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A high pressure plug flow reactor designed for supercritical hydrocarbon reaction studiés was applied o

to the analysis and fuel fouling aspects of the endothermic fuel methylcyclohexane (MCH). Ata

~ reduced pressure of 1.3 (4.5 MPa), a residence-time of 0.9 minutes, and temperatures from 750-844 K,

conditions typical of the most extreme aircraft conditions

envisioned for the future, gaseous and liquid

- MCH products were analyzed. At the lower

temperatures examined conversion of MCH to polynuclear

~aromatic hydrocarbons (PAH) was essentially zero. At higher temperatures, above 820 K, significant
" PAH formation was observed, as was particulate formation, a very important practical result and a |
trend established for soot formation in gaseous diffusion flames. Operation in the supercritical region

. revealed varying temperature to be significantly more important than pressure with regard to PAH and

_particulate formation. Chromatograms of MCH reactor products established that there were hundreds

- of gaseous and liquid intermediates under both the sub- and supercritical conditions of operation. In

_ gas phase experiments at 1 atm and temperatures around 1100 K in the Princeton Turbulent Flow
Reactor, explicit equations for the rate of decay of MCH and another endothermic fuel decalin were

“determined. Significantly, product compositions of both fuels were found to be very different from

 those observed by others for the catalytic decomposition of these fuels. o '
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. FUELS COMBUSTION RESEARCH
(AFOSR GRANT F49620-95-1-0016)
~  Principal Investigator: I. Glassman :
Department of Mechanical and Aerospace Engineering
-"Princeton University :
) ~ Princeton, NJ 08544
L o F.Xecutive Sﬁrxtmary | - ‘ | |
Princeton's Fuels Combustlon Research grant concentrated on the charactensucs of
‘ endothermlc fuels necessary as coolants in the Air force s next generatlon a1rcraft and on the
cha]lengmg condmon of fuel foulmg under sub- and super-cntrcal condmons
A hlgh pressure plug flow reactor des1gned for supercnt1cal hydrocarbon reactmn stud1es -

. .was applied to the analysrs and fuel fouling aspects of the pyrolysm of the prototype endothermrc ‘

fuel methylcyclohexane (MCH) Ata reduced pressure of 1.3 (4.5 MPa), a re31dence time of 0 9 |

mmutes and temperatures from 750—844 K, conditions typrcal of the most extreme alrcraft :

* conditions envrsmned by the Air Force for the future, gaseous and hqu1d pyroly51s products of
MCH were analyzed. At the lower temperatures exammed conversion of MCH to polynuclear ‘
aromat1c hydrocarbons (PAH) and thus partrculate formatmn was essent1ally zero At hlgher 2
temperatures above 820 K. srgmﬁcant PAH and partrculate formatton was observed 'I'hrs pomt is
of srgmficant pract1cal importance. Operauon m the supercrmcal reglon revealed varymg '
temperature to be srgmflcantly more 1mportant than varymg pressure with regard to PAH and -
partlculate formatmn Chromatograms of MCH reactor products estabhshed that hundreds of

' gaseous and hqu1d products exrsted under sub- and super-crmcal condmons In a]l cases benzene
and cyclohexane were the major products Results under s1m1lar condmons revealed the 1mportant |
“fundamental result that, whereas pure toluene and heptane pyrolys1s d1d not cause parhculate "

fou]mg similar to MCH, toluene ‘and heptane mixtures did. ’ o

| In gas-phase expenments at 1 atm and around 1100 K in the Pnnceton Turbulent ﬂow '

reactor explicit rates of decay of MCH and another endothermlc fuel decalm were determmed For

MCH pyrolysrs the pre-exponenhal rate factor was found to be 3. 7 X 10”s and the acnvatron

energy 265 kJ/mol Slmﬂar results for decalm were 7. 7 X 101°s 1 and 204 kJ/mol Slgmflcantly, the




product composmon of methane, ethene butadlene and benzene were found for both fuels to be
very deferent from those observed parncularly naphthalene, for the catalyUC decomposmon of o

these endothermlc fuels

II.: ) Techmcal Dlscussmn : | - : ‘ . o
| Methylcyclohexane (MCH) has long been con31dered as a prototype endothermlc fuel for = .‘
 the next generatmn a1rcraft of mterest to the Air Force Thus 1ts pyrolys1s charactenstrcs under
,sub- and super-cnncal condmons were chosen for study in an effort to determme the chemistry of -
partlculate formatmn (fouhng) in fuel hnes Conmdenng that asa coolant MCH and other
endothermlc fuels must eventually undergo pyrolysrs and oxrdatlon in the engme combusnon B .
chamber, gas phase kinetic stud1es of these compounds were also undertaken Results of th1$ :
mtegrated research effort are reported next as Supercrmcal I-‘uel Degradatmn and Endotherm1c o o
 Fuel Kinetics. |
~ - A) Supercrmcal Fuel Degradahon o N _ B
o Expenments were conducted m a newly de31gned sﬂ;ca lmed lammar h1gh pressure flow
reactor system, ﬂlustrated in Flg 1. The reactor was de31gned to approach plug—ﬂow v :
idealization, and pressures as high as 15 MPa and temperatures as hrgh as 860 K could be - k‘ .
obtamed. In typlcal operation of th1s reactor, a h1gh pressure HPLC pump forced reactants |
through a caplllary tubing coil lmmersed in a heated, fluidized, 1sotherma1 alumma bath | »
Uncertamty in manual temperature control of the alumma bath was +3K ’I'he tubmg coil (1 59

-mm OD 0 05 lmm ID) was constructed of sﬂca—hned stamless steel (Slhco-steel by Restek)

- Pressure was regulated bya dome-loaded back pressure regulator located downstream of a six

posmon samplmg valve Uncertamty in pressure control was + 0.02 MPa. A water-cooled heat
- exchanger at the entrance and exit of the alumina bath quenched reactlon upon exmng the
‘heated zone and ensured a controlled thermal h1story and residence time. A 0 5 m1cron fnt was
) located 1mmed1ately downstream of the heat exchanger to 1nd1cate and co]lect any sohd
-formatlon . - , ., ‘ | r o |
The chemlcal inertness of the sxhca-hned stamless steel of the reactor c011 in the '
temperature range mvesugated was demonstrated by means of companson of the product
hyrelds and msmbuuons of supercntlcal methylcyclohexane pyroly31s both ina sﬂlca-lmed | v
3 stamless steel and m chromatography grade 316 stamless steel Ident1ca1 results from each

g '3




material were found up to 840 K (the h1ghest temperature exammed) and mdlcated that only
homogeneous fluid phase reacnons were occurrmg The mtrogen sparge system mdlcated in o ]
_ Fig. 1 reduced the’ dissolved oxygen in all expenmental fuels used to less than 1 PPM.

Product samples were analyzed post-expenment Quenched products were co]lected in .
f1ve sample loops of a multl-posmon valve The hquld and gaseous products were subsequently
separated ina speclally des1gned apparatus Separate gaseous and hqmd analyses were
performed usmg Gas Chromatograph Fourier Transform Infrared (FTIR) Spectroscopy

v eqmpment The liquid samples were mjected by means of a cahbrated synnge onto a DB 5

~column (J&W Scientific, 30m, 0. 32mm id., 0.02 Smm ﬁlm) of aHP 5890 chromatograph For the
‘gaseous samples, a 1 cc sample loop was mJected onto the column C, and smaller speaes were

' separated by means of a PORAPlot Q column (Chrompack 25m, 0. 32mm id, 10 mm f]]m) in

A | conJunctmn with a DB-S column. A ﬂame lomzatlon detector (FlD) was used to quantxfy the
mole fractions of product yield. FID 31gna1s were converted to mole fractton by means of an

'extenswe cahbratlon FTIR spectroscopy, along wuh known standards, were used to 1denttfy
'product temperatures from 750 to 844 K | At the lower temperatures exammed conversion of _ '
'reactants to PAH was zero or neghglble At the hlgher temperatures above 820 K, s1gmﬁcant
PA{H formatlon was observed, along w1th formanon of sohds ThlS result 1s, mdeed of great
practical significance. T ‘ '
| : A qualitative hlstogram of the uncondensed (gaseous) products found at 820K (Fig. 2)
revealed that uncondensed products at 830 K were nearly 1dent1cal to those found at 820 K. The

‘uncondensed products con31sted pnmanly of C1 to C4 ahphattcs. 'I'he presence of these hght

molecules in the quenched products suggested that at the temperature of the reacuon 820 K a

7 31gmf1cant radical pool from these hght C1 to C4 speaes emsted

A typical gas chromatogram of the condensed (hquld) products obtamed at 820 K,ata |
1 reduced pressure of 1.3 and a res1dence nme of 0.9 mmutes is glven in Fig. 3 As the '
chromatograph ﬂlustrates, hundreds of condensed products were formed most in-

_ concentratlons too small to be 1dent1f1ed “The maJor products were 1dent1ﬁed usmg GC- FTIR

. analys1s Relatlve product yields were compared on the ba31s of percentage of the total ﬂame-
1omzaUOn detector count of all products for a glven mjecnon In these studles some |

quant]flcatmn of product ytelds was obtamed but companson was made between relat1ve :

f4




product yields of dlfferent expenments The quantrtatlve yleld data would be the focus of a
proposed contmumg effort ‘ ’

~ Relative yields of the maJor condensed products were obtamed at 820 and 844 K (Flg 3)
Yields of these maJor products mcreased exponenually with i mcreasmg temperature ThlS «_ :
exponennal behavior is ﬂlustrated by the relaUVe y1e1ds of toluene as a function of temperature
(Flg 4). Benzene and cyclohexane were 1dent1f1ed as major products however, to date thelr
| relative yields have been unknown because the two molecules could not be separated - they co-
‘eluted from the gas—chromatograph The overall ratio of the yields of the PAH specres in the 844 ‘
K sample to those in the 822K sample were determmed to be about 6. Further, the PAH y1elds
“at the higher temperature were posmbly also shghtly depressed due to the agglomeratmn of PAH
mto small amounts of sohds PAH ytelds were nearly undetectable below 820 K. o

In addmon to the observanon of raprdly mcreasmg PAH yields above 820K in .v '

: supercrmcal methylcyclohexane, solids were also observed to form at temperatures above 820 K

and at the condmons of pressure and res1dence times mvesugated Based on analogous gas- '

" phase soot-formanon studies, PAH were presumed to be the precursors to homogeneous sohd B

-formatlon (where surface effects are msrgmﬁcant) The observatlon of homogeneous sohd
mcepuon coincident with that of substanual PAH formanon would appear to support thls
_ hypothe31s | | | - . L
To investigate the effects of pressure on PAH formatlon deoxygenated methylcyclohexane :
was pyrolyzed at 780 K and reduced pressures from 0 5 to 2 0 ThlS temperature was chosen i m ; 3
order to mmxmlze the pronounced effects of the +/- 5K uncertamty in temperature on the
product yields at temperatures above 810 K. At these higher temperatures, a5k deference in
temperature could result ina dlfference in product y1eld of more than an order of magmtude -
However at lower temperatures (near 780 K), vanauons m product yields due to the uncertamty in x
temperature were mmlmlzed and effects due to the pressure vananon could be 1solated It was
. postulated that one effect of a hlgher pressure on the chemlstry mvolved m methylcyclohexane -
pvroly31s was due to an mcreased densuy and its correspondmg effect on supercntlcal kmenc |
: phenomena Over the range of reduced pressures exammed the densuy mcreased by a factor of

about 6.




Relative product ylelds ﬁ'om the 1nvest1gat10n of changmg the pressure mdlcated that ,A
pressure variations could have a s1gmﬁcant 1mpact on product dlstrlbutlons and y1elds of

products observed Increasmg pressure w1th1n the range of a reduced pressure between 0.5 and -

- 2.0 reduced the conversion of the reactant, methylcyclohexane to products However while the .

yields of all products were reduced as the pressure 1ncreased heavier products were a greater

* fraction of the total y1e1d at hlgher pressures ‘Ata reduced pressure of 0.5, heavy (C7 and larger)
products constituted 72% of the total yleld while at a reduced pressure of 2.0, they constltuted

- 82% of the total yleld There was a shlﬁ toward heavier products at hlgher pressures a result

‘consistent w1th LeChatlier's principle.

To mvestrgate the effects of molecular structure on PAH formation, prehmmary
experiments with three types of hydrocarbons w1th drfferent molecular structures also were 4
performed. Pyrolysis of supercntlcal methylcyclohexane toluene heptane anda mixture of
toluene and heptane was examined. Experlments were performed at reduced pressures of 1.3 and :

“residence times on the order of 1 minute. Reaction temperatures 1n these expenments were as v
: h1gh as 840K unless solid formation was observed at a lower temperature The crmcal propertres

‘of these fuels and prehrmnary results of these expenments are summanzed in Table 1.

An unportant practrcal result of these expenments was the revelatlon thatapure =

~ aromatic, toluene, and a pure stralght cha1n ahphatlc hydrocarbon heptane were not prone to |
fouling; however, the addition of a small amount of the a11phat1c to the aromatic compound

, produced fouling tendencies. As 1nd1cated in the text and Fig. 3, MCH pyrolysis products '
confirmed the presence of both aromatlcs and a11phat1cs thus MCH also was found to be prone
to fuel line foulmg The conclus1on is that under the supercritical fuel line condltrons chosen,

- pure aromatics would not generate sufﬁcrent radlcals to perm1t growth to PAH and sohds could ‘

-also bu s1gmﬁcant _
B Endothermlc Fuel Kmetlcs

‘ In the 1 atm, gas phase MCH pyrolysrs study 1n the lirinceton ﬂow reactor throughout the o
temperature range (1050- 1200K) studled the major 1ntermed1ates found were ethene, 1,3 :
butadiene, methane and propene Unlike the 11qu1d-phase catalytlcally dr1ven reaction reported in

'the hterature no toluene or other aromatics were formed in these gas-phase reactlon studles




The assumption that the pyroly31s of the MCH occurred pnmanly by H abstractlon and to a
lesser extent hy C-C bond homolys1s wrth the resultmg fuel radrcals decayxng through IS-
sassmn of both C—C and Cc-H bonds permltted an analy81s wh1ch predrcted formanon rates of

t mtermedrates that were in reasonable agreement Wlth the expenmentally obtamed reactmn
rates. W1thout reportmg all the specific measurements taken, MCH pyrolysrs decay proﬁles were
measured (Flg 5) as functlons of time at 1 atm pressure and four temperatures (1058 1108
1154 and 1192K), and the exponenual curve f1ts of these data were calculated ‘When a ﬁrst-

, order rate analys1s was apphed the curves permltted the calculatlon of the rate constant for the

f overa]l MCH decomposmon at each temperature The expenmental data were ‘normalized by the

fuel loading for each case, and ﬁrst-order curve f1ts were obtamed (Flg S) By hnear regressron

' of the data in this figure 1t was possible to determme the overall acuvatron energy as 265 kJ/mol |

~ and the correspondmg pre- exponenual factor to be 3.7+0.5 x 1013s‘1
/" ‘The MCH omdatmn rates were found to be faster than the pyrolysrs rate, but
. mterestmgly no new maJor mtermedlates were detected Thus the presence of oxygen increased .
the rate of H abstracuon from the fuel, but it drd not affect the B—scrssmn paths of the radicals
formed. | ‘ | | |
'I'he results of the expenments in wh1ch MCH/toluene blends were oxrdrzed mdlcated
that although the oxrdatmn mechamsm of each fuel was unaffected by the presence of the. other
fuel in the reactor, the ox1dauon of both fuels was related to the initial MCH concentrauon
Increasmg MCH concentrahons resulted m faster decay of both component fuels The less .
‘stable MCH produced the ma_]onty of the rad1ca1 pool for both MCH and toluene attack
; Complete detaJls of this MCH effort appeared m a recent pubhcanon (Combust and Flame 108,
266 (1997. | ) - | |
Correspondmg to the MCH pyrolys1s, studles of deca]m, another endotherm1c fuel were
bundertaken and a pyrolysm study was completed Thrs aspect of the research followed that of
B ‘the MCH effort. Decalm pyrolys1s proflles were obtained at four drfferent temperatures (Fig. 6)

From these data the kmetlc parameters assoclated with the overall decay were determmed to be

: 7. 71 X lolosec’1 and 203.9 kJ/mole for the pre exponentlal and actwatlon energy, respechvely

. The major products formed for all temperatures cons1dered were methane, ethene, propene, 1, 3 N '

butadlene and benzene Whereas very httle naphthalene (less than 10 ppm) was formed in these | .

7




gas phase studies, naphthalene is the dommant hydrocarbon formed durmg the catalync
dehydrogenatlon of decalln Thls result corresponded to that found for MCH in that there was '

: m1mmal productlon of the primary dehydrogenanon product under vapor phase condmons
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Methylcyclohxane 5722 ~3. ~ Yes Yes
Toluene 540.3 2.756 No ~No
Heptane 591.8 4.104 Trace Trace

10% Heptane, 571.5 3.610 Yes Yes
90% Toluene 4 '

(Molar)
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