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Aluminum-droplet combustion is studied in solid-propellant flame environment at 1.0 MPa. Al vapor is 
observed during the combustion process with high-speed Al-PLIF and visible-emission images. A one-
dimensional quasi-steady model of aluminum combustion is used to simulate Al-atom concentration and 
temperature profiles around the droplet. Al-PLIF image simulation has been developed to generate synthetic 
fluorescence images that reproduce the experimental images. A comparison approach is initiated between 
experimental and numerical Al-PLIF images and applied to the study of a specific droplet observed during 
the experiments with a diameter larger than 120 µm. A reasonable consistency is observed between simulated 
and experimental data, which is promising to provide validation data for the development of more 
representative aluminum-combustion models. 

I. Nomenclature

Combustion 
𝐷  = droplet diameter 
𝑅  = droplet radius 
𝑅  = external border simulation in polar coordinate 
𝑇 = gas temperature 
𝑇 = equilibrium ambient gas temperature 
[𝐴𝑙]  = Surface droplet Al concentration 
[𝐴𝑙] = Al concentration 
𝑃 = static pressure 
𝑁  = total number density of Al atoms 
𝑁 ,  = number density of probed atoms in the initial electronic state i 
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Spectroscopy 
𝑆  = fluorescence signal 
𝑓 = fractional population of the initial state i 
𝐵 = Einstein coefficient for absorption 
𝐼 = laser power density  
𝐺 = spectral overlap integral 
Φ = fluorescence quantum yield 
g = statistical weight for the electronic state i 

E = energy for the electronic state i 
𝑘 = Boltzmann constant 
𝑛 = total number of electronic states 
𝐿 = laser spectral profile  
𝜈 = spectral frequency 
𝜈𝐿 = laser spectral width (full width at half maximum) 
Γ = absorption line shape 
𝜈0 = line center frequency 
𝑘  = collisional transfer rate constant 
𝑇  = reference temperature 
𝑁  = number density of the species quencher 
𝜏 = transmittance 
𝜎 = absorption cross section 
N = number density of the absorbing atoms 
R = pixel position in polar coordinate 
R  = position of the pixel upper border 
R  = position of the pixel lower border 
θ = Angular profile position 

II. Introduction

Solid propulsion is widely used for space and military applications. Solid-propellant compositions are commonly 
based on ammonium perchlorate (AP) particles mixed within a hydroxyl-terminated polybutadiene (HTPB) binder. 
Aluminum is used to enhance rocket ballistic performances. Its combustion increases adiabatic flame temperature in 
the combustion chamber of the solid propulsion motor (SPM) and improves specific impulse. During the aluminum-
droplet combustion an oxide cap is formed and carried out in the solid-propellant gas flows. The largest aluminum 
droplets might interact with longitudinal modes due to SPM geometry, which has a negative impact on combustion 
stability and might be the cause of pressure oscillations [1][2]. The phenomena take place close to the solid-
propellant burning surface and define the combustion zone. Its thickness is characteristic of the droplets combustion 
time from their detachment from the solid-propellant surface to their complete combustion [3]. The estimation of the 
combustion thickness requires accurate Al-combustion simulation [4] with specific kinetic models [5][6]. The 
development of models requires accurate experimental data to be confronted to. However, the combustion chamber 
environment is complex and highly reactive with high temperature and pressure levels. Few data are then available 
from the literature in such conditions. Most of the time, the environment is reproduced in academic facilities using a 
stream of monodisperse, freely falling and burning droplets using laser ignition technique [7][8], levitating droplets 
[9] or solid-propellant flames from small samples [10][11]. The particles burning time is the main studied data in
most studies, which is limited for fine model adjustments. Concentration measurements for specific species are
sparse [8] but necessary for the validation and improvement of kinetic combustion models. Literature is not
extensive for quantitative experimental data for representative aluminum-droplet combustion. For instance, spatial
profiles of flame temperature and AlO concentration measured by planar laser-induced fluorescence technique
(PLIF) at low pressure in well-controlled gaseous atmosphere from the Bucher’s works are still used for comparison
with models developed by several teams [12][13]. PLIF imaging at high-repetition rate (5 kHz) of Al atom (Al-
PLIF) has been recently applied in solid-propellant flames at 1.5 MPa [11]. To our knowledge, this was the first time
that LIF imaging technique was applied to aluminized propellant flames. A good signal-to-noise ratio due to strong
Al-atom signal strength has improved the LIF sensitivity in solid-propellant flames at high pressure. In the present
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work, direct visualization of burning droplets has been coupled to AL-PLIF imaging for droplet size and 
morphology analysis.  
The goal of this paper is to present a method that enables a comparison between measured and calculated Al-PLIF 
fields surrounding the burning droplet obtained under representative solid-propellant flame conditions. The first goal 
of this study is to elaborate a process for reconstruction of LIF-signal maps for Al atoms. The task involves two 
models, one for Al-atom LIF signal and one for aluminum-droplet combustion. The second goal is to compare the 
calculated Al-PLIF images with the measured ones. Various parameters have been adjusted such as the position of 
the laser axis with respect to the droplet axis, the radial position of the outer boundary close to droplet to simulate 
the effect of the ambient gas convection. Comparison between the experimental and calculated radial profiles of Al 
LIF signal is presented. 

III. Experimental apparatus

Planar laser-induced fluorescence on aluminum atoms in gas phase (Al-PLIF) is used to study aluminum droplets 
combustion taking place above the surface of burning solid-propellant samples (with pressure up to 1.5 MPa). Al 
atoms produce a significant fluorescence signal that can be easily detected even with the harsh conditions of the 
solid-propellant flames (high-luminosity, high-pressure and heavily particle–laden environment). In our laboratory, 
metallic atoms such as iron and aluminum have been probed during solid-propellant combustion [11][14]. Al-PLIF 
at high repetition-rate (5 kHz) was shown to be quite informative about the Al-droplet combustion process close to 
the propellant surface and above, during the short combustion duration (~1 s) of aluminized propellant samples [14]. 
In the present work, simultaneous Al-vapor fluorescence and droplet emission images are recorded in order to 
improve analysis of Al droplets behaviour.  

A. PLIF and visible-emission imaging setup

High-resolution imaging of burning aluminium droplets was performed in a combustion chamber designed for 
optical diagnostics of solid-propellant flames up to a pressure of 1.5 MPa. The solid-propellant combustion chamber 
and the Al-PLIF setup were previously presented [14][15]. The spectroscopic background of the Al atom was 
described in details elsewhere together with the choice for the excitation and detection scheme [16]. The layout of 
the coupled Al-PLIF and visible emission imaging is depicted in Figure 1. 

High repetition rate and short laser pulses (nanosecond) are needed for acquiring time-resolved images of these 
flames with short combustion duration (~1 s) and high level of emission background. We used a high-speed LIF 
system that is composed of a tunable narrow-linewidth dye laser (Credo, Sirah Lasertechnik) pumped by a solid-
state laser (INNOSLAB IS2011-E, EdgeWave) operating at 532 nm and 5 kHz repetition rate. The dye laser 
operates with a mixture of Rhodamine dyes (Rh610 and Rh640). The resulting beam at 618 nm is then frequency-
doubled using a BBO crystal. The UV laser wavelength is tuned to the 2P°3/2 – 2D5/2 transition of Al (309.361 nm, 
vacuum wavelength). The laser beam is focussed into a thin sheet using a system of spherical and cylindrical lenses 
(sheet height of 17 mm and thickness of 150 µm). The laser energy is measured to be 50 µJ per pulse at the chamber 
entrance. The pulse duration is 5 ns. The distribution of laser intensity over the height of the laser sheet is measured 
from liquid acetone fluorescence images in order to correct the spatial non-uniform laser excitation as well as to 
account for shot-to-shot fluctuations of the laser energy (in the range of 15%).  

For the present experimental investigation, two high-speed cameras in combination with two long-distance 
microscope objectives (QM-100, Questar) are mounted at 90° in order to record simultaneously both gaseous Al 
atoms fluorescence and visible emission from the burning droplet. A dichroic mirror (425 nm cut-off wavelength) 
reflecting the UV fluorescence light from Al atoms and transmitting the visible radiation is used (Fig. 1). The 
cameras are set on translation stages that enable fine spatial adjustments in order to match the objective focal planes 
onto the laser plane as well as the cameras fields of view with respect to the sample.  

For Al-atom fluorescence detection, a 12-bit CMOS camera (HSS6, LaVision) is used with a high-speed 
intensifier (HS-IRO, LaVision). Fluorescence light at 394 nm and 396 nm corresponding respectively to the 2P°1/2 – 
2S5/2 and 2P°3/2 – 2S5/2 transitions of Al is selected by using a bandpass filter centred at 394 nm (FWHM = 10 nm) 
[16]. Rejection of the scattered light is enhanced by adding a long-pass filter (385 nm cut-on wavelength). For the 
visible emission imaging, a 12-bit CMOS Phantom V711 camera is used. A neutral-density filter is added to 
attenuate the visible radiation.  

The frame rate and the image resolution are set, respectively, to 10 kHz and 768 × 768 pixel for both cameras. 
For LIF imaging, the frame rate is twice larger than the laser repetition rate enabling alternate acquisition of LIF and 
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UV emission images. The intensifier gate width is set to 40 ns in order to obtain a good signal-to-background ratio. 
We have checked temporal jitter of the laser/intensifier gate system does not affect the signal intensity. Furthermore, 
the elastic light scattering contribution due to Al droplets and alumina smoke was measured to be negligible by 
recording images when the laser wavelength was tuned off resonance in a dedicated combustion test. Accordingly, 
the recorded signal arises mainly from Al vapor fluorescence. The intensifier gain was adjusted in order to avoid 
local saturation of the CMOS sensor. The exposure time of the visible camera is set to 4 µs. The fields of view (4 × 
4 mm2) are made identical by carefully aligning the two cameras using a resolution test target. Thanks to a careful 
alignment protocol, it was possible to match the depths of field for both microscope objectives (approximately 100-
µm thick) to the laser-sheet thickness of 150 µm. Laser-excitation pulses and the two cameras are temporally 
synchronized using the DaVis software. The cameras are synchronized with an external trigger signal delivered by 
the CO2 laser used for ignition, which gives a reference time for the recording images. A large number of images (~ 
20,000) are recorded during each combustion test.  

Figure 1. Optical set-up used for PLIF and visible emission imaging experiments. 

B. Propellant combustion conditions

The combustion chamber was described previously [11]. The chamber is pressurized with nitrogen at pressure 
from 1.0 to 1.5 MPa in the present experiment. Small solid-propellant samples (4 × 5 × 6 mm) are maintained in a 
holder placed at the center of the chamber. A CO2 laser beam enters from the top of the chamber through a ZnSe 
window in order to ignite the sample. Pulse energy and duration were adjusted in order to reach ignition between 50 
and 100 ms. The holder is kept fixed during the burning time so that the surface regression is not compensated. 

The aluminized solid-propellant composition burnt during the campaign is made of ammonium perchlorate (AP) 
and aluminum particles embedded into a hydroxyl-terminated polybutadiene (HTPB) binder. The present 
composition has an aluminum mass fraction of 18%, which is common in solid-propellant applications. Diameter for 
the individual aluminum particle used to produce the solid-propellant sample ranges from 10 to 120 µm but droplets 
with larger diameter are observed above the burning solid-propellant surface because of agglomeration processes. 

C. Images post-processing and observations
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Various processing steps are performed in order to select droplets with significant fluorescence signal level and 
follow it over time. The first step aims at taking into account the laser-fluence inhomogeneity over the vertical axis 
in the laser sheet. Acetone-PLIF is measured by placing a small liquid-acetone in the chamber before the 
combustion test in order to evaluate the vertical laser-fluence profile. Al-PLIF images are divided by the subsequent 
laser-fluence vertical profile to compensate for the inhomogeneous laser fluence. Over the image height, the laser-
fluence inhomogeneity remains small with a standard deviation below 10%. The laser-fluence standard deviation 
remains smaller than 4% over the typical size of Al droplets. 

The second processing aspect is the image registration for the two cameras e.g. , fluorescence images and 
visible-emission images. Image registration is obtained from images of a spatial reference grid, acquired with both 
cameras in-between combustion tests. It enables correcting for discrepancy in terms of spatial resolution as well as 
evaluating the required translation so that the two images match spatially. Image registration is a crucial step in 
order to associate each detected droplet showing fluorescence signal to the proper droplet from the visible-image, 
which is used to estimate the droplet diameter. The accuracy for the automatic grid-based image registration is not 
perfect though and manual adjustments were also involved to estimate the droplet position relative to the detected 
fluorescence image.  

Image analysis also includes detecting automatically the droplets with significant fluorescence signal level, and 
track them over various images. The detection step is performed with the Maximally-Stable Extremal Region 
algorithm [19] whose efficiency was demonstrated previously for Al-PLIF images [15]. The algorithm is applied 
only to the fluorescence images (with laser-excitation on) in order to detect the droplet with fluorescence signal. A 
Kalman filter is applied to analyze the detected fluorescent regions over various images so that the same droplet is 
tracked over time. This way, droplet velocity is evaluated and the Al fluorescence signal evolution is followed over 
time. The association of detected UV-signal regions for successive images is labelled “track” in the article. 

The last analysis step corresponds to droplet-diameter evaluation for the tracks of interest. It corresponds to the 
analysis of the visible images using gradient levels. Both droplet and flame diameters are estimated by drawing 
circles manually on the gradient image. Gradient images are only annotated for droplets of interest over their 
successive positions. Annotation gives access to droplet-diameter estimation as well as droplet velocity values. 
Diameter is a required input parameter for any Al-combustion simulation. Droplet and gas velocity are not used in 
combustion simulations for the present study since only 1D simulations were performed, as described in section 
IV.A, but they will be necessary for future 2D simulations.

IV.Al-PLIF image simulation

In this section, we describe our theoretical approach to simulate Al fluorescence images in solid-propellant flame 
conditions, which is required to validate models of aluminum-droplet combustion and improve the understanding of 
recorded fluorescence images. Reconstruction of maps for Al-vapor fluorescence signal relies on two models, one 
for Al-atom LIF signal and one for aluminum-droplet combustion. A simulated Al-PLIF image can be generated by 
using the method described below in subsection B. This method requires input data on the Al-atom concentration 
and temperature within the laser sheet. In the present study, such data are obtained by simulating combustion of an 
aluminum droplet in a 1D approach outlined in subsection A. The proposed simulation method will be used to 
generate synthetic fluorescence images that reproduce the observed images in a real combustion sequence. 

A. Aluminum-droplet combustion modelling

Aluminum droplet combustion is modeled using a one-dimensional (1D) quasi-steady-state approach. This 1D 
model is described in detail in [20][21]. Here the modeling approach is briefly outlined to give its main features. 

The aluminum droplet is considered as a sphere of diameter Dp. With the quasi-steady-state approach, the droplet 
diameter and chemical composition are fixed and its thermal state is adiabatic. Mass exchange between the bulk 
material, which constitutes the droplet, and the surrounding gas is controlled by surface reactions including Al 
evaporation. All the surface species are at equilibrium with zero net production rates. 
An alumina cap is taken into consideration as a spherical segment of diameter Dp. Its external surface is supposed to 
be chemically inert, hence the cap overall effect consists in partial inhibition of the aluminum reactive surface. 
The reactive gas flow is treated as spherically symmetric, laminar and isobaric (low-Mach approach). The flowfield 
is governed by a system of transport equations for the energy and chemical species. Molecular transport is 
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accurately described with the full multispecies formalism [22]. The rates of chemical species production are 
determined from a detailed kinetic mechanism. 
The gas-flow equations are discretized according to the finite volume method. The convective fluxes are 
approximated by a hybrid scheme, whose order varies between 1 and 2 depending on the local Peclet number. A 
second order accurate scheme is used for the molecular fluxes. The computational grid is adapted to minimize the 
numerical errors by verifying gradient and curvature criteria related to the solution variables. 
The computational domain for the gas flow covers a finite radial distance from the droplet surface to the outer 
boundary. On the outer boundary, the ambient conditions are imposed in terms of temperature and chemical 
composition. This boundary can be set at an arbitrarily large distance to model droplet combustion in a still 
environment. By setting the outer boundary close to the droplet, it is possible to model the effect of ambient gas 
convection. Previously performed computational tests [20][21] show a fairly good agreement between a 2D 
flowfield with ambient gas convection and a 1D solution with adjusted position of the outer boundary. 

B. Al-PLIF image simulation

LIF-signal calculation 

Assuming negligible saturation of the laser excited transition, the fluorescence signal, SLIF is given by [23]: 

𝑆 ∝ 𝑁 𝑓 (𝑇)𝐵 𝐼 𝐺 (𝑇, 𝑃) Φ(𝑇, 𝑃)  (1) 

where NAl is the total number density of atoms excited from the initial electronic state (2P°3/2) to the upper electronic 
state (2D5/2) by absorption of laser radiation,  fi is the fractional population of the initial state function of temperature, 
B is the Einstein coefficient for absorption, I is the power density of laser, G is the spectral overlap integral and  is 
the fluorescence quantum yield. The last two terms are function of both temperature and pressure.  

At thermal equilibrium, the fractional population is given by the Boltzmann relation: 

 f (T) =
∑

(2) 

where gi, gj are statistical weights, Ei, Ej are energies for the electronic states and k is the Boltzmann constant. 

The spectral overlap integral, which contributes to laser excitation efficiency, can be estimated by: 

𝐺 = ∫ 𝐿(𝜈,𝜈𝐿)(𝜈, 𝜈0, 𝑃, 𝑇)) 𝑑𝜈                                                         (3) 

where L is the spectral profile of the laser, L the laser spectral width (full width at half maximum),  is the 
absorption line shape function of temperature and pressure, 0 the line center frequency, and integrals of L and  
over all frequency are normalized to unity. Voigt function is considered for both laser and absorption lines to 
compute the convolution of line shapes. In combustion media, the broadening of the absorption line shape is mainly 
governed by collisional and Doppler effects described in general case by a Lorentzian and a Gaussian function, 
respectively [23]. 

We have developed a five-level atom model of excitation dynamics to solve the rate equations for each 
electronic state. This model follows the classical approach used for describing LIF process of atoms but is here 
complicated by involving multiple levels [23]. The temporal evolution of the number density of Al atoms was 
calculated in the five levels involved in the selected energy-level scheme of excitation, fluorescence and collisional 
energy transfers. This theoretical model is described in details in [16][24].  

The fluorescence signal is proportional to atom number density but is often complicated by collisional relaxation 
of the laser excited atoms (collisional quenching). Accordingly, the ratio of fluorescence rate to collisional 
quenching rate or fluorescence yield () is heavily reduced. The collisional dynamics were taken into account in our 
model through the quenching rates Q for each collisional energy transfers and for the total quenching rate of the 
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excited state in the impact approximation. The collisional rate is dependent on pressure, temperature and the nature 
of the species quenchers and it can be expressed by [23][25]: 

Q(𝑇, 𝑃) = 𝑘 𝑇
.

𝑁 (𝑇, 𝑃)  (4) 

where Tref is a reference temperature (K), 𝑘 (Tref) is the collisional transfer rate constant at Tref and Nquencher is the 
number density of the species quencher. Experiments were carried out in thermal evaporation systems of pure 
aluminum under nitrogen flow in order to determine the total quenching rate for pressures ranging from 1 to 
1000 mbar and at high temperature (1200 K and 2500 K) [16][24]. As an indicative order of magnitude, a 
fluorescence quantum yield of 2% at 0.1 MPa (N2) and 2500 K was estimated and then extrapolated to 0.15% at 
1.5 MPa. 

In our solid-propellant combustion experiments under high nitrogen pressure (1.0 MPa), we can assume that the 
main collisional partners are N2 molecules with a constant number density. This assumption allows us to neglect the 
pressure-dependent issues in fluorescence signal, especially for unknown collisional parameters necessary to 
account for the other species quenchers encountered in solid-propellant flames. Consequently, the fluorescence 
signal is assumed to depend only on temperature and on the atom number density. The temperature dependence of 
the fluorescence signal has been calculated for a temperature range representative of aluminum-droplet combustion 
(2300 to 4000 K). Figure 2 presents how the temperature affects the various terms needed for the SLIF calculation 
(excluding parameters B and I that are independent of T).  

Figure 2. Calculated temperature dependence of each contributing to fluorescence intensity. All parameters 
normalized to their value at 4000 K.  

While the fractional population of the probed state remains nearly constant over the temperature range, the 
fluorescence yield () that is related to the Q rate dependent on T (Eq. 4) increases by 23% , and the overlap 
integral G increases by 55%. The effect of T on the quenching rate and on the absorption lineshape is the most 
important factor on the temperature sensitivity of the signal. It is worth noting that, although significant, a signal 
variation of 76% over this temperature range is not preponderant compared to the variation of NAl by several orders 
of magnitude that is expected around aluminum burning droplets. In any cases, both temperature and concentrations 
effects are taken into account here for Al-PLIF simulation. In the vapor plume surrounding the burning droplet, the 
large Al concentration variation is the major factor for variations in fluorescence signal.  
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In counterpart, it is well known that a very large number density of atoms will most likely cause signal losses 
due to laser energy absorption and fluorescence trapping. A procedure is implemented in the present LIF model to 
account for both attenuation effects. Transmission has to be evaluated locally because of the gradient levels for 
concentration and temperature. When considering LIF signal from a spot at location x, the attenuation effect is then 
obtained by spatial integration of local transmittance along the considered path. Each type of transmittance τ (laser 
attenuation, fluorescence trapping) is evaluated by the following formula [26]: 

𝜏(𝑅) = 𝑒𝑥𝑝 − ∫ 𝜎(𝑥)𝑁(𝑥)𝑑𝑥
 

  (5) 

where  is the absorption cross section and N the number density of the absorbing atoms. The laser-fluence 
attenuation for location R is evaluated by integrating the local transmittance by Al atoms along the laser path, i.e. 
from the domain border to location x. The fluorescence-signal trapping is evaluated by integrating local 
transmittance from the spot in location x to the camera position. We have calculated the absorption cross-sections 
corresponding to the laser-excited line (309 nm) for laser absorption and corresponding to the lines at 394 and 
396 nm for fluorescence trapping, by using spectroscopic data given in [27]. The absorption cross sections are 
calculated at 1.0 MPa and 3000 K and are equal to 7.15 × 10-14 cm2 (2P°3/2 – 2D5/2 transition at 309 nm ) and to 
5.90 × 10-14 cm2 (2P°1/2 – 2S5/2 and 2P°3/2 – 2S5/2  at 394 and 396 nm, respectively). 

2D-image calculation 

A simulated Al-PLIF image is obtained by considering fluorescence for all Al atoms that might interact with the 
laser sheet and taking into account the local temperature and Al-concentration levels. In practice, temperature and 
concentration data provided by the combustion simulation are attributed to cells within a 3D domain surrounding the 
considered Al droplet, as shown in Figure 3. The laser sheet enters the domain from the right-hand side and 
propagates along the X axis. The camera is positioned along the Z axis, perpendicular to the laser sheet. The Y axis 
corresponds to the vertical direction along which the hot gases flow during combustion tests. Laser propagation and 
attenuation along the X axis and fluorescence trapping along the Z axis show the need for a 3D domain for Al-PLIF 
image simulation. In the present study, cells from the calculation domain were chosen with a 1-µm size in order to 
offer a reasonable spatial resolution for the involved non-linear phenomena (laser attenuation, fluorescence trapping) 
and the steep gradients.  

The Al-combustion simulations are not performed in 3D. Local temperature and Al-concentration values are 
attributed to each cell by considering symmetry. In the present case, a spherical symmetry is used to generate the 
local conditions from the 1D temperature and concentration profiles. Combustion simulations for the considered 
droplet with radius Rp were performed for domain frontier between 2.0 to 3.0 Rp. All Al-PLIF image simulations 
were computed for 3D domains with cubic 3D domains with side 3.0 Rp. 

Figure 3. Geometry of the domain for Al-PLIF image simulation. 
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The evolution of laser fluence along the laser path accounts for local absorption by Al atoms, estimated for each 
cell of the domain. The resulting simulated Al-PLIF images are calculated by integrating the emitted fluorescence 
over the laser thickness, perpendicular to the UV camera and estimating the fluorescence attenuation by trapping 
along the path to the camera. Similarly to laser attenuation, fluorescence-trapping estimation is accounted for by 
computing local absorption effects by Al atoms. Optical effects of the imaging objectives were not considered here 
in terms of depth of field or Point Spread Function but could be added to the image formation step in the future. As 
will be shown later in the article, the laser-sheet position relative to the Al-droplet has a strong impact on the 
resulting Al-PLIF image. For each combustion-simulation case, Al-PLIF image were simulated for various laser-
sheet positions along the Z axis. As shown in Figure 4, negative position Z values correspond to a laser-sheet located 
behind the Al droplet compared to the camera. 

Figure 4. Geometry of the domain for Al-PLIF image simulation for three laser-sheet positions relative to the 
Al droplet. Top view. 

V.Results

A. Droplet selection

 A droplet was selected with the automatic detection/tracking approach presented previously. The three last 
tracked positions are shown in Figure 5. The first row shows Al-PLIF images. The spatial distribution and signal 
intensity change over time. The second row shows UV emission images (i.e. without laser excitation on), recorded 
after each Al-PLIF images. Intensity signal in the UV emission images is eight times lower than for Al-PLIF 
images, which confirms that experimental parameters enables analysis of Al-PLIF signal only. The last row 
corresponds to the visible-emission images taken simultaneously with the Al-PLIF images. The automatic tracking 
enables to observe the evolution of the morphology, oxide cap position and velocity over time on the successive 
visible images. The green line corresponds to the trajectory estimated by the tracking algorithm from the 
automatically detected Al-PLIF areas. Each cross represents the center of the detected LIF signal area. The 
horizontal position variation of the tracked trajectory is due to size and morphology variations for the detected area. 
The fluorescence signal shape changes from an oval shape to a quarter-moon crescent shape over the three-image 
span. The evolution for the fluorescence signal shape could be explained by variations in the laser-sheet relative 
distance to the droplet. This would be caused by the droplet horizontal displacement relative to the laser sheet. 
Droplet diameter and position relative to the solid propellant surface are used to simulate the flame characteristics 
presented in the next sub-section.  
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Figure 5: Tracked aluminum droplet images. The first row corresponds to the Al-PLIF images The second 
row shows UV-emission images (laser off) taken after each Al-PLIF images. The bottom row corresponds to 

the visible images taken simultaneously with the Al-PLIF images. 

B. Al-droplet combustion simulation

Flame simulations are performed using the 1D combustion model presented in section IV.B. The chemical 
kinetic mechanism for surface reactions includes the reactions for Al evaporation and aluminum oxides from Ref. 
[6]. The gas-phase kinetic mechanism from Ref. [6] is extended by adding reactions for HCO and thermal NO from 
GRI-Mech v3.0. 

The ambient gas conditions correspond to the equilibrium combustion products of the solid propellant without 
aluminum. This assumption is based on the following observations. The analyzed droplet is located at a distance 
from the regression surface, where the gas state becomes sufficiently homogeneous taking into account relatively 
small particle size in the composite propellant. The experimental images do not show any visible interference 
between the burning droplets. 
Geometrical dimensions of the droplet and oxide cap are measured on the direct images. Mean values of these 
dimensions are used in the flame simulations. 
Simulation results are obtained for 3 different positions of the outer boundary of the computational domain: Re / Rp = 
2.0, 2.4, 3.0. The boundary radius Re is related to the droplet radius Rp. The obtained radial profiles of temperature 
and Al-atom concentration are shown in Figure 6. The temperature in the flame is normalized by the ambient 
temperature Ta, whereas the Al concentration is related to the value on the droplet surface [Al]p. The flame 
temperature is strongly dependent on the Re / Rp parameter because the reaction rates are not high enough to 
compensate the change in heat and mass transfer across the outer boundary. The temperature maximum is located 
within a distance of 1.5 Rp, which corresponds to the apparent flame radius on the direct images. The profiles of 
relative Al concentration demonstrate that about 90% of Al vapor is consumed within a distance of 1.1 Rp. Both 
profiles are further used for simulating the Al-PLIF images presented in the following sub-section. 
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a)  b)

Figure 6. Radial profiles of relative temperature and Al concentration in the flame 
for different positions of the outer boundary. 

C. Simulated Al-PLIF images

Al-PLIF simulation is described here for comparison with the third Al-PLIF image shown in Figure 5. The clear 
experimental quarter-moon crescent shape was chosen as target in order to illustrate Al-PLIF simulation trends. 

Laser attenuation 

 Al-PLIF image simulation is performed using the model presented in section IV.B. The algorithm uses the 
temperature and Al-concentration levels from the combustion simulation shown in the previous sub-section. The LIF 
signal variations around the droplet are strongly dependent on Al concentration. The number density of Al atoms 
close to the droplet is large enough to totally absorb the laser sheet before it reaches the droplet surface. The lack of 
laser energy close to the droplet surface influences the LIF signal spatial distribution. Figure 7 shows laser-
transmission levels for two laser-sheet positions, simulated for Re/Rp = 3.0. Figure 7(a) corresponds to laser-sheet 
position Z = 0. The laser sheets goes from right to left in the images. Laser intensity is fully transmitted as close to 
the droplet as X = 2.4 Rp. Laser transmission is still evaluated at 80% for X = 2 Rp. The laser is totally absorbed for 
X = 1.7 Rp. The laser-transmission distribution shows a circle arc on the right-hand side of the droplet, which is 
reminiscent of the quarter-moon crescent shape visible in the experimental LIF images in Figure 5. Figure 7(b) 
shows the spatial laser transmission simulated around the droplet for laser sheet position Z = 2 Rp. The aluminum 
droplet is behind the laser sheet from the camera point of view. Al concentration is reduced by a factor of 10000 in 
this region (Figure 6(b)) compared to the Z = 0 area. Laser-sheet attenuation is then less intense with laser-excitation 
possible closer to the droplet position.  
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(a) Z = 0 (b) Z = 2Rp

Figure 7: Simulated laser-transmission levels for two laser-sheet positions. Simulation for Re / Rp = 3.0. 

Effect of domain frontier position 

As shown in Figure 8, Al-PLIF images have been simulated for the three boundary-radius conditions presented 
in section V.B. Images in Figure 8 are all calculated for laser sheet position Z = 0. The quarter-moon crescent shape 
is observed for every simulated case. For Re = 2.0 Rp, the laser sheet reaches the droplet surface. For Re = 2.4 Rp 
and Re = 3.0 Rp, the laser sheet is totally absorbed before reaching the droplet surface. The LIF-signal area extends 
further from the droplet with increasing Rp, showing that Al atoms are present further from the droplet when 
simulation boundary is increased. Al-PLIF areas for Re = 2.0 Rp and Re = 2.4 Rp seem too narrow compared to the 
target experimental fluorescent region from Figure 5. In the rest of the article, only Re = 3.0 Rp is used for 
comparison with experimental images.  

Figure 8: Simulated Al-PLIF images for three boundary radius Re for laser-sheet position Z = 0. 

Effect of laser-sheet position Z on signal morphology 

Simulations are performed for eight laser sheet positions relative to the droplet center, between Z = -2.0 Rp and 
Z =3.0 Rp. Simulated images are presented in Figure 9. Each image is normalized to its own signal maximum and 
adjusted to the camera dynamic range. This way, the impact of laser-sheet position on the shape of spatial 
distribution of signal is clearly visible. For Z = -2Rp, the signal spatial distribution is eclipsed by the droplet surface. 
This case has not been observed experimentally in any image. Signal morphology is similar for Z= 0 Rp, 0.5 Rp and 
1.0 Rp with thin crescent shapes. The signal left border gets closer to the droplet surface when laser-sheet distance to 
the droplet increases. For Z = 1.5 Rp to 3.0Rp, signal morphology goes from a quarter-moon crescent to a half-moon 
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shape. The signal spatial distribution partially covers the droplet. Its height gradually decreases to be similar to the 
droplet diameter. The simulated images seem consistent to the three measured images shown in Figure 5. 
In Figure 10, all eight Al-PLIF simulated images are normalized to a common value, i.e. to the maximum signal 
value obtained for Z = 0 Rp. Since signal intensity depends on laser sheet position, Figure 10 illustrates the 
predicted signal variation for a droplet moving along Z relative to the laser sheet. Signal level becomes weaker than 
1000 counts  for Z > 2.5 Rp. Figure 11 presents horizontal profiles extracted from the simulated images from Figure 
10. The peak signal is reduced by 10% at Z = 0.5 Rp, by 30% at Z = 1.0 Rp, by 50% for Z = 1.5 Rp and by 90% at Z
= 3.0 Rp. The peak signal location also gets closer to the droplet center with increasing Z. Amplitude and shape of
signal profile is strongly dependent on the droplet position relative the laser-sheet position.

Figure 9: Al-PLIF images simulated for Re = 3Rp conditions. LIF signal is normalized relative to their own 
maximum taking account for the camera dynamic. Simulation for laser sheet positions from Z = -2 Rp to 3 

Rp. 
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Figure 10: Al-PLIF images from Figure 11 with signal normalized to the maximum for laser sheet position 
Z = 0. 

Figure 11: Horizontal profiles extracted from Al-PLIF simulated images presented in Figure 10. Simulation 
for Re = 3Rp conditions. Profiles for eight laser-sheet Z positions. 

D. Simulated Al-PLIF images compared to experimental images

Sensitivity to relative droplet position on experimental LIF images 

Initial matching of the visible-emission and Al-PLIF images is done using an optical target during the camera 
calibration procedure. Precision of this method is estimated of a few pixels, which is a good result with respect to 



15 

the overall image size. Nevertheless even a small displacement of the droplet center causes significant changes in 
the radial profiles of LIF signal. It is then decided to adjust the droplet position manually trying to match a pair of 
corresponding images regarding their topology. The sample images shown in Figure 12 are chosen for matching 
because the fluorescent zone has comparable dimensions with respect to the droplet. The droplet contour is first 
drawn manually on the direct image then it is placed on the PLIF image together with contours of constant 
luminosity to visualize the direct image topology. The irregular shape of the highly luminous zone on the PLIF 
image fits well the alumina cap edge on the lower side of the droplet. 

For the PLIF image used for further analysis, matching is made by using the droplet displacement measured 
from the corresponding visible-emission images. The result of this procedure is shown in Figure 13. The overall 
shape of the fluorescent zone resembles to that in simulated images presented above, however signal intensity is 
relatively low in the upper half of the emission zone. Such an effect may be caused by the oxide cap located on the 
left upper side of the droplet according to the direct image. 

In order to enable a more quantitative comparison to simulated signal, Al-LIF intensity profiles are extracted for 
various angles from the experimental image, presented in Figure 14. Profiles are only plotted for the lower quadrant, 
below the horizontal diameter, in order to reduce possible disturbance by the alumina cap. The visible image from 
Figure 13 suggests that the alumina cap is located on the right-hand side just above the horizontal diameter, which 
reduced Al evaporation from the droplet surface in this area. The evaporation reduction in this part might explain 
that signal level is slightly weaker in the upper half of the crescent shape from Figure 13 than in the lower part. The 
signal reduction is also visible in the profiles from Figure 14 with signal maxima for angle 0° to -30° lower than for 
-60°. The profiles also show that no LIF signal is obtained for distances larger than 3 Rp from the droplet.
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Figure 12. Visible-emission (left) and Al-PLIF (right) images used for adjustment. The magenta circles mark 
the doplet contour. Contours of constant luminosity from the direct image are superimposed on the PLIF 

image. 

Figure 13. Visible-emission (left) and Al-PLIF (right) images used for analysis. The magenta circles mark the 
doplet contour. Contours of constant luminosity from the direct image are superimposed on the PLIF image. 



17 

Figure 14. Al-PLIF intensity profiles extracted from Figure 13. Angles increase clockwise with 0° for 
horizontal diameter. Negative values correspond to the bottom half relative to the diameter. 

Comparison between simulation and measurement for Al-PLIF 

Figure 15 reproduces the Al-PLIF experimental signal from Figure 13 with two simulated images. For both 
simulated images, signal level was adjusted to a 0-2500 scale since 2500 is the maximum level from the 
experimental image. This shows reasonnable consistency between the overall crescent shapes and signal distribution 
within the shape, at least for the lower half of the images. 

Figure 15. Experimental Al-PLIF image compared to simulated images for two laser-sheet positions Z. 
Simulation for Re / Rp = 3.0. 
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Figure 16: Comparison between experimental and simulated Al-LIF profiles for various laser-sheet positions 
(Z) and various angles (𝜽).

Radial LIF profiles of signal are plotted in Figure 16 for both experimental and simulated data. Each plot 
correspond to profiles going through the droplet center at specific angles relative to the horizontal diameter, from -
15° to -90°. Simulated data are plotted for five laser-sheet positions ragning from Z = 1.0 Rp to Z = 3 Rp. It shows 
more quantitatively that the experimental data are rather consistent with laser-sheet positions 2.0 Rp and 2.5 Rp 
regarding peak position (peaks found for distances around 1.5 Rp) and LIF-area extension (up to 2.5 to 3.0 Rp away 
from droplet center). Peak values do not match perfectly for each angle but trends are rather consistent with the 
angle: discrepancy between simulation for Z = 2.0 Rp and measurements is no larger than 40%. This is very 
promising because this is the very first confrontation of Al-PLIF simulated data to measurements, based only on a 
limited number of combustion simulation cases.  

VI.Conclusion

 A comparison approach between experimental and numerical Al-PLIF images has been presented to investigate 
aluminum-droplet combustion in solid-propellant flames. Al-PLIF images have been recorded within AP/HTPB-
based solid-propellant flames at 1.0 MPa. An automatic detection and tracking algorithm method has been applied to 
on Al-PLIF images to provide signal evolution over time for various droplets above the solid propellant surface. 
One-dimensional quasi-steady aluminum droplet combustion simulations were performed for various external 
boundary positions. Simulations of LIF images have been performed by using Al-vapor concentration and 
temperature profiles from the combustion simulation. The laser sheet position Z affects both the amplitude and the 
shape of the spatial distribution of LIF signal. Al-LIF signal morphology goes from a quarter-moon crescent when 
the laser sheet is centered on the droplet to a half-moon shape when the laser sheet is further away from the droplet. 
Finally, Al-LIF profiles extracted from experimental and simulated images were compared. Simulated profiles 
trends are consistent with experimental profiles. This first comparison is very promising for the further comparisons 
between aluminum-droplet combustion simulations and Al-PLIF experimental data, enabling future improvements 
in aluminum-combustion models.  
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