and soot volume
fraction, the spectral emission intensity along the optical path can be calculated using the equation of
radiative transfer shown in Eq. 7.

The path integrated emission I,, for the path i, can be obtained as:

. N
= 2 15 [T Tow.......Tia L [2-explHg, fy A/2)] ®)
k=1

where N is the number of optical path segments along the line of sight for the given optical path and
Ty is the spectral transmittance along the path Ax. When Eq. (8) is solved using the MLE method, the
local intensity measurement will be available at any wavelength. For emission tomography, the path
integrated intensities are measured at two different wavelengths, and the local intensities obtained
from the deconvolution procedure. These local intensities at two wavelengths are used to estimate the
temperature (Sivathanu and Faeth, 1990b). Using Eq. (7) and the deconvoluted local intensities at two
wavelengths, the temperature is obtained as:

he 1 1 1 € Ay .5
T=—.(—-)/In[(AL)F21)(22)°)
k A A ha g M (9)
where g;; is the emissivity of the segment and is equal to 1-K;.

The temperature module also uses the dimensionless extinction coefficient of 9.3 (Williams et
al., 2006) as the radiating species is soot. The soot volume fraction and temperature module is tested
using synthetic data. The estimated planar L2 norm errors obtained from the numerical validation is less
than 1% temperatures and less than 2% for soot volume fractions.

OH Emission Intensity Module

The last module developed is the OH emission intensity module. For OH emission intensities,
the local intensities are obtained by assuming that self-absorption is negligible. With this thin media
approximation, Eq. (7) for the OH intensities can be approximated as:

i Nk
|7\‘ = ; Ib}\‘[l'eXp(akXAk)]

k=1 (10)

where a is the absorption coefficient of OH. The absorption coefficient of OH that is available from
HITRAN is used for the Phase | work. It should be noted that the self-absorption of the radiation due to
the OH can be neglected only in non-sooting flames. This module estimates OH concentrations from
emission tomography at 310 nm. The data to populate the absorption coefficients of OH are available
from HITRAN online. These three modules are used in a SQL database so that any of these modules can
be chosen with the appropriate receiving and sending module.
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Results and Discussion

The first demonstration experiment is the estimation of the soot volume fraction in the overfire
region of turbulent propylene and ethylene diffusion flames.

Evaluation of Soot Volume Fraction Module

For the first experiment, a 50 mm diameter burner is used. A schematic and a photo of the 50
mm diameter burner used for the demonstration tests are shown in Fig. 5. The fuel is introduced at the
bottom of the 50 mm ID stainless steel pipe.
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Figure 5. Schematic (left) and photograph (right) of 50 mm diameter burner.

The fuel flow is laminarized using a honeycomb layer followed by two layers of steel balls. The
primary advantage of using this burner for the evaluation tests is that published data on soot
concentrations in the overfire region, and temperature measurements in the underfire region are
available in the literature (Sivathanu, 1990; Sivathanu and Faeth, 1990a, Sivathanu and Faeth, 1990b).
The first layer of steel ball has a diameter of 5 mm each, while the second layer has a 3 mm
diameter.The whole burner is water-cooled on the outside by wrapping a copper tube around the
burner.

A photograph of the sensor suite used to measure the soot volume fraction in the overfire
region of the diffusion flames is shown in Fig. 6.

Figure 6. Photograph of the flame (left) and the sensor suite (right) for overfire region.

The measurement plane is 1.5 meters above the burner exit. This is close to the axial location
where soot volume fractions are measured in Sivathanu and Faeth (1990a). To ensure that all the soot is
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flowing through the measurement plane of 175 mm, a 5-inch diameter duct is used to funnel the soot
into the measurement domain. The photograph of the flame is shown on the left panel of Fig. 5. The
pipe that is used to capture all the soot particles can be seen in the right panel of Fig. 5. The sensor
suite is located very close to the exhaust hood. The right panel also shows the pipe carrying the soot

particles and the sensor suite near the exhaust hood.

A contour map of the planar soot volume fraction for the ethylene and propylene flames are
shown in Fig. 7. The data above is obtained over a 10-second sampling window. The sensor suite
collected the full planar data at a frequency of 1,000 Hz.
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Figure 7. Contour maps of soot volume fraction for ethylene and propylene flames.

The soot volume fractions for the propylene/air diffusion flame are twice that of the
ethylene/air diffusion flames, even though the fuel flow rate is lower. This is consistent with past
results. These contour maps also show a very close to a uniform distribution with a smaller value close
to the edges of the duct. These contour maps are used to find the radial profiles of soot volume
fractions. The radial profiles of soot volume fraction for the ethylene and propylene flames are shown

in Fig. 8.

0.025 — T . T —— 016 ————— — ]
r Ethylene/Air ' Propylene/Air —41LPM | {
[ Fropylene/Air ]
_ 31LPM _ 0.14 . —6.1LPM —
£ 0.020 | 62LPMm 1 E b ——81LPM | ]
2 S o012} ——10.1 LPM| 7
= — 9.3 LPM ] [ 121 LPM|
S : ——124LPM} § of : 3
g 0015 ¢ 15.6 LPM|] & : 1
© © [ ]
£ ——18.7LPM{ & o8tk 3
£ i R — ;
5 oo 1 5 ooet
S g g
‘g’ L Q 004 —
@ 0005F 18 .
0.02
0.000 L L e L : 0.00 L L
0 20 40 60 80 20 40 60

Pipe radius (mm)

Pipe radius (mm)

Figure 8. Radial profiles of soot volume fraction estimated from the sensor suite.

Six flow rates of ethylene/air and six flow rates for the propylene/air diffusion flames are used in
the experiments. Only 5 of the radial profiles are shown in the propylene/air diffusion flame due to
The soot volume fractions are nearly

some data corruption with the lowest flow rate condition.

constant across the diameter of approximately 50 mm.
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Since the soot is all collected and funneled through a pipe, the mixture fraction within the pipe
near the measurement zone is uniform. To compare the soot volume fractions with published values,
the mixture fraction within the pipe is estimated based on the exhaust velocity and the fuel flow rate.

The mean soot volume fraction (for the first 50 mm diameter in the pipe) as a function of the
mixture fraction is shown in Fig. 9. The soot volume fraction state relationship from Sivathanu and
Faeth (1990a) for the two fuels are also shown in Fig. 9.
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Figure 9. Soot volume fraction state relationship in sooting diffusion flames.

There is a very good agreement between the published values of the soot state relationship and
the values obtained from the present experiment. This completely demonstrates the feasibility of using
the sensor suite to obtain particulate concentration in the overfire region of turbulent diffusion flames.

Evaluation of Combined Soot Volume Fraction and Temperature Module

The same 50 mm diameter burner is used to obtain temperature and soot volume fraction in the
underfire region of the turbulent diffusion flame. The measurements are obtained at an axial height of
100 mm from the burner exit. A photograph of the sensor suite being used for the underfire
experiments is shown in Fig. 10.

Figure 10. Photograph of the flame and the sensor suite for the underfire region.
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The radiation emitted at 800 nm is first obtained for 10 seconds. The 800 nm filters are
replaced with 900 nm filters and the radiation obtained for an additional period of 10 seconds. Ideally,
the radiation intensities should be obtained at both wavelengths simultaneously so that it can be
ensured that the 800 nm and 900 nm data are obtained under identical conditions. Since only six linear
arrays are used during this study, the data is collected sequentially. The planar soot volume fraction and
temperature obtained at one flow condition for the ethylene/air diffusion flame is shown in Fig. 11.
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Figure 11. Planar soot volume fractions and temperatures in ethylene/air diffusion flame.

The temperatures range from approximately 700 to 1700 K. Soot volume fractions range from
0.04 ppm to 0.2 ppm. The peak location for temperature and soot volume fraction are similar. These
contour maps can be used to obtain radial profiles of soot volume fraction and temperatures in these
flames. The radial profiles of soot volume fraction and temperature are shown in Fig. 12.
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Figure 12. Radial profiles of soot volume fractions and temperatures in ethylene/air flames.

The radial profiles of temperature do not vary much with flow rate to each other. This is
expected for the buoyant diffusion flames. The peak temperatures are also similar to what is expected
in these flames. The soot volume fractions are also nearly independent of flow rate except at the lowest
flow. At the lowest flow rate, the soot volume fraction is slightly lower than at the other conditions. In
addition, the peak values of soot volume fractions are lower than those reported in the literature
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(Sivathanu and Faeth, 1990b). However, the results reported in the literature are obtained with an
intrusive probe and from conditional PDFs. This implies that the soot volume fraction ranged from 0.02
ppm to 2 ppm in the underfire region. For the present measurements, the mean soot volume fraction is
0.20 ppm. There is no comparable data in the literature to verify the mean soot volume fraction data.

The planar soot volume fraction and temperature obtained at one flow condition for the
propylene/air diffusion flame is shown in Fig. 13. Qualitatively, the temperatures obtained for the
propylene/air diffusion flames are slightly lower than those obtained for the ethylene/air diffusion
flames. In addition, the peak soot volume fractions in the propylene/air diffusion flames are marginally
higher than those obtained in the ethylene/air diffusion flames.
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Figure 13. Planar soot volume fractions and temperatures in propylene/air diffusion flame.

The radial profiles of the mean soot volume fractions and temperatures for the propylene/air
diffusion flames are shown in Fig. 14.
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Figure 14. Radial profiles of soot volume fractions and temperatures in propylene/air flames.

The temperature profiles are similar to each other for different flow rates. The soot volume
fraction increases with the fuel flow rate. This is consistent with the notion of a constant soot
generation efficiency in flames (Koylu et al., 1992). The soot generation efficiencies can be obtained
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only in the overfire region after all combustion is complete. The mean temperatures at the centerline
are very similar to those obtained with the ethylene/air diffusion flames. The mean soot volume
fractions are approximately 25% higher than that of the ethylene/air diffusion flames. This is
qualitatively consistent with the literature data. The soot generation efficiencies are approximately 3
times higher for ethylene. The flow rate of fuel is approximately half that of the ethylene/air diffusion
flame. In this study, the soot generated is a factor of 2.5 higher for the propylene/air diffusion flames.

Finally, soot temperature correlations are studied for these flames. The mean temperature
variation with the mean soot volume faction for ethylene/air and propylene/air diffusion flames is
shown in Fig. 15. The soot volume fractions are linearly correlated with the temperature. In addition,
this correlation is independent of axial location. This satisfies one of the criteria of the
temperature/soot volume fraction state relationship (Sivathanu and Faeth, 1990b.).
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Figure 14. Soot volume fraction/temperature correlations in hydrocarbon flames.

The temperature/soot volume fraction correlation reported in the literature (Sivathanu and
Faeth, 1990b) is also shown in Fig. 14. The green line is the mean correlation value - 1o, and the red line
is the mean correlation value + 16. The current measurements fall within these values. We found some
low-temperature soot values that were not found in the past analysis. Soot at low values and low
temperatures are difficult to detect with intrusive probes. The current measurement shows that the
temperature increases slightly with the soot volume fraction. Despite these differences, the results
obtained thoroughly demonstrate the feasibility of the proposed sensor suite. Furthermore, the quality
of the data collected is superior to that obtained using an intrusive probe.

Also, to the time-averaged data, a sample set of emission intensities are obtained from the six
receiver modules. This sample set is obtained with three modules at 800 nm and the other three at 900
nm. Since both wavelengths are obtained simultaneously, we can demonstrate the capability of
achieving transient temperatures and soot volume fractions within these flames.

The transient temperatures and soot volume fraction obtained from the propylene/air diffusion
flame is shown in Fig. 15. The transient radial profiles of temperatures and soot volume fractions for 5
seconds with a temporal resolution of 1,000 Hz is shown in Fig. 15. The temperatures have large
fluctuations ranging from 1300 to 1600 K, as expected in turbulent diffusion flames. The soot volume
fractions also show a considerable variation with time. The results demonstrate that the modular
sensor suite can provide detailed transient temperatures and particulate concentrations in turbulent
diffusion flames.
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Figure 15. Transient temperatures and soot volume fractions in a propylene/air diffusion flame.

Evaluation of OH emission intensity module

Voltages (mV)

For the third configuration, a turbulent hydrogen/air diffusion flame from a 10 mm diameter
burner. A photograph of the experimental arrangement is shown in Fig. 16.
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Figure 16. Photograph of the experiment arrangement used for OH emission measurements.

Sample results obtained from the experiment are shown in Fig. 17.
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Figure 17. Raw voltages (left) and OH intensities (right) from a hydrogen/air diffusion flame.
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For comparison, raw photon counts and OH concentrations in a Hydrogen/Air diffusion flame
published recently (Zhao et al., 2018) is shown in Fig. 18.
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Figure 18. OH emission intensities (left) and concentrations (right) from Zhao et al., 2018.

There is a similar asymmetry in the data provided by Zhao et al. (2018). Besides, the emission
intensity at the center is roughly half the peak value. This provides some qualitative validation of the OH
emission intensity measurements. However, to get absolute concentrations (quantitative validation),
the flame temperature must be input into the module. This data is not available for the hydrogen/air
diffusion flame that we used for the experimental validation.

The results show that sensor suite can be used to obtain planar temperatures, soot volume
fractions, and radical species emission concentrations in flames.. A long-standing technical hurdle to
emission tomography of flames has been broad emission angle detection, rather than line integral
detection. Therefore, in front of the linear array detectors, the modular suite uses fiber optic capillary
plates to make emission tomography analogous to extinction tomography, at least in terms of the line-
integral deconvolution method.

Evaluation of Planar Surface Area Density and Drop Sizes

The last set of experiments are conducted with non-reacting sprays. A photograph of a spray
nozzle mounted atop the modular sensor suite is shown in Fig. 19.

Figure 19. A photograph of a spray nozzle being characterized with the sensor suite.

Water is sprayed at several pressures into the center of the modular sensor suite. The sensor
suite had six lasers centered at 635 nm in front of them. The path integration extinction and scattering
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at 0.5 degrees (narrow- angle) are obtained simultaneously using a 2 x 512 element array in the receiver
modules. The fixed wavelength diode laser at 635 nm is used as the source in the sending modules. Mie
theory is used to obtain both the planar surface area densities as well as the planar Sauter mean
diameter. The primary assumption is that the drop sizes are much larger than the wavelength of light.

An oil burner nozzle is used for the spray. Water at 70 PSl is sprayed downwards into the sensor
suite. The nozzle has a nominally solid cone behavior. The measured absorptance and scattered light
intensity from the spray are shown in Fig. 20. The absorptance across the six-axis of the modular sensor
suite is shown on the left panel of Fig. 20. The peak absorptance at the center of the spray is
approximately 0.25. The absorptance profiles are very smooth and equal in all the axis. This profile
denotes that the surface area density of the spray is expected to be uniform. The scattered light
intensity (as a % of the absorptance) is shown on the right panel of Fig. 20. The scattered intensity is not
the same for all the axis. This implies that the drop size distribution within the measurement zone is
non-uniform.
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Figure 20. Scattering and absorptance signatures from a water spray.

The deconvolution of the extinction signal provides the planar surface area densities, and the
scattering signal's deconvolution provides the planar SMD of the drops.

Contour maps of the planar surface area densities and the planar SMD are shown in Fig. 21.
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Figure 21. Planar surface area densities and SMD from a water spray.
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The surface area density plots are currently used widely by aero-engine nozzle manufacturers
around the world for the quality audit of spray angles, spray uniformity, and pattern number. The
Planar Sauter Mean diameter obtained from the deconvolution of the scattered intensities is shown on
the top right panel. There is more asymmetry in the Sauter Mean Diameter of the spray. These results
have also been confirmed using Phase Doppler Anemometer.

Conclusions

These results conclusively demonstrated the technical feasibility of a modular sensor suite for
flame and spray diagnostics. The specific conclusions are:

1. The sensor suite estimated the planar soot volume fraction in the overfire region of turbulent
hydrocarbon diffusion flames using extinction at 632 nm. The planar soot volume fractions
estimated in the are in excellent agreement with the values reported in the literature.

2. The sensor suite measured emission intensity at two wavelengths of 800 and 900 nm in the
underfire region of hydrocarbon diffusion flames. These intensities are used to estimate the
planar temperature and soot volume fraction in these flames. The estimated planar
temperatures and soot volume fractions are in agreement with past measurements.

3. The sensor suite measured the planar OH emission intensities at 310 nm from turbulent H2/02
diffusion flames. The OH concentration estimates are in qualitative agreement with reported
values.

4, The sensor suite used combined scattering and extinction at 635 nm to obtain drop surface

areas and drop sizes in a turbulent water spray. The estimated drop size measurements are in
agreement with Phase Doppler Interferometry measurements.
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