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ABSTRACT

Jet fuel, besides its fuel role, can be used amkwt for aircraft subsystems and thus it may be
exposed to temperatures above 200 °C. Between ddl@@0 °C, an autoxidation phenomenon
occurs due to the presence of 70 ppm of dissoli@dyden in jet fuel resulting in the formation
of oxidized products and solid deposits.

The aim of this work is to study the behavior dffigel model molecules in order to highlight
their oxidation sensitivity and the solid produétsmed. A rapid small scale oxidation test
(RSSOT) is used. Within the RSSOT’s test chambenl5of fuel is combined with oxygen, at
700 kPa, and heated up to 150 °C. This initiatiEstoxidation process. As the fuel oxidizes, it
consumes the dioxygen resulting in a pressure tlrapis recorded. Different tests are carried
out and stopped at various values of time. Gasemds liquid samples are recovered and
analyzed by gas chromatography.

In the case of n-dodecane, its consumption is gbdeup to a pressure drop of 64 %. At the
same time, oxidized products are formed among whigh alcohols, ketones and carboxylic
acids. The gas analysis shows that all the dioxygenbeen consumed. Oxydation reactions stop
and new reactions appear. They are aldehyde devcdations and condensation reactions.
Heavy products like esters and lactones are formed.
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INTRODUCTION

Thermal stability of the jet fuel becomes a verypartant parameter in modern aircraft. Jet fuel,
besides its fuel role, can be used as a coolardiforaft subsystems and thus it may be exposed
to temperatures above 200 °C in the fuel systemiajedtion devices® This thermal stress
combined with the presence of dissolved oxygenlead to the formation of gums and solids,
causing fouling of nozzles and heat exchangrs.

A lot of parameters like temperatiife fuel flow? fuel compositio;°"> presence of



heteroatoms (sulfit*’ and nitrogetf) have a significant influence on the fuel autosioa
process.

In order to explain the products obtained during eéixidation of the fuels, various autoxidation
mechanisms have been proposkt:?> Among them, Kuprowicz e&l.>® have proposed the

following detailed mechanism:
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R + 0,— RO

RO; + RH — ROH + R’
RO; + RO; — termination
RO; + AH— RO,H + A’
AO, + RH— AO,H + R’
A + 0, — AO;

AO> + AH — AOH + A’
AO; + AO; — products
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10 R +R —R,

11 RO,H — RO +'OH

12 RO + RH— ROH + R
13 RO’ — Ryime + carbonyl
14 ‘OH+ RH—H,0+R

15 RO + RO — ROerm

16 Rprime + RH — alkane + R’
17 RO,H + SH — products

18 RO;—R + 0,

19 RO; + R — termination

The standard test method used to estimate the #heptdation stability of aviation turbine fuels
is the JFTOT Procedure (ASTM D3Z41P 323).This test method covers “the procedure for
rating the tendencies of gas turbine fuels to dépmtecomposition products within the fuel
system.” The results of these tests can normaligsssthe level of formed deposit when the fuel
is in contact with a heated surface. Suitable ler ¢haracterization of aviation jet fuel derived
from crude oll, its limitations became evident lire tcharacterization of alternative jet fuels. All
the fuels tested in the Swafea project pass the Iteorder to get more information on the
oxidation behaviour of fuels or hydrocarbon modeis necessary to choose a test method more
discriminating. In this work, we propose to evatudhe sensibility to oxidation of the n-
dodecane using the Rapid Small scale Oxidation (RSEO0T) also hamed PetroOXY test. This
test method measures the induction period, undssifsgd conditions, which can be used as an
indication of the oxidation stability of middle ditate fuels. This test was approved by ASTM
D02.14 committee as ASTM D7545.

The aim of this work is to study the oxidation bé@bar of the n-dodecane chosen as model
molecule.

EXPERIMENTAL SECTION
PetroOxy RSSOT Appar atus®

A 5 mL fuel sample is placed into a small hermdfycaealed test chamber (Figure 1). The
chamber is pressurized wih oxygen to 700 kPa asdiply heated up to 160 °C. As the sample
warms up to the desired temperature, the preseareases up to a maximum. The temperature
initiates a fast oxidation process resulting in stonption of oxygen and a pressure decrease.
The induction period method is defined as the tiraeded to observe a pressure drop of 10 %
below the observed maximum pressure (Figure 2).l&@hgth of the induction period is directly
linked to the oxidation sensitivity of the fuel.



—
Figure 1 - Photography of Apparatus for Rapid Snsaale Oxidation Test

Besides giving an easy-to-understand result (tithe) apparatus shows an interesting flexibility.
Thus, it is possible, for example, to work at difiet temperatures, to modify the length of the
test, to collect the gas after the test. In thislgt the tests were performed mainly at 150 °C and

the oxygen initial pressure was 700 kPa. The test stopped for pressure drop values from 10
to 80 %.
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Figure 2 — Definition of the induction period

Analysistechniques

Gas chromatography studies on liquid products weréormed on a Varian 3900 chromatograph
equipped with an autosampler 8410, a factor fosedusilica capillary column (phase type: VF-5
ms, length: 60 m, internal diameter: 0.25 mm, phhgskness: lum) and a Flame lonization
Detector (FID). The carrier gas is helium. GC/MYastigations were carried out with a
VARIAN 450GC/320MS. The column used is identicathie one of the Varian 3900.



A Varian 4900 micro-GC was used to perform gasyamal It contains four analysis blocks, all
with a Thermal Conductivity Detector (TCD). The bsés blocks, the corresponding columns,
the identified products and the carrier gas aremsenzed in Table 1.

Table 1 — Description of the 4 analysis blockshef VARAIN 4900micro-GC

Block number| Column type Identified molecules Gargas

1 Al,O3 Short alkanes from £o G He

2 COXx H, CO, CQ, CH, Ar

3 CP sil-5CB Short  oxidized molecules (alcoholsle
aldehydes, ketones...)

4 M5A No, O2 He

The consumption of the parent hydrocarbon is foldwy GC. Standards are prepared by
mixing a volume of n-dodecane and n-decane. Eatiplsaor standard is injected at least twice
and the chromatographic peak’s area must havdaetite below 2 %.

The evolution of the formed products is plottedenm of the surface of their chromatographic
peaks.

As it can be seen in the mechanism of the autdidfdt(see above eq. 3), hydroperoxides are
the key reaction intermediates. In order to qugrttiem, a method inspired from the ASTM
D3703 is used.

Model molecule

n-dodecane (99+%) was purchased from Lancastes. Aiydrocarbon was chosen because it is
often present in significant quantity in operatiomgdrocarbon jet-fuels. N-dodecane is liquid at
room temperature and colorless.

RESULTS

Characterization of n-dodecane

The GC analysis shows one main peak corresponditiget n-dodecane (Figure 3). Some very
small peaks can be seen due to impurities (not show
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Figure 3 — GC chromatogram of the n-dodecane

Evolution of the pressure

The tests are performed at 150 °C with an initialp@essure of 700 kPa. Maximal pressure,
around 1010 kPa is obtained after 7 min as sodb@sC is reached. Temperature is maintained
with oscillation of 0.5 °C. The first drop (zone Has a parabolic shape (Figure 4) and reached a
pressure decrease of 64 % (measured value: 36GrkR43 minutes, then the pressure bounces
(zone 2). This brief pressure bounce, which remtssaround 80 kPa, is followed by a slow and
continuous pressure reduction (zone 3). The indagveriod (10 % pressure drop) is obtained
after 67 minutes of test.
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Figure 4 — Evolution of normalized pressure dropsus time



Table 2 — Correspondance between presure drop (¥)tiane (min) in the first pressure drop zone (zbpe

Pressure drop (%) 10/ 20 30 4( 50 60
Time (min) 67 | 89 | 103 113 128 131

Consumption of n-dodecane

Liquid analysis permits to measure n-dodecane g¢opsan, after GC calibration. It shows that
there is a parabolic consumption during the entiitgal pressure drop zone, around 20% of n-
dodecane is consumed at this point (Figure 5).h&t moment of the pressure bounce, there
seems to be a formation of n-dodecane, around 2aB&#then its level stays stable up to the end
of the test.
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Figure 5 — Consumption of the n-dodecane duringeisé

Analysis of the gaseous products

During the first pressure drop zone (zone 1), gasedyses reveal an increasing presence of
dihydrogen, carbon monoxide, carbon dioxide, etinyleand some oxidized products like
acetaldehyde, acetone, alcohols (Figure 6a). As#me time, the dioxygene is consumed and
the quantity of gas collected after each test dréysthe end of the first important pressure
decreasing (143 min) the chamber pressure is 3386kR when this chamber is cooled at 20 °C
the internal pressure is around 20 kPa (700 kRaedbeginning of the test). Pressure increase at
150 °C is due to species which become liquid atiamildemperature. This fact combined with
the diminution of its percentage by volume indisatigat there is quite no more dioxygen at this
point (Figure 6b).
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Figure 6 — Evolution of the percentage by volumiqgfithe gaseous products (zone 1)

At the moment when the pressure bounce occurs, eeetwi43 and 250 min, there is an
important formation of carbon monoxide and dihyagnogAlkanes like methane, ethane, propane
and butane appear (Figure 7).
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Figure 7 — Evolution of the percentage by volumthefgaseous products (zone 2)

After 250 min, all the gaseous products are pr@ively consumed. There is quite no more gas
for the test which lasts 1200 min.

Analysis of the liquid products

The liquid phase stays colourless during the fitstk drop (zone 1) and becomes pale yellow
few time after the pressure bounce, some tiny wdteps are detected until this point but

disappear after.

Elemental analysis of the solution shows that ateéhd of the first quick drop (143 min), the

liquid contains around 6% mass of oxygen.



Zonel

Characterization of the liquid phase shows thatedadones and dodecanols isomers are the
main species formed. Dodecanones isomers and dualedaave similar retentions times. Some
of these products are co-eluted (Figure 8).

Even if it is difficult to identify each compoundecause they have nearby elution times, it seems
that picks’ areas are similar for each one of thesdized products. Dodecanal is not detected,;
we suppose that this compound is directly oxidired dodecanoic acid, detected with a longer
retention time.

Light compounds appear. They are mainly ketonafosglic acids. There are also aldehydes,
alkanes, some alcoholsputyro-lactones with an alkyl substitute and estéor all the products
without exception, all chain’s lengths are ideetifi Ketones, from acetone to undecanone, are
only functionalised on position 2, there are veewfalcohols. Nevertheless, methanol to
dodecanol are characterized, all are primary alsofidhe formation of aldehydes can easily be
explained as they are intermediates between alsanod carboxylic acids. Few weak signals
corresponding toy-butyro-lactones with an alkyl substitute and sossters, resulting to
combination of acids and alcohols characterisedviedre also identified.
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Figure 8 — Chromatograms of the initial n-dodecé#tty and the liquid phase after 143 minutes of (%5 mi)

Zone?2

The main differences with the previous productrdistion are the formation of n-alkanes and
the decrease of the quantities of aldehydes (Figure
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Zone 3

The last period of time is characterized by:

» a consumption of the previously formed oxidizeddurcts: carboxylic acids, alcohols,
ketones (Figure 10a);

» a formation of heavy products corresponding to lesdawompounds than dodecanoic
acid (Figure 10b). Their identification is not pii¥s due to the weakness of their signals,
and to the random combination structures which mtiedr spectrum difficult to
interpret. Nevertheless, they seem to be prodiketekters and lactones.
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Discussion

Behaviour of species is different depending on k&sii Thus, the quantities of acids, ketones or
alcohols increase during the first period, wheralkeines are revealed by some tiny signals
without any progression. Alkanes are punctuallydpeed at the moment when the pressure
bounces but are neither produced nor consumedthisgpoint.

For all the oxidized products (carboxylic acidscadlols...), there is a diminution of their
guantity during the entire second zone where aspresdecrease is observed (zone 3). At the
same time, we notice appearance of numerous spiels corresponding to heavy compounds.

During the zone 1, the n-dodecane is consumed alod &f different products are obtained
(alcohols, acid carboxylic, ketones). Oxidationctems occur. To confirm this explanation, the
evolution of the concentration of the peroxide comds is measured (Figure 11). The peroxide
guantity increases during all the first periodgplains why the hydrocarbon consumption has a
parabolic shape, the more the amount of peroxidéesfaster the oxidation reactions are.

The decrease of the quantity of gas collected ather tests and the diminution of the
concentration of dioxygen leads to conclude thatehs no more oxygen at the end of the first
pressure drop. The peroxide concentration fallsndtecally and remains then nil. The peroxides
are formed by reaction of a radical with a moleafielioxygene. Their formation is impossible
if there is no more dioxygen. Thus, the oxidatieaations stop.
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Figure 11 — Evolution of the concentration of paedes

The second period (zone 2) is characterized byceedse of the quantity of aldehydes and the
production of alkanes, hydrogen and carbon monoxdethe quantity of dioxygen decreases
significantly and there are more and more hydrogsarbon monoxide and dioxide, it is
supposed than the reaction medium goes from origlienvironment to reducing conditions. It is
assumed that aldehyde decarbonylations occur.

The formation of heavy products observed duringldise period (zone 3) could be explained by
condensation reactions between the oxidized prediecied during the zone 1. They seem to
be esters, lactones...



CONCLUSION

The aim of this work was to evaluate the sensybilit oxidation of the n-dodecane using the
Rapid Small Scale Oxidation Test (RSSOT) also nafettoOXY test. Normally, this test
method is used to measure an induction period,nspizified conditions, which is an indication
of the oxidation stability. Nevertheless, besidesng an easy-to-understand result (time), the
apparatus shows an interesting flexibility. It iespible to modify different parameters like
temperature, pressure, duration of the test... lighidy and in order to better understand the n-
dodecane behaviour under oxidative conditionspdrameter modified was the test duration.
The tests were performed at 150 °C with an inf@alpressure of 700 kPa. A test can last up to
1200 minutes. The evolution of the pressure is moad. A first pressure drop (zone 1) with a
parabolic shape was observed, then the pressure&®zone 2). This brief pressure bounce is
followed by a slow and continuous pressure dimowtfzone 3). The induction period (10 %
pressure drop) is obtained after 67 minutes of test

During the zone 1, the n-dodecane is consumedndrd0%, and a lot of different products are
obtained (alcohols, acid carboxylic, ketones). @#wh reactions occur. At the end of the first
pressure drop, there is no more oxygen. Oxidagawetions stop.

From then, new reactions appear. They are aldeldagtmarbonylations and condensation
reactions. Heavy products like esters and lactane$ormed.

The results obtained with the PetroOXY are vergnested. It is possible with this device to
study the degradation of hydrocarbons. The produfatgined during the first pressure drop were
characteristic of oxidation reactions.

Other molecules will be studied alone or blendedriter to identify their interactions between
each others.

REFERENCES

1: Hoekman K., Biofuels in the U.S., Challenges @pgortunities, Renewable Energy, Vol. 34, 20094p.

2: Grinstead B., Zabarnick S., Studies of Jet Fletrmal Stability, Oxidation and Additives Using laothermal
Oxidation Apparatus Equipped with an Oxygen Sertsoergy & Fuels, Vol. 13, 1996, p. 756.

3: Spadaccini L. J., Sobel D. R., Huang H., Depésitmation and Mitigation in Aircraft Fuels, Jourhaf
Engineering for Gas Turbines and Power, Vol. 1ZB)2 p. 741.

4: Jones E. G., Balster W. J., Effect of Tempemtom Formation of Insolubles in Aviation Fuels, dwl of
Engineering for Gas Turbines and Power, Vol. 1488, p. 289.

5: Ervin J. S., Williams T. F., Dissolved OxygemE€entration and Jet Fuel Deposition, Ind Eng. Ch&aes., Vol.
35, 1996, p. 899.

6: Jones E. G., Balster W. J., Surface Fouling wiafion Fuel: Short-vs Long-Term Isothermal Te&sergy &
Fuels, Vol. 9, 1995, p. 610.

7: Jones E. G., Balster W. J., Phenomenologicatlystuf the Formation of Insolubles in a Jet-A Fuehergy &
Fuels, Vol. 7, 1993, p. 968.

8: Hazlett N. R., Thermal Oxidation Stability ofi#ion Turbine Fuels, ASTM publication, 31-00109261993.

9: Giovanetti A. J., Szetela E. J., Long Term D#&gemrmation in Aviation Turbine Fuel at Elevate@perature,
NASA Report CR-179579, United Technologies Res&zgnter on contract with NASA.

10: Reddy K. T., Cernansky N. P., Modified Reactitechanism of Aerated n-Dodecane Liquid Flowingrove
Heated Metal Tubes, Energy and Fuels, Vol. 2, 199805.



11: Ristori A., Dagaut P., Cathonnet M., Oxidati@ihnn-hexadecane: Experimental and Detailed Kinbtadeling,
Combustion and Flame, Vol. 125, 2001, p. 1128.

12: Sicard M., Hein C., Gernigon S., Ser F., Brad2zk Djéga-Mariadassou G., .Study of the oxidatidrihe main
hydrocarbon families contained in the keroseneAldt IASH 2007, the flinternational Conference on Stability,
Handling and Use of Liquid Fuels, Tucson (USA) Q607

13: Sicard M., Raepsaet B., Ser F., Ancelle JrcBth., Jeuland N., Thermal stability of alternatijet fuels, IASH
2009, the 1% International Conference on Stability, Handlingdabse of Liquid Fuels, Prague (Czech Republic),
Oct. 2009

14 : Starck L., Sicard M., Ser F., Jeuland N., Rtt of alternative fuels for aircraft: focus omdrmal and
oxidation stability, IASH 2009, the "1 1nternational Conference on Stability, Handlingdablse of Liquid Fuels,
Prague (Czech Republic), Oct. 2009

15 : Sicard M., Starck L., Blakey S., Ancelle dyldnd N., Piperel A., Raepsaet B., Ser F., SpalitplVilson C. W.,
Evaluation of the alternative fuel thermal-oxidatistability within the european swafea program, HAZ)11, the
12" international conference on stability, handlingdamse of liquid fuels Sarasota, (USA), Oct. 2011

16: Beaver B., Chemistry of Tetralin in an OxygedaModel Fuel System: Insight into the Developnaéritiew
Fuel Additives, Prep. Pap. Am. Chem. Soc. Div. €eém., Vol. 49, 2001, p. 461.

17: Davydov P. |., Bol'shakov G. F., Effect of Magtan on the Formation of Fuel Insoluble Sedimexttsligh
Temperatures, Chemistry and Technology of FuelsGilg] Vol. 5, 1961, p. 48.

18: Link D. D., Zandhuis P., The Distribution oflfau Compounds in Hydrotreated Jet Fuels: Implicat for
Obtaining low-sulfur Petroleum Fractions, Fuel, V85, 2006, p. 451.

19: Antoine A. C., Effect of Some Nitrogen Compsumidl Thermal Stability of Jet A, NASA Report TMe&9
NASA, Washington, DC, 1982.

20: Zabarnick S., Chemical Kinetic Modeling of Beel Autoxidation and Antioxidant Chemistry, Inchge Chem.
Res., Vol. 32, 1993, p. 1012.

21: Edwards T., Prospects for JP-8+225, A SteppBtgne to JP-900, American Institute Aeronautics and
Astronautics, 1998, p.1.

22: Zabarnick S., Pseudo-detailed Chemical Kindtmdeling of Antioxidant Chemistry for Jet Fuel Apptions,
Energy & Fuels, Vol. 12(3), 1998, p. 547.

23: Jones E. G. and Balster L. M., Interaction ghtBetic Hindered-Phenol with Natural Fuel Antioaids in the
Autoxidation of Paraffins, Energy & Fuels, Vol. 2900, p. 640.

24: ASTM D3241 - 13 Standard Test Method for Théfxédation Stability of Aviation Turbine Fuels

25: ASTM D7545 - 09 Standard Test Method for OjiddaStability of Middle Distillate Fuels—Rapid Singtale
Oxidation Test (RSSOT)

26: Wierzbicki V., Determining the Oxidation Stébilof Biodiesel and Blends Using a New Rapid Sr8atile
Oxidation Test (RSSOT)-The PetrOXY, J. of ASTMVWot. 7(4), Paper ID JAI102578, 2010.



