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Abstract. Pyrotechnic compositions using polyurethane as binder were designed to maximize the
temperature of combustion and the burn rate. The flares consisted in mixtures of potassium
perchlorate/Mg-Al alloy/polyurethane/additives. In order to determine the optimum input ratio that
conducts to the most appropriate solution in terms of theoretical amount of heat released, specific
volume of gaseous products and chemical composition, Explo5® thermochemical software runs were
executed. Further, the temperature of combustion and the burn rate were determined by infrared
thermography, while the heat of combustion and the specific volume of gases were obtained using an
adiabatic calorimeter coupled with a Julius-Peters volumeter. The fuel ratio was varied in the
compositions in order to optimize the combustion, and the addition of chlorinated rubber confirmed a
significant enhancement in both parameters.

Keywords: burn rate, infrared thermography, pyrotechnics, calorimetry, thermovision

1. Introduction

Pyrotechnic compositions are widely used in military and industrial applications, life-saving
equipment and fireworks display shows [1-3]. An ordinary use of pyrotechnic devices is the generation
of electromagnetic radiation. In order to obtain the desired effect, the chemical composition of the
pyrotechnic material can be tailored to obtain colored light, illumination or infrared radiation. Infrared
radiation pyrotechnic generators are widely used as decoy flares, in air evasive manoeuvres against
thermal seeking missiles. The state-of-the-art in the field shows the use of Magnesium-Teflon-Viton
(MTV) pyrotechnic formulations as the most mature infrared generating devices [4]. The main
disadvantage of MTV compositions is that they emit a grey body-like radiation, and can be discriminated
by 3™ generation infrared seeking missiles as false targets. Recent research studies have evaluated the
possibility of employing nitro aromatic and nitrogen rich compounds as a base for pyrotechnic
compositions to obtain a bispectral emission, tailored for the sensing elements existent on board of the
missile [5-7]. Though, these formulations lack in obtaining a satisfactory burn rate or an irradiative
power.

From an operational point of view, the flare ammunition is subjected to intense vibration due to the
flight regime of the aircraft, while the pyrotechnic grain is highly accelerated during ejection from the
flare cartridge. Thus, polyurethane solvent-free binary formulations may represent a great choice when
necessary to obtain a complex shape (e.g., rectangular with textured faces) and various thickness-
pyrotechnic grains, since such formulations can be easily casted, while the curing process is free of
solvent release and it avoids the appearance of bubbles inside. Another important advantage of
polyurethane-based formulations is related to the release of rich carbon- and hydrogen- combustion
products, improving the spectral performance of the formulation.
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Such compositions show low friction, electrostatic and impact sensitivity, while the polymer matrix
used in the formulations has a good chemical stability and protects the energetic ingredients against
degradation caused by moisture and oxidation [8-9].

It is very difficult to predict theoretically the characteristics of pyrotechnic formulations, thus being
mandatory to experimentally determine the combustion temperature and the burn rate of the
composition, two of the main factors to be included in the design of flare compositions for practical
applications. Since flare pyrotechnics develop high temperatures of combustion that are difficult to
measure due to equipment limitation, direct temperature measurements by contact are very hard to
acquire in the targeted temperature range. In this regard, stand-off measurements by laser pyrometers
and infrared thermography are successfully employed for pyrotechnic combustion temperature
determination [10-12]. More, pyrotechnics burn rate is very difficult to predict theoretically due to their
component heterogeneity (fuel, oxidizers, and binders). There are several factors that influence the burn
rate of pyrotechnic formulation, such as chemical composition, oxidizer and fuel particle dimensions,
type of binder, implementation procedure and formulation components mixing efficiency, and also the
density of the material in compressed state [13-18].

In the present study, the research has focused on the preparation and characterization of
polyurethane-based flare formulations, the motivation relying on some important advantages of
polyurethane matrix over the Viton or epoxy-based formulations used previously [19-20], such as better
mechanical properties, due to its elastic-plastic behavior. In order to combine the facile ignition of
magnesium with the high energy content of aluminum, a magnesium-aluminum alloy, commercially
sold as Magnalium, has been employed as fuel. This material has been widely used in pyrotechnics,
especially in illumination and flash compositions [8-9,21-23].

2. Materials and methods
2.1. Materials

The pyrotechnic formulations consisted in a polymer matrix obtained by solvent free cross-linking
of a castor oil-based polyol - Sethatane D1150 (4.7+0.2% hydroxyl content, and 3500+500 mPa.s
viscosity at 23°C, from Nuplex) with diphenylmethane diisocyanate - Desmodur VL (31.5+£0.5% NCO
groups, 90£20 mPa.s viscosity at 25°C, from Covestro) in a ratio of 2:1 by weight. The oxidant,
potassium perchlorate (98% purity, 100 pm-average particle dimension), the fuel Magnalium
(Al:Mg=1:1 by weight, 63 um-average particle dimension) and the powdered chlorinated rubber, Parlon,
were purchased from Pyrogarage. The plasticizer, the dioctyl phthalate (98% purity) and the solvent -
acetone (98% purity) were procured from Sigma Aldrich.

2.2. Formulation and casting of pyrotechnic compositions

All powdered materials were sieved in order to desegregate the chunks and were dried for 24 h at
60°C in a ventilated oven. The potassium perchlorate was weighted and put in a mixing mortar together
with the liquid dioctyl phthalate. After 2 min.-mixing, the fuel was added progressively while continuing
to mix. Further, the powdered Parlon was added. In parallel, the liquid polyurethane binder was prepared
by mixing Setathane D1150 and Desmodur VL (the pot-life is maximum 30 min.) together with 2 g of
acetone, mixing continuously for 10 min. until the acetone evaporated and the mixture started to warm
up due to the beginning of the curing process.

100 g-batches of each formulation were fabricated for tests, which have been performed for each
composition at least in triplicate. The material was pressed into polylactic acid-3D printed tubes with
100+1 mm in length and 10 mm internal diameter. The thickness of the tube wall was 1.2 mm. The
materials were inserted in the tubes by repeatedly pressing 2-4 g portions with a force of 20 kN, until
each tube was filled with 30+0.5 g of pyrotechnic material. The samples were left to cure for 24 h at
40°C in a ventilated oven. All the tubes were primed with 0.2 g of ignition composition, and added over
the column of pyrotechnic mixture. Each test tube had a 100 mm-length in order to obtain enough
combustion distance, and to minimise the error generated by ignition and extinguishment of the flame
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front. The chemical compositions of the formulations are presented in Table 1. Formulation F7, missing
from Table 1, without Parlon and containing 47.5% Magnalium, could not be initiated because of the
low amount of oxidant in the composition and, thus, it was not investigated further.

Table 1. Pyrotechnic formulation of the flare compositions

Flare Potassium Parlon Desmodur VL Sggi?g € Dioctyl phthalate Magnalium

perchlorate (%) (%) (%) (%) (%) (%)

F1 70 0 25 5 5 17.50

F2 70 7.5 25 5 5 10

F3 60 0 25 5 5 275

F4 60 7.5 25 5 5 20

F5 50 0 25 5 5 375

F6 50 7.5 25 5 5 30

F8 40 7.5 25 5 5 40

2.3. Thermochemical calculations

Explo5® isochoric combustion model was used to predict the heat of combustion, the flame
temperature and the volume of gaseous products in confined conditions, and further on to compare the
results with experimental determinations, which were performed using an adiabatic calorimeter. The
isochoric model of combustion uses virial equation of state to describe the combustion products as real
gases. This is an important feature since in confined conditions the pressure rises during combustion and
it is high, thus the ideal gas equations of state become irrelevant [24]. The chemical equivalent formula
and the thermodynamic parameters used as inputs by Explo5® software are given in Table 2.

2.4. Determination of the combustion temperature

The method and the equipment used for the measurement of pyrotechnic formulations combustion
temperature are based on stand-off measurement of the infrared radiation generated by combustion
products, transmitted through the atmosphere to a thermal camera FLIR X6580sc with InSh detector in
the band 1.5-5.4 um and F/3 aperture with 640x512 pixels digital sensor. The lens used was a MW with
F/2 focal length and 50 mm aperture with High temp filter MW 60%, factory calibrated within the range
from 300 to 2500°C, with a temperature measurement accuracy of +1%. The frame rate used for
acquisition was 50 Hz with a 30 us integration time. The pyrotechnic test tubes were measured in the
following conditions: 3 m distance to camera, reflected temperature 20°C, and atmospheric temperature
20°C with 60% relative humidity. A fan placed 1 m away from the combustion source, generating a 4
m/s wind speed, was used to divert sideways the smoke generated by combustion. The emissivity factor
for the combustion surface was set to 0.75 [10, 26, 27] for all the measurements.

Table 2. Thermochemical properties of reagents [25]

Reagent Equivalent chemical Theoretical maximum density Heat of formation
formula (g/cmd) (kd/mol)
Potassium perchlorate KCIO4 2.528 -432
Parlon CioHuCl7 15 -2200
Polyurethane Cs.29H10N0.201.47 1.05 -268
Dioctyl phthalate Ca4H3804 0.985 -1082
Magnalium AlMg 2.2 0

The thermal measurements have been recorded and interpreted using the FLIR ResearchIR Max®
software. The total combustion time has been recorded and the core combustion temperatures have been
measured using a 10x10 pixel circle region of interest (ROI) placed on an approximate surface of 20
mm? on the combustion surface. The specific measurement ROI and the acquisition frame for a basic
composition and one additivated with Parlon are shown in Figure 1. A time-temperature plot was
recorded for three samples of each type of pyrotechnic formulations. The onset of the steady burning
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regime has been set at the moment where the burning temperature becomes stationary and the data
analyzed were considered between the beginning and the end of steady burning, as shown in Figure 1
for composition F8. The measurement has been conditioned by averaging the temperatures measured
inside the ROI (80 pixels average) and also by averaging the time-dependent measurements by a factor
of 10 (from 50 Hz to 5 Hz). The resulting temperature-time plot is shown in Figure 3 in the case of
composition F1.

In order to quantify the heat released as radiation and to compare it with the total heat of combustion,
the radiant exitance was measured as a secondary performance parameter of the pyrotechnic
formulations. For the radiant exitance, the same data conditioning was applied. The parameter was
calculated from the temperature recorded using the Stefan-Boltzmann law [10].

Figure 1. The ROI measurement for compositions F5 (left) and F8 (right)

2.5. Burn rate measurement

The burn rate has been determined by the thermal camera FLIR X6580sc and also with a regular
visible camera set at 30 frames per second. Only the tests that showed steady burning (constant
temperature) were considered, in order to exclude measurements where the test tubes choked, causing a
rise of local pressure and variations in the burn rate. The burning period considered in the measurement
is provided in Figure 2,
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Figure 2. Data acquisition from ROI temperature for formulation F8
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Figure 3. Data acquisition from ROI temperature for formulation F1

2.6. Determination of the heat of combustion and of the specific volume

The heat of combustion is an important factor in the evaluation of pyrotechnic compositions
performance. In adiabatic conditions, if the combustion products are known, heat of combustion may
support the theoretical estimation of the combustion temperature. This parameter was measured using
an adiabatic ballistic calorimeter AVL 1805 with a 25 cm? cell and a Beckman thermometer (0.01 K
precision). The ignition was performed with electric igniters of known calorific equivalent. After being
grinded and dried for 24 h, 2 g-samples of each type of pyrotechnic formulation were tested. The cell
was pumped to vacuum before the determination. The heat of combustion was calculated using equation
(1):

KAt -
Q=" &)
[0

where: Qc - heat of combustion (cal/g); K - calorific equivalent of the calorimeter (1364.393 cal/K); At
- difference between initial and final temperatures, read on the Beckman thermometer (K); q — calorific
power of the electric igniter (cal); o - quantity of pyrotechnic formulation analyzed (g).

The specific volume of combustion gaseous products has been measured after the determination of
the heat of combustion, by venting the cell, at room temperature in a Julius-Peters vacuum tube. This
determination measures the volume of gaseous combustion products at standard temperature and
pressure conditions, and the water combustion products remain condensed in the cell. The specific
volume of combustion was calculated using the formula from equation (2):

W AH % 27315 ;

Vc = -— *Vei (2)
0+ 760%(27315+1)

where: V. - specific volume of combustion gases for the pyrotechnic formulation (I/kg); W - volume of
the calorimetric bomb and the gas meter tube (3175 cm®); AH — pressure difference in the Julius Peters
vacuum tube (mmHg); o— mass of the sample analyzed (g); t - ambient temperature (°C); wi — mass of
the igniter used to initiate the sample (g); Vei — specific volume of the pyrotechnic composition of the
electric igniter (previously determined — 184.59 1/kg).

3. Results and discussions

Thermochemical calculations in adiabatic conditions were performed in order to determine the
adiabatic flame temperature for both isobaric (atmospheric pressure) and isochoric combustion. In
isochoric conditions, calculations were also made in the range 500-2500 K, in order to determine the
temperature at which the chemical equilibrium freezes, based on the measurements of specific volume
and heat of combustion determined experimentally in the calorimeter. In terms of performance, the best
results were obtained by formulations F5 (a fuel rich formulation) versus F1 and F3, and by F8 (Parlon
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additivated formulation) versus F2, F4, and F6. For these formulations, the chemical composition, the
enthalpy of formation of combustion products and the quantity of gaseous products are represented in

Figures 4-7.
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Figure 4. Temperature-dependent chemical equilibrium of combustion
products in isochoric conditions in case of formulation F5

Both formulation F5 and F8 are fuel-rich compositions, having -36% and, respectively, -49%,
oxygen balance. The chemical composition of the combustion products is dependent both on temperature
and pressure. In order to perform a viable comparison between the theoretical results and the
experimental determinations, the thermochemical calculations were made at 0.08 g/cm loading density.
At temperatures below 1500 K, the entire quantity of magnesium is oxidated, while the rest of the
available oxygen is consumed for obtaining Al2Os. At temperatures above 1500 K, the equilibrium
begins to change in favor of the formation of Al>O3, while excess Mg is found in the composition. At
temperatures over 2000 K, gaseous KCI decomposes, the reaction being detrimental for the quantity of
heat produced in the global reaction, as it can be seen in Figure 6. The polyurethane used in the
formulation thermolyses to carbon and methane without formation of oxidation products. The methane
is further decomposed at higher temperatures to carbon and molecular hydrogen. A part of the carbon
available is oxidized to carbon monoxide at temperatures above 2000 K.
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Figure 5. Temperature-dependent chemical equilibrium of combustion
products in isochoric conditions in case of formulation F8
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Figure 6. The enthalpy of formation of combustion products in isochoric conditions at
diferent flame temperatures for compositions F5 (left) and F8 (right)

In terms of heat released during the reaction, the global chemical equilibrium has a better output at
lower temperatures since it prevents the formation of heavy gas molecules, such as KCI and Mg. Due to
its higher enthalpy of formation, it is desirable to obtain Al>O3 against MgO, but the amount of oxygen
used for Al oxidation reaction is elevated, thus the overall heat formation is diminished at greater
temperatures. Also, a higher flame temperature promotes the formation of gaseous species, consequently
to the decomposition of one mole of CH4 in two moles of H; and also the vaporisation of heavier
molecules, such as Mg and KCI, as one may notice from Figure 7.
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Figure 7. The number of moles of gaseous combustion products resulting in isochoric
conditions at diferent flame temperatures for compositions F5 (left) and F8 (right)
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In isochoric combustion conditions, at low oxygen balance of the formulations, the presence of Parlon
produces a higher amount of C, CH4 and H> as pyrolysis products of the additive, while the available
chlorine atoms react with Mg to form MgCl., by an exothermic reaction.

Since, in isobaric conditions, at atmospheric pressure, the heat lost to the environment and to the
unburned fraction of the pyrotechnic grain is important, calculations were made also for the range 500
to 2500 K, in order to evaluate the chemical equilibrium of combustion products as a flame temperature-
dependent plot. Based on the flame temperature measurements, the chemical composition of combustion
products, the heat of combustion and the volume of gaseous products may be calculated more precisely.
The calculations were made on the assumption that post combustion with air does not take place in the
combustion front, as combustion products create a continuous flow sideways, diverted by the wind speed
generated by the fan. The post combustion process can be observed on the thermal camera outside of the
combustion front.

The chemical composition, the enthalpy of formation of combustion products and the quantity of
gaseous products in isobaric (1 bar) combustion regime are represented in Figures 8-11 for a fuel-rich
formulation (F5) and for a Parlon additivated formulation (F8).

The flame temperature is the detrimental parameter in the chemical equilibrium at atmospheric
pressure. Normal pressure conditions promote the formation of gaseous products, especially at
temperatures above 1300 K. At this temperature, an abrupt change in the oxidated species is observed,
the concentration of MgO drops and Al>Oz forms in higher amounts, from 1300 K to 1900 K. At
temperatures over 1700 K, a rapid rise in CO production can be observed, the reaction consuming a high
amount of oxigen, limiting the ascendent trend of Al,O3 formation. At temperatures above 1900 K, the
MgO is not encountered anymore among the combustion products, while Al,Oz amounts remain nearly
constant. Also, all the oxygen available in the mixture is consumed for CO formation in increasing
amounts.

10000

2000

5000

7.000 -
§ e AKCI
3 e e e e -=-Clgn)
g 6000 e . -
z He
= o
£ 5000 A
X N2
g -k
4000 P
k-4 KCH
=z
H —- K|
3000 o ’ - | —=KC

2000
-8~ Others

1000

0000 »
50 700 200 1100 1300 1300 1700 1900 2100 300 2300
temperatues (X)

Figure 8. Temperature-dependent chemical equilibrium of combustion
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Figure 9. Temperature-dependent chemical equilibrium of combustion
products in isobaric (1 bar) conditions in case of formulation F8

The global heat produced during the reaction is highly affected by the formation of CO, as shown in
Figure 10, while the volume of gas species rises sharply in the range 1500-1900 K (Figure 11), the rise
being attributed to the gaseous Mg present in the combustion products and also to the high amount of
CO formed at temperatures above 1500 K. The role of the Parlon additive in the combustion seems to
be minimal, as the polymer pyrolyses into carbon and methane, and further to carbon and molecular
hydrogen at higher temperatures. The entire amount of chlorine resulted from the decomposition of the
additive reacts with Mg, this one being a temperature-independent reaction.
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Figure 11. The number of moles of gaseous combustion products in isobaric conditions
(1 bar) at diferent flame temperatures for compositions F5 (left) and F8 (right)

The heat of combustion and the volume of gaseous products have been calculated as a function of
flame temperature in both isochoric and isobaric (1 bar) conditions. As plotted in Figure 12, the
dependence of the calculated parameters on the flame temperature is more important in isobaric
conditions. Further, the heat of combustion and the volume of gas species were calculated versus the
experimental determinations, taking into account the state of matter of the combustion products at 293
K. The thermochemical calculations of heat of combustion in isochoric conditions (Qv const) were plotted
as a function of flame temperature (in case of formulations F5 and F8, in Figure 13), while the heat of
combustion values obtained experimentally were plotted as constant (Qexp).
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Figure 12. The heat of combustion and specific gas volume in isobaric 1 bar-conditions (left)
and in isochoric p=0.08 g/cm3-conditions (right)
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Figure 13. Heat of combustion and specific volume thermochemical calculations and
experimental determinations for compositions F5 (left) and F8 (right)

Similarly, the volume of combustion products was plotted as a function of flame temperature (Vv
const.), While the experimental value determined using the Julius Peters volumeter was constant. The
convergence in a narrow range of flame temperature of the experimental and theoretical values for both
volume and heat of combustion represent a validation of the theoretical model and, also, can provide
information on the temperature at which the chemical equilibrium of combustion products freezes.

In Table 3, the experimental values for the heat of combustion and the specific volume of combustion
gases are presented. The steady state temperature of the chemical equilibrium of combustion products
was determined by interpolation through linear regression with the theoretical values calculated in
isochoric conditions. The chamber pressure in thermodynamic equilibrium conditions was calculated
considering a loading density of 0.08 g/cm?.

It can be observed that, for high-oxygen balance formulations, such as F1 and F2, the heat of
combustion and the specific volume calculated do not converge correctly with the experimentally
determined values. This can be attributed to the formation of water as a combustion product, which
condenses in the adiabatic calorimeter, conducting to a rise in heat of combustion and a loss of gas
volume. Even with these corrections, the error is still broad for high oxygen balanced formulations and
especially for those including Parlon (e.g., F2). This error can be attributed to CO/CO; equilibrium in
the combustion products ratio, which is hard to determine in complex formulations such as F8.

Temperatures and burn rates were determined experimentally on all formulations, both for standard
compositions and for Parlon-containing compositions (1.5-10% additive). In Figure 14, the
experimentally determined average flame temperature, the burn rate, the specific volume of combustion
gases and the heat of explosion are plotted as a function of fuel ratio (% Magnalium).
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Table 3. Experimental heat of combustion and specific volume of combustion gases,
calculated temperature and pressure

. . Temperature
. Q (determined) V(determined) Pressure (calculated)
Formulation Kilkg likg (calc1|J<Iated) MPa

F1 7070.96 290.53 905-1838 7.195-16.833
F2 6652.96 236.70 - -

F3 7501.91 285.37 2003-2403 15.83-19.53
F4 6439.18 330.92 1183-1235 11.50-11.81
F5 7568.85 219.40 2366-2470 13.94-18.12
F6 6485.2 298.94 2468-2574 20.25-23.70
F8 6422.44 233.07 2248-2314 14.58-15.66

{2) Average flame temperature (b} Burn rate

(c) Heat of combustion (d) Specific volume of gasecus products

Figure 14. Fuel ratio influence against the combustion parameters of the pyrotechnic formulations

In Figure 15, a comparison between the heat of combustion determined experimentally and the
energy emitted through radiation, calculated for 1 kg of pyrotechnic formulation, was made, this energy
being proportional with the radiant exitance and the burn time, as per equation (3):

T xoxAxr

Eradiation = ang (2)

where: Eradiation - €nergy emitted through radiation by 1 kg of energetic material (kJ/kg); Tavg - average
measured flame temperature (K); o - Stefan-Boltzmann constant (5.6704-10"% W-m2-K™); A - burning
front surface (m?); T - burn duration (s); ® - mass of the tested pyrotechnic formulation (kg).

Further, in Figure 16, the experimentally determined average temperature and burn rate were plotted
as a function of additive ratio (% Parlon) for F4 (20% Magnalium) and F6 (30% Magnalium). Measured
flame temperatures of the tested pyrotechnic formulation are directly proportional with the fuel ratio.
For the basic compositions (Figure 14-blue line), the flame temperature evolves linearly with the fuel
ratio in the range 17.5-37.5%, while the burn rate decreases as the fuel ratio increases.
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Figure 15. Energy lost through radiation versus heat of combustion
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Figure 16. Influence of additive ratio on the pyrotechnics combustion parameters

These measurements correlate well with the proportionality between the heat of combustion and the
fuel ratio, as the net amount of heat released by the basic formulation is proportional with the flame
temperature and the burn time (inversely proportional with burn rate), as observed from Figure 15. For
the Parlon-containing formulation (Figure 14-red line), both the flame temperature and the burn rate
behave as polynomial functions of the fuel ratio. The resulting total radiated energy is higher as the fuel
ratio increases, and the flame temperature is higher, even though the burn duration diminishes. This
result indicates that a higher fuel ratio is desirable in order to use the most heat available in the
formulation for the emission of radiant energy. The specific volume of gaseous products has a maximum
value for both basic and additivated formulations containing 20 to 30% fuel. The Parlon-containing
formulations conduct to a higher specific volume as a result of a higher content of polymer, which
produces, as a result of burning and pyrolysis, a higher amount of gaseous products.

Concerning the additive ratio in the formulation, in the case of lower fuel-containing formulations
(Figure 15-blue line) as well as in the case of higher content of fuel (Figure 15-red line), an increased
ratio of Parlon proves beneficial both for flame temperature and for burn rate. Thus, the maximization
of these two parameters ratios conducts to the optimization of flare pyrotechnic formulations.

Based on the temperature measured values, the heat of combustion and the specific volume of
gaseous combustion products were calculated by linear regression using flame temperature-dependent
plots calculated for isobaric combustion at 1 bar. The results do not take into account the afterburning
of combustion products with air. In Table 4, the calculated values for heat of combustion and specific
volume of combustion gases are presented.
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Table 4. Experimentally determined combustion temperature and calculated values for heat of
combustion and specific volume of gaseous products in isobaric conditions (1 bar)

Formulation Flame temperature (measured) V(calculated) Q (calculated)
K I/kg kJ/kg
F1 1217 329.77 7102.10
F2 1226 422.88 5387.35
F3 1268 228.33 8222.40
F4 1306 348.72 6370.85
F5 1302 103.38 8973.05
F6 1442 184.18 7936.71
F8 1769 164.26 7104.38

4. Conclusions

The combustion of pyrotechnic formulations based on Mg-Al alloy and KCIOs4 in polyurethane
matrices was studied. The combustion thermochemical model was validated through experimental
determinations of heat of combustion, flame temperature and specific volume. In terms of precision, the
combustion model calculates more accurately the burning parameters and the products chemical
composition in low oxygenated formulations. In isochoric conditions, the heat of combustion and the
specific volume are closer to the values calculated in adiabatic combustion. This is due to the fact that
the heat loss is minimized and limited to the walls of the combustion cell. Flame temperature and
pressure are detrimental for this burning regime. In isobaric conditions, the combustion products
chemical equilibrium varies in a wide range versus flame temperatures from 500 to 2500 K. At higher
temperatures, the formation of gaseous species is prominent, especially in case of carbon monoxide.

Flame temperature measurements with thermal camera represent a good method to determine the
average temperature generated in the flame front, being more representative than instantaneous
measurements. Initiation, steady burning and flame extinguishing can be recorded using this technique,
while the burn rate can be precisely and reproductively measured.

The fuel ratio in the composition is the decisive factor in maximizing the two main parameters
necessary to design flare formulations, namely the flame temperature and the burn rate. During the
experiments, for 10-40% fuel, both parameters evolved proportional with the fuel ratio, especially for
Parlon additivated composition, even though the heat of combustion decreased.

The addition of chlorinated rubber in the formulations provides higher temperatures and burn rates
than standard formulations. The trend is more evident at higher fuel ratios (40% Magnalium), where the
temperature presents a sharp rise. The explanation for this phenomenon is not related to thermochemical
processes of combustion, as the additive is submitted to pyrolysis without oxidation and the chlorine
generated by the process reacts with Mg, thus having only a little impact on the heat of combustion. The
elevated temperatures generated by the chlorinated rubber additive have a direct positive impact on the
total amount of energy emitted through radiation, which is a desirable effect for flare formulations. The
probable reason for which Parlon additive enhances the performance of the Magnalium-KCIlO:-
polyurethane formulation may also be related to the intimate contact between the fuel particles and the
reactive chlorine-containing additive. Consequently, the burn rate increases abruptly, maximizing the
ratio between the heat flow generated and the heat lost in the environment and the remained unburned
material, and conducting to a higher flame temperature, tremendously useful to conceal both in visible
and infrared domains.
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