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ABSTRACT 

This study details the characterization and implementation of a burner devised to 

simulate solid propellant fires.  The burner is designed with the ability to introduce 

particles (particularly aluminum) to a gas reactant flame.  This work encompasses four 

different studies that both evaluate the performance of the burner as well as display its 

ability as a versatile test platform.  First, the burner is used to create a high temperature, 

heavily sooting flame as the basis of the development of a virtual thermocouple model in 

a fire code at Sandia National Laboratories (VULCAN).  Secondly, similar conditions are 

created to evaluate the effectiveness of dual-pump coherent anti-Stokes Raman scattering 

(CARS) measurements in heavily sooting flames.  These thermometry measurements 

indicate the temperature profiles that exist in fuel rich conditions.  Laser induced 

incandescence (LII) measurements map soot volume fractions and give insight into the 

reactant gas mixing in the flame structure.  The third project evaluates the aluminized 

flame conditions produced by this burner based on temperature, heat flux, spectral 

emission, product species, and particle velocity.  Using these results, flame performance 

is quantified in comparison to other known flames including hydrocarbon and propellant 

fires.  Lastly, an aluminized flame is used to measure the burning rate of the particles.  

This work indicates the capability of the burner as test platform for Sandia’s ongoing 

effort to develop a comprehensive particulate combustion model, particularly in 

propellant fires.  These studies accomplish two primary objectives: (1) characterization of 

a flame produced by a new and unique burner; and, (2) verification that the burner fulfills 

its design purpose of recreating small scale propellant flame conditions. 
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NOMENCLATURE 

 

ρ = density (kg/m3) 
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I = laser intensity transmitted through the flame 

Io = original laser intensity 

k = thermal conductivity (W/m K) 

Ke = soot extinction coefficient 

L = path length 
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CHAPTER 1   

INTRODUCTION 

Aluminized solid rocket propellants are widely used in a variety of civilian and 

military applications.  Because propellant fires are not susceptible to oxygen starvation 

and exhibit much higher temperatures than fires with typical fuels, they are hazardous not 

only for testing but transporting and handling as well.  The highest temperatures are 

associated with the aluminum oxidation.  One aspect of propellant combustion that is still 

not widely understood is how an object will be affected when exposed to an accidental 

aluminized propellant flame.  Two methods being utilized to address this problem are the 

development of accurate propellant numerical simulation models [Sabnis, 2003; Wang et 

al., 2004; Jackson and Buckmaster, 2002; Domino 2003; George, 2003] and actual 

propellant experiments [Kuo et al., 1984; Chiaverini, M. J. et al., 2001; Dokhan, 2001].  

A gas fueled, propellant simulating burner would greatly aid the analysis of rocket 

propellant burn dynamics and serve as a source of data acquisition, measurement, and 

testing in support of the development of a propellant fire numerical model.  Secondly, 

this burner could be used as a test bed for heat transfer studies with objects engulfed in a 

fire.  There are several factors that dictate a need for such a burner including:  limited 

availability and cost of some propellants, unpredictable nature of propellant combustion, 

and complexity of propellant experimental burns.  In general, a controlled propellant 

simulating burner would be a safer, less expensive, and more versatile testing platform 

than using actual propellants. 

The development, initial testing, and characterization of this propellant simulating 

burner are presented here.  This work details four distinct projects in which this burner is 
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utilized to provide a unique experimental flame environment.  First, it is used as a test 

platform to support the development of a thermocouple model in sooty conditions.  

Second, a similar sooty flame is used to evaluate the performance of coherent anti-Stokes 

Raman scattering (CARS) methods in these conditions.  These first two projects also 

serve to evaluate the internal flame geometry and flow field by developing a 3-D map of 

the soot volume fraction.  Third, the aluminized burner flame is compared to other flame 

conditions including propellants using a variety of common combustion diagnostic 

techniques including pyrometry, calorimetry, spectroscopy, and particle sensors.  This 

analysis estimates the effectiveness of the burner to fulfill its design purpose which is to 

simulate a propellant fire.  Lastly, the aluminized flame is used to evaluate the aluminum 

particle burning rate using a 1-D combustion model.  The results of this analysis are 

compared to previous experimental and theoretical results from the literature.  This work 

validates the capability of the burner as test platform for Sandia’s ongoing effort to 

develop a comprehensive particulate combustion model, particularly in propellant fires.  

The entirety of the work presented here serves to not only document the unique capability 

of this burner but to highly characterize the flame environments it can produce. 
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CHAPTER 2   

BACKGROUND:  BURNER DESIGN 

The following chapter is an overview of the design of the burner which has been 

covered comprehensively in my master’s thesis [Jackson, 2005].  There are a variety of 

different gas burner designs in use today in technical settings.  In designing a gas burner 

to simulate a propellant fire, it is critical that the flame temperature, products, velocity, 

and aluminum burn dynamics be accurately recreated.  NASA’s Computer Program for 

Calculation of Complex Chemical Equilibrium Compositions and Applications (CEA) 

[Gordon, 1994; McBride, 1996] is a chemical equilibrium code capable of calculating 

reaction compositions and thermodynamic properties.  This program is used to determine 

the gas reactants needed to recreate the product gases and temperatures that simulate the 

propellant flame.  Initially, the CEA program is used to simulate the raw propellant 

reaction without aluminum interaction, which yields the theoretical flame temperature 

and product gas composition.  The appropriate gas reactant composition is then 

calculated that yields the same flame temperature and product composition.  This gas 

composition is supplied to the burner to simulate the adiabatic flame temperature of the 

propellant flame.  The flow velocities are determined by the propellant burn rates.  As 

seen in Table 1, this analysis showed that theoretical reactant gas compositions can 

simulate propellant fires in theoretical aluminum-less reactions. 
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Table 1:  CEA calculated gas reactant compositions to simulate a propellant flame. 

Reactant (wt %) Propellant A Sim A Sim B 
CH4  6.92 10.34 
O2  38.46 42.00 
N2  28.46 30.17 
CO  6.15 4.31 
CO2  11.54 5.17 
C2H2  7.69 6.90 

H2  0.77   
Product (mole fraction) 

CO 25.68 25.63 25.31 
CO2 9.46 10.12 8.76 

Cl 0.18    
H 2.85 2.73 3.23 

HCl 0.85    
H2 9.16 9.04 9.77 

H2O 23.81 25.11 24.06 
NO 0.31 0.31 0.34 
N2 24.70 23.99 25.21 
O 0.42 0.41 0.49 

OH 2.15 2.19 2.37 
O2 0.43 0.46 0.48 

Temperature (K) 2841 2831 2868 
 

A Hencken burner design is used as the basis for the propellant simulating burner.  

Originally designed for coal combustion at Sandia National Laboratories in Livermore, 

CA [Hardesty, 1978], the Hencken burner utilizes a ‘honeycomb mesh’ that separately 

feeds both fuel and oxidizer gases to the burner surface.  This design is desirable for use 

in a propellant simulating burner because it is not premixed, but it allows the fuel and 

oxidizer flow rates to be independent of each other.  However, there is concern that the 

high temperatures and aluminum/aluminum oxide deposition could compromise the 

structure and safety of the burner.  To protect the burner surface, two solutions are 

considered:  (1) an insulating top layer; or, (2) a cooling layer.  Insulation is preferred, 

because cooling the surface effectively means removing heat from the flame; however, an 

insulating layer is virtually impossible with the ‘honeycomb mesh’ design.  Additionally, 
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although the Hencken burner has a central tube used to feed coal particles, this is 

modified to include several aluminum feed tubes. 

The final propellant simulating burner design includes four layers.  The top layer 

is a ceramic, insulating layer.  The bottom layer is the inlet for the three aluminum 

particle feed tubes.  The middle two layers are open, gas supplied chambers that feed 

tubes on the top of the chamber running to the surface.  The rectangular burner surface 

consists of a 7 by 15 grid of 0.3175 cm outer diameter tubes.  The tube layout is such that 

they alternate their chamber feed source, and the overall feed is symmetric as seen in Fig 

2.  Each chamber has four outer feed tubes such that a total of eight gases can be fed to 

the burner chambers.  The burner design is shown below: 

 

Figure 1:  Early CAE (Computer Aided Engineering) 
drawing of propellant simulating burner 
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Figure 2:  The arrangement of the fuel and oxidizer tubes on the burner surface. 

 

 

Figure 3:  Wireframe CAE drawing of burner 
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Digital mass flow controllers are used to precisely regulate the flow from the gas 

cylinders.  Initial tests were conducted using a simple natural gas/air flame, and later, 

natural gas/oxygen flames.  With no complications resulting from these tests, the next 

phase was acetylene/oxygen flames.  Feeding nitrogen in the same chamber as the 

acetylene serves to dilute the fuel gas flow, and attempts were made to purge the fuel 

chamber prior to introduction of the acetylene.  However, these attempts were not 

entirely successful in the initial acetylene/oxygen flame, and upon ignition, the flame 

flashed back into the fuel chamber where the acetylene reacted with any air that remained 

in the chamber.  The resulting pressure wave separated the top ceramic layer from the 

burner.  Although this was initially seen as a major setback, a simple attempt to repair the 

device using epoxy glue was successful.  However, upon prolonged exposure to the high 

temperatures of an acetylene/oxygen flame, the ceramic cracked, presumably due to 

horizontal temperature gradients.  Unlike the previous complication, this was irreparable.  

At this point, the design was altered to include a top cooling layer rather than an 

insulating layer.  The first cooling plate was composed of copper and had two sections.  

The lower section contained the water channel, and the top section was effectively a lid 

that was brazed onto the lower. 
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Figure 4:  Water cooled, copper plate (prior to brazing) 

The fault in this design proved to be a combination of the difficulty in drilling the 

grid of 2.54 cm long, 0.2159 cm diameter holes in either copper or steel, and in sealing 

the two layers.  One effectively sealed piece was made with broken drill bits in two of the 

holes.  Using this piece, an approximation was made for the heat removed by the water 

cooled plate in an oxy/acetylene flame using the water flow rate and the ∆T in/out.  This 

was found to be 0.337 kJ/sec, which is insignificant for this flame.  This information 

yields flexibility in the design of the cooling plate.  For example, aluminum could be 

used rather than copper even though it has a lower melting temperature and its thermal 

conductivity is lower.  Aluminum is desirable because it is much easier to machine.  

Secondly, the initial water channel was designed to maximize surface area interaction and 
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reduce stagnant flow spots, but we can now decrease the complexity of this design.  This 

plate was much simpler to manufacture and has proven effective.  As can be seen in 

Figure 5, other than the center grid of holes for the gases, the only manufacturing that 

was needed is six 1.27 cm diameter holes.  These holes were then threaded, holes 2-5 are 

plugged, and holes 1 and 6 are fitted with hose attachments. 

 

Figure 5:  Wireframe CAE drawing of water cooled Aluminum cooling plate 

Next, the cooling plate must be attached and sealed to the rest of the burner.  To 

do this, two 15.24 x 10.16 x 1.27 cm steel plates were used.  One is a top plate has the 

grid of holes to match the cooling plate, and one is a bottom plate.  Two bolts were used 

to attach the steel plates and clamp the burner together.  A high temperature rubber/paper 

gasket was used above and below the cooling plate to ensure an airtight seal.  The burner 

is shown below in its current state: 
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Figure 6:  3-D rendered, cutaway drawing of propellant simulating burner. 

 

 

Figure 7:  Propellant simulating burner in current configuration 
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CHAPTER 3   

VIRTUAL THERMOCOUPLE MODEL 

3.1 Introduction 

In characterizing the thermal environment in a fire, local gas temperature is a 

parameter of exceptional value.  Local gas temperature drives the flow processes, is a 

major factor in the rate of chemical reaction (or heat release), determines energy transfer 

with other regions, and is the determining factor in maximum possible material damage 

for objects within the fire.  Temperature is also a convenient parameter for determining 

fire boundaries and zones and thus establishing the fire structure.  Temperature is readily 

calculable from fire models and, as such, offers the potential to relate experimental and 

analytical results.  Because of the overarching nature of temperature, it is one of the 

variables that must be considered when validating a multi-physics CFD fire model. 

However, experimentally observing the local gas temperature in a large scale fire 

for comparison with simulation predictions is not straightforward.  First, local gas flow 

temperature in a fire large enough to be of any practical interest is characterized by time-

varying high spatial gradients that is largely the result of fine scale temporal and spatial 

detail in the geometry and boundary conditions.  It is unrealistic to expect instant-to-

instant, point-by-point agreement between computation and experiment, and one needs to 

resort to some sort of averaging both in the computation and in the experiment before 

performing comparisons.  Second, practical considerations in making temperature 

measurements in large scale fires lead to the use of thermocouples.  Temperatures 

registered by thermocouples in the fire flow are, at best, equal to the temperature of the 

thermocouple junction (i.e. an object) subjected to the flame.  Since large fires are, in 
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general, laden heavily with soot, the flame is composed of a radiatively absorbing, 

emitting, and sometimes scattering mixture of soot particles and gases with strong local 

temperature gradients, the temperature measured by a thermocouple is determined by a 

net energy balance on the thermocouple junction.  Thus the thermocouple temperature 

deviates from the local gas temperature due to interaction with the surrounding soot and 

boundary temperatures. 

Compensation for these effects on experimental data is often undertaken for 

bench scale experiments or specialized industrial applications where the thermal 

environment is understood and well controlled.  A review of the literature reveals 

numerous examples where compensation for experimental thermocouple measurements is 

successful [Segall, 2001; Pitts, 2002; Shaddix, 1999; Sobolik, 1989, Son, 1989].  

However, in large scale fire testing it is difficult if not impossible to compensate for the 

thermal environment effects on the thermocouple reading due to the complexity of the 

flow field and scarcity of supporting measurements.  This leads to the notion of modeling 

the thermocouple response in the fire model itself, thus allowing the computational model 

to handle the well characterized complexities (at least to the level of detail of the fire 

model) in a forward manner, rather than attempting to correct an experimental 

observation in a reverse manner with poorly defined complexities (based on response of 

nearby instrumentation, assumptions, and educated guesses).  Validation comparisons can 

then be made between un-compensated experimental thermocouple readings and 

calculated virtual thermocouple responses. 

To this end, a virtual thermocouple model for implementation in multi-physics 

CFD fire codes is under development at Sandia National Laboratories Fire Science and 
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Technology computational/experimental fire safety projects.  A comparison of 

experimental test results is made with computational results from the Sandia Fire Code 

VULCAN.  The propellant simulating burner is used to create the heavily sooting 

conditions for thermocouple tests.  This burner is uniquely suited for this task because of 

the range of control of feed gases.  The desired flames are achieved by adjusting the flow 

of oxygen, nitrogen, and acetylene gases to the desired equivalence ratio.  The oxygen 

and nitrogen gas flows are fixed at 5 and 15 SLPM (standard liters per minute), 

respectively, while the acetylene gas flow is varied from 2 to 8 SLPM to achieve an 

equivalence ratio range of 1 to 4. 

3.2 Soot Volume Fraction Measurement 

Soot volume fractions in the flame are determined using a laser absorption 

method.  With this technique path averaged soot concentrations can be measured by 

determining the amount of laser intensity absorbed when passed through a flame 

[Santoro, 1983].  This technique is based on Beer’s law (Eqn. 1) [Eckbreth, 1996]. 

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= ∫ dssf

K
I
I

L

v
e

o 0

)(exp
λ

. (1)

where Ke is the soot extinction coefficient, λ is the laser wavelength, fv is the soot 

volume fraction, s is the laser path, L is the path length, I is the laser intensity transmitted 

through the flame, and Io is the original intensity.  Recent work [Williams, 2006] has 

indicated that the value of Ke for soot in a flame varies between 8-10.  Thus, a value of Ke 

= 9 is chosen.  For these measurements a HeNe laser is used (λ = 633 nm).  To use Beer’s 

law, both the reference laser intensity (Io) and the intensity transmitted through the flame 

(I) must be known.  For a steady process, this is accomplished simply by taking a 
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baseline intensity reading prior to testing.  However, this is not possible when recording 

real time data in unsteady flame conditions.  To add further complications, the HeNe 

laser used for these experiments proves to have an unsteady power output.  This problem 

is solved by splitting the laser into 2 beams; one to the flame (signal) and one as a 

reference, as seen in Figure 8.  Because the relationship between the signal without a 

flame and the reference is linear, Io can be calculated in the data acquisition software 

simultaneously with I.  Photodetectors are used to measure the laser intensity which is 

transmitted to the data acquisition system.  A digitally controlled translation stage houses 

the burner and allows a simplified means of measuring soot concentration profiles for all 

three dimensions.  The experimental setup for the absorption measurements is shown in 

Figure 8. 

 

Figure 8:  Experimental setup of laser absorption measurements. 

To be useful in conjunction with the model, soot volume fraction must be 

determined as a function of equivalence ratio.  To accomplish this, the laser absorption 
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technique is implemented in the long dimension of the burner and measurements are 

taken at two heights:  10 mm and 25.4 mm. 
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Figure 9:  Soot concentration vs. equivalence ratio at two different heights 

To further characterize the distribution of soot in this flame, the absorption 

technique is used to measure soot concentration profiles in all three dimensions.  The 

horizontal profiles are taken at a height of 1 inch above the burner surface.  The x profile 

(Fig. 10) distinctly shows a structure of varying high and low soot regions.  For the 

purpose of symmetry, the burner has an odd number of feed tubes in each dimension.  

The drawback to this is that for each row of tubes there is one more type of feed tube than 

the other (oxidizer vs. fuel).  Each of the local maximums of the profile corresponds to a 

row containing four fuel feed ports and three oxidizer ports.  The local minimums 

correspond to a row containing four oxidizer ports and three fuel ports.  The profile also 

appears approximately symmetric except for the left (-x direction) side of the burner.  
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This localized high soot region is not completely understood but most likely is due to 

asymmetry in the feed of the gases to the burner, asymmetry in the flow field of air 

diffusing into the flame, or both.  The y profile (Fig. 11) is not structured like the x 

profile and does not strongly indicate symmetry.  This is most likely due to several 

different factors.  First, the path length of the laser is in the long dimension of the burner 

and averages over fifteen feed tubes rather than seven.  As a result, the effect of an odd 

number of feed tubes is not as apparent in this dimension.  Secondly, the nature of the 

setup of the test cell may be such that the outside air diffusing into the flame is highly 

asymmetric and strongly influences the location of soot formation.  The z profile shows a 

gradual decrease in soot concentration with height, as would be expected (Fig. 12). 
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Figure 10:  Soot concentrations in x-dimension. 
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Figure 11:  Soot concentrations in y-dimension. 
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Figure 12:  Soot concentrations in z-dimension. 
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3.3 Thermocouple Experiments 

 

Figure 13:  Acetylene burner experimental setup with fuel-rich flame. 

Gas temperatures and thermocouple temperatures are measured across a wide 

range of equivalence ratios in the acetylene-air flame.  Thermocouple readings are 

observed from 1.6 mm mineral-insulated, metal-sheathed (MIMS) thermocouple probes 

inserted in the flame. Heavily sooting flames introduce significant error in thermocouple 

temperature readings due to the decreased thermal conductivity of the soot deposition 

layers.  A noticeably significant ‘rolloff’ in the thermocouple output temperature can be 

observed in a matter of seconds in the higher equivalence ratio flames.  A drastic soot 

buildup scenario is shown in Figure 14. 
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Figure 14:  Soot buildup on a thermocouple in a sooting flame. 

Figure 15 shows the thermocouple response over an extended period when 

exposed to both a clean and sooty flame.  The thermocouple reads approximately 1150 C 

for a clean flame with Ф = 0.9.  When the flame mixture is changed to Ф = 3.3 (soot 

volume fraction ≈ 2 ppm), the thermocouple temperature drops to approximately 1050 C.  

As soot builds up the thermocouple output continues to drop to approximately 975 C over 

the next 3 minutes.  This gives an indication of how soot buildup affects the 

thermocouple reading.  When the flame mixture is switched back to Ф = 0.9, the soot 

begins to burn off the thermocouple and the temperature output rises back to the original 

state. 
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Figure 15:  Thermocouple temperature history for a flame cycle 
from clean to sooty to clean. 

 
Figure 16 shows a horizontal temperature profile for a stoichiometric flame along 

the long axis of the burner at a height of 1”.  The three local minima are the locations of 

the aluminum particle feed ports.  Though there are concentration gradients in soot 

loading in richer flames, this indicates that the clean flame is not only thermally 

symmetric but near constant for a given height in the flame.  The soot concentration 

gradients may negate this trend some, but it is difficult to quantify due to the soot 

interfering in the actual gas temperature measurements. 
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Figure 16:  Horizontal thermocouple temperature profile. 

Temperature vs. equivalence ratio data is taken for both clean and sooted 

thermocouple scenarios.  The ‘clean’ data is taken by allowing the soot to burn off in a 

non-sooting clean flame between each data point.  The ‘sooted’ data is taken by 

introducing a clean thermocouple in a flame with an equivalence ratio of 1 and 

progressing to an equivalence ratio of 4 without cleaning the thermocouple.  The 

difference in these two techniques registered a difference of over 200 K at max 

equivalence ratio. 

 21



1000

1200

1400

1600

1800

2000

2200

2400

2600

2800

3000

0.75 1.25 1.75 2.25 2.75 3.25 3.75 4.25

Phi

Te
m

pe
rt

ur
e 

(K
)

CEA
CARS
2 color pyrometer
sooted TC
cleaned TC

 

Figure 17:  Flame temperature vs. equivalence ratio. 

Figure 17 shows a comparison of flame temperature vs. equivalence ratio 

acquired using thermocouples, CARS, and two color pyrometry.  Adiabatic flame 

temperatures are calculated using NASA’s Computer Program for Calculation of 

Complex Chemical Equilibrium Compositions and Applications (CEA) [Gordon, 1994; 

McBride, 1996] chemical equilibrium code, and the experimental data is shifted on the x 

axis by -0.25 to match the profile provided by this theoretical curve.  CEA predicts a rise 

in flame temperature at an equivalence ratio of 2.8.  This is most likely due to the 

formation of elemental carbon predicted at this same point.  CEA may be removing the 

soot from the reaction and not allowing it to absorb any heat from the reaction.  It is 

noteworthy that the chemical equilibrium code Chemkin predicts a similar trend. 

Because the VULCAN model is a hot gas flow rather than a combusting flow, the 

lower boundary of the model will begin at a height corresponding to the thickness of the 
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lower mixing/reaction zone of the flame.  By taking a vertical profile of the thermocouple 

temperature and noting the lowest point at which the approximate ‘maximum’ reading is 

found, this height is calculated to be 10 mm (Fig. 18). 
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Figure 18:  Thermocouple temperature vs. height 

3.4 VULCAN Simulation 

 Using CEA for an air/fuel mixture initially at STP, the adiabatic flame 

temperature and the density of the air-fuel mixture is calculated for equivalence ratios 

ranging from 1 to 2.8.  As mentioned previously, beyond an equivalence ratio of 2.8, 

CEA predicts elemental carbon at equilibrium and an associated rise in temperature.  This 

behavior is inconsistent with the actual acetylene flame thermodynamics; hence, the 

mixture temperature and mole fractions of the constituents are not used beyond this 

equivalence ratio.  Given the cross-sectional area of the burner (10.6 cm2) and the density 
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of the air-fuel mixture, the flame velocity is estimated.  These results and the average 

soot concentrations are tabulated in Table 2.   Mole fractions of the major species of the 

product plume that is modeled in VULCAN [Holen, 1990] are plotted in Figure 19. 

Table 2:  Initial conditions of Vulcan fire model. 

Ф Tad (K) Velocity (m/s) fm (kg/kg) 
1 2678 3.39 0.00018 

1.2 2746 3.62 0.00040 
1.4 2765 3.81 0.00043 
1.6 2744 3.95 0.00091 
1.8 2696 4.05 0.00204 
2 2634 4.13 0.00347 

2.2 2568 4.20 0.00563 
2.4 2503 4.26 0.00742 
2.6 2441 4.27 0.00985 
2.8 2430 4.30 0.01195 
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Figure 19:  Fractions of the constituents of the product plume modeled in Vulcan. 
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Given the constant-pressure adiabatic flame temperature, equilibrium product 

species composition, and approximate gas velocity, a VULCAN simulation of the 

acetylene product plume is constructed, with specific values of these initial conditions 

from Table 3.  Here, the flame is modeled as a product plume with the equilibrium 

species composition emanating from the 10.6 cm2 orifice.  A virtual thermocouple cell is 

placed approximately 25 mm above the orifice.  VULCAN parameters for the 

thermocouple model are provided in Table 2.  A spectral, hemispherical emissivity of 1.0 

for the soot-covered thermocouple sheath is estimated at the steady-state temperature of 

the thermocouple probe.  The experimental thermocouple and gas (CARS) 

measurements, and the VULCAN thermocouple and gas temperature predictions are 

plotted in Figure 20.   

Table 3:  Properties of Vulcan virtual thermocouple cell [Brundage, 2005] 

Parameter Average Value 
Emissivity 1.0 

Length (cm) 15 
Diameter (mm) 1.6 
Density (kg/m3) 5880 

Thermal Conductivity (W/mK) 1.7 
Specific Heat (J/kgK) 696 
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Figure 20:  Comparison of experimental thermocouple and gas (CARS) 
measurements to predictions. 

3.5 Discussion 

The experimental data is taken over a larger equivalence ratio range than shown, 

and this data is interpolated to the equivalence ratios used in the simulations.  Prior to the 

interpolation, the CARS and thermocouple temperatures are shifted to match the 

equivalence ratio of the maximum adiabatic flame temperature.  This does not occur at 

stoichiometric, but at a slightly rich equivalence ratio (Ф ≈ 1.4) as a consequence of the 

heat of combustion and heat capacity of the products declining beyond stoichiometric 

[Turns, 2000].  Both the gas temperature and thermocouple measurements are 

consistently greater than the predictions.  In the actual flame, the reaction zone is quite 

large, estimated to be greater than 10 mm, and the gas temperatures are within 50 K of 
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adiabatic, even at 25 mm above the burner surface.  This invalidates the assumption of a 

pure product plume at the burner surface in VULCAN and could explain why VULCAN 

over predicts the heat loss.   

Furthermore, the predicted gas velocities above the burner are greater than the 

injection velocity.  For example, at Ф = 1.4, the peak z-velocity is predicted to be 4.4 m/s 

while the injection velocity for this case is only 3.8 m/s.  Since gravitation is activated in 

VULCAN, buoyancy forces accelerate the gas to an even higher velocity, causing the 

plume to entrain more cool air from the surroundings.  This results in more cooling of the 

product plume.  Additionally, this would contribute to the predicted hot-gas zone being 

smaller than the experimentally observed one. 

As shown in Figure 21, the thermocouple error, represented by the variable Π = 

(Tg-TTC)/Tg, is plotted as a function of equivalence ratio.  Since the predicted Π is 

generally larger than the value calculated from the temperature measurements, this 

confirms that the heat loss in the VULCAN simulations is greater than the experiment.   

VULCAN predicts an error ranging from 36% to 47%, while measurements show a near 

constant error of 40%.  Though there is a noticeable difference in the trends of the data, 

the average of the predicted error is in reasonably good agreement with the experiment.  

An examination of Figure 20 offers insight into this phenomenon.  The deviation of the 

VULCAN predicted gas temperature from the experimental gas temperature is inversely 

proportional to the temperature; i.e. VULCAN gas predictions are more accurate at 

higher temperatures.  However, the VULCAN predicted thermocouple temperatures 

show a more constant difference from experimental thermocouple measurements.  The 

increased error in the VULCAN predicted gas temperature is most likely due to 
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inaccuracy of the thermocouple emissivity in the model.  As discussed above, an 

emissivity of 1 was used in the model.  But resent work by Donaldson [2006] has shown 

that the emissivity of sooty thermocouples is proportional to the temperature and ranges 

from 0.9 to 1 in the temperature range discussed here.  This error influences the trend in 

the VULCAN predicted gas temperatures discussed above.  Corrections will be made in 

future versions of the model to incorporate more accurate emissivity values. 
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Figure 21:  Thermocouple error as a function equivalence ratio. 

3.6 Conclusions and Recommendations. 

Temperature measurements and complementary computations are acquired for a 

soot-producing flame to evaluate the performance of the VULCAN thermocouple model 

in conditions representative of sooting fire environments.  In soot-producing flames, soot 

can deposit on the thermocouple and increase radial conduction resistance, suppressing 
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the measured temperature.  This effect is easily observable in the high soot environment 

produced by the propellant simulating burner.  There is also error introduced by modeling 

the flame as a non-reacting product plume and neglecting conduction to the 

thermocouple.  Though the physics of these trends are not modeled in VULCAN, the 

model attempts to capture thermocouple error as a function of soot volume fraction or 

equivalence ratio.  VULCAN predicts an error ranging from 36% to 47%, while 

measurements show a near constant error of 40%.  Though there is a noticeable 

difference in the trends of the data, the average of the predicted error is in reasonably 

good agreement with the experiment.  These results provide confidence that the 

VULCAN virtual thermocouple model is capable of approximating thermocouple 

uncertainty in future flame tests.  
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CHAPTER 4   

CARS IN A SOOTY FLAME 

4.1 Introduction 

Laser-diagnostic approaches for combustion measurements have seen an 

explosion in their development over the last three decades [Eckbreth, 1996; Hoinghaus 

2002].  These optical approaches are noninvasive, they provide extreme spatial and 

temporal resolution, and are capable of providing information about virtually any 

parameter of interest.  While a multitude of laser-based techniques have been proven 

successful for the probing of clean, particulate-free laboratory flames, the majority of 

these techniques are of limited utility in particle-laden, luminous flames where optical 

interferences overwhelm the diagnostic signatures of interest.  Coherent anti-Stokes 

Raman scattering (CARS) [Eckbreth, 1996; Regnier, 1981] is one exception as its 

coherent, laser-like and blue-shifted signal permit efficient spatial and spectral 

discrimination against background emission interferences from intensely luminous 

flames.  Early investigations of nitrogen CARS thermometry in sooting and particle-laden 

flames [Eckbreth, 1977; Eckbreth, 1979; Farrow, 1984; Hall, 1984; Beiting, 1985] have 

utilized a frequency-doubled Nd:YAG laser to provide degenerate pump beams as well as 

to pump the Stokes source.  This approach yields a CARS signal beam near 473 nm 

which, unfortunately, is in resonance with a Swan band of the gas-phase C2 radical that is 

often produced by laser-induced vaporization of soot particles (Fig. 30).  This resonance 

leads to both absorptive [Farrow, 1984; Bengtsson, 1990] and emissive [Eckbreth, 1977] 

interference with the CARS spectral signature and is a traditional limitation on the 

application of CARS to sooting flames. 
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More recently, techniques which attempt to shift the CARS signal from sooty 

flames to an interference-free portion of the spectrum have been demonstrated.  These 

include pure-rotational CARS [Kroll, 1990], dual-pump CARS [Beyrau, 2003; Roy, 

2004; Malarski, 2005] and spectrally shifted vibrational CARS [Stricker, 2003].  Dual-

pump CARS [Lucht (1), 1987; Lucht (2), 1987] utilizes a second narrowband dye source, 

which is nondegenerate with the pump beam derived from the Nd:YAG laser.  The 

wavelength of this second pump source can be tuned to shift the CARS signal away from 

interfering C2 radicals and/or to probe multiple species with a single CARS instrument.  

This technique has recently been demonstrated in sooting ethylene-air flames [Beyrau, 

2003; Malarski, 2005] and significant improvement in accuracy using degenerate-pump 

CARS was quantified for soot volume fractions up to ≈ 0.5 ppm.  This work presented 

here utilizes dual-pump CARS in heavily sooting C2H2-N2-O2 flames with soot loadings 

as high as 2 ppm.  

The propellant simulating burner is utilized for these tests because it is uniquely 

capable of safe operation with these acetylene rich flames.  However, under these 

operating conditions the burner essentially produces an array of acetylene diffusion 

flames.  As a result, high soot concentration gradients exist across the horizontal 

dimensions.  Therefore, a resolved 3-D map of soot volume fractions is acquired using a 

calibrated LII method.  Both the LII measured soot volume fractions and the CARS 

measured spectra and temperatures are presented here.  The results demonstrate that shot-

averaged dual-pump CARS temperatures may reliably be obtained for soot loadings as 

high as 2 ppm in an acetylene-air flame. 
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4.2 Test Design  

This propellant simulating burner is chosen because of its inherent flame stability 

for a wide range of flow rates and equivalence ratios.  Because a heavily sooting flame is 

needed for these experiments, acetylene is chosen as the fuel.  All test flames are 

operated at an equivalence ratio of Φ = 2 with gas flow rates of 4, 5, and 15 SLPM 

(standard liters per minute) for C2H2, O2, and N2 respectively (Fig. 22).  The nitrogen 

flow is split to both the oxidizer and fuel chambers to approximately equalize the 

pressure and flow rates in the tubes.  Figure 23 is an acetylene flame operating at Φ = 1.  

As indicated in this picture, combustion appears to be occurring in two phases.  The size 

of the feed tubes results in an effective array of diffusion flames at each fuel exit port 

where each flamelette is approximately three tube diameters in height.  There is also one 

large flame formed from the overall mixing of the gases that covers the entire burner 

surface and extends 6 to 12 inches in height depending on the flow rates and equivalence 

ratio.  The flame is laminar with stable and nearly steady conditions near the center of the 

burner and close to the burner surface and flickering conditions toward the flame edges 

which increase in amplitude with height. 
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Figure 22:  Φ = 2 acetylene flame 

 

Figure 23:  Acetylene flame with visible flamelettes above the fuel ports. 
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Three vertical-axis temperature profiles are measured with the CARS probe-

volume positioned above: (1) a fuel port near the edge of the flame where soot loadings 

were highest, (2) an adjacent oxidizer port, and (3) above an aluminum feed port at the 

center of the burner through which no flow was supplied. 

4.3 Laser-Induced Incandescence (LII)  

In order to quantify the volume-fraction loading of soot for which our dual-pump 

CARS measurements are feasible, two-dimensional Laser-Induced Incandescence (LII) 

imaging, which has been calibrated via HeNe-laser-based extinction measurements is 

used.  Laser Induced Incandescence (LII) uses a pulsed laser beam to heat soot particles 

in a flame to above 4000 K [Santoro, 2002]. Because thermal radiation is proportional to 

T4 [Siegel, 2002], the signal from these particles is easily detectable above the 

background radiation emitted by particles at the flame temperature (2500 K).  This signal 

can be detected with an intensified CCD camera.  The resulting image is an essential slice 

or profile of qualitative soot concentration in the flame.  A detailed review of LII theory 

and application is presented by Santoro [2002], and a thorough discussion of the 

technique to image soot volume fraction is provided by Shaddix [1996]. 

For the work presented here, a frequency doubled Nd:YAG laser operating at 532 

nm was used to form a vertical laser sheet.  This sheet was found to be approximately 65 

mm high, 200 µm thick at the burner centerline, and 500 µm thick at the edges of the 

burner.  The viewing angle of the camera is oriented at 90° to the laser and a 10-ns wide 

gate coincides with the laser pulse to minimize interference.  The camera is fitted with an 

interference filter whose 10-nm passband is centered at 491 nm.  The 491-nm detection 

wavelength is selected as it is near a minimum of the C2 Swan emission spectrum shown 
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in Figure 30 and because it is to the blue of the excitation laser line, so that fluorescent 

interference from PAH species is eliminated.  The LII experimental setup is shown in 

Figure 24. 

 

 

Figure 24:  Experimental setup for LII. 
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Figure 25:  LII image showing distinct columns of soot above the fuel ports. 

 A sample LII image is shown in Figure 25.  This image indicates that there are 

essentially ‘columns’ of highly sooty regions above the fuel ports of the burner.  To 

provide quantitative soot concentration measurements using LII, the signal must be 

calibrated.  This is most often done using the laser absorption technique discussed 

previously and results in the LII image intensities being converted to soot volume 

fractions [Quay, 1994; Shaddix, 1994; Vander Wal, 1994; Shaddix, 1996; Mewes, 1997; 

Santoro, 2002].  For the work presented here, absorption measurements are taken with the 

HeNe laser in the same plane as the LII image.  The LII signal intensity at any given 

pixel on the image is proportional to the soot volume fraction at that point.  This is shown 
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in Equation 2, where fv is the soot volume fraction, SLII is the LII signal, and ξ is a 

calibration factor in units of ppm/count. 
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Substituting Equation 2 into Beer’s law (Eqn. 1) and solving for ξ yields the following: 
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where Ke = 9 (soot extinction coefficient), I/Io is from the corresponding absorption 

measurement, λ = 633 nm from the HeNe laser, and L = 0.058845 meters (width of LII 

image).  The integral of the LII data is evaluated for the ‘strip’ of data in the image 

corresponding to the path of the HeNe laser extinction measurement.  Once the 

calibration factor has been obtained, Equation 3 can be used to convert the LII signal at 

each image pixel to soot volume fractions.  This process can be repeated for numerous 

LII image locations in the flame to obtain an essential 3-D profile.  This procedure does 

not account for changes in ξ that might result from variations in the laser sheet.  For 

purposes of this test, a series of images is taken with a step size of 0.5 mm in the burner’s 

y dimension. 

Prior to converting LII signal intensity to soot volume fraction, there are several 

factors that must be accounted for:  flat fielding and trapping of the LII signal between 

the laser and the camera by soot.  Flat fielding is a phenomenon that occurs in CCD 

cameras for several reasons:  dust on the chip, small variations in pixel sensitivity, and 

edge effects caused by the camera lens and focal problems due to increased distance to 
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the edge of the viewing area.  The latter is typically most significant and can result in 

blurring or dimming of the signal on the edges of the image.  This effect is minimized by 

normalization by a flat field background ideally taken from a large distance with no 

signal.  This is typically accomplished with an image of the dark night sky at an infinite 

focal length.  This correction is performed for all LII images. 

To correct for signal trapping, an iterative process is used to step through the LII 

images and calculate the soot volume fractions.  The effect of signal trapping is assumed 

to be zero nearest the camera but will increase with distance into the flame.  First the 

calibration factor and soot volume fraction are calculated for the image nearest the 

camera.  Then, starting with the LII image second closest to the camera and stepping 

through the images sequentially, the total I/Io for the trapping region between the camera 

and the image of interest is calculated using Beer’s law (Eqn. 1).  The LII signal intensity 

for the image of interest is adjusted by the calculated I/Io for its corresponding trapping 

region.  This process is repeated iteratively through all LII images to the backside of the 

burner.  This algorithm is detailed in the steps below: 

Step 1. Import LII, background, and flat field images. 

2. Correct LII images with known background and flat field data. 

3. Using Equation 4, calculate the coefficient for the LII image nearest the 

camera (image 1) because there is no signal trapping for this image. 

1

0

)(ln

−

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−= ∫ dssS

K
I
I

L

LII
e

o λ
ξ  (4) 

where I/Io is the known transmittance measured using the path averaged 

absorption technique in the same plane as the LII image 1, Ke = 9, λ = 633 
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nm corresponding to the HeNe laser, and L = 0.058845 meters (width of 

LII image).  Use this coefficient and Equation 3 to calculate soot volume 

fractions for each pixel of image 1. 

4. Starting with image 2, and stepping through the images sequentially, 

calculate the transmittance for the trapping region between the camera and 

the image of interest using Equation 2. 
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where λ = 491 nm corresponding to the LII laser, L is the distance from 

the image of interest to image 1.  The integral is performed for each pixel 

location and is an integral in the direction perpendicular to the LII image 

over all images in the trapping region.  This results in a pixel-wise 

transmittance matrix.   

5. Divide the image of interest by the transmittance matrix found in step 4.  

Use Equations 4 and 3 to calculate the coefficient and soot volume 

fractions for the image of interest.  Iterate through the images, repeating 

steps 4 and 5. 

The result is an array of matrices containing soot volume fractions at each pixel location.  

This is an essential 3-D map of soot concentration in the flame. 

Three horizontal profiles resulting from the method detailed above are shown 

below at heights of 1.27, 2.54, and 5.88 cm above the burner surface respectively.  

Figures 26 and 27 give an indication of how poorly mixed the soot is in the flame at these 

heights.  This is primarily due to the laminar nature of the gas flow in the flame.  There 
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are essentially diffusion flames that form above each fuel feed port which causes the soot 

to form.  This is most apparent at the fuel port in the top left corner of Figure 26.  There 

is a circular pattern of very high soot concentration, but the interior is much lower.  The 

exterior of the circle is the region where oxidizer gas from entrained air or neighboring 

feed ports is diffusing and burning with the fuel.  The interior region is primarily fuel 

where combustion has not yet taken place.  In general, more soot forms around the edges 

of the burner flame as a whole than the interior for the same reason.  Air is entrained into 

the flow on the edges which allows more fuel to burn and more soot to form.  However, 

in the interior of the flame much of the fuel remains unburned at the heights shown in 

Figures 26 and 27 because the equivalence ratio is fuel rich.  At a height of 5.88 cm 

above the surface (Fig. 28), soot concentration gradients still exist, but significant mixing 

of the soot has taken place to reduce this effect. 

 

Figure 26:  Horizontal profile of soot volume fractions 
(ppm) at 1.27 cm above the burner surface. 
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Figure 27:  Horizontal profile of soot volume fractions 
(ppm) at 2.54 cm above the burner surface. 

 

Figure 28:  Horizontal profile of soot volume fractions 
(ppm) at 5.88 cm above the burner surface. 

 41



4.4 CARS 

CARS is a non-intrusive optical technique of measuring temperatures in a flame.  

A CARS signal results from the interaction of a localized high energy electromagnetic 

field with the inherent quantum state of the probed medium.  This phenomenon is 

governed by Maxwell’s equations and the resulting wave equation (Eqn. 5) [Eckbreth, 

1996]. 
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Where E is the electric field of the incident electromagnetic wave, c is the speed of light, 

and P is the electric polarization induced in the medium.  The polarization can be 

expressed as a power series of E(ωi) (Eqn. 6): 
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Where χ(n>1) are the nth order nonlinear susceptibilities; indicative of how susceptible the 

medium is to being polarized.  εo is the permittivity of free space.  In CARS, an 

oscillating polarization occurs via laser interaction with the third order nonlinear 

susceptibility of the medium.  This induced polarization leads to Raman scattering which 

is frequency shifted from the incident light by the rotational/vibrational frequency of the 

medium. 

Conventional CARS typically consists of three laser beams (two ‘pump’ beams at 

a frequency of ω1, and a ‘Stokes’ beam at ωS) interacting (Fig. 31) to yield a coherent 

CARS beam at ωCARS = (2ω1 – ωS).  Phase matching of all beams ensures that 

constructive growth of the CARS signal occurs within the probe volume.  The lasers are 
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tunes such that (ω1 – ωS) equals a Raman resonance of the medium.  By using a 

broadband laser as the Stokes beam, all molecular resonances can be probed 

simultaneously, resulting in a CARS signal for the entire spectrum.  Flame temperature 

evaluation is possible because the nonlinear susceptibility is dependant upon both 

temperature and concentration. 

For constructive CARS signal generation, the incident beams must be aligned 

such that the mixing process is in phase.  For the work presented here a technique dubbed 

‘folded’ BOXCARS was used.  This process is illustrated in Figure 29, where both the 

phase matching scheme and the beam geometry are shown.  Here, 3212 kkk +=  where 

i

ii
i c

nk ω=  and ni is the refractive index [Eckbreth, 1996]. 

 

Figure 29:  Crossed-beam CARS phase-matching showing the phase-matching diagram 
and experimental beam geometry for folded BOXCARS. 

 
For vibrational CARS, the difference between the pump and Stokes frequencies is 

commonly tuned to the Raman Q-branch of N2.  Typically, and as performed previously 

in this burner, a frequency doubled Nd:YAG operating at 532 nm is used as the pump and 
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the Stokes beam is generated from a broadband dye laser at 607 nm.  However, the 

resulting CARS signal is degenerate with a C2 Swan transition near 473 nm, as shown in 

Figure 30. 

 

Figure 30:  Swan-band spectra of C2 for T = 4000 K. 

Figure 30 shows Swan-band spectra of C2 as computed by Shaddix and Smyth [1996] for 

T = 4000 K.  The nominal spectral locations for conventional N2 CARS with degenerate 

Nd:YAG pumps and dual-pump CARS with a pump 2 wavelength of 544.5 nm are 

shown.  Use of the dual-pump technique moves the CARS signal beam away from C2 

spectral interferences.  For heavily sooting flames, this interference would prevent 

interpretation of any usable CARS signal.  However, using a tunable dye laser as the 

second pump beam at ω2, the CARS signal may be shifted away from these interferences 

to ωCARS = (ω1 − ωS) + ω2.  To accomplish this, a second pump wavelength of 544.5 nm 

is used which results in a CARS signal at 483.2 nm and should significantly reduce C2 
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interference.  Energy level diagrams for both conventional N2 CARS using degenerate 

532-nm pump beams and dual-pump CARS with nondegenerate pumps are shown in 

Figure 31. 

 

Figure 31:  Conventional and dual-pump CARS processes.  

A schematic of the dual-pump CARS experimental setup used for the sooting 

flame investigations is shown in Figure 32.  A frequency doubled Q-switched Nd:YAG 

laser operating at 10 Hz provides 1200 mJ per 12 ns pulse.  The Nd:YAG system 

provides sufficient energy to pump both the narrowband tunable dye laser and the 

broadband Stokes dye source while providing the pump 1 beam in the CARS process.  A 

mixture of Rhodamine 610 and Rhodamine 640 in methanol provides a Stokes output 

centered near 607 nm with a nominal bandwidth of 225 cm-1 (FWHM).  The tunable dye 

source utilizes Fluoroscein 548 dye with a NaOH base in methanol, to provide a tunable 

pump 2 source over a 545- to 560-nm range with a linewidth of 0.1 cm-1.  Nominal beam 

energies are 45, 35, and 25 mJ/pulse for the pump 1, pump 2, and Stokes sources, 
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respectively.  The diameter of the ellipsoidal CARS probe volume was 50-100 µm with 

80% of the CARS signal generated in a 2.25 mm beam-overlap region, as determined by 

monitoring the intensity of the nonresonant CARS signal generated in a glass cover slip 

which is translated parallel to the beam path.  The resulting blue-shifted CARS signal 

beam is relayed to a 0.75 m spectrograph with an 1800:l/mm grating, which dispersed the 

CARS signal onto a back-illuminated CCD camera.  Rejection of the intense background 

thermal radiation from the white-hot flames investigated is provided by placing a 

polarizer and apertures in the CARS beam path and by utilizing a liquid-crystal shutter to 

gate the detection system to 70 µs per laser pulse.  The liquid-crystal shutter is crucial to 

the feasibility of these measurements as intense luminous background from the flame 

overwhelms the CARS signal without it.    
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Figure 32:  Dual pump CARS experimental setup. 

Temperatures are derived from CARS spectra that are averaged for 100 laser 

shots using the CARSFT code developed by Sandia National Laboratories [Palmer, 

1989].  CARSFT computes theoretical CARS spectra and uses a nonlinear optimization 

routine to find the best-fit prediction to the experimental data.  The dual-pump CARS 

convolution equations used by CARSFT are summarized by Hancock et al. [1997].  The 

Stokes dye laser envelope overlaps both N2 Q-branch and H2 pure-rotational Raman 

transitions and both of these gases are included in the theoretical calculations.  To 

compensate for uncertainty in the nonresonant susceptibility across the highly 

nonuniform burner flow, the N2 mole fraction is varied along with the temperature in the 
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fitting routine in order to effectively adjust the relative importance of the nonresonant 

contribution to the CARS spectra.  The H2 mole fraction is fixed at 0.075% in the fuel jet 

and 1.5% elsewhere based on more time-consuming fits to the full CARS spectrum.  

Only the portion of the spectrum containing the first two vibrational levels of the N2 Q-

branch are fit in batch processing of the CARS data for temperature.  Representative 

CARSFT fits to shot-averaged CARS spectra obtained at a height of z = 25 mm above the 

burner surface for all three locations probed are provided in Figure 33.  The highest 

nonresonant contribution clearly arises in the fuel jet with significant but lesser 

nonresonant background observed elsewhere. 
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Figure 33:  Sample fits to CARS spectra obtained at z = 25 mm above the burner surface. 
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4.5 Results and Discussion  

4.5.1 Interference in Dual-Pump CARS Spectra  

A series of dual-pump CARS spectra obtained from the acetylene fuel jet at a 

height of z = 21 mm above the fuel surface are shown in Figure 34.  The spectra have 

been averaged for 100 laser shots and the nominal wavelength of the CARS signal beam 

is shifted from 482.4 nm to 497.5 nm by scanning the tunable pump 2 wavelength, λ2, 

from 543 to 563 nm.  The wavelength of the CARS signal lies in the “spectrally quiet” 

region between the ∆v = +1 and ∆v = 0 C2 Swan bands shown in Figure 30.  The LII-

measured soot volume fraction at this location in the flame is 1.4 ppm.  The spectra at λ2 

= 543 and 544.5 nm appear to be essentially interference free as do the spectra at λ2 = 560 

and 563 nm.  CARS signatures arising from pure-rotational transitions of H2 are also 

observed and labeled in Figure 34 and the presence of the H2 CARS signal may be used 

for simultaneous measurements of temperature and H2/N2 relative mole fractions 

[Tedder, 2005].  A pump 2 wavelength of λ2 = 544.5 nm is selected for the CARS 

temperature measurements reported here since this yielded spectra which were mostly 

free of spectral interference and results in a nitrogen CARS signature which does not 

overlap the pure-rotational CARS signature from H2. 
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Figure 34:  Dual-pump CARS spectra that resulted from scanning λ2 from 543 to 563 nm. 
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Enhanced nonresonant CARS signatures resulting from laser-induced breakdown 

of soot particles are also observed in some of the spectra.  This effect can be seen in the 

spectrum with λ2 = 544.5 nm in Figure 34 and also in the data presented in Figure 35, 

which shows the unprocessed CARS spectrum in Figure 35a and the spectrum after being 

normalized by the Stokes dye laser profile in Figure 35b along with the CARSFT 

theoretical fit.  The raw spectral data in Figure 35a displays a very large nonresonant 

pedestal whose curvature follows the shape of the Stokes dye laser obtained from 

nonresonant CARS spectra from argon.  The spectra in Figure 35 are obtained with the 

CARS probe volume inside the C2H2 fuel jet at a location where the soot volume fraction 

was 2.2 ppm.  When the spectrum is normalized by the Stokes laser profile, a reasonable 

theoretical fit is still obtainable, as shown in Figure 35b, where a parameter that adds a 

vertical shift to the theoretical calculation has been employed to “lift” the theoretical 

calculation.  The type of enhanced nonresonant pedestal has been observed previously for 

CARS measurements in propellant combustion [Eckbreth, 1977] and coal-particle-laden 

flames [Lucht, 1988; Hancock, 1991] and results from laser-induced breakdown of 

particulate species which forms a localized plasma in or near the CARS probe volume.  

The presence of the plasma is then responsible for enhancement of the nonresonant 

CARS signature and, potentially, absorption of the resonant N2 CARS signature. 

 52



 

Figure 35:  Example of CARS spectra with enhanced nonresonant background:  (a) 
Unprocessed CARS spectrum, (b) Normalized spectrum with the CARSFT theoretical fit. 

 

4.5.2 Measured Temperature and Soot-Volume-Fraction Profiles  

Vertical-axis profiles of CARS-measured temperatures and LII-determined soot 

volume fractions are displayed in Figure 36.  The white arrows indicate the position of 
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the CARS probe volume for the vertical-axis temperature profiles:  for the fuel jet (Fig 

37a), oxidizer jet (Fig 37b), and the dormant Al port and the burner center (Fig 37c).  

These probe locations are also shown in the burner schematic in Figure 36. 

 

Figure 36:  The locations of vertical temperature profiles, 
as measured by dual-pump CARS. 
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Figure 37:  LII soot volume fraction images. 

The CARS temperatures are obtained from spectra which have been averaged for 

100 laser shots and the LII profiles have been extracted from 150-shot averaged LII 

images.  The 2.25 mm length of the CARS probe volume prohibits resolution of the 

diffusion-flame structure so that the temperatures are spatially averaged across the core of 

the jets.  At all three locations, the temperature profile is observed to rise to a maximum 

and then decay with increasing height above the burner surface, which is to be expected 
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as a result of radiative heat loss from soot in the flame.  The temperature rise is most 

rapid in the oxidizer jet and at the Al port at the burner center.  The slower fuel-jet 

temperature rise is easily resolved by the CARS measurements, which also show that the 

fuel-jet and its adjacent oxidizer stream are at nearly the same temperature for z greater 

than 12 mm from the burner surface.  Temperatures in the N2 jet above the central Al-

particle injection port are much higher than in the outer fuel and oxidizer ports, 

presumably as a result of the lack of soot in this region of the burner.  The adiabatic 

flame temperature for a global equivalence ratio of Φ = 2, based on the supplied gas flow 

rates, is 2650 K.  Peak temperatures in the essentially soot free center of the burner are 

close to 2800 K, which suggests a local non-homogeneity of the burner flow.  The 

vertical profiles of soot volume fraction show maximum soot loadings as high as 2 ppm 

for which CARS temperatures in the fuel jet are still reliable.  Soot loadings in the 

adjacent O2/N2 jet are an order of magnitude lower than in the fuel jet, with the time-

averaged presence of soot resulting from low levels of flickering of the adjacent sooting 

fuel jets. 
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Figure 38:  CARS-measured vertical temperature profiles and LII-measured profiles of 
soot volume fraction. 
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4.6 Conclusions 

This work has presented the characterization of a gas-phase propellant simulating 

burner using dual-pump CARS and absorption-calibrated LII.  The heavily sooting 

acetylene-rich fuel jets provided by this burner permitted the assessment of dual-pump 

CARS thermometry in more strongly sooting environments than have previously been 

reported.  The wavelength of the dual-pump CARS signal was scanned from 482.4 to 

497.5 nm by tuning the frequency of the second pump beam.  Tuning the second pump 

beam to 544.5 nm produced a resultant CARS signal at a relatively minimal interference 

wavelength of 483 nm which lies between C2 Swan band signals.  This method allowed 

reliable shot-averaged CARS temperatures to be obtained in the acetylene-rich fuel jets 

for soot volume fractions as high as 2.2 ppm. 
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CHAPTER 5   

ALUMINIZED FLAME CHARACTERIZATION 

Despite the wide use of aluminized propellants, the combustion physics are not 

widely understood.  One aspect of particular interest is how an object will be affected 

when exposed to an accidental aluminized propellant flame.  Two methods being utilized 

to address this problem are the development of accurate propellant numerical simulation 

models [Sabnis, 2003; Wang et al., 2004; Jackson and Buckmaster, 2002; Domino, 2003; 

George, 2003] and actual propellant experiments [Kuo et al., 1984; Chiaverini et al., 

2001; Dokhan, 2001].  A gas fueled, propellant simulating burner would greatly aid the 

analysis of rocket propellant burn dynamics and serve as a source of data acquisition, 

measurement, and testing in support of the development of a propellant fire numerical 

model.  Secondly, this burner could be used as a test bed for heat transfer studies with 

objects engulfed in a fire.  There are several factors that dictate a need for such a burner 

including:  limited availability and cost of some propellants, unpredictable nature of 

propellant combustion, and complexity of propellant experimental burns.  In general, a 

controlled propellant simulating burner would be a safer, a less expensive and a more 

versatile testing platform than using actual propellants. 

In the work presented here, the performance of the burner is evaluated based on 

comparisons to other flames.  These flames include a non-aluminized flame, thermal 

spray, and various propellant burn tests.  This comparison is based on various 

experimental techniques that are standards in combustion for measuring flame conditions.  

The techniques employed as well as the entity measured are:  two color pyrometry 

(temperature), heat flux gauges (heat flux), calorimeter (heat flux), spectrometers (flame 
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species and temperature), and an Accuraspray particle sensor (temperature and particle 

velocity). 

5.1 Test Design 

The most challenging aspect in the design of a burner to simulate propellant fire is 

the integration of aluminum particles into the flame.  The particles must be fairly well 

mixed in the flame, but to feed the particles with the reactant gases is not feasible.  

Therefore the Al particles are fed via N2 carrier gas through three tubes independent of 

the fuel/oxidizer gases and evenly distributed across the burner surface (Fig. 36).  The 

particle feed is accomplished using a powder hopper designed for use with thermal spray.  

The hopper is a HA5000F-SA manufactured by Hardface Alloys.  It allows independent 

control of the particle and carrier gas feed rates.  Calibration of the particle feed rate is 

accomplished using automotive fuel filters to measure the total particle feed for a given 

time and hopper RPM.  The Al particle feed rate range for the hopper configuration used 

for these tests is approximately 4-10 g/min.  The mass flux of aluminum for aluminum 

based propellants of interest for this work burning in ambient conditions is approximately 

6 g/min [Gill, 2006].  A feed rate of 5.6 g/min of 60 µm Al particles and nitrogen carrier 

gas flow of 12.8 SLPM is used for these tests unless stated otherwise.  Reactant flow 

rates during the experiments are 4, 2, 12, and 2 SLPM for methane, acetylene, oxygen, 

and nitrogen, respectively.  The reactant nitrogen flow is split nominally 50/50 between 

the fuel and oxidizer streams. 

As mentioned previously, particle distribution in the flame is a concern 

considering the three particle feed ports and in light of the results seen previously with 

the homogeneity of soot in rich flames.  However, based on the above flow volumetric 
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feed rates and the burner surface geometry, the flow velocity of the carrier gas from the 

particle tubes is approximately 25 times faster than the reactant gases.  This would tend to 

promote mixing of the particles.  As show in Figure 39, the particles are very well mixed 

in the flame even very near the burner surface. 

 

Figure 39:  Al particle seeded flame. 

5.2 Temperature 

The most common technique of temperature evaluation is thermocouples.  

However, the CEA calculated adiabatic flame temperature for this flame is 3500K, which 

is well above the operational limits of thermocouples.  Two-color pyrometry is a non-

intrusive optical technique of flame temperature evaluation.  Temperature is determined 

by measuring the ratio of spectral radiances at two different wavelengths [Kostkowski, 

1970].  These wavelengths are usually very near to allow emissivity differences to be 
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neglected.  Two different sources of two-color sensor are used:  a Mikron model M78 and 

an Accuraspray sensor.  Both of these sensors utilize detection wavelengths in the near 

infrared region around 1 µm.  The Accuraspray sensor is designed for use in thermal 

spray applications and yields both flame temperature and particle velocity.  The accuracy 

of the two-color pyrometer has proved very accurate when compared to CARS and CEA 

calculated temperatures in sooty flame conditions (Fig. 17). 

Table 4:  Flame temperature comparison (K). 

Pyrometer Accuraspray CEA
Burner 
with Al 2705 2765 3500

Propellant 
'A' 2733 3240  

Table 4 shows a comparison of temperatures from the burner and propellant.  

These results show remarkable agreement in the two-color temperatures.  There is good 

agreement between the two diagnostics in the same flame, and there is only a 1% 

difference between the burner temperature and the propellant.  The Accuraspray sensor is 

not used in the propellant fire because of the hazardous nature of the fire.  It is expected 

that the actual flame temperature would be much lower than adiabatic in this flame due to 

the high luminosity and, hence, radiation losses.  An oxy-acetylene flame is white hot, 

and adding aluminum particles renders the fire unsafe for prolonged exposure (>1 sec) to 

the human eye.  The pyrometer indicates approximately a 750º departure from adiabatic 

for the Al seeded flame.  The CEA calculated adiabatic temperature for the gas reactant 

mixture without aluminum is 3120 K.  This implies that adding the Al particles increases 

the flame temperature 380º from adiabatic.  However, the actual increase is most likely 

less, due to the increased luminosity introduced by the aluminum.  The pyrometer does 

 62



not register a temperature in the non-aluminized flame due to the lack of radiating 

constituents in the products.  The CEA calculated adiabatic temperature of the propellant 

flame is 3240 K, which indicates a departure from adiabatic of approximately 500º due to 

heat loss.  The reason for less observed heat loss in the propellant in comparison to the 

burner is due to two factors.  First, the radiative losses of the flame are lower.  This is 

confirmed visually, simply based only the observed luminosity; but primarily by the 

spectral analysis which will be discussed below.  Second, the burner flame is smaller and 

thus has a higher surface area to volume ratio and is not as thermally insulated. 

5.3 Calorimetry 

Calorimeters are often used to measure heat flux in a flame.  The calorimeters 

used in these tests are termed ‘button’ calorimeters.  They are composed of stainless steel 

and consist of a center button 1.27 cm in diameter and an outer ring 3.81 cm in diameter 

with a thickness of 1.27 cm [Erikson, 2005].  A thin layer of insulation is between the 

button and the ring to reduce the radial heat transfer.  Type-K, sheathed thermocouples 

are located at one-third thickness increments.  Temperature data at the two thermocouple 

locations are used to calculate the surface heat flux using the inverse heat transfer code, 

IHCP1D [Beck, 1999].  A cross section sketch of the calorimeter configuration and a 

photo of the hardware is shown in Figure 40. 
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Figure 40:  Button calorimeter cross section and photo. 

Figure 41 shows temperature history recorded by the thermocouples in the 

calorimeter and Figure 42 shows the calculated heat flux corresponding to these 

temperatures.  The maximum heat flux is reached shortly after the calorimeter is inserted 

into the flame and gradually dissipates afterward.  This degradation in the recorded heat 

flux is due to the aluminum deposition on the lower surface of the sensor head.  As the 

aluminum layer thickens, it effectively insulates the calorimeter from the flame. 
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Figure 41:  Temperature history of thermocouples in a button calorimeter. 
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Figure 42:  Heat flux calculated from button calorimeter in a flame with Al feed rate of 
5.6 g/min and N2 carrier gas flow rate of 12 SLPM. 
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Heat fluxes obtained from varying types of flames are shown in Table 5.  Four 

different flame tests are run in the burner, varying Al particle feed rate, and N2 carrier gas 

flow rate.  Data is also presented from recent work by White et al. [2006] in Al particle 

injected thermal spray flames.  The flame spray measurements are well below the heat 

fluxes observed for both propellant ‘A’ and the aluminized burner flames.  Burner flame 

#2 registers almost a 100% increase in the heat flux over the non-aluminized flame 

conditions.  The effect of increased carrier gas flow is also seen in a comparison of 

flame’s 1 and 2.  The fact that the carrier gas is inert serves to thermally and chemically 

isolate the particles from the flame.  To begin to burn or react the particles must be heated 

and interact with oxidizer gases.  These results indicate that an aluminized burner flame 

is more than capable of reaching the high heat flux levels seen in actual propellant 

flames.  This is of significant importance because one of the primary interests of the 

Sandia propellant group is the survivability of objects engulfed in a flame, and thus, heat 

flux to that object. 

Table 5:  Heat flux from various flame conditions. 

1 2 3 4
Al Feed Rate (g/min) 5.6 5.6 3.4 0 4.8
Carrier Gas Flow (SLPM) 12.8 3.2 3.2 3.2 4.7
Maximum Heat Flux (kW/m^2) 560 667 562 343 1.9 490

Burner Flame # Thermal 
Spray

Propellant 
'A'

 

5.4 Heat Flux Gauges 

Heat flux gauges are another non-intrusive technique to calculate heat flux by 

measuring the total radiant absorption from the flame [Hager, 1989; Gritzo, 1995].  There 

are two Medtherm model 64 gauges utilized for these tests with viewing angles of 180° 

and 7°.  The objective of these measurements is to determine how the particle loading and 
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carrier gas feed rates affected the observable heat flux.  The results from the narrow 

gauge are shown in Figure 43.  The effect of the carrier gas flow on the heat flux is more 

pronounced when observed by heat flux gauges than the calorimeter.  In general, the 

observed heat flux is proportional to the particle loading and inversely proportional to the 

carrier gas flow rate.  These results indicate that adding aluminum to a flame can increase 

the heat flux as much as 100%.  However, a flame with a particle loading of 5.6 g/min 

and carrier gas flow rate of 12.8 SLPM has a lower observed heat flux than the flame 

with no aluminum and no carrier gas. 
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Figure 43:  Heat fluxes for varying carrier gas flow rates and Al particle loading. 

To correlate the data obtained between the narrow and hemispherical gauges, a 

view factor correction can be performed.  This method corrects the observed heat flux by 

calculating the percentage of the gauge viewing window that actually ‘sees’ the fire.  For 

example, the entire viewing area of the narrow gauge may be encompassed in the fire, but 
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only a minimal amount of the viewing area of the hemispherical gauge is seeing the fire.  

However, the reported value obtained from the hemispherical gauge is averaged over the 

entire viewing area.  Correlating results from the two gauges using this technique gives 

assurance in both the experimental setup as well as the data.  The results of this method 

for a burner flame as well as a propellant flame are shown in Table 6. 

Table 6:  View factor correlation for two different flames. 

Burner with Al Propellant 'A'
Raw Narrow Heat 

Flux (W/m^2) 11370 267.3
Raw Wide Heat 
Flux (W/m^2) 160.7 3.691

Narrow View Factor 0.07806 1
Wide View Factor 0.001145 0.01432
'Adjusted' Narrow 

Heat Flux (W/m^2) 145600 267.3
'Adjusted' Wide 

Heat Flux (W/m^2) 140300 257.7  

The data obtained from heat flux gauges is of interest in this flame because these 

instruments have become a standard for propellant tests at Sandia due to their reliability, 

ease of use, and non-intrusive nature.  However, the interpretation of the data in Table 6 

is challenging.  Though there are also errors in the use of calorimeters, they are a more 

direct and reliable means of measuring heat flux.  Of importance is how to quantify the 

relationship between heat flux gauges from different sized fires at different distances.  

Though, in reality, the heat flux is greater for the larger propellant fire, the decrease in the 

observable heat flux scales as a function of the distance of the gauges from the fire.  For 

the data in Table 6, these trends counter each other, making a quantitative comparison 

unfeasible at this stage.  There are efforts underway at Sandia, however, to develop a 

method of standardization of heat flux independent of fire size and instrument location as 
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well as the incorporation of calorimeter measurements.  In the meantime, a qualitative 

statement can be made that the heat fluxes observed here in the Al seeded flame indicate 

that these conditions come nearer approximating a propellant flame than standard carbon-

fuel fires. 

5.5 Spectrometry 

Spectral analysis has been a significant tool in combustion studies for many years 

[Eckbreth, 1996].  It is a non-intrusive technique that allows observation at a distance 

safe for both equipment and operator.  Flame spectra can provide unique insight into 

combustion conditions including flame species examination [Edwards, 1986], relative 

radiant intensity [Konopka, 1984], and, in some instances, temperature evaluation based 

on continuum radiation [Eckl, 1992; Eckl, 1994].  For the work presented here, two 

different spectrometers are used.  An Ocean Optics HR2000+ with a detection range from 

200 to 1100 nm is used to examine flame signatures near 1 µm and in particular emission 

bands for AlO centered around 500nm.  A Spectraline ES200 with a detection range from 

1 to 6 µm is used to examine spectral signatures for CO2, H2O, and continuum radiation 

in comparison to actual propellant fires. 

5.5.1 1 Micron 

Spectroscopic analysis of AlO emission has previously been used to give insight 

in to Al particle combustion dynamics [Dors, 1998; Thorne, 2003; Servaites, 2001; 

Ching, 1995; Glumac, 2001].  The spectra of interest are the AlO B2Σ+→ X2Σ+ system.  

However, these emission bands can be difficult to observe due to their relatively low 

emission intensity compared to strong emissions from impurities such as sodium (589 
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nm) and potassium (766.8 and 780 nm) [Cisz, 2002] and continuum radiation.  The 

presence of AlO is significant because it signifies that Al particle combustion is 

occurring.    It also indicates the possibility of estimating the particle temperatures based 

on the AlO vibrational state [Thorne, 2003]. 
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Figure 44:  Spectral emission of flame with no Al particle feed. 
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Figure 45:  Spectral emission of aluminized flame. 
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Figure 46:  Spectral emission of aluminized flame normalized to identify specific 
emissions by product species. 
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An Ocean Optics HR2000+ with a detection range from 200 to 1100 nm is used to 

examine flame signatures near 1 µm.  Figure 44 shows the spectrum of the non 

aluminized flame.  This is used as a background for comparison to identify emission 

bands resulting exclusively from Al particle combustion.  The emission peak or signature 

at 315 nm is due to OH radicals in the product plume.  Figure 45 is the spectrum of the 

aluminized flame.  This shows not only peaks related to species in the Al combustion, but 

also significantly higher broadband continuum emission.  Figure 46 is obtained by 

‘normalizing’ the spectrum from the aluminized flame by the spectrum from the non-

aluminized flame.  This allows a closer examination of the emission bands from species 

in the flame.  The high temperature spectra of the AlO B2Σ+→ X2Σ+ system is observed at 

455, 470, 484, 486, 512, and 540 nm.  These AlO bands are of the ∆v = 0, ±1, ±2 

sequences [Fig. 47].  Also seen in Figure 46 are emissions from Al at 394.4 and 396.1 nm 

and sodium at 589 nm.  The low intensity emission band at 670 nm has not yet been 

identified. 
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Figure 47:  The high temperature spectrum of the AlO B2Σ+→ X2Σ+ system. 

5.5.2 Mid IR 

A Spectraline ES200 is used to evaluate spectral emission of the flame from 1 to 6 

µm.  Spectrum in this range identify emission bands from CO2 and H2O centered at 3 µm, 

CO2 centered at 4.5 µm, and continuum emission from Al, Al2O3, and hot gases near 1 

µm.  In some instances, spectrum can be compared to gray body emission based on 

Planck’s spectral distribution of emissive power (Eqn. 7 [Siegel, 2002]) to estimate flame 

and particle temperature.  

1)(eλ

C*2i
Tλ

C
5
0

1

0
2

−
=  (7) 

where C1 = 0..59552137 x 108 W µm/(m2 sr) and C2 = 14387.7 µm K. 

Figure 48 shows the spectrum of the non-aluminized flame.  A comparison to an 

aluminized flame with Al particle feed rate of 5.6 g/min and carrier gas flow of 12.8 
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SLPM (Fig. 49) indicates the only significant difference to be a slightly higher region of 

continuum emission due to the aluminum and hot gases from 1 to 2 µm.  However, 

decreasing the carrier gas flow has a drastic effect on the observed spectrum (Fig. 50).  

As mentioned previously, lower flows of carrier gas allow increased interaction between 

the Al and oxidizer gases, and thus a more reactive flame.  The continuum emission for 

this flame is so intense that it not only saturates the spectrometer but appears to induce 

errors in certain pixels (as indicated by negatively saturated intensities). 
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Figure 48:  Mid-IR spectrum in non-aluminized burner flame. 
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Figure 49:  Mid-IR spectrum in burner flame with Al particle feed rate of 5.6 g/min and 
carrier gas flow of 12.8 SLPM. 
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Figure 50:  Mid-IR spectrum in burner flame with Al particle feed rate of 5.6 g/min and 
carrier gas flow of 3.2 SLPM.  Gray body fit of 2550 K and ε = 0.1. 
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Figure 51:  Mid-IR spectrum from propellant ‘A’.  Gray body fit of 2550 K and ε = 0.33. 

A comparison of the emission spectra from the aluminized burner flame (Fig. 50) 

and propellant ‘A’  (Fig. 51) indicates that there are some differences in the product gases 

in the flames.  These spectra do not allow for quantitative comparisons, but the relative 

intensities of the emission bands at 3.5 µm (CO2 and H2O) and 4.5 µm (CO2) imply a 

lower concentration of H2O in the aluminized burner flame. 

The technique of fitting a gray body curve to spectra to deduce flame temperature 

has been used by Jensen [2006] for propellant fires at Sandia.  The best fit gray body for 

propellant ‘A’ is for ε = 0.33 and T = 2550 K, which is consistent with the two-color 

temperature analysis above.  The best fit gray body for the aluminized burner flame is for 

T = 2550 K and ε = 0.1.  Aluminum and aluminum oxide have a very low emissivity, 

therefore the lower emissivity of the burner flame is realistically feasible if the radiant 

emission is dominated by Al and Al2O3. 
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Figure 52:  Mid-IR spectrum in burner flame with Al particle feed rate of 5.6 g/min and 
carrier gas flow of 3.2 SLPM.  Gray body fit of 3175 K and ε = 0.026. 

 
Sivathanu [2005] uses a gray body to estimate the Al particle temperature by 

fitting a gray body curve to a spectrum in the regions from 2 to 2.5 µm and 3.5 to 5 µm.  

Figure 52 shows an application of this method to the aluminized burner flame.  A best fit 

in these wavelength ranges yields ε = 0.026, which is consistent with published values for 

aluminum [Touloukian, 1972], and the particle temperature is found to be 3175 K, which 

compares well with previous theoretical and experimental estimates [Sivathanu, 2005; 

Jackson, 2005]. 

5.5.3 Discussion 

Spectroscopic analysis of the aluminized burner flame provides a unique and 

valuable insight into the nature of this fire.  The emission in the range from 200 – 1100 

nm indicates that this flame yields very strong spectra of the AlO B2Σ+→ X2Σ+ system.  
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This spectra is often difficult to observe but allows for precise calculation of the Al 

particle temperature.  Though there has been no spectroscopic analysis in propellants in 

this spectral region performed at Sandia, future work will incorporate this and allow for 

comparison of radiant emission of the propellant and burner flames. 

In the mid-IR (1 to 6 µm), the emission from the aluminum and aluminum oxides 

is observed as continuum radiation at the shorter wavelengths.  Analysis and gray body 

fits of spectrum from the burner flame and propellant indicate that flame temperatures are 

similar.  There appears to be lower levels of H2O in the burner flame, and the 

contribution of aluminum species to the emission intensity in this wavelength range is 

much higher in the aluminized flame.  However, there is some debate as to how the 

propellant spectrum may be affected by the scale of the test sample.  The propellant fire 

discussed here was approximately 20 times larger than the burner flame.  This implies 

that the interior of the flame is much more thermally and spectrally isolated.  The 

emission from the flame boundary may be significantly different from the interior.  In 

any case, the structure of the spectra is similar in the two flames in that the primary 

emission bands are due to CO2, H2O, and continuum emission from Al species and hot 

product gases. 

5.6 Conclusions 

This study served to examine the combustion characteristics of a new and unique 

laboratory scale, aluminized burner flame.  The intent was to evaluate the effectiveness of 

this flame to simulate the environment in a solid propellant flame.  The analysis was 

based on various experimental techniques that are standards in combustion for measuring 

flame conditions.  The techniques employed as well as the entity measured are:  two color 
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pyrometry (temperature), heat flux gauges (heat flux), calorimetry (heat flux), 

spectrometry (flame species and temperature), and an Accuraspray particle sensor 

(temperature and particle velocity).  The burner flame temperature of 2750 K was 

virtually identical with previous measurements in propellants.  Heat flux gauge 

measurements gave insight into the influence of Al particle and carrier gas loading on the 

heat flux, but quantitative comparison with other experimental conditions are not feasible 

at this point.  However, these tests confirmed the view factor correction method 

attempted previously to correlate the narrow angle and hemispherical gauge readings.  

Spectroscopic analysis indicated that the emission from the aluminized flame is similar in 

structure to previous results from propellant flames.  However, emission of Al species is 

a much higher percentage of the total spectral intensity in the aluminized flame.  The 

most significant findings in the course of this work resulted from the calorimeter analysis.  

The primary interest of the Sandia propellant group is to evaluate the survivability of 

objects engulfed in a propellant flame.  The prevailing thought at this point is that the 

critical parameter in this analysis is the heat flux to the object, and a significant portion of 

this heat flux is due to Al/Al2O3 deposition.  Calorimeters provide the means to directly 

measure this heat flux.  Heat fluxes observed in propellants are typically on the order of 

100’s of kW/m2; much higher than typical hydrocarbon fires or even thermal spray 

flames.  Calorimeter results indicated the aluminized flame produced heat fluxes up to 

670 kW/m2.  This indicates that the burner is more than capable of recreating the high 

heat fluxes that exist in a propellant flame environment.  This is of great significance for 

future propellant tests at Sandia because the burner will allow testing of components in a 

much more versatile and safer setting. 
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CHAPTER 6   

ALUMINUM PARTICLE COMBUSTION 

6.1 Background 

One of the most complex aspects of propellant combustion is the burn physics of 

the aluminum particles.  The highest temperatures in the flame are associated with the 

localized particle combustion and a significant amount of the heat release to objects in a 

flame is due to particle deposition.  The oxidation of the aluminum particles tends to 

occur over much longer time scales than the conversion of the primary propellant 

(oxidizer/binder/fuel/plasticizer), during which time the particles are convected away 

from the burning surface.  When burning at elevated pressures as rocket motors are 

designed to operate, the propellant burns rapidly and aluminum particles are likely 

convected away from the surface as they are exposed.  When burning at ambient 

conditions, as in an accident scenario, it has been observed that the aluminum particles 

generally tend to stay on the surface of the propellant without burning for a period of 

time.  These particles cluster together to form larger agglomerates and are then lofted into 

the plume where burning takes place [Price, 1983].  As a result, a wide range of particle 

sizes must be considered in an effort to simulate propellant fire. 
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Figure 53:  Aluminum particle burn dynamics in a propellant flame 

The first process that must occur in Al particle oxidation in a propellant flame is 

the melting of the Al2O3 outer layer and the formation of a localized ‘cap’ on the particle 

surface [Dreizin et al, 1996 and 1999; Melcher, 2000].  The exposed liquid Al then 

evaporates and oxidizes in a gaseous cloud surrounding the particle, and the Al2O3 

formed can then diffuse outward or inward to join the ‘cap’.  The microscale burn 

dynamics are generally too intricate to be included in a computational model for a large 

scale propellant flame; therefore a better understanding of the macroscale aluminum burn 

dynamics and effects is desired for incorporation into a model.  For example, what is the 

relationship between the particle burn rates, temperatures, size, and composition with 

their height in the flame, flow velocity, flame temperature, particle load, etc?  A gas 
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fueled, propellant simulating burner provides an experimental setting where these 

variables can be independently controlled and adjusted. 

This study utilizes a differential scanning calorimeter to measure the percent 

aluminum vs. aluminum oxide in samples taken at varying heights in the flame.  From 

these measurements, the burn rate can be calculated.  These experimentally determined 

burn rates are compared to similar results from the literature and a 1-D particle 

combustion model. 

6.2 Particle Combustion Model 

A simplified numerical model for Al particles in a flame is developed in this study 

including stages describing Al heat up to melting followed by evaporation and 

combustion.  A mathematical description of Al particle burning dynamics is developed 

from fundamental principles of heat transfer and combustion and permits a simplified 

understanding of Al particle combustion in an environment representative of a burning 

propellant. The model evaluates Al particle temperature and size histories from insertion 

into the flame through burnout.  The mathematical description involves two models, the 

first describes particle heating to boiling, and the second describes evaporation and 

combustion. 

In the first model, a single Al particle is heated from ambient conditions to the 

boiling point. A modified lump capacitance approach is used that incorporates phase 

changes.  Aluminum particle temperature histories are determined as a function of 

particle size and burner flame temperature.  For spheres at an initial uniform temperature, 

the modified lump capacitance method is approximated as [Incropera, 1996]: 
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where C1 and  are coefficients. 1ζ

To find the time for the phase transition between these two states (heat of fusion 

hsf), an energy balance is performed relating the heat gained at the surface to the change 

in internal energy.  For strictly phase change this becomes: 

hAs(Tflame - Tmelt)t = m hsf (11) 

where t is the total time for phase transition to occur. 

For analysis of the particle interaction in the burner flame after reaching the 

boiling temperature, a droplet evaporation and combustion model is used.  The Dn law 

(Eqn. 12) is used to find the time to complete particle oxidation [Turns, 2000]. 

tKD(t)D n
i

n −=  (12) 

where )Bln(1cρ
8kK qo,

pgl

g +=  (13) 

Setting D(t) = 0 yields: 

tKDn
i =  (14) 

For spherically symmetric droplet combustion with only conduction heat transfer, the 

value of n is 2.  However, some experimental data has suggested values varying between 

1.2 and 2.5 [Beckstead, 2000], depending on environmental conditions.  Variations in n 
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can come from asymmetry associated with particle motion or with the oxide cap, 

radiative transfer, or long droplet heating transients. 

6.3 Particle Sampling and Analysis 

 The flame used is a mixture of O2, N2, CH4, and C2H2 with flow rates of 12, 2, 4, 

and 2 LPM respectively.  The theoretical adiabatic flame temperature is 3500K.  Using 

two-color pyrometry, the measured flame temperature is 2700K.  It should be noted that 

this is the flame temperature prior to introduction of the N2 carrier gas and Al.  The 

aluminum particles are sampled from the flame using a 2” square copper coupon and 

analyzed for Al vs. Al2O3 content using a combination of thermogravimetric analysis 

(TGA) and differential scanning calorimetry (DSC).  This technique heats a sample in an 

oxygen environment to promote oxidation of the remaining unreacted aluminum.  TGA 

measures the mass increase resulting from this reaction, and DSC measures the aluminum 

melting endotherm.  A sample of the results from the TGA and DSC are shown in 

Figures 54 and 55. 
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Figure 54:  TGA results for the 60 µm Al particles sampled 9" above the burner surface. 
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Figure 55:  DSC results for the 60 µm Al particles sampled 9" above the burner surface. 

The results of this analysis for 60 µm particles, 12.8 LPM N2 carrier gas flow, and 

5.5 g/min particle feed are shown below.  These results are based on the manufacturers 

rating of 99.7% pure Al particles.  Though there is some deviation, this data strongly 

indicates the expected results of the Al oxidation reaction proceeding with height. 

Table 7:  Results of DSC and TGA analysis. 

Sample # 1 2 3 4 5 6
Height (in.) 3 6 9 12 15 18
DSC   
Endotherm Area (J/g) -145.2 -128.9 -86.63 -46.54 -50.4 -31.1
mass % of unreacted Al 36.41035 32.32296 21.72334 11.67037 12.6383 7.798636
% of reaction 48.03265 52.56367 65.60025 80.02233 78.53284 86.22012
TGA   
%mass increase 27.77 22.1 10.04 3.9 4.41 1.96
mass % of unreacted Al 31.21811 24.84408 11.28663 4.38425 4.957575 2.203367
% of reaction 53.83272 61.55288 80.61928 92.02675 91.02813 95.91669
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Figure 56:  Percentage of Al reacted vs. height. 

As can be seen in Figure 56, the TGA indicates more Al2O3 content than the DSC 

at every sampling height.  This is most likely due to the Al2O3 particle shell inhibiting 

oxygen interaction with Al in the particle interior and the oxidation reaction not being 

complete as implied in the analysis.  This phenomenon has been observed previously at 

Sandia in similar analysis with aluminum [Massis, 2006].  This would cause the results to 

be biased towards higher Al2O3 content in the samples.  However the DSC results are 

implied from the heat of fusion of the aluminum in the sample and do not rely on the 

oxidation reaction.  Therefore, the TGA results are assumed to be somewhat flawed and 

the DSC results the most accurate.  However, a comparison of the DSC and TGA results 

indicates a similar pattern in the ‘scatter’ of the data which implies that this ‘scatter’ is 

inherent in the nature of the samples rather than the analysis technique. 
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6.4 Comparison of Experimental Results to Model 

The results of the experimental analysis of particle combustion are compared to a 

1-D particle combustion model to evaluate the departure of the experimental conditions 

from ideal.  An Accuraspray particle sensor is used to measure the particle velocity in the 

flame.  The particle velocity used in conjunction with the results of the DSC analysis 

yield the time to complete oxidation of aluminum.  The experimentally observed time to 

complete oxidation is approximately 49 msec, while theoretically calculated value using 

the D2 law (Eqn 12) is 17 msec.  There are many experimental factors that could cause 

longer burn times, but it is likely that the most significant factor is the N2 used as a carrier 

gas for the particles.  The model assumes the particles are burning in air.  As discussed 

previously the inert carrier gas thermally and chemically isolates the particles from the 

flame.  To begin to burn or react the particles must be heated and interact with oxidizer 

gases.  Using a value of n = 1.8 in the Dn law yields a theoretical burnout time of 55 

msec.  These longer burn times are similar to previous results from studies of aluminum 

particle combustion in oxygen deficient environments [Wilson, 1971; Prentice, 1974; 

Dreizin, 1996; and Zenin, 1999].  Again, this suggests that the burner design and flame 

dynamics result in the N2 carrier gas influencing the combustion such that the majority of 

the aluminum oxidation reaction occurs in a low oxygen environment. 

The particle burn times calculated here are shown in Figure 57 along with results 

from the 1-D model and a compilation of experimental data originally presented by 

Beckstead [2000]. 
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Figure 57article burn time as a function of particle radius 

6.5 Conclusions and Future Work 

Particle sampling and analysis of aluminum in the simulated propellant flame 

proved successful for determining the burning rate of the particles and was consistent 

with results from the literature for similar conditions.  Though the TGA analysis may be 

fundamentally flawed, the DSC results indicate a burnout height of approximately 22 in. 

and a total burn time of 49 msec.  Using this data in conjunction with a 1-D particle 

combustion model implied a value of n = 1.8 in the Dn law (Eqn. 12).  This result is 

similar to those found in the literature for oxygen deficient Al particle combustion. 

These results give confidence in both the experimental and analytical methods 

that these techniques can be used to build a matrix of information to support the 

development of three dimensional, macro-scale particle combustion model.  Future work 
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will expand the experimental variables that affect the particle burn rate.  These will 

include:  particle size, particle mass flux, carrier gas volumetric flow rate, flame 

temperature, and gas composition.  Throughout the course of this work it has been shown 

that the N2 carrier gas has a significant effect on the particle combustion.  To quantify 

this effect there are two methods that will be utilized.  First, adjust the carrier gas flow 

rate; however, it should be noted that this will in effect be altering two experimental 

conditions:  the oxygen content in the particle combustion environment, and the particle 

residence time in the flame.  Second, change the composition of the carrier gas.  There 

are significant hazards that will require a safety analysis, but if the Al could be fed using 

air as a carrier gas it would eliminate the reaction inhibition caused by N2. 

Though the TGA analysis proved useful, it appears to be flawed for this specific 

technique.  Future DSC results will be verified using a scanning electron microscope 

(SEM) utilizing energy dispersive spectroscopy (EDS).  This method was previously 

proven successful by White [2006].  In addition, a new experimental technique utilizing 

x-ray spectroscopy may prove useful in verifying Al composition in samples [Aselage, 

2006]. 
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CHAPTER 7   

DISCUSSION AND CONCLUSIONS 

The work presented here detailed the development, initial testing, and 

characterization of a new and unique propellant simulating burner.  This effort 

encompassed four distinct projects in which this burner was utilized to provide a unique 

experimental flame environment.  These studies accomplished two primary objectives:  

characterization of the burner flame and verification that the burner fulfills its design 

purpose of recreating small scale propellant flame conditions. 

First, the burner was used as a test platform to support the development of a 

thermocouple model in sooty conditions.  Temperature measurements and 

complementary computations were acquired for a soot-producing flame to evaluate the 

performance of the VULCAN thermocouple model in conditions representative of 

sooting fire environments of interest at Sandia National Laboratories.  In soot-producing 

flames, soot can deposit on the thermocouple and increase radial conduction resistance, 

suppressing the measured temperature.  This effect was easily observable in the high soot 

environment produced by the propellant simulating burner.  There was also error 

introduced by modeling the flame as a non-reacting product plume and neglecting 

conduction to the thermocouple.  Though the physics of these trends were not modeled in 

VULCAN, the model attempted to capture thermocouple error as a function of soot 

volume fraction or equivalence ratio.  These tests indicated the computations are in 

reasonably good agreement with the experiment since VULCAN predicted an error 

ranging from 36% to 47%, while measurements showed a near constant error of 40%.  
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These results provide great confidence that the VULCAN virtual thermocouple model is 

capable of predicting thermocouple error in future flame tests. 

Second, a similar sooty flame was used to evaluate the performance of CARS 

methods in these conditions.  The heavily sooting acetylene-rich fuel jets provided by this 

burner permitted the assessment of dual-pump CARS thermometry in more strongly 

sooting environments than have previously been reported.  The wavelength of the dual-

pump CARS signal was scanned from 482.4 to 497.5 nm by tuning the frequency of the 

second pump beam.  Tuning the second pump beam to 544.5 nm produced a resultant 

CARS signal at a relatively minimal interference wavelength of 483 nm which lies 

between C2 Swan band signals.  This method allowed reliable shot-averaged CARS 

temperatures to be obtained in the acetylene-rich fuel jets for soot volume fractions as 

high as 2.2 ppm.  These first two projects also served to evaluate the internal flame 

geometry and flow field by developing a 3-D map of the soot volume fraction using 

absorption-calibrated LII. 

Third, the aluminized burner flame is compared to other flame conditions 

including propellants using a variety of common combustion diagnostic techniques 

including pyrometry, calorimetry, spectroscopy, and particle sensors.  This analysis 

estimated the effectiveness of the burner to fulfill its design to simulate propellant fire.  

The techniques employed as well as the entity measured are:  two color pyrometry 

(temperature), heat flux gauges (heat flux), calorimeter (heat flux), spectrometers (flame 

species and temperature), and an Accuraspray particle sensor (temperature and particle 

velocity).  The burner flame temperature of 2750 K was virtually identical with previous 

measurements in propellants.  Heat flux gauge measurements gave insight into the 
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influence of Al particle and carrier gas loading on the heat flux, but quantitative 

comparison with other experimental conditions are not feasible at this point.  However, 

these tests confirmed the view factor correction method attempted previously to correlate 

the narrow angle and hemispherical gauge readings.  Spectroscopic analysis indicated 

that the emission from the aluminized flame is similar in structure to previous results 

from propellant flames.  However, emission of Al species was a much higher percentage 

of the total spectral intensity in the aluminized flame.  The most significant findings in 

the course of this work resulted from the calorimeter analysis.  The primary interest of the 

Sandia propellant group is to evaluate the survivability of objects engulfed in a propellant 

flame.  The prevailing thought at this point is that the critical parameter in this analysis is 

the heat flux to the object, and a significant portion of this heat flux is due to Al/Al2O3 

deposition.  Calorimeters provide the means to directly measure this heat flux.  Heat 

fluxes observed in propellants are typically on the order of 100’s of kW/m2; much higher 

than typical hydrocarbon fires or even thermal spray flames.  Calorimeter results 

measured heat fluxes in the aluminized flame up to 670 kW/m2.  This indicates that the 

burner is more than capable of recreating the high heat fluxes that exist in a propellant 

flame environment.  This is of great significance for future propellant tests at Sandia 

because the burner will allow testing of components in a much more versatile and safer 

setting. 

Lastly, the burner was used to evaluate aluminum particle combustion in the 

simulated propellant flame.  Particle sampling and analysis of aluminum in the flame 

proved successful for determining the burning rate of the particles and was consistent 

with results from the literature for similar conditions.  Using a DSC to analyze aluminum 
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content in samples taken at different heights in the flame, the measured burnout height 

for a feed rate of 5.5 g/min of 60 µm particles with a 12.8 LPM N2 carrier gas flow in a 

2750 K flame was approximately 22 in. which yielded a total burn time of 49 msec.  

Using this data in conjunction with a 1-D particle combustion model implied a value of n 

= 1.8 in the Dn law (Eqn. 12).  This result was similar to those found in the literature for 

Al particle combustion in oxygen deficient conditions.  These results give confidence in 

both the experimental and analytical methods that these techniques can be used to build a 

matrix of information to support the development of a three dimensional, macro-scale 

particle combustion model. 

The result of the entirety of this work is a well characterized burner capable of 

producing an aluminized flame that simulates the environment seen in a small scale 

propellant fire.  The wide variety of experimental data collected in a range of flame 

conditions serves to further the understanding and predictability of flame attributes such 

as thermal performance and flow field.  Most importantly, the burner was proven capable 

of reproducing the high heat fluxes seen in propellant flames and in providing a test 

platform for evaluation of aluminum particle combustion dynamics in propellant 

conditions. 
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