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ABSTRACT

Deposits form in the "empty" wing tank of a supersonic aircraft
as a result of a complex free radical autoxidation process. The complete
exclusion of oxygen suppresses deposit formation. Deposits are formed much
more rapidly when a condensed (liquid) phase is present than when no
condensed phase Is present. An apparatus was designed which quantitatively
measures the rate of deposit formation. Higher total pressure and
increasing oxygen pressure increases the level of deposit formation.
Trace levels of sulfur and nitrogen compounds markedly increase deposit
formation. The nature of metal surfaces to which the fuel is exposed was
found to influence the rate of deposit formation. Vanadium containing
titanium alloys and copper surfaces were found to be particularly
deleterious. The presence of dissolved metals also markedly increased the
level of deposit formation. Studies were made with pure compounds and
simple binary blends of pure compounds. The broad objective of this work
was to elucidate the effect of jet fuel hydrocarbon compisition on deposit
formation. Currently used antioxidant additives were found to be ineffective
in reducing the rate of deposit formation. The use of -ust preventive
and metal deactivator additives increased the rate of deposit formation.
Coating an active metal surface with a polymeric material increased
the level of deposit formation.
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I. INTRODUCTION

m l In a high speed supersonic aircraft aerodynamic heating causes

metal skin temperatures to rise considerably above those encountered In
subsonic aizcraft. It has been estimated for a plane such as the Mach 2.7
Supersonic Transport that exterior surface temperatures could rise to 450'F,
and the temperature of an uninsulated fuel tank could rise to 430"F. One
particular problem area is the formation of deposits in fuel wing tanks
which contain puddles of residual liquid hydrocarbon and hydrocarbon vapor.
Such deposits may flake off and contaminate the bulk fuel and cause mal-
functions in the fuel system components.

The problem of fuel stability in the storage tanks of a Mach 2
to Mach 3 aircraft environment was first studied in large scale Fuel System
Simulator Rig tests. In the five SST tests run in the FAA-CRC programs,
deposits occurred In four of them with fuels of widely varying stability
(measured in a Fuel Coker). Only with 42 cycles at Mach 2.5 temperatures were
tanks found to be completely free of deposits. In all other tests, deposits
were found to a varying extent in the vent area and on the heated floor
of the "empty" wing tank. In the case of the most unstable fuel, deposits
were found also on the heated ceiling of the simulated empty wing tank.
In the "fuselage" tank which always contained liquid, no deposits were
observed on the walls, but the vent lines showed deposits in all Mach 3
runs. Thus, these Fuel System Simulator tests clearly demonstrated that a
fuel stability problem did exist. However, the rig data did not provide
a clear understanding of the problem, and actually raised additional ques-
tions such as the influence of the liquid and vapor phase on deposit forma-
tion. As a result, the Air Force implemented a fundamentally oriented program
which would compliment rig test studies, and which had as its objective:

(a) tL elucidate the underlying factcrs involved in deposit formation
in the so-called "empty" wing tank and

(b) to investigate potential methods for alleviating the deposit
formation problem.

A number of significant accomplishments have been achieved under this
program. Broadly, this program has resulted in uncovering a great deal
of understanding about the deposit formation process in the "empty" wing
tank environment. In addition, its results are not only applicable to
this apecific environment but to the whole problem of the oxidative stability
of hydrocarbon fuel3 at high temperatures. Usi.g a fundamentally oriented
research approach, the program identified, and or the first tile, quanti-
tatively measured the effect of a large number of variables which control
the complex deposit formattion process. A nu r of potential methods for
alleviating the "em4pty" wing tank deposit for tion problem were also in-
vestigated in depth.
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II. PHASE I STUDIES: ELUCIDATION OF THE UNDERLYING

PROCESS INVOLVED IN DEPOSIT FORMATION

A. Survey of Background Technical Information

1. Survey of The Literature

a. Introduction

There is a wide spectrum of informatiom available In the literature which
we believe is pertinent to the "empty" wing tank deposit problem. This includes
recent studies simulating supersonic flight conditions in a feel tank, studies on
the formation of deposits durin the storage of hydrocarbon fuels at low tempera-
tures, and an extensive body of literature covering the chemistry and mechanism
of reactions believed related to the wing tank deposit problem. A review of this
total body of information is presented and discussed in this section of the report.

b. Chemistry and Mechauiam of Related ftdrocarbon Reactions

1. Ltnutd Phaqe Autoxidation

Liquid phase outoxidation, exclusive of oxidative polymerization which
will be treated separately, will be discussed in this section. In general, Liquid
phase oxidation reactions are faster than the corresponding vapor phase reaction
and they are more selective (1). These reactiors are catalyzed by metal salts
and influenced by other variables such as temperature, oxygen pressure, hydrocarbon
concentration and the presence of oxidation inhibitors. In general, hydrocarbon
autoxidation consists of two distinct reaction sequences; first, a primary process
in which relatively simple free radical reactions result in the formation of a
hydroperoxide, and a secondary process in which these hydroperoxides react in
different ways to foem end products. The following chain reaction mechanism is
usually cited (2):

Initiation:~rl
Radical source R* or ROO (I)

SOPlltation:
ki

R, + 02 R~- OO (2)
k

ROW + RH ROOM + R1 (3)

Dranchini:
1O14 -b Ito- + NO. (4)

Jere ibat iong: k
2R- (3  )

ROO. + R" k- - Stable Prooucts (b)
ks

2•too - (7)

In an oxygen rich system, the hydrocarbon radicals (R-) are removed
rapidly and the propagation itep is controlled by Reaction ) (r3 < r 2 ). Corres-
pondinxly. trrmiration ocurs principally by Reaction 7. the disproportionation
of %wo peroxy radicals (r; > rS and rb). beause oh the low concentration of hydro-
carbo.n radicals. rhrrrfor, the overall reaction rate at nigh (2 Partial pressures

S. . . • - • .. . . .. _ • _ --- _i_-:
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1/2k ,, i5 [U] (a)
For olefims Q), this high pressure region corresponds to oxygen partial pressures
greater than 100 m 0g. At low oxygen partial pressures, the propoSation step is
controlled by Reaction 2 (r2 < r 3 ) because of the low concentration of oxygen.
5Lmilarly, the termination step it controlled by Reaction S (r 5 > r 6 and r 7 ) because
of the high concentration of hydrocarbon radicals relative to peroxy radicals. The
overall rate at low 02 partial pressures is given by:

F' dO 1/2
ak( [02] (9

It is interesting to note that this kinetic analysis predicts that at high 02 par-
tiLal pressure the overall rate of oxidation is independent of oxygen partial pres-
sure. However, at low oxygen partial pressures, it is dependent on oxygen partial
pressure. For olefins, this low pressure region has been'found to exist beito
I mm ft of oxygen partial pressure Q). Situations with intermediate oxygen par-
tial pressures produce more complex kinetics (4).

The initiation reaction can be catalyzed by (1) illumination. (2) metals
of variable valance, and (3) the decomposition of peroxides into radical fragments.
Soluble metal catalysts and ins-luble metal oxides have both been shown to influence
sutoxidation rates. Inluction periods are also prevalent in liquid phase autoxi-
dation reactions. The termination process is quite complex because of the large
number of reactions that are possible. However, in general, the highest molecular
weight product that can be produced is a dimer (U) or an oxygenated djmer (ROOK)
of the starting hydrocarbon (RH) so that a simple autoxidation reaction will not
produce a high molecular weight polymeric material. Thus, the importance of
autoxidation reactions relative to the wing tank deposit problem msy be their
ability to generate a spectrum of free radical intermediates which can accelerate
other reactions such as oxidative polymerization.

2. Oxidative Polymerization

This section is concerned with the low temperature reaction of hydro-
carbons ,with oxygen to produce high molecular weight polymeric products. Two types
of oxidative polymerization reactions are possible (Q); first, polycondensation
reactions between autoxidation products to form polymeric materials with ester
linkages, and second, the addition polymerization of olefins. It has been pos-
tulated that polycondensation reactions are responsible for sediment formation in
hydrocarbon fractions (b). It has been suggested that thr hydrocarbon first
undergoes autoxidation to form unstable hydroperoxides which then decompose and
interact with othcr hydroperoxides before undergoing polycondensation reactions to
form polymeric "tediment" compounds. Condensation polymerization reactions, i.e.,
monomer molecules are combined with the loss of some simple mojecules. are well
known (7) and are used comercially to form polymers such as Nylon and Dacron.
Condensation polymerization reactions are characterized by the fact that a broad
spectrum oi molecular weight products is formed, depending on variables such as
extent of reaction and the functionality of the reactant molecule (5). Addition
polymerization, i.e.. monomers are simply added together, occurs by Joining to-
gether compounds containing olefin linkages. If the reactants have a functionality

!-~
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of two or better (W), then high molecular weight polymers can result. Addition
pelymerizationz such as ethylene polymerization are characterized by the formation
of high molecular weight products even in the early stages of Lhe reaction. Addi-
tion polymerization reactions can occur by a free radical reaction catalyzed by
peroxide initiators. Thus, any olefins initially present in a hydrocarbon fuel
could form a high molec'!,lar weight addition polymerization product. Perhaps more
important, any compound present in a hydrocarbon fuel which can decompose to form
an olefin or react in the presence of oxygen to form an olefin, represents a
potential addition polymerization wonomer.

The presence of a double bond in a hydrocarbon molecule increases the
susceptibility of attack by oxygen to form a hydroperouide at the carbon atom
adjacent to the double bond (methylene groups A( to double bond). In the case of
a polymeric petuxide. the oxygen adds directly to the double bond as in a copoly-
merization reaction (2). This i.s illustrated below viLh styrene.

n (-.ci ClH2 + n 02--(- C- Ct1 (10)

Although some hydrocarbons containing a double bond active for addition reactiong
produce a hydroperoxide of the moomr unit or its dimer, the majority of compounds
undergo oxidative polymerizAtioa to high molecular weight compounds ().

Formation of material referred '. as gum in a hydrocarbon fuel such as
gasoline is generaily tbought to be an oxidative polymerization product Q). The
following observations have been made about gum formation:

R lestricting the amint of air available will limit the maximum gun produced.

* Saturated oommi are not major contributors.

"* O!-fiei, particularly conjugated diolefins, are readily oxidized to produce
gM.-

"* Nitrogen and sulfur are incorporated into the gum in appreciable quantities
(up to 2 vtX).

The gum is generally a low volatility varnish-like material. Conjugated diolefins
react directly with oxygen to form a polymeric product. Simple oleffns contzibute
to gum formation in a secondary manner via the productior. -f autocata!ytic hydro-
peroxide intermediates.

Analysis of a typical gum fraction is tabulated belok.

75,2
H? 7i.b

15 115. 5
S 1.5
N 0.15

* t•te (r~m IRefregw e
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3. Vapor Phase Oxidation

Three general types of vapor phase reactions of hydrocarbons and oxygen
LB() can be expected depending on conditions: (1) a kinetically s~ow, selective

oxidation region leading to products such as alcohols and aldebyies, (2) a cool
flame region and (3) an explosion region. Variables which influence the boundaries
for these regions are hydrocarbon type, temperature, total pressure, oxygen partial
pressure, and transport phenomena factors reflected in vpTiables such as volume of
the reaction system and surface to volume ratios. For a thermal explosion reaction.
at a fixed initial temperature there will be a critical pressure above which an
explosion will occur and below which a "normal" reaction will take place. For a
branching chain reaction, more complex explosion limits will exist. It has been
estimated, for example, that in a Jet aircraft wing tank at temperatures above
450 to 500"F, an explosion will occur if the total pressure is above 4 to 5 psia.

Normal vapor phase (kinetically slow) oxidation reactions have been
divided into a low and a high temperature region, where presumbbly different mech-
anisms are in operation (I). The transition region is generally found in the

range of 325 to 450"C And may manifest an anomalous temperature coeffLcieait or nega-
tive apparent activation energy (i.e., the rate of oxidation decreases as the
temperature is raised). In the low temperature region, selective oxidation to
aldehydes, ketones and alcohols occurs, whereas, in the high temperature region
other reactions such as cracking and o::idative dehydrogenation begin to occur as
manifested by the appearance of olefins as reaction products. For oxidative de-
hydrogenation an olefin of the same carbon number as the parent hydrocarbon is
produced, whereas cracking will produce lover carbon number pr,)ducts. The follow-
ing will serve to illustrate the typical overall stoichiometry for these reactions,
using butane as an illustrative compound (.).

Oxidative dehydrogenation:

H3C-cH2-CH 2-CH 3 4 1/2 02 =b- H3C-CH2 -CH=CH 2 + H20 (11)

Cracking:

H3C-CrI 2 -CH2-CH 3  - H2 C-CH2 + H3C-CH 3  (12)

For a given zemperature, pressure has a very strong effect on the distribution of
reaction products, with low pressure favoring olefin production at the expense of
oxygenated products. This effect has been explained by assuming that the reaction
it.ading to oxygenated products involves the formatiun of an intermediate hydro-
peroxide molecule, and compelition between the following reactions:

RO0. - ol-fin + HO0- (13)

RH + R0" ------O. ROOH * R" (1)

The effect of hydrocarbon type and structure varies between the low and
high temperatCire region. In the low temperature region higher molecular wight
hvdrocarhons tea(' faster than low me-lecular weight molecules, and normal paraffins
react tastrr t ian highly branched paraffins. This is becius.- hydrogen atom ab-
straction in not &.ite-dcitermining in this regime. In the high temsperature region
",ole ,lat st-ticore has relatively little effect. As the molecular wight of the
m-icculc undergoing Oxidation increases, the c,.mplexity of reaction products in-
crcases. With moiccules containing at least a four carbon atom chain, intralecular



hydrogen abstraction can occur producing cyclic oxygenated compodnds. For example,
in the oxidation of n-pentane at atomspheric p-essure

C -c
I I

H3C-CH2-CH2-CH2-CH3 + 02 :) C=C C + H2 0 (15)
0

2-methyltetrahydrofuran is formed.

As far as the "empty" wing tank deposit problem is concerned, both oxi-
dative dehydrogenation and cracking reactions may be important in that they could
produce olefins for subsequent polymerization reactions. Concerning t.ýse two
reactions, the best estimate based on available data (1) is that oxidative de-
hydrogenation is P relatively more important reaction in the 450-600"F range.

4. Reactions of Sulfur and Nitrogen Compounds

The most prevalent types of sulfur compounds found in petroleum crudes
and distillates are thiols, sulfides, disulfides, thiophenes and derivatives of
these compounds (2, 10). In Jet fuel, there is generally a higher conrentration
of sulfur compounds than nitrogen compounds. Nitrogen compounds are either basic,
e.g., pyridines and aliphatic amines or acidic, e.g., pyrroles and indoles. Acidic
type nitrogen compounds such as pyrrole are known to _e unstable in the presence
of oxygen and are probably the main nitrogen type contributors to the instability
of stored petroleum reactions.

It is felt that sulfur compounds contribute to hydrocarbon low temperature
instability problems by catalyzing the formation and decomoosition of hydroperoxides.
Thiols and 24.sulfides appear to be the most deleterious types of sulfur compoundr.
Thiols are known to form stable radicals and are -ood radical chain transfer agents.
The addition reaction of thiols with olefins to produce sulfides (L) is a well-
known free radical reaction.

RS. + CH2-CHR' " RS'CH2 -ZHR' (16)

RS-CH2-CHR + RSH - w RS-CH2 -CH2R' + RS- (17)

* It has also been demonstrated (L2) that in the presence of oxygen at room tempera-
* tures, thiols will undergo cooxidation with olefins to produce a beta-hydroxysulf-

oxide (suifinyl alcohol). This is also a free radical reaction with the following
overall stoichiometry:

RCH CH2 + RSH + 02 - R-CHCH 2 S-R (18)

OH

At higher temperatures, decomposition reactions of sulfur compounds are
probably i,.portant. Thiols decompose thermally at temperatures above 300 0 C,
typically producing olefins and H2S (13). In some cases, sulfides are produced
which subsequently decompose to produce olefins and H2S. A wide spectrum of metals
and metal oxides have been reported to catalyze the decomposition of thiols at *

temperatures between 150 and 300*C (.U, 14).



RSH j _ R-S-R

' Olefin + H2 s

Sulfides have been reported to decompose both thermally and catalytically
at temperatures of 2300C and higher forming products such as thiols, olefins, and
H2 S (15). Alkyl sulfides have been found to yield the corresponding 1-olefin.
Cyclopentyl sulfide yields cyclopentene and H2 S. Addition of H2 S during the de-
composition of butyl sulfide in naphtha increases the relative production of
butanethioi (±.)suggesting the following reaction scheme:

R'S-R < _____• ~RSH + Olefin• (20)

Olefin + H S
2

Disulfides are also reported to decompose readily at temperatures above

270*C (L6). Typical reaction products include thiols, sulfides, olefins, H2 S and
even elemental sulfur. Aliphatic disulfides are reported to be thermally unstableS~rtlstive to aromatic disulfides. Disulfides are also reported to be readily re-
duced to thiols (L4).

In general, thiols are less stable thermally than other sulfur compounds,
followed by sulfides, and then by thiophenes which seem to be quite stable (14).
The same relative order of stability has been reported for th- reactions of these
compounds over a reduced nickel catalyst. Disulfides are also relatively unstable
because of a weak S-S bond (4).

Acidic heterocyclic compounds containing nitrogen (pyrroles and indoles)
undergo a variety of reactions. They can autoxidize to form hydroperoxides and
oxygenated dimers. They can also polymerize in the presence of air at temperatures

below 100C (L7, 18, 19). Pyrroles also can undergo condensation reactions with
aldehydes and ketones (20) to form high molecular weigh polycondensation products.

5. Catalytic Effect of Metals

It has been widely shown in the literature that both soluble and in-
soluble metals can catalyze reactions involved in autoxidation (1, 22, 23).
Soluble transition metals compounds such as metal phthalocyanines, stearates, and
naphthenates catalyze autoxidation reactions in kerosene. Insoluble metal
oxides:'2L4) such as CuO, Mn0 2 , Cr 20 3 and NiO catalyze the liquid phase oxidation
of olefins such as cyclohexene. The mechanism of metal catalysis is complex. It
may play a primary role by initiating autoxidation reactions or it may play a role
in secondary processes by decomposing hydroperoxides formed from other initiators
(L1, 22, 23). The theory has been advanc~ed that all hydrocarbon autoxidations are
trace metal catalyzed (L2). Another complicating factor in the case of soluble
metal catalysts is that the catalyst may react with the autoxidation products. In
such a case, the catalyst could initially accelerate the reaction, but then preci-
pitate from the liquid phase and have no further effect on the course of the
reaction.



It is generally felt that active metals are those with variable oxidation
states. For primary catalysis the following reaction is envisioned, where M is the
meta I

S+ F? (21)

Autoxidatios reactions which exhibit primary catalysis generally do not exhibit
an induction period.

It is also possible for metals to functiov as catalysts during a second-
ary process by decomposing hydroperoxides which are the initial oxidation products.
Thus,

t? + ROOE- ,RO. + HO-- + 4n+l (22)

OO+l +RooO >ROO. + H++Hfl (23)!

Such a secondary catalytic process would exhibit an induction period (in the absence
of an added initiator). This induction period can be eliminated by the addition of
an initiator such as a hydroperoxide or azoisobutyronitrile. 9

9

6. Jet Fuel Additives

Compounds used as antioxidants and metal deactivators ere often added to&
jet fuels to improve storage stability. The function of an antioxidant is to sup-
press the chain propagating ( eq. 2 and 3) and chain branching (eq. 4) steps.

The chain propagating step can be inhibited by compounds such as phenols and aro-
motic amines. The chain branching step is inhibited by the use of sulfides and
aliphatic amines. Phenols and amines are mainly employed as inhibitors in motor
gasoline. Studies 25) have indicated that inhibitors can contribute to engine
deposits by being oxidized or polymerized in the induction system to nonvolatile,
hydrocarbon insoluble materials. The effect of such inhibitors on the "empty"
wing tank deposit problem is not known. It is interescln8 to note that in a Bureau
of Mines study 2) on the contribution of a series of CI1 labeled compotnds to
deposits,a phenolic antioxidant (2,6-di-t-butyl-4-methyl phenol) showed the greatest
contribution to deposits. Also, a sharp increase in radiotracer participation in
deposit forming reactionE occurred at temperatures in the range of 350 to 400*F.

In addition to antioxidants, other compounds are added as metal deacti-
vators, to suppress the catalytic effect of metals on various reactions. The
deactivators can precipitate the metal or change its oxidation state, the latter
of which may or may not be advantageous. The possible effects of metal deactiva-
tors or, "empty" wing tank deposit formation is not known.

c. Deposit Formation During the Storase of Hydrocarbons

The problem oi hydrocarbon fuel instability during storage, i.e., deposit
formation, has been studied extensively in the Petroleum Industry. This section
summarizes typical work in this area reported both in the general literature and
in internal technical reports of Esso Research and Engineering Company and other
affiliates of Standard Oil Company (N.J.). Although most of this work has been
done at temperatures below that at which wing tank deposits form (> 400"F), the
underlying processes are probably quite similar and, thus, are pertinent to the
wing tank deposit problem.



A great deal of the Company literature is concerned with the development
of tests (bomb oxidation stability) for determining the stability of feeds under
simulated storage conditions. Based on the results of these tests, it is possible
to obtain a rough estimate of how long a particular feed stock can sit in storage
before going off color and depositing sediments. These stability tests have es-
tablished that heating oil instability is greatest when 02 is bubbled through the
oil but instability still occurs when the feed is N2 blanketed or if air is allowed

Sto diffuse slowly into the oil (2L7). Heating oils stored in sunlight produce large
amounts of sediment and color in short periods of time. Light also destroys stabi-
lizers and additives. In the presence of U.V. light, which is a catalyst for free
radical reactions, decomposition of the oil is more rapid than in plain sunlight
28). Bomb oxidation stability tests have established that heating oil stability

is decreased when natural inhibitors such as phenols are removed by caustic washing.
Readdition of the phenols reduced the oxidation acidity during the stability test

Some studies have been carried out within the Company to ascertain what
factors contribute to instability. Using an Esso fuel oil from Montreal it was
found that S reacted with the oil components to form gum. Aromatic thiols and high
molecular weight sulfides were found to be harmful and polysulfides were particu-
larly effective in promoting gum formation. Metals accelerate gum formation and
their catalytic efficiency is increased when they are solubilized by natural acids
(30, 31). Detailed stability studies on six different heat stocks were carried out
at the Process Research Division. After 29 weeks of simulated storage, all samples
suffered color loss, increased acidity, increased carbon residue, decreased stabi-
lity tests, and increased coking tendency. Color and color hold were worse for

samples dried than for those containing water. An examination of the fuel oil
sediments indicated that Fe, Cu, Mg, Pb, Ca and Na were present as their oxides.

The black solids were organic in nature since they dissolved in chloroform
Since all feeds were lead sulfide and sulfur sweetened before storage, disulfides
were probably part of the sediments. Recent studies have emphasized the deleterious
effect of disulfides and have suggested that disulfides interact with diolefins to
form sediments (33).

Although simulated storage tests are, in general, useful for predicting
the storage life of a sample they are not infallible. For example, 200,000 gallons
of an Everett heating oil dropped to 4 T.R0 after nine months storage. The ina-
bility of stability tests to predict this was based on the fact that the tests were
not designed for this long storage period (3L4. Kerosenes from Baton Rouge and
Baytown have also gone off color on long standing. Addition of 1.5 ppm of duPont
metal deactivator led to increased sediment Q35). This can hardly be considered
sediment, however, since many deactivators function by precipitating the metal.

A large research effort on the stability of naphthas has been carried
out at the Process Research Division in the past. Naphthas develop sediment on
storage in the field. It has been found that the sediment can be removed by
filtration and the feed reinhibited by the addition of commercial inh'bitors (36).
Studies on the causes of naphtha instability indicated that 02 solubility decreased
in the order paraffin > olefins - aromatics. Deoxygenation decreased gum stability
and peroxide formation. The rate of oxidation was found to be temperature depend-
ent. Below 212°F the rate is slower but the final peroxidation was greater. De-
creasing the 02 partial pressure had an even greater effect emphasizing the need
for available 02. All inhibitors were renoved from the naphtha by acidic or
alkaline solutions and their decomposition was accelerated by iron oxide (L7).

* Tag-Robinson number. Decreasing number orn 0 to 24 scale indicates increasing

fuel degradation.
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Specific studies on a Baltimore catalytic naphtha indicated that unless aromatic
thiols (mercaptans) were removed by a precaustic wash the feed was oxidized rapidly
by air. Caustic washing had to be carried out in absence of air to prevent peroxi-
dation. The gums from a West Texas feed had an unusually high sulfur content (3).
These studies were repeated a year later and essentially the same conclusions were
reached (39) which again emphasizes that sulfur containing compounds contribute
heavily to instability. In more recent studies on the air inhibitor sweetening of
naphthas, product degradation was attributed to three main causes: thiols, phenols
and peroxides. Aromatic thiols were more deleterious than aliphatic thiols. The
greater the concentration of thiols and phenols, the greater the extent of degrada-
tion (L4).

A considerable effort has been expended on the development of inhibitors
for stabilizing gasolines. Most of this work has been on the evaluation of Paradyne
A (2,6-di-tert-butyl-p-cresol) (41).

A detailed study on the effect of metals on fuel oil instability was
carried out at the Process Research Division %2). Metal salts were employed in
0.39 x 10-3 moles/liter concentration. Using cumene and tetralin, the order of
metal ion activity for hydrocarbon oxidation was Co> Cu>Fe)Ni. The rate of 02
consumption and the rate of hydroperoxide formation followed the same order.
Initially, one mole of 02 produced one mole of hydroperoxide.

An elegant study on the effect of nitrogen compounds on lubricating oil
stability has been carried out by Ilnyckyj and Jones (43) at Imperial Oil Limited.

ii Sludges from oxidized lubricating oil contained a 20-fold increase in nitrogen

concentration compared to the original oil. Nitrogen compounds were precipitated
exclusively when the oxidation time'was short or carried out in the presence of an
oxygen deficient atmosphere. Pyrrole compounds were the main contributors to the
sludge. Commercial hydrofining catalysts did not remove the sludge but they did
change the porphyrin pyrroles into monomeric, more reactive pyrroles. The nitrogen
compounds were adsorbed on the surface of the catalyst causing rapid deterioration.
In time, equilibrium was reached causing a lower level of catalyst activity. The
total nitrogen content of the feed did not change but its chemical composition did
as evidenced by the increased pyrrole number of the feed. Acidic materials, e.g.,
phenols, catalyze tim-iarnmtion of polypyrroles.

An early, but informative study in the instability of gasolines was
carried out by Brooks (44). Gum formation was attributed to the formation of
hydroperoxides which break down to aldehydes, ketones, formaldehyde, carbon dioxide,
and water. These substances were found in the fluid gum and could be removed by
extraction with sodium bisulfite. The gum contained 18. oxygen when analyzed.
Diolefins were found to accelerate gum formation more than mono-olefins. Actually,
a loose correlation between the amount of gum formed and the number of olefinic

iI
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No. of G0 a
HC ~Double Bonds, =/,ofc

Pinene 1 NO
Limonene 2 1960
Myrcene 3 3960

double bonds was obtained. Peroxide formation was Freatest in dry gasoline. This

Peroxide 2!Mgen U.h.)

Dry Gasoline 1.856 hrs. aeration
Wet Gasoline 0.384> 6I

was attributed to hydrolysis of the intermediate aydroperoxides by water. Trace
amounts of S02 were found to be prime contributors to acidity. This is due to the
formation of sulfuric acid from the reaction of S02 with hydroperoxides.

2 ROOH + S02 - ) 2 RON + SO(24)

In a further study on the forma-tion of hydroperoxides in gasolines, it
was found that sunlight accelerated hydroperoxide formation at room temperature (s).
More detailed studies on the role of hydrocarbon types in gum formation were carried
out by Flood and co-workers L4§6). Oxidations were carried out at oxygen pressures
of 100 lbs./in2 at 100C using olefin. that were added to paraffinic gasolines.
The largest amounts of gum arose from aliphatic cycltc and acyclic diolefins or
mono-olefins attached to a benzene ring. When large concentrations of mono-olefins
were present, gum formation was also appreciable.

An excellent study on the mechanism of gum formation in gasolines during
simulated storage conditions was carried out by Morrell and co-workers ().
Peroxides could be detected early in the gasoline storage period when no aldehyde,
acid, c- gum was present. The rate of peroxide formation accelerated with time.
Aldehydes begin to appear later in the reaction and their concentration increased
more gradually than peroxides. Acid formation began still later in the reaction.
Gum deposits appeared when rather large amounts of hydroperoxides were formed but
before any large development of aldehyde or acid. A plot of gum content vs. time
was similar to a plot of ROOH vs. time. This suggests that aldehydes and acids are
products of secondary reactions. Unfortunately, the general structure of these
hydroperoxides was never determined. It is possible that the hydroperoxides re-
sult not only from the interaction of diolefins with oxygen but also from the
co-oxidation of thiols with olefins. In a study on the nature of the gum formed
in gasolines, it was found that in addition to C, H and 0, N and S were also
present in substantial quantities U_). The same order of hydrocarbon reactivity
was also observed. In a continuation of their studies, Morrell and co-workers
studied the color stabilities of gasolines in a carbon arc lamp (j9). Mercaptans
added to the gasoline had little effect on color stability but sulfur and/or
alkyl disulfides added to the color and haze. Their combined effects were greater
than either alone but sulfur was more harmful to cracked gasolines while disulfides
were more harmful to the straight run gasolines. Improved stability was obtained
by removal of sulfur and disulfides.

1i .. ..... ..,I
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The abovje conclusions have been substantiated to some extent by studies
with pure compounds. Morrell (12) found that pure hydrocarbons formed hydro-
peroxides, aldehydes and acids when exposed to light and oxygen. Color or hase
was catalyzed by the presence of sulfur or propyl disulfide. In the presence of
V2 or Rk the photochesical reaction of sulfur with a paraffin yielded color and
hydrogen sulfide. Olefins similarly exposed formed hydrogen sulfide and thiols.
a-Propyldisulfide reacted with hydrocarbons to form thiols. Similar studies were
carried out by Freund (21). Using pure otefins such as pentene and trimethyl-
ethylene Ingler and Weissberg (3) found that simple aeration of these compounds
at room temperature led to visc ous products which contained 45% hydroperoxide con-
tent. Although an actual feed stock was used, Hendrickson employed rather funda-
mental techniques to isolate various components of a California gas oil (a). By
means of elution chromatography various sulfur coupounds such as thiols, sulfides,
disulfides, thiophenes and beusothiophenes were isolated and identified. Nitrogen
compounds such as indoles and pyrroles were identified by their strong infrared
absorption at 3300 cm.'I.

The instability of fuel oils during storage has also received attention.
Thompson and co-workers (2) found that pyrroles caused more sedimentation than
pyridines when added to fuel oils. 2.5-Dbiethylpyrrole was a highly active promoter
of sedimentation storage. Some pyrroles are removed by caustic extraction while
others are slightly basic and require acid extraction for removal. Removal of
aromatic thiols, naphthols, and pyrroles caused sediment formation in catalytically
cracked distillate fuel oils. Aromatic thiols were removed by caustic extraction.
Aromatic disulfides did not cause instability in thiol free fuels. The presence of
pyrroles in thiol free fuels wos not harmful but indoles caused sedimentation. The
addition of sulfonic acids, which may arise by oxidation of aromatic thiols, had a
severe effect on color stability in the Presence of oxygen. 2-Haphthslene sulfonic
acid was isolated from an oil which had bepn stored for three months thus lending
some support to these conclusions (2j). Ore of the more recent techniques for
improving •uel oil stability has been the selective extraction of aliphatic and
aromatic thiols by NMZOI2CI2C4 .n ethanolanine. Feeds so treated show a marked
improvement in storage stability ().

An interesting study on gum formastion in shale oil naphtha has been car-
ried out by Dinneen and Bickel (5_). The distilled naphthas are dark in color and
contain a large Sum content that c€ntists of 7-9% nitrogen compounds. Oxidation
was very critical as far as Sun forumtion was concerned. Using an accelerated bomb
oxidation test, the gum coatent uas found to increase with axidation time. Similar
results were obtained on extended storage which substantiated the simulated storage
conditions.

A literature survey of research compleced in tht area of stability of jet
fuels was made by the Bureau of 4ines. (). It was concluded from this survey that
st~bility is a complex function of hydrocarbon type and that the presence of sulfur
and nitrogen compounds and oxyge•r• increased the tendency to deposit formation.

d. Superso.nic Fij.ght iruel Tank Simulator Results

Most of this work is of recent origin and is intimately familiar to those
associated with the "empty" vitig tank deposit problem. Thus. this section will not
recapitulate this work in detail. Rather. we have ssumrized what we feel are the
most pertinent pieces of information accumuulated from references 57 to bO and from
our field survey,
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Under simulated supersonic flight conditions (-Hoch 2.7 and higher), it
has been demonstrated that commercial types of jet fuels wiii form deposits in fuel

tanks. This problem is felt to be most severe in a wing tank relative to a fuselage
tank since, for a given set of flight conditions, the wing tank's lover surface vill
reach a higher temperature. These deposits vary from what appears to be (1) a
light varnish, (2) a reasonably clear gum or hard surface polymeric residue and (3)
a black looking substance which may be raised from the surface. As anticipated,
temperature is a major variable in fuel stability. Supersonic Transport test rig
results indicate that jet fuels exhibit a no deposit condition at 4007F, but at
500"F they exhibit deposits regardless of the ASTh-Cfl Coker Breakpoint Temperature
rating. Work in the Esso Heat Transfer Unit indicated that an autoxidation reaction
occurs at approximately 500"F, as shown by a rise in fuel peroxide nmmber and con-
sumption of dissolved oxygen. The presence of oxygen also mseem to be a major
variable since reduced deposit forming tendencies are observed in system where
oxygen is rigorously excluded.

One interesting observation made during the SST Test Rig work with Fa-S-I
fuel (58) was that the puddle fuel from the wing tank at the end of the test series
contained a marked increase in olefin content (11%) relative to the same fuel con-
tained in the fuselage tank at the end of the test series (2% olefin). In the same
work (5) with FA-S-1, two types of deposits were found and they were characterized
by infrared spectroscopy. The first was essentially a carbonaceous material and
the second as a material which contained a major amount of carbonyl (C-0) com-
pounds. These observations suggest that the varnish like deposits are a polymeric

'"nmaterial formed by reactions between olefins. sulfur and nitrogen compounds, oxygen,

hydroperoxides and hydroperoxide decomposition products; while the black carbon
rich material results from more extensive oxidation of this polymeric material.
Studies in the petroleum industry on hydrocarbon residues which deposit on the
surface of various catalysts (often called "coke") have indicated that it is pos-
sible to selectively oxidize a hydrogen rich portion of this hydrocarbon material.
The residue is a carbon rich fraction. The olefins, which presumably are major
contributors to the polymerization reactions, my be largely secondary reaction
products formed by either the decomposition of sulfur containing compounds (which
is known to occur in the temperature range in question) or by an oxidative dehydro-
genation reaction (which is known to be favored at subatmospheric pressures).

e. Summary

Deposits can form in hydrocarbon fuels stored at ambient temperatures.
Fre., &.Aical chemistry plays a major role in the deposit formation process. The
following variables accelerate the formation of such deposits: the presence of
oxygen, high temperatures, high olefin content, presence of sulfur and nitrogen
compounds, exposure to sunlight or U.V. light, and presence of metal catalysts.

In a so-called "empty" wing tank, deposits start to form between 400 and
500F. Higher temperatures accelerate the deposit formation process, as does the
presence of oxygen. One analysis of a wing tank "puddle fuel" indicated a markedly
increased olefin content.

A nu--ber of types of chemical reactions probably play a significant role
in the deposit formation process. Autoxidation reactions can produce a variety of
molecular weight products up to an oxygenated dimer of the parent hydrocarbon.
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Autoxidation reactions are also important in that they generate a spectrum of
free radical intermediates which accelerate other reactions. Hydrocarbons,
particularly those containing an olefin linkage, react w*th oxygen to form

. high molecular weight, polymeric type products in a reaction termed
oxidative polymerization. Sulfur and nitrogen compounds, in addition to
oxygen, are also readily incorporated into the product from oxidative
polymerization. Oxidative polymerization reactions are probably a major
contributor to the various polymeric resins found in wind tank deposits.
Several types of reactions are possible routes for the production of
olefins. Studies of the vapor phase oxidation of hydrocarbons indicate that
low pressures (d-l atm) favor the production of olefins, presumably by
an oxidative dehydrogenation reaction. Sulfur compounds such as thiols and
disulfides are known to decompose into olefins at temperatures of 300OF
and higher.

Soluble and insoluble metals are known to catalyze a spectrum
of free radical reactions. They may play a primary role by producing hydro-
carbon free radicals which initiate autoxidation chains or they may play
a role in secondary processes by decomposing hydroperoxides. Metal
compounds are also known to accelerate the decomposition of sulfur compounds.

2. Field Survey of
Airframe Manufacturers

A field survey of airframe manufacturers was completed. Four
companies, i.e., Boeling, Lockheed, North American and Douglas were visited.
The primary objective of the field survey was to obtain background orientation
in order to make certain that our studies will be pertinent to actual
supersonic aircraft fuel tank problems. The field survey was quite useful
for this purpose, i.e., providing a general background orientation concerning
actual supersonic flight conditions. It was particularly helpful in
pinning down the type of environment a jet fuel is likely to encounter in
a wing tank during supersonic flight, e.g., temperatures contact times,
oxygen partial pressure and possible metal types.

In regerd to metal types, it is jur understanding that titanium
is the most probable metal of construction for a supersonic wing tank
with some possibility for the use of stainless steel (62). Thus, in our
experimental work, we restricted ourselves to these types of metals. A
sample of Ti-8A1-lMo-IVa alloy, (a Hill Annealed sheet 0.020 inches thick)
was obtained from Titanium Metals Corporation of America. We also
obtained from Titanium Metals Corporation a sample sheet of TI-6AI-4Va
alloy and Ti-75A "commercially pure titanium" (,199+% titanium). The
T!-6AI-4Va material is a likely candiate for use in the SST(62). Wt procured
the commercially pure titanium to use as a check against the possibility
that the added alloying elements could affect hydrocarbon deposit formation.
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B. Study of the Effect of Phase

Type on Deposit Formation

1. Construction of the Phase Study Unit

In order to help settle the important question of the role of
phase, i.e., liquid or vapor, in the deposit forming reactions, a Phase
Study Unit was constructed. A schematic diagram of this unit is shown
in Figure 1. The main section of the unit consists of a heated reactor

section (A) which contains a probe reactor finger (B). The temperature
of the vapor space surrounding the probe is controlled by a jacket heater
(C). The temperature of the probe reactor is controlled independent of the
vapor space temperature by means of a heat transfer medium which is
circulated within the probe reactor.

The inlet side of the unit is designed to deliver controlled
amounts of vaporized hydrocarbons or jet fuel and N2 and 02 to the reactor
section. Provisions were made for degassing the liquid fuel before
vaporization and delivery to the unit, if desired. The discharge side
of the reactor is connected to a vacuum pump so that the unit can be
operated atsubatmospheric pressures. Septum caps are provided st a number
of points on the unit so that samples may be withdrawn for analy.sis via
gas chromatography, for example, for oxygen. A sample trap is also
available for condensing and recovering the effluent hydrocarbon from the
probe assembly.

To test the effect of metal types, we originally plaunrd to
roll approximately 2" wide strips of metal into cylindrically shaped
sleeves and to attach these sleeves to the inner probe. With stainless
steel, it was found that probe sleeves could be prepared rather easily.
This was not the case with titanium. Working with a 0.020" thick sheet
of Ti-8AA-lMo-lVa alloy, we were unable to form suitable sleeves, even
after trying a variety of rolling techniques.

2. Results From the Phase
Study Unit

One of the more important questions involved in Hydrocarbon
Fuel Vapor Phase Deposit work is the role of the phase (i.e., liquid or
vapor) in the deposit forming process. In ar effort designed to elucidate
the contribution of the liquid and vapor phase, a series of experiments
were carried out in the Phase Study Unit. The variables studied were:

• Effect of condensed phase
• Effect of metal surface
a Effect of the presence of air (oxygen)

The experimental approach consisted of a series of runs designed as a 2n

Factorial Experiment with the above three variables. The fuel chosen for
the experiments was a Jet A kerosene, RAF-176-63. Other conditions were 3
psia total pressure, full air added to the unit and a contact time equivalent
to 3 SST mission cycles (3-4 hours). The preheat sections and reactor
heater were controlled at 500F, which at the 3 psia pressure, coodletely
vaporized the fuel. The temperature of the probe was maintained at 275"F
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to produce a condensed phase. For runs without a condensed phase, the
probe temperature was maintained at 4600 F. The metal surface consisted
of cylindrical sleeves made from 304 stainless steel which were slipped
over the probe.

The results from this series of experiments are shown in Table
1. in the absence of air no deposits were formed even when a condensed
phase and a metal surface were present. In the presence of oxygen,
deposits formed when a condensed phase was present on both the glass and
metal surfaces. If one assumes an apparent activation energy of 10 kcal
per mole, this result indicates that the overall rate of deposit formation
at 275*F in the condensed phase is at least 12 times faster than the r..ce
in the presence of a vapor phase only. At the conditions chosen, the
presence of a stainless steel metal surface vs. a glass surface did not
affect the overall deposit formation process as much as the presence of
oxygen or a condensed phase. However, the presence of a metal surface
affected the fue] degradation process, since color changes were observed
when the jet fuel was exposed simultaneously to the presence of a metal
surface, oxygen, and a condensed phase.

C. Development of an Apparatus and Test
Procedure to Quantitatively Measure Deposit

in the "Empty" Wing Tank Environment

1. Design and Construction of the
Screening Unit

To elucidate the variables which control deposit formation
quantitatively, a unit was designed to measure the rate of deposit
formation. In this apparatus, the reaction kinetic enviro-iment experienced
by the residual jet fuel is simulated. The salient features of this
complex environment are the presence of three phases, that is, metal
surface, liquid phase, and vapor phase; a rising temperature sequence;
and a reduced pressure characteristics of a wing tank at high altitudes.
Typical jet fuels are not very volatile at ambient temperatures. However,
the presence of a reduced pressure facilitates the vaporization of various
compounds, and since temperatures rise as a supersonic flight progresses,
a selective fractionation of the residual liquid fuel occurs. At the
extreme conditions, for example, 500 F and 3 psia, the vast majority of
compounds present in a fresh, undegraded jet fuel should be in the vapor
phase.

The Screening Unit (63,64) used to measure the rate of deposit
formation is shown in a schematic drawing in Figure 2. The main section
of the unit consists of a glass tubular reactor 3.8 cm. in diameter and 100
cm. in length. The reactor volume is approximately 1130 cc. The unit
has five separate reactor heaters, each independently regulated by its
own Gardsman temperature control. The reactor is maintained on a slight
incline and liquid fuel flows down the reactor in the presence of a
constant stream of air. The liquid fuel flow rate is fixed at. 125 cc
per hour and the gas flow is fixed at 5 liters per minute. The trtal run
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TABLE 1

Phase Study Unit Experiments With RAF-176-63

Condensed Phea: No Condensed Phase

(275°F on Probej> (460°F on Probe)

Air No Air Air No Air

Experiment #1 Experiment #5 Experiment #3 Experiment #7

Deposits No Deposits No Deposits No Deposits
Metal (light yellow (white overheads) (dark yellow over- (white overheads)
Present overheads) heads)

"Experiment #2 Experiment #6 Experiment #4 Experiment #8

No Metal Deposits No Deposits No Deposits No Deposits
Present

(white overheads) (white overheads) (white overheads) (white overheads)

9 Conditions: RAF-176-63 Jet A kercsene, pre-purged with N2 (white colored), 3 psia total
pressure, 500*F reactor heater temperature, 304 stainless steel metal
sleeves (when employed).

In order to check reproducibility, Experiment #1 was replicated. Both runs produced
the same results.
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time employed is 4 hours. The reactor heaters ar, controlled so that
the fuel encounters a sequence of rising temper- •. zones as it flows
down the reactor. Carefully weighed metal strip, "-cimately 1.0 cm
wide by 10 cm long are positioned in the center nc:• .,, of each heater
zone. The average residence time of the flowing hydrocarbon (in the absence
of loss by vaporization) is 14 seconds per atrip, Oie time it takes the
hydrocarbon stream to flow the length of a single strip. This was
measured at ambient temperature and pressure by measuring the time it
took an actual jet fuel to travel the length of the reactor. A thermowell
extends down the length of the tubular reactor, and an individual thermo-
couple is positioned in each zone. The reactor heaters are separated
by a small distance, so that each reactor sector can be inspected visually;
at other times this zone is wrapped with insulation tape to prevent excessive
heat loss. The unit is designed so that it can be operated under a
controlled, reduced pressure. The liquid fuel is presaturated with air or
an air-nitrogen mixture prior to admission to the reactor section. At the
conclusion of a run, hydrocarbon fuel is shut off and a full vacuum is
applied to the unit (<0.1 torr) while the temperature is maintained at 450*F
to remove any physical or chemisorbed jet fuel range hydrocarbon species.
Nitrogen is passed down the reactor as the unit is cooled t room temperature.
The metal strips -are removed carefully and weighed on a precision balance.
The deposit formation rate is zalculated as grams of deposits per square
centimeter of metal surface per 4-hour reactor time.

2. Reproducibility of the Data
Obtained in the Unit

In the screening unit, liquid hydrocarbon and air are admitted
to a tubular reactor, and flow over a series of metal strips at reduced
pressure through a rising temperature sequence. Thus, the kinetic
environment encountered by the residual fuel at various stages in the
wing tank during a typical supersonic flight mission is simulated along
the length of the reactor. The reproducibility of deposit formation rates
obtained in the unit wap first measured by making replicate runs with
two fuels in the presence of Ti-8AI-lMo-lV metal strips. Other conditions
were 3 psia, use of undiluted air, and a 300-500*F temperature distribution.
The deposit formation rate was calculated as grams of deposits per square
centimeter of toal metal surface per 4 hr reaction time. Prior to being
weighed, the strips are held at < 0.1 torr pressure at 4500 F
for 30 minutes to remove any physical or chemisorbed jet fuel range
hydrocarbon species. After cooling in N2 , the strips are weighed with a
precision balance to six decimal places. An analysis of the data indicated
that the deposit formation rate increased with increasing temperature,
until a sharp decrease or leveling off point was reached. Subsequent
experimental results showed that this decrease or leveling off effect
in the deposit forwition rate at an elevated temperature was a general
phenomenon. The temperature at which this phenomenon occurs has been
designated as the "Deposit Formation Cut-Off Temperature." Analyses
of the rates obtained below the cut-off temperature indicated that they
produced excellent Arrhenius plots. Replicate run data for two different
feeds are summarized in an Arrhenius plot in Figure 3. As shown, excellent
Arrhenius plots were obtained and the rate data are quite reproducible.
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FIGURE 3
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This apparatus has been used to rate the deposit formation
tendency in the "empty" wing tank environment of a number of fuels.
Independent comparisons made with the same fuels indicate that this apparatus
is the only small scale test device which ranks the wing tank deposit
formation tendencies of fuels the same as an actual Advanced Aircraft
Fuel System Simulator (65).

3. The Weight Increase from Autoxidative
Deposits Relative to Weight Increase
Caused by Oxidation of the Metal

Kofstad's "High Temperature Oxidation of Metals" shows that
titanium metal exposed to the presence of oxygen will oxidize and undergo
a weight increase. Kofstad (66) presents data on the weight pickup from
the oxidation of annealed titanium over the 405°C to 995*C temperature
range. In order to assess the relative weight pickup from the oxidation of
titanium metal versus that observed from a typical hydrocarbon autoxidation
deposit, the data presented by Kofstad was plotted on an Arrhenius plot
(Figure 4) and compared with the rate of hydrocarbon deposit formation
observed on Ti-8A1-lMo-IV metal strips using RAF-176-63, Jet A kerosine
in a standard 4-hour screening unit run at 3 psia with undiluted air. The
Kofstad data exhibited a 15 kcal/mole overall activation energy in the
405*C to 590C temperature range, and this value was used to extrapolate
his data t,) 246°C (475°F), the highest temperature employed in the
hydrocarbot deposit kinetic studies. The weight pickup from the hydrocarbon
deposits is 200 times greater at these conditions than the weight pickup
from the oxidation of titanium metal. At lower temperatures the difference
in the rates would be even greater since the overall activation energy for
the hydrocarbon deposit process is only 10 kcal/mole. Since titanium
metal surfaces are covered by a metal oxide layer, the oxidation of such
metals require diffusion of molecular oxygen through the metal oxide layer.
Based on Kofstad's data, this process is quite slow at temperatures below
475°F. More important, Kofstad's data show that the oxidation of the metal
strips used in our Screening Unit test has a totally insignificant effect
on the hydrocarbon deposit formation rates which we measure.

4. Temperature Measurements in the
Screening Unit

The most direct method of measuring the temperature of the metal
strips in the Screening Unit would be to attach a thermocouple to the strip.
This was not feasible since attaching a thermocouple directly to the strip
would interfer with the highly accurate weight measurements which must be
made in order to measure the rate of deposition of hydrocarbon deposits.
The temperature of the strip was thus measured by means of two thermocouples,
one positioned on the outside wall of the tubular reactor, and one
positioned inside a glass thermowell inside the reactor which rests on
top of the metal strips. In order to see if these thermocouple measurements
correspond to the metal strip temperature, a thermocouple was soldered to
the metal strip which was positioned in the middle reaction section,
and a screening unit run was made under standard conditions (i.e., 3 psia,
125 cc/hour Jet Fuel, 5 I/min air flow). The unit was lined out and a series

P~~
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FIGURE 4
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of temperature measurements made comparing the metal strip temperature with
the temperature al the wall and in the thermowell. Typical values are shown
below.

Outside of Inside of
Metal Strip Reactor Wall Thermowell

310 312 305

360 360 355

It can be seen that the temperatures measured in the screening
unit at present are quite close to those which would be measured if a
thermocouple were attached directly to the metal strips.

D. The*Study of the Effect of Variables
Such as Temperature, Pressure, Oxygen
Partial Pressure and Exposure Time on
Time Formation

1. The Effect of Temperature and Total
Pressure on the Rate of Deposit Formation

Studies with a number of jet fuels indicate that the effect of
temperature and pressure is interrelated. In general, higher total pressure
increases the level of deposit formation and also results in a higher
apparent activation energy for deposit formation.

The effect of total pressure on the deposit formation tendency
of Baton Rouge jet fuel was investigated. In addition, the apparent
activation energy for deposit formation was measured as a function of a
total pressure. This work was done in the Screening Unit using Baton Rouge
fuel employing Ti-8A1-lMo-lV strips with standard flow rates of hydrocarbon
and air. Results of this study are shown in Arrhenius plot in Figure 5.
As can be seen, increasing the total pressure not only increased the level
of deposit formation at a given temperature, but also increased the
apparent activation energy for the deposit formation process.

Total Pressure Apparent Activation
psia Energy, kcal/mole

3 10
6 17

12 23
14.7 28

Thus, at a higher total pressure, the rate of deposit formation
will increase more rapidly with increasing temperature than the rate does
at lower pressure.

The effect also of 1 atm pressure on the deposit formation rate
of RAF-176-63 and P&W 523, was measured. This work was done in the
Screening Unit using Ti-8A1-lMo-1V strips and standard flow rates. Detailed
data from these runs are shown in an Arrhenius plot in Figure 6.
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FIGURE 5

THE EFFECT OF PRESSURE ON THE DEPOSIT
FORMATION RATE OF BATON ROUGE FUEL
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S~ FIGURE 6TI
SCREENING UNIT EVALUATION
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A comparison with previous data obtained at 3 psia indicates
that increasing total pressure not only increased the level of deposits
at temperatures in excess of 300"F but also increased the temperature
dependence of the deposit formation process. A comparison with the Bat n
Rouge fuel results indicate that increasing total pressure with the Baton
Rouge fuel increased the level of deposit formation to a greater extent
than was observed with RAF-176-63, even though both fuels exhibit the
same apparent activation energy at 1 atm total pressure. As a result,
the Baton Rouge fuel becomes more deleterious toward deposit formation than
RAP-176-63 at 1 atmosphere total pressure.

Ratio of Deposit Formation
Rate at I atm Versus Apparent Activation

Fuel 3 psia @ 350"F Energy kcal/mole

Baton Rouge 15 28

RAF-176-63 4.2 28

P&W 523 3.9 20

Directionally the results obtained with the RAF-176-63 and
P&W 523 fuels are the same as that obtainel with the Baton Rouge fuel.
Since these Jet fuels cover a spectrum of compositions and range from a
deleterious to a highly stable fuel, it is concluded that, in general,
raising total pressure will raise the level of deposit formation and the
apparent activation energy for the deposit formation process.

We had evaluated fuel AFFB-8-67 (AZ-I) in a standard Screening
Unit ýest (3 psia, Ti-8A1-lMo-IV strips). In order to pinpoint the
performance of this fuel at conditions closer to those encountered in a
Fuel System Simulator, we have evaluated it in the Screening Unit at I atm
total pressure using stainless steel strips. For this run, nitrogen was
added to the inlet air so that the oxygen partial pressure was held at 32 mm
Hg. Thus, the oxygen partial pressure in this run corresponds to that
encountered in a standard screening test at 3 psia using undiluted air.
Results of this test are shown in the Arrhenius plot in Figure 7.
Included is a predicted deposit formation rate case for the use of stainless
steel at 3 psia. Raising the total pressure at a fixed oxygen pressure
increased rhe rate of depcsit formation with AFFB-8-67. A similar effect
was previously observed with RAF-176-63. One reason that total pressure
has such an effect on deposit formation is the fact that at reduced pressure
(i.e., 3 psia), reactive species are probably volatized in many instances
before they can participate in the deposit formation process, which takes
place mainly in the liquid phase.

The effect ot pressure on the deposit formation tendency of pure
j compounds was also investigated. The effect of total pressure on thle

deposit formation rate of n-decane wa. investigated on the Screening
Unit using pure titanium strips (ti 75A) ind fu'l air flow. The results
of this study are shown in the Arrhenius plot in Fiaure 8. It can heseen that with n-decane, increasing the total pressure from•i 1 psia t. I atm

t
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FIGURE 7
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FI GURE 8
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reduced the rate of deposit formation. This effect is, of course, opposite

to that observed with jet fuels and suggesca that the effect of total

pressure on deposit formation reflects an effect on the non-paraffin
portion of the fuei.

To check this hypothesis and to further elucidate the effect of

pressure on the deposit formation process, the effect of piessurc on the

deposit formation rate of an olefin in paraffin blend has been determined.

This was done by measuring the deposit formation rate of a 10 wt %
indene in n-decane blend in the Screening Unit aL atmospheric pressure.

Results are shown in an Arrhenius plot in Figure 9. Also shown are the
data obtained with the same blend previously at 3 psia at otherwise identical

conditions. It can be seen that at the higher pressure the olefin containing

blend exhibited apparent activation energy for deposit formation (i.e., 16
versus 9 kcalimole). These results, thus, confirm the previous conclusion
that the non-paraffin portion of the fuel is responsible for the observed
pressure dependence with actual jet fuils. All detailed data are shown in
Appendix 1.

2. The Effect of Oxygen Partial Pressure
on The Rate of Deposit Formation

A short study was made in the Screening Unit to determine the
effect of oxygen partial pressure on the dposit formation rate. Jet A
kerosine RAF-176-63 was choser, for this initial study. The Screening
Unit was opeLated at one at:mosphe e total pressure using Ti-8AI-lMo-IV
metal strip and the standard hydrocarbon flow rate of 125 cc/hour and a
four-hour reaction fer" The total gas flowoas fixed, and the oxygen
partial pressure was va-.td by delivering various amounts of N2 and air

to the unit. The jet fuel was pre-siturated with the N2 /air mixture prior
to admission to the reaction tube. i>.creasing the oxygen partial pressure
in the range of 16 to 160 mm Hg increased the rate of deposit formation.

Oxygen Partial Pressure Relative Activity
(at atm. total pressure) Rate cf Deposit Formation for Deposit Formation

rg __gat 450 0 F, Grams per cm 2 Surface at 450OF

16 21 x 10-6 0.81

80 26 x 10-6 1.00

IbO 35 x 10-6 1,34

A plot of log of the relative activity 4ersus log of the partial
pressure (See Pigure 10) indicates that the deposit formation rate is
approximately 0.2 order in oxygen partial pressure. This low positive order
in oxygen is typical of n-3ny hydrocarbon oxidation reactions carried out at
moderate o'ygen partial pressures (67,68). From Figure 10, it is possible

to predict a deposit formation rate at 31 mm Hg 02 partial pressure, which
corresponds to the 02 partial pressure in the Screening Unit runs at 3 psia
with full air. A comparison of this rate with the rate obtained in the
Screening Unit at 3 psia with RAF-176-63 indicates that the deposit forma-
tion process is faster at 1 atmosphere total nressure.
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FIGURE 9

EFFECT OF PRESSURE ON DEPOSIT
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FIGURE 10

RELATIVE ACTIVITY AS A FUNCTION OF
OXYGEN PARTIAL PRESSURE
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Total Pressure (with Relative Activity
31 m Hg 02 partial Rate of Deposit Formation for Deposit Activity
pressure), psia at 450°F, Grams per cm2 Surface at 450"F

6 16 x 10-6 1.00

14.7 23 x 10-6 1.43

Thus, a higher total pressure, at a fixed oxygen partial pressure,
increases the rate of deposit formation. A dependence on total pressure, at
a fixed oxygen partial pressure, is also characteristic of many hydrocarbon
autoxidation reactions. Detailed data are shown in Appendix 2.

3. The Effect of Exposure Time on
the Rate of Deposit Formation

A study was completed of the effect of exposure time on the

rate of deposit formation. Our standard test in the Screening Unit
involves a fixed four-hour reaction time and thus provides the average rate
of deposit formation over the first four hours of exposure of a fresh metal
surface. We decided to study the effect of exposure time on the rate of
deposit formation so that (a) we could determine how rapidly deposits build
up during extended exposure in multi-mission flights, and (b) make sure
that our standard four-hour reaction tir,.e Screening Unit test is providing
meaningful information. The study was carried out by making Screening
Unit runs for a total of 1,3, and 8 hours exposure to degrading fuel
and comparing these results with those obtained from our standard four-hour
test. Jet A kerosine RAF-176-63 was chosen as the fuel. Other conditions
were 3 psia, Ti-BAl-lMo-lV strips and the use of undiluted air. The
deposit formation rates were calculated as grams of deposits per cm2

of total metal surface per hour of total exposure to fuel. This deposit
formation rate represents the average rate of deposit formation over the
total length of time that the fuel has been exposed to the metal surface.
An Arrhenius plot of this data is shown in Figure 11. The data show that
tile deposit formation rate is highest wflet, the metal surface is first
exposed to fuel and then falls off with continued exposure time. In
Figure 12, the relative activity for deposit formation at 350°F is plotted
as a function of total exposure time. This relative activity was obtained
by dividing the rate of deposit formation at the various exposure times by
the rate obtained in the normal four-hour exposure time Screening Unit run.
As shown, the greatest drop in the level of the rate of deposit formation
occurs in the first two hours of exposure. The rate subsequently falls
off rather slowly. Thus, we feel that the rates obtained from our standard
four-hour exposure time test are quite representative of the lined out
deposit rates which would be obtained using more prolonged exposure times.

4. The Evaluation of Water
Saturated Jet Fuel and Decane

Although the water content of jet fuels is normally quite low
(reflecting the low solubility of water in hydrocarbon media), water is
known to exert an influence on many reaction systems. As a result, a short
study of the effect of water saturation on both n-decane and Baton Rouge
fuel was carried out. The fuels were prepared by addition of excess water
to the sample and then the water containing sampl6 was bubbled with air at
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FIGURE 11

DEPOSIT FORMATION RATE AS A FUNCTION
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FIGURE 12
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FIGURE 13

SCREENING UNIT EVALUATIONS OF WATER
SATURATED BATON ROUGE FUEL AND DECANE
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room temperature to insure that the material was saturated with water at
those conditions. To check the effect of air sparging, a sample of Baton
Rouge fuel was also saturated with water by sparging with N2 . The water
saturated fuels were then tested in the Screening Unit at 3 psia using
Ti-8A1-l1o-lV strips. Results are shown in Figure 13. As can be seen,
presaturating n-decane with water by sparging with air had no significant
effect on the rate of deposit formation. In contrast, presaturating the
Baton Rouge fuel with water, by bubbling the fuel containing excess water
with air, increased the rate of depobit formation significantly in the 350
to 400*F range. Substituting nitrogen for air during the preparation of the
water saturated Baton Rouge fuel essentially reduced the deposit formation
tendency of the water treated fuel to that of the standard Baton Rouge fuel.
That water can influence deposits formation at 350*F is surprising since
liquid water itself will boil at 3 psia at 142*F. These results suggest that
an oxygen-water-fuel interaction occurred in the Baton Rouge fuel, which lead
to the increased rate of deposit formation at 350 to 400*F in a Screening Unit
test. In this respect, it is interesting to note that Emanuel(69) has reported
that peroxy radicals will form complexes with water. It is also well known
that water will form solid hydrates with some hydrocarbons (70,71,72). In any
event it is clear that water is capable, in some circumstances, of exerting
an influence on the deposit formation process at "empty" wing tank deposits.
Related data are shown in Appendix 4.

E. The Study of the Effect of Trace
Impurities on Deposit Formation

I. The Effect of Trace Levels of
Sulfur Compounds on Deposit Formation

We felt that the sulfur content of a given fuel could be important
becausa it has been established in the literature that (a) elemental sulfur
catalyzes the formation of free radicals, (b) organic sulfur compounds
decompose into radical fragments under the present experimental conditions,
and (c) many sulfu:ý derivatives, e.g., sulfides, are readily autoxidized by
a free radical chain process under the present experimental conditions.
Thus, sulfur and its derivatives could initiate the complex series of
reactions that lead to deposit fermation. Initial work in the Screening
Unit established that the deposit formation "cut-off temperature" could be
correlated with the fuel sulfur level at a statistically significant
confidence level. (14 and 15, Table II) On the other hand, the rate of
deposit formation at lower temperatures, i.e., 350*F, could not be related to
the total sulfur level of the fuel in a simple manner. This again emphasizes
the complex nature of the overall deposit formation process. These results
indicated the need for a more extensive study of the effect of trace quantities
of sulfur compounds on the deposit formation process (73).

We decided that the most direct method of investigating the
effect of trace levels of sulfur compounds on the overall deposit formation
process would be to add known quantities of pure sulfur compounds to an
actual jet fuel. We chose P&W 523 as the jet fuel to be doped with sulfur
compounds because (a) it has been demonstrated that this fuel is highly
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FICURE 14

CUT-OFF TEMPERATURE AS A FUNCTION OF SULFUR CONTENT
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FIGURE 15

CUT-OFF TEMPERATURE AS A FUNCTION OF
FINAL BOILING POINT
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TABLE II

Analyses of Variance of Linear Regressions(a)

A. Regression of Cut-off Temperature on Square Root of Sulfur Level

Source of Sum of Degrees Mean
Variation Squares of Freedom Square

Due to regression 6,050 1 6,050

About regression 700 3 233

Total 6,750 4

F - 26.0 (from regression)

F (1,3) 95% - 10.1 (required for significant test)

Conclusion: Regression is significant at greater than 95% confidence
levels.

B. Regression of Cut-off Temperature on Final Boiling Point

Source of Sum of Degrees Mean
Variation Squares of Freedom Square

Due to regression 2,270 1 2,270

About regression 4,480 3 1,495

Total 6,750 4

F = 1.52 (from regression)

F (1,3) 95% = 10.1 (required for significant test)

Conclusion: Regression is not significant.

(a) Source: 0. L. Davies, "Statistical Methods in Research and Production," 3rd
Edition, Hafner Publishing Co., N.Y., 1957.
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stable toward deposit formation, and (b) this fuel is essentially sulfur
free (analyzed ( 0.2 ppm S) so that any effects would be attributed
directly to the added sulfur compounds.

The sulfur doped P&W 523 fuel was tested in our Screening Unit
at 3 psia. This was done so that its deposit formation rate could be
compared with our previous evaluation of the undoped fuel. Other
conditions were also maintained the same; i.e., full air, four-hour
reaction time, Ti-8A1-lMo-lV metal strips, and the standard hydrocarbon
and air flow rates.

U.S. commercial and military specifications for aviation
turbine fuels generally limit the total sulfur level to 3000 to 4000 ppm
and the thiol (RSH) sulfur level to 10 to 50 ppm maximum. Thus, thiol
sulfur is restricted to approximately 10% or less of the total sulfur
content of a finished jet fuel.

The 1000 ppm S level was chosen as a representative level
for the sulfur content of arL actual jet fuel. The distribution of sulfur
compound types in the nonthiol fraction will vary with the crude type,
processing steps, and environment employed during refinement of the fuel;
however, sulfides are normally the predominant type of sulfur compound - for
example, Hartough (74) has shown wide variations in the distribution of
thiols and disulfides among various crude types. Rall et al, (75)
have pointed out that disulfides may not be present in virgin crude but
are produced subsequently by thiols by a facile oxidation. Sweetening
processes produce disulfides from thiols by oxidation with molecular oxygen
of air. The addition of such sweetened stocks to a jet fuel obviously
increases the disulfide content of the fuel. Wallace (78,79) has also
shown that in the absence of air, thiols can be oxidized to disulfides
by metal oxides and soluble metal salts at low temperatures. Thus,
representative thiols, sulfides, and disulfides were included in this study.

To evaluate differences between compound types, a variety of
pure sulfur compounds were used in the study, including sulfides, disulfides,
thiols, and condensed thiophenes. Structural effects within a given class
of compounds were investigated with a series of phenyl and benzyl
sulfides. In general, sufficient quantities of these compounds were added
to the hydrocarbon to raise the sulfur level of the hydrocarbon fuel to
1000 ppm of S by weight. Thus, the sulfides, thiolo, and condensed thiophene
were evaluated at the same mole concentration, whereas the disulfides were
present at only half the mole concentration of the other compounds.

The deposit formation rates obtained with the various 1000 ppm
S-contaminated hydrocarbon materials are shown in the Arrhenius plots
in Figures 16 to 19 and Appendix 5. The rate obtained with the uncontaminated
hydrocarbon is also shown.' The addition of diphenyl sulfide and di-
benzothiophene did not significantly increase the rate of deposit formation
over the range of temperatures tested. The rate of deposit formation
was increased by all the other sulfur compounds added to the hydrocarbon
material at a sufficiently high temperature, in some cases, by as much as a
factor of 20. Thus, thiols, sulfides, disuifides, and some condensed thiophenes
are capable of markedly increasing the rate of deposit formation at trace
levels at a sufficiently high temperature.
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FIGURE 16
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FIGURE 17
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FIGURE 18

THE EFFECT OF THiE ADDITION OF 1000 PPM S
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FIGURE 19

THE EFFECT OF THE ADDITION OF 1000 PPM S
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The phenyl methyl sulfide- and phenyl propyl sulfide-contaminated
hydrocarbons produced a complex - i.e., nonlinear - Arrhenius plot. At
low temperatures, the materials exhibited o'n apparent activation energy of
approximately 20 kcal. per mole, which decreased to 10 kcal per mole as the
temperature increased. The hydrocarbon exhibited an apparent activation
energy of 10 kcal per mole. The other sulfide and disulfide compounds
also exhibited an apparent activation energy of approximat2ly 20 kcal per
mole.

The effect of sulfur concentration was investigated with
phenyl methyl sulfide (5000 ppm of S), dibenzyl disulfide (10 ppm of S)
and diisobutyl disulfide (10 and 100 ppm of S)-doped hydrocarbon fuels.
Higher sulfur levels resulted in higher levels of deposit formation. The
deposit formation rate, however, did not increase linearly with increasing
sulfur content. A comparison of the relative deposit formation rate vs.
the square foot of the relative sulfur level is shown in Figure 20.
Increasing the sulfur level by a factor of 50 approximately tripled the
rate of deposit formation.

At high temperatures ( >900'F), sulfur compounds pyrolyze via a
homogeneous free-radical process. With the aid of a radical scavenger
technique, phenyl methyl sulfide was shown to decompose to phenyl thiyl
and methyl radicals (80), benzyl methyl sulfide decomposed to benzyl and
methyl thiyl radicals (81), and various thiols decomposed via rupture
of the C-S bond to alkyl and hydrosulfide radicals (82). At lower temper-
atures, the mode of thiol decomposition varies with structure. For example,
2-methyl-2-propanethiol decomposes by a radical process, and l-pentanethiol
fragments to produce l-pentcne and hydrogen sulfide (83). In the former
case, homolysis of the C-S bond produces a tertiary alkyl radical which is
more stable than a primary alkyl radical. This is apparently the reason
for the different modes of decomposition.

The heterogeneous decomposition of thiols occurs at 3900 to 930°F
and usually yields olefins, sulfides, and hydrogen sulfide (84). Sulfides
and disulfides both (85,86) undergo a complex heterogeneous decomposition
in the 3900 to 930"F range. Rudenko and Gromova (87) passed a series of sulfur
compounds over iron and reported the minimum temperature at which decomposition
became significant as evidenced by evolution of hydrogen sulfide.
Thiols, disulfides, and dialkyl sulfides readily decomposed at 3000 to 750'F.
Diaryl sulfides decomposed at 840'F, but thiophene was stable at 932*F.

Sulfur reacts with various hydrocarbons to produce initially
alkyl and hydrosulfide radicals. These radical fragments react further
to produce hydrogen sulfide and an olefin (88). Thiols are known to add
to olefins via a free-radical chain process (89). FaLass et al (90) have
shown that trace quantities of sulfur compounds can either increase or decrease
the rate of thermal pyrolysis of various hydrocarbons.

In the presence of oxygen at room temperature, thiols and olefins
are co-oxidized to produce /-hydroxystlfoxldes (91). Sulfides and thiols
react with oxygen at low temperatures via tree-radical processes (92,93).
Walling (94) has indicated that sulfides undergo oxidation more rapidly
than the corresponding hvdrocarbon.
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FIGURE 20
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In the present system, deposits are formed via free radical
autoxidation reactions, and the role of sulfur compounds in this process
must be complex. Only the hydrocarbon fuel doped with diphenyl sulfide
and dibenzothiophene failed to show a significant increase in the rate of
deposit formation. Bateman and Cunneen (95) have shown that diphenyl sulfide
is markedly stable Lo oxidation relative to other sulfides, and Rudenko and
Gromova (87) have shown that thiphene is less suceptible to heterogeneous
decomposition than diphenyl sulfide. rhe present results show that these
compounds do not accelerate the deposit formation process because they do
not decompose under the conditions studied. Their stability is due to
the strength of the aryl C-S bonds. The other sulfur compounds undergo
decomposition via free radical processes and thus accelerate the complex
autoxidation process which leads to the formation of deposits. This
picture is consistent with the observation that sulfur is present in the
deposits (64). Sulfoxides and sulfones are known to be less stable than
their corresponding sulfides (96,97,98) Thus, selective oxidation of the
bivalent sulfur atom by intermediate hydroperoxides could p)recede the
thermal or surface catalyzed decomposition of these compounds.

It is interesting to examine the effect on the rate of deposit
formation of the various phenyl and benzyl sulfides in terms of the type
of radical fragments which these compounds could intially produce when t'-ey
undergo decompositien. In Table III these compounds are assumed
to decompose in the deposit formation environment in the same manner as
they undergo pyrolysis - i.e., by rupture of the alkyl C--S bond. This
assumption is reasonable, since this bond is weaker than the aryl C-C
and C-S bonds. The lowest rate of deposit formation occurred with the
benzyl phenyl sulfide-contaminated hydrocarbon, which presumably produced
only benzyl and phcny! thiyl radicals. Ecnzyl radicals are known to
be very stable; the phenyl thiyl radical is in the same category, so that
the benzyl or phenyl thiyl radical produced should be much less active
than the phenyl methyl thiyl, propyl, and methyl radicals. Dolgoplosk,
et al. (99) have reported that the ratio of activities of methyl radicals
relative to propyl radicals for hydrogen abstraction varies from 2.1 to
2.7, whereas the ratio oi deposit formation rates for these two fuels is
2.2. One could also argue that the sulfur compound producing the most
energetic products is the least staple, so that the observed decrease in
the rate of deposit formation among these contaminated hydrocarbon fuels
reflects the increased stability of the individual sulfur compounds. In
any event, the stability of an individual sulfur compound, which of course
reflects the structure of the compound, clearly governs to a great extent
its influence on the rate of deposit formation. The fact that trace levels
of sulfur compounds greatly influence the deposit formation process results
from the lower stability of these compounds relative to jt, fuel ranye
hydrocarbons at highr temperatures.

With the compounds tested, an increase in the sulfur 12vel did
not linearly increase the rate of deposit formation. If a sulfur compound
decomposed to produce a single activc free radical, and deposits were
produced via a radical-radiCal rf.combination reaction, a square rout dependence
of formation rate on sulfur level could be expected. Considering the
complexity of the reaction system, it is concluded that the observed
dependency of deposit formation rate on sulfur level is in reasonable agree-
ment with such an oversimplified picture.
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TABLE III

Comparison of Observed Rate of Deposit Formation With

Probable Sulfur Compound Initial Decomposition Products

Sulfur Compound Carbon and Sulfur Structure

Added to Hydrocarbon of Probable Initial Free Rate of Deposit

Fuel at 1000 ppm S Radical Decomposition Formation at 325°F,

Level Products g/cm2  hr x 106

6  S-CH3  K S. +C1 . 28.0

K S-SC3 H7  S. +C 3 . 12.5

K5'CH 2 -S-CH 2-@j C. + & -. 4,3

S-CH & C' + (5)-S. 1.3
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2. Studies on the Role of Sulfur
Compounds in the Deposit Formation Process

We have demonstrated that trace quantities of various sulfur com-

pounds can markedly influence the deposit formation process. Thiols, sulfides,

disulfides and condensed thiophene compounds are all capable of increasing

the rate of deposit formation. The effect of individual sulfur compounds on

the rate of deposit formation was markedly different. This undoubtedly

explains why the deposit formation rate of various jet fuels cannot be

quantitatively related to the total sulfur level. Obviously, fuels which

have a low sulfur content will be stable and those with high sulfur levels

will be much less stable. The differences observed with the various sulfur

compounds reflect such factors as the stability of the compound at "empty"

wing tank conditions and the relative activity of the radical fragments

produced when the compound decomposes. Because of both the importance of

sulfur compounds and their complex role in the deposit formation process,

we extended our studies in this area.

One question related to the influence of sulfur compounds on the

deposit formation process is: Why are these compounds deletereous at empty
"wing" tank conditions. It is known that typical sulfur compounds are

stable at temperatures below 1000*F in the absence of oxygen or a catalyst.

One possibility is that sulfur compounds are oxidized to sulfoxides
(e.g. R-SO-R') and/or sulfones (e.g. R-S0 2 -R') prior to their decomposition,

which partially initiates the complex free radical process leading to the
formation of deposits. In order to investigate this possibility, we have

studied the stability of a typical sulfur compound and its corresponding

sulfone at empty wing tank temperatures. Thianaphthene (benzothiophene)

was chosen for this study because it represents one of the classes of sulfur

compounds found in jet fuels at all sulfur levels. It is known, for example,

that condensed thiophene compounds are relatively difficult to remove from

hydrocarbon fuels even in a strenuous catalytic hydrotreating processing
step.

The stability of these compounds was studied in liquid phase hydro-

carbon media in a reactor immersed in a well controlled temperature bath.

Progress of the reaction was determined by gas chromatographic analysis of

samples of the reaction mixture. The reaction mixture was vigorously de-
oxygenated prior to the pyrolysis study in a vacuum apparatus in which the

mixture was subjected to a series of sequential freezing and degassing steps

at low pressure (<0.1 torr)

Thianaphthene was heated in a mixture of hexadecane (CH?-6P2)l4_CH3)

and tetradecane (CH 3 -(CH 2 )1 2 -CH3) at various temperatures up to 500 F.
Analysis indicated that there was no decomposition of the thianaphthene

even at 500*F.

S200-500F no reaction (25)
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Thus, thianaphthene itself is stable to pyrolysis over the entire
"empty" wing tank temperature range.

The pyrolysis of thianaphthene 1,1 dioxide (TNDO) was next investi-
gated (100). Various concentrations of this sulfone were dissolved in a
hydrocarbon media (42 wt % tetradecane, 58 wt % naphthalene) and the blend
-was vigorously deoxygenated as before. Gas chromatographic analysis of
the reaction blend showed that the compound undergoes pyrolysis at 350*F.
Runs at different initial mole concentrations of TNDO in the hydrocarbon
media indicated that the reaction was second order. A second order plot
of this data is shown in Figure 21. As a result, second order rate
constants were calculated from the pyrolysis data. Pyrolysis runs were made
at various temperatures in several solvents, i.e., hydrocarbons, butyl
carbitol andA,• .,( ,,A'trichlorotoluene. Second order plots of these
rate data are shown in Figures 22,23 and 24. An Arrhenius plot of the
second order rate constants determined from these plots is shown in Figure
25. The apparent activaticn energy of pyrolysis in hydrocarbon media is
16.5 kcal/mole and in butyl carbitol it is 23.5 kcal/mole. At 3500 F and
below a single reaction product results. At temperatures above 375*F,
the results indicate that this product undergoes further decomposition to a
more complex reaction product.

H H
SO (26)

02 0 H
iI III

The pyrolysis of the neat primary dimeric reaction product at higher
temperatures was investigated briefly in a nass spectrometer (101).

The decomposition of compound was carried out in a CEC 21-103
(modified) Mass Spectrometer. The sample reservoir was maintained at
3150 and the ion source temperature was 290°F. The ionisation potentials
were 11 and 70 volts and ionisation currents 20 and 50 microamps. The
ion acceleration vgltage was 2300 volts at m/e of 85. The pressure of the
instrument was 10- to 10-7 Torr. The results of the decomposition study
are summarized below.

Summary of Mass Spectrometric Results

Relative Intensity
11 Volt Ionization 70 Volt Ionization

M/e El1mination Potential Potential

204 -so 100 100
234 -H 2 6 2  19 19
236 -02 6 8
250 -H20 2 4
266 -H 2  4 3
268 Parent (I) 16 18
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FIGURE 25

PYROLYSIS OF THIANAPHTHENE 1,1 DIOXIDE
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As shown, the 70 volt and 11 volt spectra are very similar.
Thus, there is parallcl behavior at high and low energy modes of operation.
The most striking features of this process are the absence of CO and SO
eliminations which indicates that the corresponding furan derivative is not
formed, the low yield of the corresponding thiophene (loss of 02), and
the high yield of,-A-phenylnaphthalene (SO 2 elimination). The paths of
decomposition most consistent with these results are summarized below.

(]T I 1 (V) (27)

H 
/,//H

2  - 0

H

-02 -H 20

S
H

III) m

/_

IVT

The major route to compound (VI) is presumably via (II) or
perhaps by loss of H2 02 . It seems unlikely that the majority oi (VI)
aeises from (IV) since this compound would undergo SO elimination, It
seems likely that the transforma'ion of (1) into (III) occurs readily
because the hydrocarbon is a strain-free mole'ule. At any rate, the results
suggest that the mode of decomposition of thiophene dion:ides will vary
with structure of the molecule.

It can be seen that the pyrolysis of a sulfore such as thianophthene
1,1 dioxide is quite complex. The data also indicate that sulfur compounds
in all probability undergo an oxidation prior to their decompositions. Thus,
oxygen contributes to the instability of sulfur compourds as well as
hydrocarbons. These results again emphasize the very strorgrole 0hat thf.
presence of oxygen plays in the deposit formation process.
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3. The Effect of Trace Levels
of N.roge_ n Compounds

Although nibrogen compouuds are prese'ct in typical jet fuels at
relatively low levels, for example, in comparison with sulfur compouids,
it was felt that it is neverthd;Iess important to know what ,ffect such
compounds have on the rate of deposit formation (102). Three pure nitrogen
compounds, that is 2,5 dimethylpyrrole, indole, and 2 ethylpyridine,
were added to P&W 523 at the 1000 ppm nitrogen level. Thts is the same
fuel as was previously employed in our study of the effezt of trace levels
of sulfur compounds. This fuel was selected for both th.ese studies
because it is a highly refined, quite stable fuel essentially free of
trace impurities, such as sulfur and nitrogen compounds. Thus, any
increase in the rate of deposit formation can be directly attributed to
the addition of the nitrogen compound. Test conditions in the Screening
Unit were 3 psia, use of Ti-8AI-lMo-lV strips, and a 4 hir run with a standard
hydrocarbon and air flow rates. Results from these tests are shown in the
Arrhenius plot in Figure 26. It can be seen chat the addition of these
nitrogen compounds markedly increased the rate of deposit formation.

The effect of the concentration of nitrogen compounds was also
evaluated. This was done both to allow us to assess the effect of nitrogen
compounds at lower, more representative levels, and also to allow us to
gain more insight into the role of nitrogen compounc' in the complex, free
radical, autoxidativc process leading to the formation of deposits. This
study, shown in Figure 27, was carried out by evaluating F&W 523 doped
with 2,5 dimethylpyrrole at the 100 and 10 ppm N level. Increasing the
nitrogen content of the fuel increases the rate of deposit formation at a
fixed temperature. Figure 28 is a plot of the relative activity for
deposit formation at 300'F versus the square root of relative nitrogen
concentration. As can be seen, an excellent correlation results. This
square root dependence of deposit formation on nitrogen concentration is
the same as found previously with trace levels of sulfur compounds, and
presumably indicates that nitrogen compounds alao contribute to the
initiation step in the complex free radical, chain reaction autoxidation
process leading to the formation of deposits. Data are shown in Appendix 6.

4. Interactions Betwe•:- Trace
Contaminants in the Fuel

a. A Study of Interactions Between
Trzce Sulfur and Nitrogen Compounds

A study was made of possible interactions bftween trace sulfur
and nitrogen compounds. As beforo our study c-:usisted of evaluating the

effect of compound type on deposit formation iri L-nar. and ternary pure com-
pound blends containeo in a paraffin rich mixture. The experimental study
was plAnned as a 21 full factorial, statisticall.; designed experiment in-

volving three variablep, (a) presence or .bser!c cof trace levels of a sulfur

compound, (o) presence or absence of trnze levels of P nitrogen compound,
and (c) pre'enc: or absence of an olefin in a paraffin rich blend. Phenyl
methyl sulfide was chosen as thc sul~ur compound, 2,5 dimetnvl pvrro!e as

the nitrogen compound end 1-decene as the o!efin TIhe 1OO ppm S level,
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FIGURE 26

EFFECT OF DOPING P&W 523 WITH 1000 PPM NITROGEN
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FIGURE 27

THE EFFECT OF 2,5 DIMETHYLPYRROLE
CONCENTRATION IN P&W 523
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FIGURE 28

THE EFFECT OF NITROGEN CONTENT
ON THE RATE OF DEPOSIT FORMATION
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10 ppm N level and 2 wt% olefin level were chosen as being representative
of typical sulfur, nitrogen and olefin levels present in actual jet fuels.
Screening Unit conditions were 3 psia, use of pure titanium metal strips,
standard hydrocarbon and air flows and a 4 hour run time. The layout of
the runs is shcwn in Table IV. Also shown for each experimental run is
the relative cumulative deposits formed in each standard Screening Unit test.
This value is the sum of all the deposits formed at the five temperatures
employed, relative to the sum of deposits found for pure n-decane. Thus, by
definition pure n-decane has a relative cumulative deposit formation value of
100. The relative cumulative deposits formed provides a convenient, single
value which can be used to characterize the effect of a variable on the
overall level of deposits formed. An examination of the data shown in Appendix
32indicates a number of interesting effects. First, in a paraffin system
only (no olefin present, runs 1 to 4) there seems to be little effect on
deposit formation caused by the presence of either trace levels of sulfur or
nitrogen. This is in contrast to our experience with the effect of trace
levels of sulfur or nitrogen in actual feed, where increases in deposit forma-
tion occurred. These results suggest that fuel components other than paraffins
interact selectively with trace levels of sulfur and nitrogen to increase
deposit formation. As found previously, the presence of an olefin increases
the deposit formation level. With an olefin present, the addition of a sul-
fur or nitrogen compound (runs 6 and 7 versus run 5) increased the deposit
formation level somewhat. The greatest increase in deposit formation, however,
occurred when both sulfur and-nitrogen were simultaneously present in the olefin
system (run 8). Thus, sulfur and nitrogcn compounds interact in the presence of
an olefin to produce a highly deleterious deposit formation system. It is
known from the literature (103)thatcertain nitrogen compounds catalyze the
oxidation of sulfur compounds such as thiols by hydroperoxides.- Thus it is
reasonable to expect, in general, that a sulfur-nitrogen compound interaction
will exist, i.e., the magnitude of the influence of trace levels of sulfur com-
pounds on deposit formation will depend on the presence or absence of trace
levels of nitrogen compounds. Data are shown in Appendix 7.

b. Interactions Between Trace Nitrogen
Compounds and Dissolved Metals

A study was made of the interactions between trace levels of
nitrogen and dissolved metals. The layout of the experiments is shown in
Table V. A highly refined fuel essentially free ot trace contaminants,
i.e., P&W 523, was employed as the base fuel. In runs with added nitrogen
2,5 dimethyl pyrolle was added to the base fuel to the 10 ppm N level.
In runs with added metal, ferric acetylacetonate was added to the base fuel
to the 10 ppm iron level. Deposit formation rate measurements were made
in our Screening Unit at 3 psia using Ti-8A1-lMo-IV titanium alloy
strips. Results are shown in Figure 29.

It can be seen that the addition of both iron or nitrogen alone
increased the deposit formation level. The most deleterious situation,
however, occurred when both iron and nitrogen were present in the fuel.
At 300*F, the simultaneous presence of trace levels of nitrogen and iron
increased the rate of deposit formation by a factor of approximately 30.
These results again emphasize the strong effect that trace contaminants
have on the overall deposit formation process.



- 63 -

TABLE IV

TRACE SULFUR - TRACE NITR(fIOEN - OI.EFIN INTERACTION
STUDY IN n-DJCANE

Relative Cumulative Deposits Formed
In Stendard Screening Unit Test

No Sulfur Present Sulfur Present
No Nitrogen Nitrogen No Nitrogen Nitrogen

P resen t Present P1rsn Present

No Olefin Base 100 103 98 90
Present (1) (2) (3) (4)

Oltf in 133 141 143 1.72
Pre sen t (5) (6) (7) (8)

(Run number in parenthesir.)

Olefin present: 2 w..t% l-decene in n-decanc.

Trace Sulfur present: 3000 ppm wt S unin, phenyl methyl suil]fide in n-decanc.

Trace Nitrogcn present: 10 ppm wt N usiIng 2,5 dimethyl pyrrole in n-decane.

Stanidard test conditicons: 3 psia, Ti 75A pure titanium strips, standard
flow rates of air and hydrocarbon, 200, 250,
275, 300 -ind 325"F.

(1) Sum of all deposits formed at the five temperatures
employed relative to the sum of deposits found
with n-decane at the same conditions
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TABLE V

Study of the Interactions Between Trace Levels
_of Dissolved Metals and Nitrogen Compounds

No nitrogen Nitrogen added (a)

Run 1
No mteal Run 2

(Base Fuel)

Metal
added (b) Run 3 Run 4

"* Base fuel: P&W 523

"* Conditions: 3 psia, Ti-8AI-lMo-1V

(a) 10 ppm wt N added to base fuel using
2,5 dimethyl pyrrole

(b) 10 ppm wt Fe added to base fuel using
ferric acetylacetonate
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FIGURE 29

DISSOLVED METAL - TRACE NITROGEN INTERACTION
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F. The Study of the Effect of Metal
Surfaces and Dissolved Metals on
Deposit Formation

The effect of both heterogeneous metals (i.e., metal surfaces)
and homogeneous metals (i.e., dissolved metals) was studied (104). The
effect of heterogeneous metals, that is, metal surfaces, was investigated
using a variety of pertinent metals. Included in this study were a]Iminum,
stainless steel 304, pure titanium, two titanium alloys (Ti-6A1-4A and
Ti-8A1-lMo-lV), and copper. Such titanium alloys have been reported as likely
candidates for use in the SST (105). Pure titanium was included in order to
assess the effect of the added elements present in the alloy. Although copper
is not normally a metal of construction for fuel tanks, it has occasionally
been inadvertently introduced into jet fuel systems, for example, by use of
copper containing bearings in pumps.

Results of this study ar• shown in Arrhenius plots in Figures
30, 31 and 32. The apparent activation energy derived from the slopes of
these curves is approximately 10 kcal/mole. The other metals all also
exhibited the same temperature dependence. A comparison of the relative
activity of the various metals toward deposit formation is shown below.

Deposit Formation
Rate at 400OF Relative Activity

Metal Surface (gr/cm2 /4 hr) x 106 at 400OF

Copper 21.0 5.7
Ti-6AI-4V 15.0 4.0
Ti-8AI-lV-lMo 9.6 2.6
Pure Titanium 3.7 1.0
Stainless Steel 304 3.7 1.0
Aluminum 3.7 1.0

It can be seen that copper is the most deleterious metal surface,
followed by the titanium alloys. Pure titanium, stainless steel, and aluminum
were all equivalent in :heir deposit formation tendencies. An inspection
of the composition of the titanium alloyvs suggested that the increase in
deposit formation was related to the vanadium content. In Figure 33
the relative activity toward deposit formation at 400°F is plotted versus
the square root of the vanadium content of the titanium alloys tested.

As can be seen, an excellent correlation results. Data are shown in Appendix 8.

The effect of homogeneous metals on the rate of deposit
formation was studied by adding various metal complexes to the fuel.
Metal acetylacetonates M(AcAc)x were chosen for this study. These complexes
have been employed previously in a number of reaction kinetic studies
(105-110). Ferric, nickel, copper, and cobalt acetylacetonates were
added to samples of the fuel so that each sample contained 50 ppm of a
given metal. This level, which is higher than normally expected in jet
fuels, was chosen so as to magnify any differences between the various
chelates. The rate of deposit formation obtained with these "doped" fuels
is shown in the Arrhenius plot in Figure 34 it can be seen that the
rate of deposit formation increased by a factor of 40-120 at 300'F
with the addition of these metal complexes to the fuel, with the copper
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FIGRE 30

EFFECT OF METAL TYPE ON THE DEPOSIT FORMATION PROCESS
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FIGURE 31

EVALUATION OF ALUMINUM METAL
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FIGURE 32

THE EFFECT OF A COPPER METAL SURFACE
ON THE DEPOSIT FORMATION PROCESS
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FIGURE 33

THE EFFECT OF VANADIUM CONTENT OF
TITANIUM ALLOYS ON DEPOSIT FORMATION
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FIGURE 34

THE EFFECT OF THE ADDITICN
OF METAL ACETYLACETONATES TO RAF-176-63
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complex producing the highest rate of deposit formation. The effect of
complex concentration on the deposit formation process was investigated
using ferric acetylacetonate. Fuel samples containing 2, 5, 20, and 100
ppm metal using Fe III(AcAc) 3 were evaluated (Figure 35). In Figure 36
the relative rate of deposit formation at 325*F (using the 2 ppm metal "doped"
fuel as the base case) is plotted versus the square root of the relative
iron concentration. As can be seen, an excellent correlation results.

Metal effects on hydrocarbon autoxidation reactions have been
widely studied, although the detailed mechanism of such metal catalysis is
not completely understood (111,112). Although the majority if this work
has been done with homogeneous metals, several studies have shown that
heterogeneous metal and metal oxide surfaces are capable of increasing the
rate of reaction of hydrocarbons with oxygen in the liquid phase (113-115).
The work of Burger et al (113) indicated that the presence of solid
suspended metal oxides both eliminated the autoxidation induction
period, and resulted in a reaction that was half order in solids
concentration; presumably indicating that the solid surfaces initiated
the reaction by cata'yzing the formation of free radicals, which then
enter the liquid phase and participate in the autoxidation chain reaction.
Although the autoxidative process which results in the formation of
deposits from jet fuel hydrocarbons must indeed be complex, the observed
effect of the vanadium content of the titanium alloys on deposit formation
supports the concept LhaE the surfaces :atalyze the free radical initiation
process. The surfaces of these metals are undoubtedly covered with an oxide
layer, and following the suggestion of Uri (112) could produce a radical
in the following manner:

M n+i + RH m n + H+ + R. (28)

Uri also predicts that those elements will be active which can undergo
easy reduction by one electron transfer, which agrees with our observation
that the most active metal surfaces were copper and vanadium containing
alloys. It is also pertinent to note that vanadium and copper oxides are
well known as active heterogeneous oxidation catalysts, and are extensively
employed for this purpose in industrial catalysis.

Ilemogeneous metals are known to participate in hydrocarbon
autoxidations either by catalyzing the free radical initiation step or by
catalyzing the decomposition of the hydroperoxides which form in the
autoxidation sequence (1ll). Metal acetylacetonaLes have been shown to
initiate vinyl polymerization reactions at low temperatures (107-109). In
the present study the addition of metal acetylacetonates to the fuel increased
the apparent activation energy for the deposit formation process from.
approximately 10 to 25 kcal/mole. In this respect, Bamford (108) observed
an apparent activation energy of 2b kceii/ole in his polymerization studies
with HnIII (AcAc) 3 , and Arnett also observed a half order dependence on
chelate concentration. This latter observation is in agreement with the
effect observed in the present study ^f FeliL (AcAc) 3 concentration on the
relative rate of deposit formation. Both Bamford (108) and Arnett (110)
postulate a unimolecular decomposition of the chelate as follows:

Fe1l1 (AcAc) - Fell (AcAc), + R* (29)
3

-I
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FIGURE 35

THE EFFECT ON DEPOSIT FORMATION
OF VARIOUS LEVELS OF FERRIC ACETYLACETONATE
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FIGURE 36

THE RATE OF DEPOSIT FORMATION
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Arnett (110) has also found that the same metal acetylacetonates which
are readily attacked by oxygen were aiso polymerization promoters, and
concludes that acetylacetonate chelates which undergo ready autoxidation
and pyrolysis should function as a source of radicals for radical promoted
reactions. It should be noted, however, that the automidative reacticn
system leading to the formation of deposits from jet fuel hydrocarbons at
300-500°F is a far more complex kinetic syctem than encountered, for example,
in low temperature polymerization of styrene. In any event, it iG clear
that the presence of homogeneous metals, such as metal acetylacetonates,
are capable of exerting a major influence on the kinetics of the hydrocarbon
autoxidation process which leads to the formation of deposits.

G. The Study of the Effect of Fuel
Composition on Deposit Formation

An extensive study of the effect of various pure hydrocarbon
compounds on the deposit formation process was made. The broad objective
of this study is to determine the effect of jet fuel hydrocarbon composition
on the rate of deposit formation. Ultimately, such an understanding of
Lhe effect of fuel composition on autoxidative fuel degradation would
(a) allow the deposit fornation tendency of various fuels to be predicted
from fuel inspections, and (b) provide a sound basis for preparing a
fuel with a given, desired autoxidative stability by adjusting its
hydrorarbon composition. Detailed data are shown in Appendix 10.

1. Studies with Pure Compounds and
Binary Blends of Pure Compounds

The deposit formation rate of a series of pure paraffins
typical of those found in jet fuels was first determined. The data
obtained with a series of n-paraffins is shown in the Arrhenius plot in
Figure 37. It can be seen that the rate of deposit formation aý a
given temperature deceases with increasing carbon number. The apparent
activation energy observed with these n-paraffins is 10 kcal/mole which is
the same temperature dependency as that observed with typical jet fuels.
The effect of branching in para'fins was also investigated using both neat
paraffins and binary blends. These results are lited in Figures 38, 39 and
Table VI. The deposit formation rate obtained with a highly branched C
was higher than that obtained with pure n-dodecane. Similarly a binary
blend containing I0 wt Z iso-octane in decanc produced a higher rate of
deposit formation than a corresponding binary blend containing IOZ
n-octane in n-decane. Thus, branching incrc.ses the deposit formation
rate of paraffins.

Althoug;a typical jct fuels are a paraffin rich material, they
also contain other compounds such as naphthenes and aromatics. Thus , the
effect on deposit formation of the addition of various aromatics and
raphthenes to a paraffin was investigated. Toe effecr of concentration was
first investigated in a paraffin-aromatic mix'ure. The deposit iormati'n
rate wis measured of binary blends of l-etrhvlnaphthalene and n-decane
which contained 2, 10, 23. 50, 77, ind 90 wt Z i-nethylnaphthalene. Pure
1-methyl naphthalene was also evaluated. The apparent activaticn energy
for I-methyl naphthalene was 21 kcalimole, and at temperatures in excess
or 275"F 4t was m-re deleterious toward deposit formation than pure n-decane.
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FIGURE, 37

DEPOSIT FORMATION WITH PURE n-PARAFFINS
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FIGURE 38

NORZAL PARAFFIN - ISOMERIC PARAFFIN BLENDS
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FIGURE 39

NORMAL VERSUS BRANCHED C1 2 PARAFFINS
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TABLE VI

THE EFFECT OF BRANCHING IN
PARAFFINS ON DEPOSIT FORMATION

Relative Rate of
Type Paraffin(s) Deposit Formation

n-C1 2  n-Dodecane 1.00 (base)(')

i-C 12  2,2,4,6,6-Pentamethyl- 2.29

heptane

n-C 8 + n-C10  10 wt Z n-Octane in 1.00 (base)(b)

n-Decane

i-C 8 + n-Cl 0  10 wt % 2,3,4-Trimethyl- 2.20
pentane in n-Decane

(a) M~asured at 250OF

(b) Measured at 200*F
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The apparent activation energy of the binary blends increased from 12 to
20 kcal/mole as the 1-methyl naphthalene concentration inceased. The results
of this study are shown in Figures 40 and 41 and the deposit formation
rate at various temperatures is plotted as a function of 1-methyl naphthalene
concentration in Figure 42. It can be seen that the effect of V--methyl
naphthalene concentration is complex. At low temperatures, i.e., 200 to
250"F, the presence of 1-methyl naphthalene inhibits the deposit formation
process at all concentrations. At higher temperatures, i.e., 275 to 325-F,
the addition of 1-methyl naphthalene initially inhibits the deposit formation
process until its concentration reaches at least 60%, at which point,
depending on the temperature, the rate of deposit formation obtained
with the blend exceeded that of pure n-decane.

Maximum 1-methyl naphthalene
Temperature OF Concentration for Inhibition, Wt. %

200 None
250 None
275 87
300 75
325 68

(a) Concentration of 1-methyl naphthalene in n-decane at which
point the blend deposit formation rate first exceeds that of
pure n-decane.

This composition-temperature effect on inhibition, of course,
reflects the increase in apparent activation energy of the blends as the
1-methyl naphthalene concentration increases.

The effect of various aromatic and naphthenic compounds at low
concentrations in a paraffin rich binary blend was next investigated. The
10 wt. Z level was chosen for Lhese studies and various binary blends were
prepared using n-decane as the paraffin, and their deposit formation rate
measured in the Screening Unit at 3 psia. In general, the presence of an
aromatic or naphthene inhibited the rate of deposit formation at 200 to
350*F. At higher temperatures, in ---ny cases, this inhibition effect
became less pronounced. Data are shown in the Arrhenius plots in Figures
43 to 49. It can be seen from this data that the magnitude cf the
inhibition effect varies with compound type. In some cases the inhibition
effect was temperature dependent with the greatest inhibition occurring
at lower temperatures. An examination of these results suggested that
those compounds with hydrogen atoms attached to a benzylic carbon atom
produced the greatest inhibition effect st lower temperature. In Figure
50, the activity of the binary blend relative to the activity of pure
n-decane at 250"F is plotted against the number of benzylic hydrogen
atoms pr-.ient in the added compound. As can be seen a reasonable correlation
result, w-th the exception of those aromatics in which the hydrogen atoms
are attached to a carbon atom between two separate Ir electron systems,
i.e., fluroene and diphenyl methane which inhibit the deposit formation
proLess more strongly.
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FIGURE 40

MFTHYLNAPHTHALENE IN L.CANE SLENDS
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FIGURE 41

METHYLNAPHTHALENE IN DECANE BLENDS
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FIGURE 42

THE EFFECT OF LONCENTRATION
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FIGURE 43

BUTYLTOLUENE AND PHENYLCYCLOHEXANE IN DECANE
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FIGURE 44

TETRALIN AID DECALIN IN DECANE
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FIGURE 45

• THINAPHTHALENE AND NAPHTHALLNE IN DECA'1E
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FIGURE 46

PHlErvLD AN- AND BUriYLCYCLfHlXANE IN DECA.IW
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FIGURE 47

is DIISOPROPYLBENZENE IN DECANE AND HEXADECANE
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FIGURE 48

EFFECT OF ADDING DIPHENYLMETHANE TO DECANE
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FIGURE 49

FLUORENE IN DECANE
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FIGURE 50

INHIBITION RELATED TO BENZYLIC HYDROGEN
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The effect of various olefins in a paraffin rich blend at low
concentrations was next investigated. As before, this was done by adding
10 wt % of the olefin to n-decane, and then testing the binary blends in
the Screening Unit at 3 psia. In general, the addition of an olefin to
n-decane increased the level of deposit formation. Data are shown in the
Arrhenius plot in Figures 51 to 53. Results are summarized in Table
VII. It can be seen that the magnitude of the increase in deposit formation
varied markedly depending on the olefin employed.

The effect of olefin concentration on deposit formation was
investigated with indene-decane blends at indene concentrations below
10 wt %, which are more typical of olefin levels in actual jet fuels.
These reaults are summarized in Table VIII. It can be seen that the
relative rate of deposit formation increased essentially linearly with
higher olefin content.

In the present study, the addition of an olefin to a paraffin
rich mixture increased the rate of autoxidation deposit formation. The
magnitude of this effect, however, varied widely with the olefin type.
It has been generally recognized that olefins are deleterious components
which often increase sediment and deposit formation during hydrocarbon
fuel storage. Hayo (1:6) has recently reviewed much of the literature
on the oxidation of unsaturated hydrocarbons. Olefins can either react
with oxygen to initially form hydroperoxides via a hydrogen abstraction
mechanism or they can undergo an addition mechanism to form polyperoxides.
Da2osit precursors are hydrocarbon insoluble compounds which have
incorporeted significant quantities of oxygen into their structure (64).
Thus, autoxidative deposit precursors in the present study with olefins
could either be oxygen containing species formed by termination reactions
involved peroxy radicals during the course of the hydrogen abstraction
mechanism, or they could be polyperoxides formed via the addition
mechanisw. Mayo's results indicate that both the addition and abstraction
mechanism can occur simultaneously.

The observed linear dependence of the relative rate of deposit
formation on olefin content would seem to be, in general, consistent with
both of these mechani3ms, as in both cases the rate limiting step is
envisioned as a reaction between an olefin and a peroxy radical.

It is interesting to compare the results of these oxidation
studies with the observed effect of various olefins on deposit formation.
For example, at 70*F indene oxidizes approximately 22 times faster than
does vinylcyclohexane (116). For the same olefins in the present study
deposit formation was found to increase by a factor of 12 (Appendix 62).
Similarly, cyclohexene was found to oxidize faster than vinylcylcohexane
by a factor of approximately 5 (116). This difference in reactivity
is presumedly reflected in the present study in the much higher deposit
formation tendency of vinylcyclohexene relative to vinylcyclohexane. In the
present work it was also found that 7-methyl-3-methylene 1,6-octandiene
was mach more deleterious toward deposit formation than 1-decene. This
effect presumedly relfects the general tendency noted by Mayo of olefins
with conjugated unsaturation to be more reactive toward oxidation. In
general, it appears that the relative effect of various olefins on deposit
formation in paraffin-olefin blends closely parallels their observed
reactivity toward oxidation. I
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FIGURE 51.

DEPOSIT FORMATION RATE OF PHENYL OLEFINS IN n-DECANE
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FIGURE 52

DEPOSIT FORMATION RATE OF CYCLIC
NON-AROMATIC OLEFINS IN n-DECANE,o 1' ii i 1'
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FICUP! 53

OLEFINS IN DECANE
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TABLE VII

SU* ¥Y OF DEPOSIT FORMATION TENDENCIES
OF OLEFIN-n-DECAKE BINARY BLENDS

aate of Deposit Formation
Olefin Added of Blend at 275'F,

To Binary Bland(a) Strzctura of Olefin X/ca./4 hours x 106

Viny lcyclohexane ( CHu-CH 2  29.4

A-Vinylcyclohexene () CH-CH 2 198.

Allybenzene ( Cf-C2-2 CH-CR 2  91.2

4-Phenyl-l-butene 2-C H 2 86.9

1-Phanyl-2-butene ( -Cjc 2-C-CiH-a 3  26.5

CH C1 i 72
7-Methyl-3-methylene C03-C-CH-CH 2-CH 2-C-CH-CH2 190.

1,6 octadiene

1-Decene CH2-ZH-(CH 2 ) 7-CH3  35.6

Indene 354.

(a) 10 vt Z olefin in n-decane in all blends

I
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TABLE VIII

THE EFFECT OF OLEFIN CONTENT
ON DEPOSIT FORMATION

Deposit Formation
Wt Z Indene Rate @ 2000F Relative Rate of
in n-Decane p/ca2 /4 hr• x 10 6(a) Reaction at 2000F

1.0 9.6 1.0 (base)

5.0 47.6 4.9

10.0 122. 12.7
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Although I-methyl naphthalene is more deleterious toward deposit
formation than n-decane, the addition of small amounts of 1-methyl naphthalene
to n-decane lowered the rate of deposit formation. Russell (117) studied
the cooxidatlon of tetralin and cumeme and found that small quantitiee of
tetralin added to cumene would markedly lower the rate of oxidation, even
though neat tetralin oxidized ten times as fast as cumene as the same
temperature and initiation rate. Similar effects have been observed in
other cooxidation studies (118). Thus, it can be seen that the obaerved
effect of 1-methyl naphthalene concentration in decane closely parallels
the effects observed on oxidation rate when cooxidizing compounds with
differing reactivities.

The addition of various aromatics and naphthenes to decane was
found, in general, to inhibit deposit formation at lower temperatures.
In addition, it was found that the magnitude of this inhibitien could be
reasonably correlated with the presence of hydrogen atoms attached to a
benzylic carbon atom. This inhibition effect, in general, would seem to
reflect the observed inhibition effects in cooxidaticn studipq. That the
effect is more pronounced at lower temperatures undoubtedly reflects the
general tendency for selectively effects to manifest themselves most
strongly at milder conditions. The importance of hydrogen abstraction
reactions has been recognized by many workers. As discussed by Ingold
(119), a peroxy radical is a relative unreactive radical which is quite
selective in its hydrogen abstraction from hydrocarbons, and should have
a preference for the most weakly bound hydrogen atom.

ROO. + R'-H -- ROOH + R'. (30)

The hydrogen abstraction reaction (30) is the limiting reaction during
chain propogation, since the reaction of a hydrocarbon radical with
molecular oxygen (31) occurs quite rapidly in the presence of higher
concentrations of oxygen.

R. + 02 -* ROO (31)

A consideration of the energetics of Eq. 30 indicates that the hydrogen
abstraction reaction will occur fastest when the bond which is formed
(FI>-W)is stronger than the bond which is broken (R'-H). Such is the case
with a benzylic C-H bond (hydrogen on a carbon atom ", to a if electron
system), reflecting the fact that the radical formel is resonance
stalilized. Thus, the correlation of the effect of the number of ben:.lic
hydrogen atoms contained in the added compound on the reduction in Jeposit
formation tendency of the various blends with n-decane (Figure 50) would
seem to reflect the effect of bond strength during hydrogen abstraction
(Eq. 30) in the cooxidation system. Ingold (119) also points uut that
hydrogen atoms attached to a carbon atom between two separate it electron
systems shoula form more stable radicals than hydrogen atoms attached to a
carbon adjacent to a single # system. This presumedly explains the
greater inhibiting effect observed with diphenvlmethane and fluorene
blends with decant.

For the saame carbon number, it was found that branctied paraffins
form deposits cre rapidly than n-paraffins. However, among pure n-paraffins
it was founa tnat tne %o!1,iL for..atiou tendkncy d.ecreased withi increasin0
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carbon number. As pointed out by Twigg (120), .. oxidation of paraffins
is more complex relative to other compounds beca., ,,. of the lack of an
activating group and the general greater strength of carbon-hydrogen bonds.
An analysis based on hydrogen abstraction considerations only, i.e.,
the relative bond strengths of primary, secondary and tertiary C-li bond- 4-
these paraffins, would predict that brar-hed paraffins should oxidize more
rapidly than n-paraffins, and that incre sing the carbon number would
increase the rate of xidation becaus., of the greater number of stcondary
C-H bonds. Thus, the observed d•ifferences in autoxidative deposit formation
among the paraffins cannot be explained by any such simple analysis. It
is possible that the formation of deposits from pure paraffins is dominated
by physical processes rather than kinetic processes. In addition, the
role of reactions such as oxidative dehydrogenation during deposit formatian
at the reduced pressures employed in the present study is not known.

The oxidation stability of a number of single pure compounds
have been determined in the fuel coker (121). Such data is undoubtedly
useful in predicting the stability of a neat compound which right be
employed as a fuel in a high Mach number aircraft. However, in light of
the presently observed complex effect of fuel composition on autoxidative
deposit formation, it is doubtful whether such single compound data will
be particularly helpful In predicting stability effects in actual jet
fuel mixtures.

2. The Study of Interactions Between
Aromatics, Naphthenes and Olefins

A s:udy was carried out invilving pure compounds designed to
determine if a!-v unusual fuel componenr interactions occur during the
deposit formation process. Earlier pure comr.-p-;,d studies involving binary
mixtures of )matics and naphthenes in a paraffin such as n-decane indicated
that both aromatics and naphthenes inhibited t.-. :depos t formation process.
The magnitude of this inhibition effect .r,tied Irom compound Zo compound,
with the largest inhibition effect occuriog with tl ,se arnmatic compounds
which contain hydrogen atoms attache,4 to a benzvlic carbon atom. The
experimental study was planned as a '1 full factorial statistically ie-
signed experiment involving three variables, (a) presence or .hsence of an
aromatic, (b) presence or absence of a nnphthene, and (c) --esence or aos,?nce
of an olefin in a paraffin rich blend. The 10 wtZ level involving I-

methylnaphthalene as tie aromatic and decalin as he- naphthenc and the 2 wt.
level involving 1-decene in n-dec.mne were chosen as being representative of
typical compounds present in a !et fuel. The lavout of the experiments is
shown in Table UX. Screening unit conditions were 3 psia, use of pure
titanium m-tal stripz. and standard hydrocarbon and air flow rates. Results
of runs I through 4 (no ,'f ein present) are shown in the Arrhenius plot in
Figure 54. The results of runs 5 to 8 involving the oresence of an olefin
are shown in the Arrhenius plot in Appendix 66. The presen.,:C of decalin or
1-methv!,iphthaicne inhibited the deposit frmation procesc at low tempera-

tures in both stuiies (i.e.. with and withk-:t the presenr'e of olefin).
The presence of aroma-ic inhibited the dep,'-it formation process morc than
the presence of naphthene at low temperatures. this difference being mwost
pronounced in the pre,;ence ef clef in, where the addition of lOl ýecalin to
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TABLE IX

Olefin-Aromatic-Naphthene Interaction Study in n-Decane

No "romatic Present Aromatic Present

No Napbthene Naphthene No Naphthene Naphthene
Present Present Present Present

No Olefin
Present 1 2 3 4

O].efin
Present 5 6 7 8

(Run Number indicated in box)

"" Olefin pres~nt: 2 wt% 1-decene in n-decane

"* Aromatic present: 10 wt% ]-methylnaphthalene in n-decane

"* Naphtiene present: 10 wc% decalin in n-decane

Conditions: 3 p-ic, Ti 7fA pure titanium strips
standard flow rates of air and

hydrocarbon
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FIGURE 54

RESULTS OF INTERACTION STUDY
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FIGURE 55

RESULTS OF INTERACLION STUDY
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decane-l-decene blend only slightly inhibited the deposit formation process.
This data suggests that the inhibition effect of naphthenes at low tempera-
tures may be rather small when olefins are present. The simultaneous presence
of the aromatic and naphthene was slightly better than presence of aromatic
alone in both studies (i.e., with and without olefin). This is consistent
with the results obtained from the individual effect of the presence of an
aromatic or naphthene. Thus, the most significant interaction uncovered in
this study is the effect of the presence of olefin in reducing the ability
of a naphthene to inhibit the deposit formation process at low temperatures.

3. Metal Type Effects with Decane

Our pure compound study has employed pure titanium metal in all
our Screening Unit runs. In order to see if the effect of metal type pre-
viously determined with actual jet fuels would also apply to a pure paraffin
we measured the rate of deposit formation of hexadecane over Ti-8AI-lMo-lV
alloy. These results are compared below to those obtained with a Jet A
kerosine.

Deposit Formation
Rate @ 350OF Relative Activity

With Hexadecane (a) Relative Activity With Jet A Kerosine
Metal Type g/cm2 /4 hrs x 10 With Hexadecane (RAF-176-63)

Pure Titanium 4.5 1.00 (base) 1.00 (base)

Ti-8A1-lMo-lV 13.4 3.0 2.6

(a) Other Conditions: 3 psia, 4 hour run, standard flow rates.

It can be seen that the effect of metal type observed with a Jet
A kerosine is approximately the same as that observed with pure n-hexadecane.

H. The Nature of Deposits and the
Overall Deposit Formation Process

The deposit formed on surfaces from hydrocarbon jet fuel at
high temperatures in the presence of oxygen are light to dark brown in
color, insoluble in jet fuel range hydrocarbon media, and nonvolatile at
temperatures up to 450*F and pressures as low as 0.] torr. Infrared
analyses of typical specimens indicate the presence of oxygenated functional
groups ( CInO, -OH). Analyses indicated that the depcsit contained higher
sulfur content than was present in the parent fuel (0.49 wt. % versus
0.076 wt. %), and it contained 21% oxygen.
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A number of studies on the low temperature stability of hydro-.
carbon fuels have shown that free radical autoxidation reactions play
a major role in the degradation of the fuel leading to gum and deposit
formation (122). The gums formed at low temperatures, for example, lO0 *F,
during the storage of a hydrocarbon such as jet fuel or gasoline contain
carbon, hydrogen, oxygen, and a larger fraction of the sulfur and nitrogen
than originally present in the parent hydrocarbon. Because of the complex
nature of the autoxidation processes involved in the degradation of hydro-
carbon fuels, the exact structure of such gums is not known.

The oxidation of higher molecular weight pure hydrocarbuns can
lead to a great variety of reaction products. A number of investigators
have reported the production of a nonvolatile "residue" among the products
of the oxidation of various pure hydrocarbons. The oxidation of 1-hexene,
(123) decalin (124) and dimetiylcyclohexane (125) produced hydrocarbon
insoluble, brownish, highly viscous liquids whose composition was not
identified in detail. However, in several excellent studies of single
hydrocarbon compounds, the nature of such residues was elucidated. In the
oxidation of cyclic and acyclic alkenes at 50-100*C (126,127), nonvolatile
residues were found among the products. The residues consisted of dimeric
and trimeric peroxides and higher molecular weight polymers with peroxide
linkages. The low temperature oxidation of styrene and methyl styrene
(128,129) was shown to produce polymeric peroxides with molecular weights
up to approximately 2000. As pointed out by Mayo (130), the production
of deposits in a hydrocarbon fuel undoubtedly involves the reaction steps
postulated for autoxidation, polymerization, and free radical coupling
reactions. Jet fuels are generally low in olefin content, although
saturated hydrocarbons can undergo an oxidative dehydrogenation to form
olefins at low pressures such as those found in the "wing tank" environ-
ment (131). Thus, the formation of oxypolymers from olefins is
possible. Peroxide dimers formed from the higher molecular weight hydro-
carbons present in jet fuels should be highly viscous, nonvolatile,
and insoluble in hydrocarbon media. Thus, bcth oxidative polymerization
and termination reactions could contribute to deposit formation. However,
because of the wide spectrum of compounds present in jet fuels, and the
wide range of temperatures potentially present in an ",-"pty" SST wing
tank, both the autoxidation reaction system leading to the formation
of deposits and the structure of the deposits themselves in this
environment must indeed be complex.

It is interesting to consider the overall autoxidative fuel
degradation process which ultimately results in the fcrmation of deposits.
This overall system includes both physical and chemical processes.
Although the physical and chemical process are in all probability inter-
related it is convenient to consider them separately.

The chemical processes which ultimately lead to the formation
of deposits are free radical, chain reaction autoxidation reactions which
occur much more rapidly in the liquid phase than in the vapor phase
(64,116). Such reactions can be catalyzed by both metal oxide surfaces
(104,113-115) and by homogeneous (dissolved) metals (104,112). Trace
levels of sulfur and nitrogen compounds play a major role in such processes
(73,102) presumedly because of the lower stability of sulfur and nitrogen
compounds relative to hydrocarbons (94). The formation of fuel insoluble
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materials, which are the "building blocks" for deposit formation, involves

a continuous incorporation of oxygen, forming initial oxidation products

which are soluble, followed by the formation of fuel insoluble "gums"

which contain higher oxygen levels (132). This process is shown in a

simplified schematic below:

Gross Chemical Process in Deposit Formation

e Jet Fuel Hydrocarbon, Initial Oxidation •uel insoluble "gum"

e.g., Cl0H2 4  02 products, soluble in 02 W 400-600, Typical

Trace sulfur and jet fuel; typical 02 emperical formu-

emperical formu- |lation (15)
nitrogen compounds lation (15) C3 1 H5 9 S0.No 5 0. 5

CIoH 22S 0.3 N0.0501.0

The solubility of the intermediate oxidation products depends greatly on

the number and distribution of oxygen containing groups; however, in

general, the solubility drops off markedly with increasing oxygen content.

This can be illustrated by considering the solubility of various oxygenated

benzene molecules in benzene (133).

Compound Structure Solubility in Benzene 200C

Phenol C6 H60 10 wt. %

1,2 benzenediol OH 0.60 mole %
C HO02  7OH

OH

1,3 benzenediol - 0.15 mole %
C 6H602 OH

OH

1,4 benzenediol r'• 0.02 mole %
C 6HO60

OH

The physical processes leading to the formation of deposits

probably involve the following steps (132,134,135)
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Gross Physical Process in Deposit Formation

"gum" Ilicrospherical particle Accumulation of "Agglomerization'to
in liquid containing microspherical --Oform semi-porous
many "gum" molecules particles on varnish like depositis

[surface

Eviden-e also exists 'thaZ at high temperatures in the presence

of oxygen, the varnish-like deposits can be converted to black, brittle

material which often tends to blister and flake off surfaces. It is known
that hydrogen can be saiectively removed via reaction with oxygen from
carbonaceous material which accumulates on typical petroleum processing
catalysts (e.g.I Pt/Al203 Hydroforming Catalysts) to yield a carbon
rich residue. It is possible that a simila:- phenomenon occurs in this
further reaction of varnish-like deposits with oxygen.

The complexity of the autoxidative deposit formation system
emphasizes the need far as direct a measurement as possible of the problem
area in question. For example, if heat exchanger failing is the problem
area, a test device which simulates the complex physicochemical system
in the heat exchanger should be used which employes a direct measurement
of the variable in question; e.g., loss of heat exchanger efficiency.
Similarly, if "empty" wing tank deposit formation is the problem in
question, deposits should be measured directly in a test device which
simulates this environment as closely as possible. Because of the
complexity of the system, any indirect test which attempts to predict,
for example, an effect on heat exchanger failing will produce at best
only qualitative results which can not be related in any fundamental,
direct manner to the problem of actual concern.

I. Electron Microscope Study of Various
Deposit Specimens

A number of metal strips on which various amounts of deposits had
formed in our Screening Unit were examined under the Scanning Electron Micro-
scope by R. M. Schirmer of Phillips Petroleum Company, Bartlesville, Oklahoma.
The specimen selected and other information regarding the environment in
which the deposits were formed in the Screening Unit arc shown below.

Specimen Gross
Number Phvsical A pearance llydrocarbon Fuel Pital Type Temperature

362-84-5 light tan to yellow n-Hexadecane Ti-75A 475"F
color deposits

390-45-4 dark brown to black, AFFB-4-65 Ti-8AI-lMo-IV 175'F
heavy deposits

362-1O0-I clear deposits P6M 523 containing Ti-SAl-lNo-IV 300*F
1000 ppm S from
phenyl methyl sul-
fide

190-20-1 clear deposits q9% n-decane-indene TI-75A 200"F

390-19-4 heavy irregular 9S7. n-decane-5% Ti-75A 300*F
yellow deposits on indene

lacquer substrate

362-1.3-I tan to light yellow RAF-176-63 Ti-AI-Ho-IV 400'F
depo*i cs
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Scanning Electron Micrographs of the various specimens are shown
in Figures 56 to 64, along with the original magnification employed. As
shown in the table above, the gross physical appearance of the deposits
varied quite a bit. Examination of these specimens under the electron
microscope also indicates considerable variation in appearance. These
results again emphasize the complex nature of the autoxiative reaction
process which results in the formation of deposits.

J. Results of an Exploratory
Oxidation Study with n-Decane

Pure n-decane was passed through tne Phase Study Unit in the
presence of air to see if it would react at "empty" wing tank conditions.
A paraffin was chosen for this exploratory run because we feel that
paraffins represent the main type of hydrocarbon present in highly
stable jet fuels (i.e., P&W 523 is a highly paraffinic fuel). In
this run, the decane overhead from the Phase Study Unit was simply
condensed, collected, and analyzed by both gas chromatography and infrared
spectroscopy. No metal was present in the reactor, and the probe was
held at a sufficiently high temperature to preclude the presence of a
condensed phase in the hot reaction zone. At 3 psia total pressure (152 mm
Hg), no detectable reaction occurred at 350 and 400*F. At 450*F, a
reaction product other than decane was observed. At a fixed temperature
of 475°v, runs were made with decane at 75, 152, and 300 m- Hg total
pressure. Analyses of the condensed overhead product indicated increased
decane conversion and a wider spectrum of reaction products as the total
pressure was increased. Infrared spectra indicate the presence of carbonyl
(C-0) and hydroxyl (OH) groups in the product. The product obtained under
our most severe conditions (475*F and 300 m Hg total pressure) consisted
of both an aqueous and a nonaqueous phase. Vacuum distillation of the
reaction product coupled with gas chromatographic and infrared analyses
of the individual fractions indicated a very large number of compounds
were present. Oxygenated compounds were present in both phases. The
aqueous phase included a hydrocarbon insoluble high molecular weight
material (boiling point in excess of 160*C at 0.1 mm Hg pressure).
It is significant that this "polymer" material is insoluble in hydrocarbon
media. This suggests that any such material formed in an "empty" wing
tank will not be washed out by a fresh charge of jet fuel. This
material was a brownish, highly viscous liquid. An infrared spectral
analysis was made of this hydrocarbon insoluble polymer. Absorption
bands and absorbing groups assigned to these bands are shown in Table
X. Assignments were made according to References (136 and 137). Among
the groups present were OH, C-O, and C-C. The spectrum of the polymer is
quite similar to those obtained when typical drying oils are oxidatively
polymerized to solid films (137). Also shown in Table X are spectra
of a deposit formed in a Screening Unit run with RAF-176-63. The spectra
of this material are quite similar to th.At obtained from the hydrocarbon
insoluble "polymer" formed with n-decane. The data indicate that this
type of oxidative reaction product is probably a direct precursor of "empty"
wing tank type deposits.
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FIGURE 56

Scanning Electron Micrographs of 362-84-5

X 2,300 X 2,220
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FIGURE 57

Scanning Electron Micrographs of 362-84-5

IX4

X 22,500 (? 45 x 2,250
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FIGURE 58

Scanning Electron Micrograph. of 390-45-4

X 210 X 2,100
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FIGURE 59

Scanning Electron Micropraphs of 390-45-4

x 21,700 @ 45 X 21,000
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iiIUiE 60

Scanning Electron Micrographs of 362-100-1

X 2,120 X 21,200 @ 45
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FIGURE 61

Scanning Electron Micrographs of 390-20-1

XX 0

X 2,260 X 22,600 @ 45
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FIGURE 62

Scanning Electron Micrographs of 390-19-4

X 228 X 220
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FIGURE 63

Scanning Electron Micrographs of 390-19-4

X 2,280 X 22,300 @ 45
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FIGURE 64

Scanning Electron Micrographs of 362-43-3

X2

X 2,020 X 20,200 @ 45
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TABLE X

Infra-red Spect.S1I Analyses

Hydrocarbon Insoluble "Polymer" Depoc-it Formed in the Screeiing
from Decane o:xidation Unit from RAF-176-63

Position of Absorption Absorbing Position of Absorption Absorbing
Band! ind IntensLty(1) Group(b) Band and Intensity(a) Croup(b,

'500 c (,I') Oil 3500 cm- (M) OHl

-1 -1

2950 cm (S) C11 2950 cm- (S) CH
2910 2910
2870 2870

-I -1

1720 cm- (S) C=O 172n e-n (S) C=O
1745 )

1600 cm-I (W) C=C 1630 cm-1  (Ž) C-C
to 1600 cm (- )

1450 cm- (W) C 1450 cm- (S) C11

13bO cm-I (M) CH 1360 cm- (',. CI
00, C-O O, C-O

I 11 (M) C-C

(a) (S) = strong, (M) =tediuim, (W) weak.

(b) Assigniment per references (1) and (2).
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IIl. PHASE II STUDIES: INVESTIGATION OF POTENTIAL
METHODS TO ALLEVIATE THE PROBLEM

A. Evaluation of the "Empty" Wing Tank
Deposit Formulation Tendency of Commercial

Jet Fuels

1. Quantitative Measurement of the Deposit
Formation Rate of Various Fuels

The deposit formation rates of a r'umber of jet fuels were

measured. In general, a standard Screening Unit test involving 3 psia
pressure, use of Ti-8AI-lMo-lV strips and a four hour run period with

undiluted 2ir was employed. Results of these tests are shown in

Figures 65 to 72. As can be seen considerable variation in the

deposit formation tendency of Jet fuels exists. Data are shown in

Appendix 11.

2. Analytical Characterization of
Typical Jet Fuels

Analytical characterization of the five jet fuels included

in our program has been completed. The results are tabulated in

Tables XI and XII. The analyses show that the composition of

the different fuels varies considerably, both in compound type and

quantity of trace impurities, e.g., sulfur compounds. Typical pure

compourd boiling points show that the paraffins presunt in a typical

jet fuel should fall in a C8 to C1 6 carbon number range. The majority

of naphthenes and aromatics present are single ring compounds. Based on

pure compound boiling points, these mono ring compounds should have a

C9 carbon number or higher.

B. The Effect of Rigorous Exclusion
of Oxygen

As part of the studies conducted in the Phase Study Unit,

the effect of vigorous exclusion of oxygea on the overall deposit formation

process was investigated. An examination of these results indicate that

the rigorous exclusion of oxygen suppressed deposit formation at temperatures

up to 460*F even in the presence of a liquid phase and a metal surface.

These results undoubtedly reflects the suppression of autoxidative reactions

which the complete removal of oxygen effects.

C. The Effect of Current Additives

on Deposit Formation

The' effect of various additives on the deposit formation process

was evaluateJ using two different additive free jet fuels as the reference

fuel. These fuels were chosen because of their different stability toward

deposit formation. In addition to antioxidants, other additives currently

employed in jet fuels were evaluated. Additive treating levels were chosen

to correspond to current practice. The additives employed and the levels

used are shown in Table XIII. All additive treated fuels were evaluated

in at least two separate, replicate runs. A run with the base fuel
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FIGURE 65

SCREENING UNIT TESTS OF FA-S-2B, BATON

ROUGE AND. P&W 523 FUELS AT 3 PSI
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FI"I(;RI 66

SCREENING UNIT TEST OF AFFB-9-67
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FIGURE 67

SCREENING UNIT EVALUATION
OF AFFI-12-68 AT 3 PSIA
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FIGURE C8
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FIGURE 69

SCREENING UNIT EVALUATION OF AFFB-10-67
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'Il(;T•LT 70

SCREENING UNIT EVALUATION OF FUEL AFFB-11-68 AT 3 psia
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FIGURE 71

SCREENING UNIT EVALUATION OF RAF-174-63
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FIGURE 72

SCREENING UNIT EVALUATION
OF AFFB-8-67 AT 3 psia
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TABLE XI

Physical Inspections of Jet Fuels

Thermally Supersonic
Stable Jet Fuel

Baton Rouge Kerosene P&W 523

FA-S-2B SST Test (Humble (Humble

RAF-176-63 (AFFB-3-64) Fut, Formula 86) Formula 90)

Distillation, ASTN. 'F
IBP 3 3 4 (a) 3 3 0 (a) 336 368 403

5/ 348 - 355 372 412
S01/ 356 344 364 373 4 14

20` 366 348 379 374 417
30' 374 - 389 376 419
401 384 - 398 377 422
501, 394 362 407 378 426
601 406 - 417 380 429
70'/ 419 - 428 382 434
80' 435 - 442 384 440
90( 454 - 4 58 1)4 449
95,ý 466 - 471 397 457
F.B.P. 484 456 481 409 463
Recovery 7 99.0 99.2 98.0 98.0 98.0
Loss / - 0.8 - -

Residual •/ 1.4 0.8 2.0 2.0 2.0

Total Sulfur, Wt.°/ ,07;.076 (a) .0070;.02(a) .03 .0008 <.00002
Merciptan Sulfur, Wt.* .0005;.0005(a) .0002fa) .00032 <.0003 <.0003

Total Nitrogen, ppm < 5 (a) • 1.0 1.9 1.1 < 1.0
Basic Nitrogen, ppm ?.1 <1 - <1 <1

(:, wt.,: 84.98 85.93 85.76 84.73
:, wt.v 14.73 13.75 14.50 15.11

Peroxide No. Mi~lequiv. Nil 0.41 Nil Nil Nil
ot 0, per liter (b)

Irace ,Ietals, ash < .O I.001 < . 0O1( C001
1000O'F, Wt.'

Add itives added ;o No No No Yes Yes

the fuel

(a) Rtported in North American Aviation report %A-b5-753, November, 1965.

(b) I nsti f fic ient ash for tr.ace mo. r I I in,' I y s bv uTis ion speC .
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TABLE XIT

DistribuLio:, of Comn,',!:d Tvypts in jet Fuels

Thermally Supersonic.
Stable Jet Fuel

B.ton Rouge Kerosene P&W 523
i7A- S- zI; SST Tvst (Humble (hIumb le

RAF-176-63 (AFFB-3-64) Fuel Formula 86) Formula 90)

Paraffin, Naplhth:ne, Aromatic
Distribution, Wt.%(a)

Paraffins 41.6 55.b 41.7 64.6 87.7, 8 7 .6(b)

Naphthenes (cyclopara ffins)

Non Condensed 2u.o 3o.4 23.9 16.5 o.9

2 ling Condensed 13.4 .4 12.5 5.7 0.8
3 Ring Condensed '-7 0. 4.5 0.4 2.h

Total 41.7 42.9 40.9 24.'--6 10.5, 10.8

Aromatics:

AIky! 6enzenes 10.2 1.3 10.8 9.4 0.9
Indans 3.3 0.2 2.4 1.4 0.9
Naph thalenes ).2 1C. 0 /.2 0.0 (. b)

1u' 1 lu.7 1.5 17.4 10.8 1.6, 1.,b

Grand Total 1.OC. 0 100.0 100.0 100.0 100.0

Olefin, Non-Olutin W
Distribution, Vol.%

'lcfins (non-aomatic) ,5 2.3 1.0 1.5 0.7
Other CO . 5 97.7 1)j. 0 98.5 99.3

Totial AO.0 W00.0 100.0 100.0 00.0

(a) An.aly!,.i by nkss snectronWtŽcr.

(b) independent analysis obtained by 'roducts s,,s.rcl, Divibion, Ebso Research atid

Engineering Company.

(c) Analysis by FIA:
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containing no additives was also made at the same time so as to both
concretely establish the deposit formation rare with the reference fuel
and to verify the accuracy and reproducibility of the test procedure
during the additive evaluation program. Deposit formation rates were
determined in the Screening Unit at 3 psia using Ti-8A1-lMo-lV titanium
alloy strips. Tests with the antioxidant containing fuels indicated
that the addition of these antioxidants at the levels employed did not
significantly reducc the rate of deposit formation at 300 to 4250F.
Data are shown in detail in the Arrhenius plots in Figures 73 to 76
Results are summarized in Table XIII. Similarly, the use of methyl-
cellosolve and a flurocarbon lubricity additive resulted in no measurable
effect on the rate of deposit formation in the 300 to 425°F temperature
range (Figures 80 to 91). By contrast, fuels treated with rust
inhibitor and metal deactivator additives all showed a marked increase
in the deposit formation level, particularly at temperatures above 350°F.
Data are shown in detail in the Arrhenius plots in Figures 77, 78
and 79. Results are summarized in Table XIII. Data are in Appendix 12.

The addition of typical antioxidants to jet fuels did not
suppress the autoxidative process which leads to the formation of deposits
at 300 to 425*F. The inhibition of autoxidative reactions by small
quantities of an additive has been studied extensively, and a number of
excellent summaries are available (22,138). In general, an effective
inhibitor, InH, (a) must react rapidly with the chain carrying peroxy
radicals, Eq. 32, and (b) form a relatively stable radical product, i.e.,
the rate of reaction of the radical In-, Eq. 33, must be much lower than
the rate of reaction of peroxy radicals, Eq. 34.

RO2. + InH - In- + ROOH (32)

In- + RH- InH + R, (33)

RO2' + RH 3 - ROOH + R- (34)

Thus, an effective inhibitor basically scavenges active radicals from
the reaction system, and as a result of this suppresses the overall rate
of oxidation.

As pointed out by Emanuel et al (138) oxidation inhibitors
tend to be much less effective in a degenerately branched reaction, reflecting,
for example, the relatively high concentration of radicals in such a system.
In the present work, deposits form as the result of autoxidative degradation
of the hydrocarbon fuel at 300'F and higher, and in the presence of
catalytically active metal surfaces. Extensive decomposition of hydro-
peroxides must take place in this temperature range and environment so that
reduced inhibitor effectiveness would be expected. In addition, the
antioxidants tested were basically developed to improve the low temperature
stability of hydrocarbons (e.g., storage at ambient conditions), where the
relative rate of typical autoxidation reactions are probably quite different
than those encountered at higher temperatures. Thus, the present failure
of these inhibitors to suppress autoxidative deposit formations would seem
to simply reflect to a great extent the high temperature stress being
placed on the fuel.
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FIGURE 73

EVALUATION OF A022 ADDITIVE
IN RAF-176-63 FUEL
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FIGURE 74

EVALUtTION OF A029 ADDITIVE
IN BATON ROUGE FUEL
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FIGURE 75

EVALUATION OF A031 ADDITIVE
IN BATON ROUGE FUEL
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FIGURE 76

EVALUATION OF ETHYL 733 ADDITIVE
IN BATON ROUGE FUEL
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FIGURE 77

EVALUATION OF AFA-1 ADDITIVE
IN BATON ROUGE FUEL
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FIGURE 8

EVALUATION OF DMD ADDITIVE
IN BATON ROUGE FUEL
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FIGURE 79

EVALUATION OF SANTOLENE C
ADDITIVE IN BATON ROUGE FUEL
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FIGURE 80

EVALUATION OF FLUOROCARBON LUBRICITY
ADDITIVE IN BATON ROUGE FUEL
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FIGURE 81

EVALUATION OF METHYL CELLOSOLVE
IN BATON ROUGE FUEL
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The addition of rust inhibitor and metal deactivators to the
fuel resulted in a marked increase on deposit formation at higher temperatures.
Two of these additives contain phosphorus; and Nixon (139) indicates that
even in low temperature stability te3ts use of metal deactivators can
render ,ydrocarbon fuels more deleterious. Thus, the tendency of these
additives to increase deposit i:ormation at much higher temperatures is not
surprising. The increase in both Laq levels of deposit formation and
the apparent activation energy with toese additive containing fuela
clearly indicates that these additives are influencing the deposit
formation reaction system, perhaps undergoing decomposition to radical
fragments and/or fuel insoluble products. The addition of an anti-icing
additive did not affect the deposit formation process, a result which might
not be expected because of the high oxygen content of this material.
In any event, these results clearly indicate that additives which are
effective in hydrocerbon fuels at lower temperatures may eiLher be of
no value or deleterious when added to fuels exposed to temperatures in the
300 to 425"F range.

D. The Effect of Surface Coatings
on the Deposit Formation Process

1. Deposit Formation Tendency of
Polymer Coated Titanium
Alloy Specimens

The effect of surface coatings on the deposit formation
process was also evaluated in the Screening Unit at 3 psia over the
temperature range of 250 to 400*F. The rate of deposit formation was
measured with both coated and uncoated metal strips. Coating types
evaluated are shown in Table XIV. The coated strivs were evaluated
on a two step procedure. First the strips were exposed in the Screening
unit to th•e refteed pressure and temperature in the absence of fuel
that each specimen would subsequently experience in the presence of
degrading fuel. Measurements indicated that the polymer coated strips
lost weight under these conditions. Then the rate of deposit formation
resulting from the autoxidative degradation of the fuel was determined
by the weight increases observed after exposure to fuel in the Screening
Unit. Visual observations also confirmed the formation of deposits.
However, because of the possibility of some addition weight loss from
the polymer coating, the measured increase in weight caused by deposit
formation is essentially a minimum value; and thus represents a
conservative estimate of the effect of polymeric surface coatings on the
deposit formation processes. The data indicated that coating the titanium
alloy surface with a polymeric coating did %tot eliminate the formation
of deposits. On the contrary, use of these coatings actually increased
the level of deposit formation at temperatures in excess of 350*F. Data
are shown in the Arrhenius plots in Fixures 82 to 86.

Heterogeneous metal oxide surfaces have been shown to be
capable of increasing the rate of the liquid phase autoxidation of hydro-
carbons (113,114,115). The work of Burger el al (113) indicated that such
surfaces catalyze the formation of free radicals which then enter the
liquid phase and accelerate tiue autoxidative reaction sequence. In the
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TABLE XIV

Coating and Coating Conditions Employed

Coating Film ( Minutes of At Cure

Identification Application Cure Time Temperature "F

None None None None

(Nitric-HF acid
etched)

Polyimide Varnish Drip-drain 20 150

Monsanto RS5660 20 300

20 500

Silicone R671 Spray coat 60 70

Dow Corning 15 400
4-5 500

Dow Corning Drip-drain 24 hours 70

94-003 Fluorosilicone, 20 400

Dispersion Coating

DuPont Teflon S Spray coat 10 79

Q54-01 13 473

DuPont Teflon TFE Spray coat 10 10

851-204 15 725

(a) All specimens were supplied by the Boeing :ompany and Nitric-HF

acid etched prior to coating application. One coat applied to
all sets.
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FIGURE 82

EVALUATION OF STRIPS COATED WITH
RS 5660 IN SCREENING UNIT AT 3 psia

5 10-3

\ WEIGHT GAIN IN 4 HOURS
OF AIR PLUS AFFB-4-64 (FA-S-1)

z
1x 10-3 0

Sf -

r-

•z WEIGHT LOSS 0

SIN 
4  HO URS OFAIR ONLY•

o 1 x 10-4

Ixi0 -

F 400•r. 350 300 250
5 x 10-17- - - -

2.00 2.l0 2,20 2.30 2440 2.50 2.60

100 0/T;'.K)



- 143 -

FIGURE 83

EVALUATION OF STRIPS COATED WITH
x 10_3 954-01 IN SCREENING UNIT AT 3 psia
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FIGURE 84

EVALUATION OF STRIPS COATED WITH
TFE 851-204 IN SCREENING UNIT AT 3 psia
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FIGURE 85

EVALUATION OF STRIPS COATED WITH
SILICONE R671 IN SCREENING UNIT AT 3 psia
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FIGURE 86

EVALUATION OF STRIPS COATED WITH
94-003 IN SCREENING UNIT AT 3 psia
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more complex autoxidative process which results in the formation of
deposits from jet fuel, it was shown (104) that metal oxide surfaces
,an catalyze this process, possibly ir a manner similar to that suggested
by Burger et al (113).

It has recently been rpported by Emanuel (140) that coating
the wall of a reactor with Teflon accelerated the rate of the liquid phase
autoxidation of propene compared to the results obtained in a steel or
glass reactor. It was suggested that this acceleration of the oxidation
rate occurred because the Teflon surface catalyzed the decomposition
of the intermediate hydroperoxide to free radical fragments faster than
did the other surfaces or than would occur via pyrolysis in the liquid
phase. The present results clearly show that the presence of the polymeric
coating accelerates the deposit formation process, particularly at higher
temperatures. Although the autoxidative degradation of jet fuel hydro-
carbons which ultimately leads to the formation of deposits must
indeed be complex, these data suggest that polymer surfaces are catalytically
more active than metal oxide surfaces for either primary or secondary
radical producing reactions in the autoxidation sequence. From a practical
viewpoint, these results indicate that coating metal wing tank surfaces
with polymeric materials will not necessarily eliminate the high temperacure
autoxidative fuel degradation but may actually lead to the increased formation
of deposits. Detailed data are shown in Appendix 13.

2. Studies of the Effect of
Various Surfaces on the Autoxidation
of Typical Hydrocarbons

a. Design and Construction of a
Hydrocarbon Autoxidation Kinetics Unit

Previous work in the Screening Unit has shown that coating a
titanium alloy surface with a polymeric surface coating, rather than sup-
pressing deposit formation., increased the rate of deposit formation at
higher temperatures. We designed and constructed a hydrocarbon
Autoxidation Kinetics Unit in order to more thoroughly and fundamentally
study the effect of polymers on the autoxidative reactions involved in the
deposit formation process. In our Screening Unit studies deposits are
measured gravametricaily, and the data obtained in the absence of fuel with
polymer coated strips indicated that the polymers lost weight at "empty"
wing tank temperatures and pressures in the Screening Unit. In an actual
Screening Unit run in the presence of fuel, weight gains (from the formation
of deposits) and losses (from the polymer coating) take place simultaneously,
so that the net weight in~crease recorded is at best an estimate of the lower
limits of deposit formation. As a result, our kinetic unit has been designed
to employ non--gravametric measurement techniques. A schematic of the unit
is shown in Figure 87. The hydrocarbon reactant, contained in a suitable
solvert, is added to the reactor. Solid polymer in the form of a 60/80
mesh powder is added to the reaction mixture and the reactor immersed in a
temperature controlled bath. The reactor is attached o a vibrator which
supplies sufficient agitation to the solid-liquid slurry so as to minimize
mass transfer limitations on the reaction system. Oxygen is admitted at
a constant ,ressure to the reactor from a burette measuring system. The
rate uf oxidation of the model hydrocarbon can be measured both from the
rate of oxygen uptake and by gas chromatographic analyses of the samples
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of the reaction mixture taken through a septum cap on a side arm attached
to the reactor. Thus the rate of consumption of hydrocarbon and oxygen
and the rate of appearance of products can all be measured directly.
Other analyses mad, of aliquot samples include infrared, chemical titration
for hydroperoxide content and mass spectrometer analyses.

b. The tffect of Polymeric Surfaces on
the Oxidation of Tetralln

It is well known that homogeneous metals catalyze the liquid
phase autoxidation of compounds such as hydrocarbons. Other studies
have shown that heterogeneous metal oxides are capable of increasing the
rate of reaction of hydrocarbons with oxygen in the liquid phase.
Because of this known activity, attempts have been made to render metal
surfaces quiescent for autoxidative hydrocarbon reactions leading to
deposit formation by coating these surfaces with polymeric materials.
Studies, however, indicate that rather than suppressing autoxidative hydro-
carbon deposit formation, polymer coatings increased their rate of formation,
suggesting that polymeric surfaces function as a catalyst for autoxidative
reactions. Similarly, Emanuel has reported that coating the wall of a
reaction with poly(tetrafluoroethylene) accelerated the rate of liquid
phase autoxidation of propene compared with results obtained in a steel
or glass reactor (140). To further elucidate these effects we have carried
out a study of the catalytic influence of various polymeric surfaces on
the liquid phase autoxidation of a typical hydrocarbon. Tetralin was
chosen as a model compound for this study. Because of the importance
of specific reaction rate, i.e., rate per unit area of catalyst, in
studies of this nature (141,142,143), the specific activity of poly-
propylene and poly(tetrafluoroethylene) are also compared.

The Hydrocarbon Autoxidative Kinetic Unit was used. The r3te
of oxidation was measured at atmospheric pressure. The reactor was
immersed in a temperature bath controlled to 0.5°C. Mass transfer
limitations were minimized by vibrating the reactor at a speed of 800
cycles per minute. Experiments demonstrated that the rate of oxidation
was independent of vibration speed at this level. In each run 2 cc of
tetralin, 2 cc of chlorobenzene and 0.30 g of catalyst were charged to
the reactor, hooked into the reaction system and the reactants degassed
by freezing with liquid N2 , evacuacion, thawing, refreezing and re-evacuation.
The reactor was then filled with 02 and immersed in the temperature controlled
bath. Aliquot samples for analysis during the run were removed via a
syringe through a septum cap attached to a side-arm on the reactor. Tetralin
conversion was measured using an F&M Model 500 temperature programmed gas
chromatograph with a 2 ft. column containing 10% QF-1 (fluoronated silicone
oil) on 45/60 mesh chromosorb W. The column was programed from 50 to
175°C at 7.9°C/min. The tetralin hydroperoxide content was determined
chemically by the method of Wagner, et al (144). Oxygen uptake, tetralin
conversion and tetralin hydroperoxide content data all confirmed that the
initial oxidation product is tetralin hydroperoxide.
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Tetralin (Matheson, Coleman and Bell, practical grade) was
purified by washing with concentrated sulfuric acid until the washings
were colorless, followed by washing with distilled water to remove residual
acidity and drying with anhydrous MgSO 4 (145). The resulting tetralin
was then repeatedly distilled in a spinning band column until a fraction
was obtained which showed no impurities by glpc analyses. Glpc pure
chlorobenzene (Matheson, Coleman and 8ell) was employed.

The polymer catalysts were all prepared as 60/80 mesh powders by
cooling with liquid N2, grinding in a Waring blender, sieving and washing
with a solvent. Methylene chloride was used with poIy(tetrafluoroethylene)
and acetone with polyethylene and polypropylene. All inspections were
obtained on the prepared powder. The poly(tetrafluoroethylene) was
obtained from E. I. duPont de Nemours & Company, Wilmington, Delaware.
Powdered catalysts were prepared from both molded samples and from Teflon
7 granular resin which was pressed at 24,000 psi prior to starting the
normal preparative procedure. Tests indicated that the resultant 60/80
mesh poly(tetrafluoroethylene) powders were essentially equivalent in
activity. The polypropylene was obtained from the Enjay Chemical Company,
Linden, N.J., in an extruded form. The polyethylene was obtained from
Ace Scientific Co., Linden, N.J., in an extruded form.

Polymer surfaces tested for their catalytic activity, included
poly(tetrafluoroethylene), polyethylene and polypropylene. All were tested
as 60/80 mesh powders. Detailed inspections of these powders are shown
in Table XV. It can be seen that metal impurity levels are quite
low. Rate measurements were made over the range of 65 to ]15*C at
atmospheric pressure using chlorobenzene as a solvent. Quantitative
analyses confirmed that the initial oxidation product is tetralin
hydroperoxide.

00O

00 + 02

Data for the oxidation of tetralin at 90C in the presence of
both polypropylene and poly(tetrafluoroethylene) are shown in Figure 89
Data obtained at 65°C in the presence of polyethylene and poly(tetra-
fluoroethylene) and for the uncatalyzed oxidation of tetralin are shown
inFigure 88. As can be seen from the p:esence of tie various
polymeric surfaces markedly changed the rate of oxidation of tetralin,
as manifested both by a dramatic reduction in the induction period and
by the actual rate of oxygen consumption. For the poly(tetrafluoroethylene)
catalyzed reaction the maximum rate measured occurred initially after the
induction period, whereas when polypropylene was employed the rate continued
to increase with time before it finally began to level off.
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SUMIMARY OF POLYMER CATALAST
ACTIVITY AND INSPECTIONS

Poly(tetrafluoro
ethylene) Polyethylene Polypropylene

Initial activity, g-poles 02
per hour per gram of poly-
mer per al of tetralln

90"C 14.9 X 10"-4 (a) - 4 44.7 x 10- (b)
65"C 3.38 x 10" 7.59 x 10a

B.E.T. Surface area, m2 /g 0.69 - 0.21

Specific activity, g-moles
02 per hour per ml of
tetralin per 22 o! polymer

900C 2.16 x 10- ( 21.3 x 10 (b)
65"C 4.90 x 10-4 (a)

Ash Content, wt. Z 0.010 @ 8000C 0.080 @ 5500C 0.082 @ 550*C

Metal Components of Ash
by emission spectra:

Major -- Si Ca
Minor -- MgFe Al
Trace Si, Mg, Fe, Cu, Na, Cu, Al, Ti, Fe, Si, Mg

Ag, Na, Zn, Ti, Ca, Cr
Ni, Ca, Al

(a) Rate of oxidation immediately following induction period.
Other conditions: 2 cc tetralin in 2 cc of chlorobenzene with
0.30 g catalyst.

kb) Maximum rate which occurred during first minutes after
Induction period.
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FIGURE 88

Oxidation of Tetralin at 900C
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* FIGURE 89

Oxidation of Tetralin at 65*C
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Data on the effect of temperature on the initial rate of
oxidation of tetralin in the presence of poly(tetrafluoroethylene) over
the range of 65 to 115C are shown in Figure 90. The apparent activation
energy derived from this ArrheniLs plot is 17.0 kcal/mole. The induction
period for the poly(tetrafluoroethylene) catalyzed oxidation of tetralin
was found to decrease as the reaction temperature Increased, In Figure
91 an Arrhenius plot is shown of the reciprocal of the induction period
observed with the poly(tetrafluoroethylene) catalyzed oxidation of tetralin.
Each induction period shown is the average of at least three separate
experimental determinations. The apparent activation energy derived from
this plot is 16.7 kcal/mole. In Table XV the specific activity,
i.e., the rate per unit area, is tabulated for the various polymers
employed. These values were obtained by dividing the initial rate of

oxidation per gram of catalyst by the total surface area of the polymer
powder per gram of polymer. It can be seen that the specific acLivity
of polypropylene is higher than that of poly(tetrafluoroethylene) at
90C by a factor of approximately 10.

The autoxidation of tetralin has been studied extensively
including uncatalyzed studies (146,.47,148), homogeneously catalyzed
scudies (149-153) and heterogeneously catalyzed metal oxide catalyzed
oxidation of tetralin, apparent activation energies ranging from 9 to
10 kcal/mole were reported (145), compared with 17.0 kcal/mole found for
poly(tetrafluoroethylene) in the present study. The activation energy
for the thermal initiation reaction was measured during the oxidation
of tetralin in the presence of an inhibitor and was reported to be 23.0
kcal/mole (148). Apparent activation energies from this range down to
13 kcal/mole have been reported for the homogeneously catalyzed oxidation
(152,153). Nukherjee (145) presents extensive data at 65°C for the
heterogeneous catalyzed oxidation of bot.h pure tetralin and tetralin in
chlorobenzene. A very striking and complex effect of the amount of cata-
lyst on the rate of oxidation is also reported, i.e., a critical catalyst
concentration above which the rate is inhibited which is dependent on the
concentration of tetralin in chlorobenzene (145). A comparison at 65°C
and otherwise identical conditions (3.7 M/l tetralin in chlorobenzene,
6.7 al tetralin per gram of catalyst) indicates that the most active
catalyst in this work (Figure 2 in Ref. 145). i.e., M*,'03, is approxit--nately
10 times more active than pily(tetrafluoroethylene) and 5 rimes more active
than polyethylene. The other metal owide catalysts were less active than
Mn203 at 65"C by a factor of from 3 to 6 (Figure I in Ref. 14.5, coiparison
of catalysts at a tetralin to catalyst ratio of 6.7 mi/g). Thus polymer
"atalysts are comparable to these less active m':tal oxide catalysts, e.g.,

PbS, NiU, at 65"C.

Because of the higher apparent activation energy of poly(tetra-
fluoroethylene) as compared to the metal oxides studied (1I,?, 17 vers.s
9 kcal/mole), a comparison at temperatures higher than 65C wou'd be w',.re.
favor.ible to this polymer. In view of this, it is difficult to see how
the activity of these polymeric materials could result from the trace levels
of metallic impurities presen t . In addition, it should be pointcd out that
no surface areas are reported for the metal oxide catalysts, so that
specific activities cannot be compared.



- 155 -

FIGURE 90

Initial Rate of the Teflon
Catalyzed Oxidation of Tetralin
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FIGURE 91

THE EFFECT OF TEMPERATURE ON ThE INDUCIION PERIOD
FOR THE TEFLON CATALYZED OXIDATION OF TETRALIN
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A number of studies have indicated that hydrocarbons will adsorb
on low surface energy solids such as poly(tetrafluoroethylene) and poly-
propylene. Included in these adsorption studies are ethane on poly--
propylene (155), ethane, n-butane and n-octane on poly(tetrafluoroethyleue)
(156) and n-hexane and be'izene on poly(tetrafluoroethyLene) (157).
A consideration of isosteric heats of adsorption as i function of surface
coverage led Graham (155,156) to conclude that both polypropylene and
poly(tetrafluoroethvlene) surfaces are highly heterogeneous. Such a
conclusion is certainly consistent with the ability of such surfaces to
catalyze the autoxidation of tetralin. Graham (155) has also pointed
out that poly(tetrafluoroethylene) is a lower surface energy solid than

polypropylene. The observed higher specific activity of polypropylene
relative Lo poly(tetrafluoroeLhylene) could reflect this differeuce in
surface energy between these solids.

To gain further insight into the polymer catalyzed autoxidation

of hydrocarbons, we studied the Teflon catalyzed decomposition of tetralin

hydroperoxide. This study was carried out in our Hydrocarbon Autoxidation

Kinetics Unit with 0.40 g of Tetralin hydroperoxide dissolved in 4 cc of

chlorobenzenE solvent using 0.30 g of Teflon 60/80 mesh powder under a N2

blanket. Teflon was found to catalyze the decomposition of tetralin

hydroperoxide.

% letralin Hydroperoxide
Catalyst Dec'mposed after 1 hour at 115"C

None 
10(a)

Teflon 39

(a) Frolf reference 147. Data
for chlorobenzene solvent at 116%C.

Detailed data are shown in Figure 92. The effect of tetrAlin

hydroperoxide concentration and catalyst loading was also studied. Results
are summarized in Table XVI. Initial rate data indicated that the

teflon catalyzed decomposition ot tetralin hydroperoxide is first order
in hydroperoxide concentration was confirmed by an integral first ord.z
plot (Figure 93). An Arrhenius plot of the first order rate constants
for the catalyzed decomposition of tetralin hydroperoxide is shown
in Figure 94.

Aliquot liquid and gas samples were taken during both .:ie catilyzed
oxidation of tetral~n studies and the catalyzed tecralin hydrL'pcroxile studv
no as to quantitatively 2eterrin, the major reaction producct. Anaiytical
techniques included quantitative chemical titration for tetralln hvJropcroxide
content, gas chromatographic, infrared and mass spectrometric analvscs
liquid samp',s and gas chromatographic analves eA g. •A. In Figure 95

- showt the change in rcactants ind liquid prduct% invo!ved in the

poly(tetrafluoroethylene) catalyzed oyidati,,r of tetrali.a at 11"k as a
function of reaction time. A comp-rison .,f tetralxn conversi-.n. oxygen uptake

and tetralin hydrcperoxide content cunlirn that the initial reaction
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FIGUR• 92

TEFLON CATALYZED DECOMPOSITION OF TETRALIN HYDROPEROXIDE
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TABLE XVI

Relative Rates of Tetralin Hydroperoxide Decomposition as
a Function of Tetralin Hydroperoxide

Concentration and Catalyst Loading(a)

Tetralin Hydroperoxide Catalyst Relative Rate of
Concentration, wt % Loading Grams Decomposition r/ro

4.37 0.30 0.58 (b)

8.30 0.30 1.00 (base) (b)

15.3 0.30 1.92

8.30 0.15 0.47 (c)

8.30 0.30 1.00 (base) Wc)

8.30 0.60 2.21 (c)

(a) Conditions: 105°C, tetra2Jin hydroperoxide added to 4 cc chlorobenzene
solvent, 1 atm N2

(b) Relative rates calculated from observed first order rate constants corrected
for thermal (non-catalytic) contribution at same conditions.

(c) Relative rates calculated from initial rate of tetralin hydroperoxide
conversion in grams per hour.
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FIGURE 93

Teflon Catalyzed Decomposition of
Tetralin Hydroperoxide at 105C
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FIGURE 94

Teflon Catalyzed Decomposition of
Tetralin Hydroperoxide
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FIGURE 95

PRODUCTS AND REACTANTS DURING TEFLON
CATALYZED OXIDATION OF TETRALIN
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product is tetralin hydroperoxide. As the reaction progresses, howevec,

the tetralin hdyroperoxide is converted to other products. In addition
to the liquid products, H20 and H2 were also detected in samples of the
gas phase. At this point, it should be noted -hat the oxygen uptake data
obtained from volumetric changes no longer can be used as a measure of the
forward progress of the reaction, i.e., tetralin conversion, as light
gases are being produced which make the measured volumetric change difficult
to interpret. Thus, autoxidation studies dependent solely on oxygen uptake
data for a measurement of the rate of progress of the reaction may be
subject to some error if extensive secondary reactions have taken place.
Similar analyses weie made of the products of catalyzed decompositions of
tetralin hydroperoxide. Results of the analyses of the liquid samples are
shown in Figure 96. Analyses of samples of the gas phase indicated
the presence of H20, 02 and H2 .

A consideration of all the product analyses indicates that the
poly(tetrafiuoroethylene) catalyzed oxidation of tetralin consists of
a series of sequential reactions. In this analyses, light gases detected
were assigned to the reaction steps as dictated by the stoichiometry required
by the changes in liquid constituents. As has been well Lstablished,
tetralin (I) is first oxidized to tetralin hydroperoxide (II).

OOH

+ 0 - (36)

II

Following this, the tetralin hydroperoxide decomposes to produce
approximately equal molar quantities of the ketone, 1-tetralone. (III),
and the alcohol, 1,2,3,4-tetrahydro-l-naphthol (IV).

OOH 0 OH

2 0 i)+ 00 + H 2 0 + 1/2 02

II III IV (37)

The ketone (III) is essentially stable in the reaction system. However,
the alcohol (IV) undergoes further reaction to the olefin 1,2-dihydronaphthalene
Mv).

OH

Oil a ) + H 20 (38)

IV V

This olefin (V) then undergoes further reaction to produce naphthalene (VI).
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FIGURE 96

PRODUCTS OF THE TEFLON CATALYZED DECOMPOSITION
OF TETRALIN HYDROPEROXIDE
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S---- •+H H2 (39)

Reactions 36 through 39 represent the main routes for the poly(tetrafluoro-

ethylene) catalyzed oxidation of tetralin for the conditions and reaction
times studied. There is a possibility that other products formed at the
end of the ruc at 115C as material balances showed a tendency to fall below
their normal O1Z0% level. Although oxidative dehydrogenation of saturated
hydrocarbons to form olefins is generally considered in the literature to
be an important reaction only at much higher temperatures, e.g., 500 to
600°F (_), the present study clearly shows that this need not be the case.

Moreover, the data suggest that oxidative dehydrogenation at low
temperatures is probably a major reaction path in the complex autoxidative
deposit formation process, and certainly merits further attention.

As pointed out by Walling (159) it is difficult to elucidate

all the reactions in a complex system such as occurs in the oxidation of

tetralin. Nevertheless, it is useful to consider possible mechanisms which

can account for the salient features of the reaction system. The present
results suggest that a major role of the catalyst surface is to increase
radical production via decomposition of thelntermediate hydroperoxide.
Thus, during the initial portion of the oxidation in the presence of an
inert solvent, the initiationstep will involve adsorption on the catalyst
surface, S, followed by decomposition, as follows:

ka k
ROOH + S RO. +HO (40)

k-a I
S

k
RH + HO" . R- + H20 (41)

Propogation steps are assumed to follow the conventional reactions, while

termination is assumed to involve a rapid reaction between alkoxy radicals
to produce the alcohol and ketone, and conventional cermination of peroxy
radicals.

R" + 0 2 RO2. (42)

RO + RH ROOH + R" (43)

k (42RO. - R'-O + R-OII (44)

2RO 2* inert products (45)
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It is reasonable to assume that the fraction of the catalyst surface
covered with hydroperoxide, e, reaches an equilibrium. Applying such a
treatment to the reaction scheme yields

dt . kak 4 [RO2 "]L1Ui(l-) k_ae - k1 e = 0 (46)

From which it follows:

R e (47)k4K[RO2" 1RI[]

ka
Where K k

k a + k 3

An application of the conventional steady state treatment to the R-,
R02. and HO radical productions results in the following relationships:

-ifRO2 " ( •k6l (48)

Substititing (H) into (G) and assuming that the fraction of the surface
covered by hydroperoxide is low (i.e., [9/1-e] 2 t 92) yields the following
approximate solution.

k l k 4 K 2 R HJ 2 
4 9k6 (49)

Following an analogous treatment by a number of authuzs (5,6), this
solution is then coupled into a conventional oxidation rate expression to
yield for the initial oxidation rate where () is the weight of catalyst (the

dO2 = k4
2 k K 2RH]2 1/2 (50)

dt k6

total. surface in the reaction vessel is directly proportional to the weight
of catalyst). As can be seen this expression predicts the observed zero
order dependence on oxygen pressure, second order dependence on hydrocarbon
concentration and half order dependence on catalyst weight. (Table XVII)
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TABLE XVII

RELATIVE RATES OF TETRALIN OXIDATION
AS A FUNCTION OF TETRALIN CONCENTRATION,

OXYGEN PRESSURE AND CATALYST LOADING

Tetralin
Concentration Catalyst Relative initial Rate
moles/liter Oxygen, to rr Loading, grams of Oxidation r/ro(a)

3.68 660 0.30 1.1
3.68 710 0.30 1.0
3.68 760 0.30 1.00 (base)(b)
3.68 810 0.30 1.0

3.68 760 0.15 0.68
3.68 760 0.30 1.00 (base)(c)
3.68 760 0.60 1.34

2.45 760 0.30 0.44
3.68 760 0.30 1.00 (base)
4.91 160 0.3C 1.86

(a) Initial rate of oxidation at given conditions
relative to initial rate at standard conditions as shown.

(b) Study conducted at 65C

(c) Study conducted at 90C
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A study was also made of the effect of the various products
from the decomposition of tetralin hydroperoxide on the catalyzed rate
of oxidation of tetralin. Included in this study were the effect of
the ketone (III), the alcohol (IV), 1,2-dihydronaphthalene (V) and
naphthalene (VI). In general, these studies were carried out by sequentially
injecting the compound in question into the reaction mixture after the rin
was in progress and observing its effect on che s,:bsequent portion of the
run. One advantage of this method is that it as.;ures that the catalyzed
oxidation is proceeding in a normal manner before the effect of the added
component is assessed. Studies were made at both 65 and 115"C. Results
of the effect of the addition of the alcohol (IV) and the ketone (III)
at 65"C are shown it, Figure 97. At these condi:ions 4ata obtained from
oxygen uptake and tetralin conversion are equivalent. It can be seen that
the presence of the alcohol (IV) had no significant effect on the course of
thE reaction, whereas the addition of the ketone (III) accelerated the
rate of oxidation. The results obtained at 115*C confiim the earlier data.
The presence of the alcohol (IV), dihydronaphthalene (V) and naphthalene (Vl)
had no significant effect on the rate of oxidation. However. the presence
of the ketone (III), again increased the catalyzed rate of oxidation of tetralin.

In the present study, the ketone (III) was found to accelerate the
rate of oxidation whereas the alcohol (IV) and other products (IV, VI) exerted
no significant effect on the reaction. Robertson and Waters (L47) also observed

no significa.,t effect of alcohols on the oxidation of tetralin. Hcvever,
it has been sound that ketones such as cyclohexanone can accelerate the
decomposition of hydroperoxides (&). Following the treatment of Emanuel,
this acceleration presumedly reflects the formation of a complex of the
hydroperoxide and ketone.

k
ROOH + R',O XI X] • free radicals (51)

Initiation involves both direct hydroperoxide decomposition (reaction 40)
and reaction 5L The complex iX] is assumed to det~onpose more rapidly than

the hydroperoxide itset , so tiiat at the latter stages of the reaction wh, re

the ketone concentration rises, reaction 1would dominate the initiation

process.

c. The Effect of 4etal Oxides on the
Oxidation of Tetralin

We extended our studies in the hydrocarbon autoxidation

Kinetics to m-tal oxide surft ces. Using, this vnit we previouslv de!onttr:tt ,d

that polymeric surfaces are capable of catalyzing thc autoxidatin )t
typical jet fuel range hydrocarbons. T"hee stuiivs indicated tChat Ictlon,

polyethylene artd polypropvlene qurfaces cat aiv . the autosidation ct t. t r ' n,

a typical jet fuel range hydrocarbon. In addition, these studies demonstrated
thiat Teflon surfaces. catalyze the decomposition of tetralin hvdroperoxide.
"Tht nresent stadi.. .lth metal oxides were designed (a. to :ovide a ,oa- ,
of Mtal t_ . versus polymeric ;;uirfat'es for tetralin autoxidation, ani

t, i-trend our Frevious work on che- etfect ot ,wtal surfaces on jet fuel
aL-oxidative det->sit fvrl..ation in ," emptvy wing ,nvironnert ,., a kinctiailv
simpiier sexstet. AU before, tetr.- In c,,ntained in chlorobeenzene solvent was
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FIGURF 97

KETONE ACCELERLATES THE CATALYZED OXIDATION OF TETRALIN

CC

o 0 L

C14 1-4

UnSoO W0 )Z



- 170 -

added to the reactor. Solid catalyst in the form of a 60/80 mesh powder was
then added to the reaction mixture and the reactor immersed in a temperature
controlled bath. The reactor was attached to a vibrator designed to provide
sufficient agitation to the solid-liquid slurry so as to minimize mass transier
limitation in the reaction system. The vibrator was operated at 8 C0 rpm
and separate experiments indicated that the rate of oxidation was independent
of vibration speed at this fast rate. Oxygen was admitted at a constant
pressure to the reactor from a burette measuring system. The rate of oxidation
was measured by oxygen uptake. The primary reaction product is tetralin
hydroperoxide, which was quantitatively determined by chemical titration.
Gas chromatographic and infrared analysis of aliquot samples were made
as before.

A variety of metal oxides were tested for their catalytic activity.
Results of these studies are summarized in Table XVIII. Data are also
shown for the uncatalyzed oxidation of tetrnlin at the same conditions. It
can be seen that copper oxide (cupric and cuprous), cobalt oxide and nickel
oxide are catalytically active for the autoxidation of tetralin. In the case
of cobalt and nickel oxides, the highest oxidation rates were observed
initially after the induction period, followed by a gradual decline in the
rate of oxidation. In contrast, both the cuprous and cupric oxide
catalyzed autoxidation of tetralin exhibited an increasing rate of oxidation
past the induction period which passed through a mnximum before exhibiting
a gradual decline. This latter effect suggest that cuprous and cupric
oxide are particularly effective in catalyzing the decomposition of the
tetralin hydroperoxide initially produced. In any eve,:t, the high activity
exhibited by the cuprous and cupric oxides confirms our previous experience
with the effect of metal surface type on the rate of autoxidative
deposit formation where copper surfaces were found to be highly deleterous.

The surface areas of the majority of the catalysts tested were
also determined. This was done so that specific reaction rates (i.e., the
rate of oxidation per unit area of catalyst) could be calculated and compared
to see if the differences in reactivity could be explained in terms of
simple differences in surface area. This data is shown in Table XIX.
As can be seen, the more active cupric oxide had the lowest surface area, so
that increased surface area per se does not guarantee increased catalyst
activity. To further test this effect, we measured the activity of a high
surface area (i.e., 300 m2 /g) silica for the autoxidation of tetralin. This
data is also shown in Table XVIII. In spite of the high surface area of the
Si02 , it was found to be completely inactive for the oxidation of tetralin
at 90 0 C.

To further investigate this observation, we measured the activity
and apparent activation energy of CuO, CoO, and NiO supported on a very
high area silica. Results indicate that the apparent activation energies
exhibited by these high surface area supported metal oxides are quite low,
confirming thie inverse dependence of apparent activation encrgy on surface
area. Such a phenomena may explain to a great extent why copper containing
wear debris from pump parts are so very deleterious. It would be expected
that such copper particles would be quite low in surface area (i.e., the
total surface should only be proportional to the bulk surface area of the
debris particles which would be covered by an oxide coating in the presence
of oxygen), and thus could exhibit a particularly high apparent activation
energy for autoxidative deposit formation. Results are tabulated in Figure 98
and Table XX.
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TABLE XVIII

SUMMARY OF HYDROCARBON AUTOXIDATION
KINETICS UNIT RUNS WITH METAL OXIDES

Kinetic Parameters
Oxidation Rate

Catalyst Conditions~a/ Induction Period cc 02 (STP)/hr

None 65°C 5 1/2 hrs 1.1

CuO 90 0 C 45 min 15 (initial)
120 (maximum)

Cu 20 650C 1 1/2 hrs 8 (initial)
30 (maximum)

CoO 90 0 C < 3 min 52

NiO 90 0 C <5 min 40

SiO2  90 0 C -- inartive

(a) Other conditions: 2 cc tetralin in 2 cc chlorobenzene,
I atm 09, 0.30 g. catalyst where
employe•
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TABLE XIX

SURFACE AREAS OF METAL OXIDE CATALYSTS

B.E.T. Surface Area, m 2 /

NiO 9.55

CoO 3.47

CuO 0.15

St O2 300



- 173 -

TABLE XX

Activity of Supported Metal Oxides
for the Oxidation of Tetralin

Initial Oxidation Rate,

Catalyst Temperature, *C C102 (STP) Per Hour

CuO/SiO2  115 12
90 9

CoO/SiO2  115 66
90 55

NiO/SiO2  115 44
90 33

Conditions: 2 cc of tetralin in 2 cc of chlorobenzene, 1 atm 02
and 0.30 g catalyst
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FIGURE 98

EFFECT OF TEMPERATURE
ON THE METAL OXIDE CATALYZED,

OXIDATION OF TETRALIN
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IV. CONCLUSIONS

A program has been completed which was designed to (1) elucidate
the underlying processes involved in deposit formation in the "empty" wing 4

tank environment of a supersontc aircraft and (2) investigate potential
methods to alleviate the problem. The deposits formed are nonvolatile
and essentially insoluble in jet fuel hydrocarbons and are produced
as a result of a complex free radical autoxidation process. The
complete exclusion of oxygen suppresses deposit formation. Deposits are
formed much more rapidly when a condensed (liquid) phase is present than
when no condensed phase is present, i.e., only a vapor phase is present.
An apparatus was designed which simulates the complex kinetic environment
present in the "empty" wing tank. This unit quantitatively measures the
rate of deposit formation in an accurate and reproducible manner and enables
various jet fuels to be properly ranked in terms of their "empty" wing tank
deposit formation tendency.

Higher total pressure increases both the level of deposit formation
and the apparent activation energy for deposit formation. At 3 psia most
fuels exhibit a 10 kcal/mole apparent activation energy which inceases to
the 20 to 30 kcal/mole range at atmospheric pressure. Increasing oxygen
partial pressure at a fixed total pressure also increases the rate of
deposit formation, but to a much lower extent than increasing total
pressure.

Trace levels of various pure sulfur compounds markedly influence
the rate of deposit formation. Structural effects are important, as
individual sulfur compounds differ greatly in their effect on the rate of
deposit formation. The addition of various pure sulfur compounds including
thiols, sulfides, disulfides, and condensed thiophenes to an essentially
sulfur-free hydrocarbon material at the 1000 ppm S level increased the
rate of deposit formation to a factor of 20. The addition of diphenyl
sulfide andOdibenzothiophene at the same level did not increase the rate
of deposit formation. The sulfur compounds which increase the rate oi
deposit formation decompose at the conditions studied into radical frag-
ments which initiate the complex free-radical autoxidation reaction that
lead to the formation of deposits. The presence of trace levels of
nitrogen compounds also increases the rate of deposit formation. Trace
contaminants such as sulfur and nitrogen compounds are also capable of
interacting in the fuel to produce particularly deleterious deposit
formation situations.

The nature of metal surfaces to which the fuel is exposed was
found to influenc-. the rate of deposit formation. Vanadium containing
titanium alloys and copper surfaces were found to be particularly deleterious.
The presence of dissolved metals also markedly increased the l~vel of
deposit formation. The results indicate that metals increase deposit
formation by catalyzing the formation of free radicals which then initiate
the complex atit3xidation process which lead to deposits.

Studies were made with pure compounds and simple binary blends
of pure compounds. The broad objective of this work was to elucidate the
effect of jet fuel hydrocarbon composition on deposit formation. The
deposit formation tendency of a pure ti-paraffin decreases with increasing
carbon number. For a given carbon number branched paraffins are more
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deleterious than n-paraffins. The presence of an aromatic or naphthene
in a binary blend with a paraffin inhibits deposit formation, particularly
at lower concentrations and temperatures. The magnitude of this inhibition
effect can be correlated with the number of benzylic hydrogen atoms
present in the aromatic or naphthene contained in the blend. Olefins,
in general, were found co be deleterious, although the effect of individual
olefin compounds was found to vary widely.

Currently used antioxidant additives such as alkyl substituted
phenols and a phenylenediamine were found to be ineffective in reducing
the rate of deposit formation. The use of rust preventive and metal
deactivator additives increased the rate of deposit formation, particularly
at temperatures above 350*F. Thus, currently employed additives do not
alleviate the "empty" wing tank problem of a high speed aircraft, and in
certain cases may contribute to the problem.

The effect on deposit formation of coating an active metal
surface with a polymeric material was investigated. It had been expected
that such coatings would render these surfaces inactive for autoxidative
reactions and thus reduce the level of deposit formation. Screening unit
tests of polymer coated titanium alloys indicated, however, that the use
of this polymeric coatings actually increased the level of deposit formation,
particularly at higher temperatures. Independent experiments confirmed
that polymers are catalysts for the autoxidation of jet fuel range
hydrocarbons. Results indicate that polymeric surfaces catalyze the
decomposition of the intermediate hydroperoxide which accelerates the
autoxidative process which ultimately leads to the formation of deposits.
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APPENDIX I

Screening Unit Evaluation of Baton Rouge
Fuel at Various Pressures

Conditions: Ti-8AI-lMo-lV titanium strips, 4 hour run with
undiluted air at 5 I/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reactor.

Deposic Formation Rate
Feed Temrerature, *F g/cm2 /4 hours x 106

Baton Rouge Fuel at 6 psia 325 6.90
350 8.72
375 19.3
400 51.1

Baton Rouge fuel 325 11.5
at 12 psia 350 12.9

375 27.6
400 103

Baton Rouge fuel 325 14.7
at I atm 350 33.8

375 9'.9
400 268
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APPENDIX 1 continutd

SCREENING UNIT EVALUATION OF VARIOUS
FUELS AT ATMOSPHERIC PRESSURE

Conditions: 1 om, Ti-8AI-lMo-IV strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reactor.

Deposit Formation Rate
Feed Temperature2 OF g/cm2 / 4 hours x 106

RAF-176-63 300 3.55
325 9.80
350 15.4
375 21.2
400 173.

P&W 523 300 1.96
325 4.23
350 6.20
375 7.25
400 34.7
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APPENDIX 1 continued

Screening Unit Evaluation on n-Decane at V-rious Pressures

Conditions: Pure (Ti 15A) titanium strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reac or.

Deposit Formation Rkte
Feed Temperature. "PF R/c 2 /4 hodrs A 106

n-decane at 1 psia 200 4.45
250 15.1

n-decane at 1 atm 200 0.88
250 4.39
275 6.78
300 5.27
325 14.8
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APPENDIX 2
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APPENDIX 3

SCREENING UNIT STUDIES OF TIHE DEPOSIT
FORMATION RATE AS A FUNCTION OF EXPOSURE TIME

Other Conditions: 3 psia, RAF-176-63 jet A kerosine at 125 cc/hour,
Ti-8AI-IMo-IV strips, undiluted air at 5 I/minute,
fuel presaturated with air prior to admission to reactor.

Deposit Formation
Rate Per flour,

Run Length Temperature, OF g/c 2/hour x 1,

1 Hlour 350 3.25
375 5.51

3 flours 350 1.20
375 2.69

8 flours 300 0.27
350 0.59
400 1.35
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APPENDIX 4

Screening Unit Evaluation of Water Saturated
n-Decane and Baton Rouge Fuel

Conditions: 3 psia, 4 hour run with undiluted air at 5 1/hr flow rate,
125 cc/hr of hydrocarbon, Ti-8AI-1Mo-IV strip.

Deposit Formation Rate
Feed Temperature oF g/cm2 /4 hours x 106

n-decane plus H20 bubbled 25') 2.39
with air 275 7.78

300 2M.9

Baton Rouge fuel plus H20 300 2.05
bubbled with air 350 12.0

375 16.5
400 10.8

Baton Rouge fuel plus H 0 350 3.94
bubbled with N2  375 4.33

40J 5.32
425 10.6
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APPENDIX 5

SCREENING UNIT TESTS OF P&W 523 DOPED
WITH VARIOUS SULFID[S TO TJE !000 PPM S LEVEL

Othcr Conditions: 3 psia, 125 cc/hour of jet fuel, Ti-8AI-IMo-IV strips,
4 hour run with undiluted air at 5 ]/minute, fuel
presaturated with air prior to admission to reactor.

Deposit Formation le,
,JDopan t Temperature,. •F j• I ousx1

Diphenyl Sulfide 300 1.28

350 1.60
400 4.50

S 425 3.21

Plicnyl Methyl Sulfide 300 30.6

350 37.3
375 30.5

S-CH 3 400 40. 6
450 72.9

200 0.62
225 2.36
250 2.81
275 i7.f

Phenyl ri-Propy] Sulfide 250 0.85
300 7.92
350 15.2

S-CH2 -CH 2 -CH 3  400 30.i
4003.

250 1.09
275 2.82
325 17.01
375 12.7

D)i n-Octyl Sulfide 350 2.33

CH3(CH2) 7S-(CH2 ) 7 -"CH 3  425 6.04

Flenzyl Phenyl Sulfide 350 2.,0
375 3.71

-1_ 400 8.20

ribenzyl Sulfide 300 L.bO
'350 14.0

C ("2' S-CH2 0 375 ] 1.8
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APPENDIX 5 continued

SCREENING UNIT TESTS OF PMW 523
DOPER WITH OTHER SULFUR COTOUNDS TO THE 1000 PPM S LEVEL

Other Conditions: 3 psia, 125 cc/hour of jet fuel flow, Ti-8AI-lMo-lV strips,
4-hour run with undiluted air at 5 l/minute flow rate,
fuel presaturate4 with air prior to admission to reactor.

Deposit Formation Rate,
Deeosit Temperature. "F /jL.2/4-hour run x 106

Dibenzyl Disulfide 300 6.42
350 11.0
400 7.05

CH2-$-S-CH2 425 6.33

Diphenylsulfide 350 3.21
375 2.83
400 6.22
425 3.68



APPENDIX 5 voltinue

SCREENIKC UNIT TESTS OF PE&E 523
D)OrED WITH CONDENSED THl'.&ENES

Dpcoi Formsd~c' Rate,
j~pn empersture, _j~cm'44hour~t IE ;Q6

Ditenzothi-ophene 350 2.31
375 2.29

300 1.53

400. 4.40

T'Asnoph~hene 400 3.55
425 20.1
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APPENDIX 5 continued

SCREENING UNIT TESTS OF P&W 523
DOPED WITH PRIMARY' ALKYL THIOLS TO THE 1000 PPM S LEVEL

Other Conditions. 3 psia, 125 cc/hour of jet fuel flow, Ti-8A1-lMo-IV strips,
4-hour run with undiluted air at 5 I/minute flow rate,
fuel presaturated with air prior to admission to reactor.

Deposit Formation Rate,
Deposit Temperature, *F g/cm2 /4-hour run x 106

1-Heptanethiol 300 <1

CH 3 (CH 2 ) 6 SH 400 3.5
425 0.4

l-Dodecanethiol 3C0 < 1

CH3(CH2)LISH 350 2.06
375 2.81

400 4.62

425 2.67

1-Hexadecanethiol 300 0.79
CH 3 (CH 2 ) 1 5 SH 350 1.92

375 2.87
400 10.6
425 16.4
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APPENDIX 5 continued

sCEENI.N UNIT TZSTS O0 ISOBMIfY DISULFIDE RDoP M 323

Other Conditions: 3 psi*, 125 cc/hour of jet fuel flow, Ti-WA1-1lIo-lV strips,
4-hour run with undiluted air at 5 1/minute flow rate,
fuel presaturared with air prior to admission to reactor.

Sulfur Level of
Isobutyl Disulfide

Doped P&W 523, Deposit Formation Rate,
pPm 5 (Wt) Temperature,. F &15m;i4-hour run x 10/

10 300 3.22
350 4.13
375 6.30
400 2.02
425 3.56

100 300 2.72
350 3.24
375 14.8
400 1.33
425 0.77

1000 300 2.04
350 2.05
375 23.7
400 17.5
425 2.34

Ii
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APPENDIX 6

Screening Unit t8sts of P&W 523
Doped With Pure Nitrogvn Compounds

Conditions: 3 psia, Ti-RAI-lMo-IV titanium strips, 4 ho.,r run with
undiluted air at 5 I/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
the reactor.

Temperature Deposit Formation Rate
Feed OF ,/cm 2 /4 hrs x 106

PW 523 doped with 1000 ppm N 225 0.67
using 2-ethylpyradine 275 3.81

300 6.22

P&W 523 doped with 1000 ppm N 275 1.38
using indole 300 5.30

325 4.43

P&W 523 doped with IC30 ppm N 2M5 1.10
using 2,5 dimethylpyrrole 250 3.75

275 5.52
300 11.8
325 15.1

P6W 523 doped with 100 ppm N 2C0 0.95
using 2,5 dimethylpyrrole 250 1.44

300 6.87

P&W 523 doped with 10 ppm N 200 0.56
using 2,5 dimethylpyrrole 275 1.71

300 2.33
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APPENDIX 7

Screening Unit Evaluation of Sulfur-Nitrngen-Oefin
Interaction Study Blends

ý.onditlons: 3 psia, pure (Ti 75A) titanium strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reactor.

ueposit Formation R.±te
Fecd TeMperature, "F L/cm2 /4 hours x 106

2,5 Dimethylpyrrole 200 5.01
(10 ppm N) in n-decane 250 7.85

275 6.42
3DO 9.10
315 13.9

Methylphenyl sulfide 200 0.5
(1000 ppm S) in n-decane 250 0.6.

275 11.6
303 12.0
325 15.3

Methylphenyl suifi:e (100 200 3.61
ppm S) + 2,5 dimethylpyrolle 250 3.94
(10 ppm N) in n-decane 275 6.95

300 7.05
325 15.4

2,5 Dinethylpyrrole (10 ppm N) 200 2.16
+ 2% 1-decene in n-decane 250 5.12

275 9.6C
-O0 5.72
325 35.4

Mothylphenyloulfide (1000 ppm S) 200 1.38
+ 2% 1-decene in n-decan. 250 5.12

2 5 13.7
300 17.9
325 23.9

YMthylphenyloulfide (1000 ppm S) 200 1.61
+ 2,5 Dimethylpyrolle (10 ppm S) 250 5.11
+ 21 1-decant in v-decane 275 17.2

300 25.7
325 2i.6
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APPENDIX 8

SCREENING UNIT TESTS OF VARIOUS METALS

Other Conditions: 3 psia, 125 cc/hour of jet fuel RAF-176-63, 4-hour run with
undiluted air at 5 I/minute flow rate, fuel presaturated with
air prior to admission to reactor.

Deposit Formation Rate,
Metal Strip Type( 1 ) Temperature, *F g/cm2 /4-hour run x 106

Pure Titanium 300 0.90
(Ti 75A) 400 3.11

425 7.70
475 5.90

Ti-6AI-4V 300 3.72
400 14.2
425 21.1

Stainless Steel 304 300 1.0
400 2.74
425 5.76
475 4.65

(1) All Titanium samples procured from Titanium Metals Corp. of
America, Toronto, Ohio.
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APPENDIX 8 cmntinued

SCREENING UNIT EVALUATION OF ALUMINUM METAL

Other Conditions: 3 psla, 125 cc/hr of RAP-176-63, 4 hour run with
undiluted air at 5 1/min flow rate, fuel pre-
saturated with air prior to admission to rnactor.
Aluminum was 6061 alloy,

Temperature Deposit Formation Rate
"OF rz/cm2 /4 hours X 106

275 0.50
300 0.52
350 2.31
375 2.24

350 2.65
375 2.60
425 6.23
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APPENDIX 9

SCREENING UNIT TESTS OF METAL ACEIYLACETONATE
DOPED RAF-176-63

Other Conditions: 3 psia, 125 cc/hour fuel flow rate, Ti-8AI-lMo-IV
strips, 4 hour run with undiluted air at 5 I/min
flow rate. fuel pre-saturated with air prior to
admission to reactor.

Deposit Formation Rate

Dopcnt and Temperature, g/cm2 /4 hours
Coicentration OF X 106

Coll (AcAc) 2  200 2.34
(500 ppm CoIl) 250 11.9

300 161,
350 345.

VOIu (AcAc) 2  200 22.7
(50 ppm VOIT) 250 30.2

275 89.8
350 156.

VIII (AcAc) 3  200 88.6
(50 ppm VIII) 250 104.

275 96 3
300 153.
350 405.

Fell (AcAc) 250 0.80
(2 ppnu FelIi) 275 4.83

300 12.,b
350 128.

FeIII (AcAc( 250 3-34

(5 ppm FelIIl 27r 5.32
350 215.

FeIllI (AcAc)3 250 5.20
(20 pple FeITI) 273 15.3

300 58.8
350 252.

Felll (AcAc)3 225 19.,;
(100 opm FeT:l) 275 55.1

350 1,148.
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APPENDIX 9 continued

SCREENING UNIT TESTS OF RAF-176-63 DOPED YTlH
METAL ACETYLACETONATES TO THE 50 PPM METAL LC/L

Other Conditions: 3 psia, 125 cc/hour of jet fuel, Ti-8AI-IMo-lV strips,
4 hour run with undiluted air at 5 I/minute, fuel
presaturated with air prior to admission to reactor.

Deposit Formation Rate
Dopant Temperature. °F g/cm2/4 hours x 106

Ferric Acetylacetonate 200 0.68
250 15.1

Fe III (CsH 70 2 3  275 68.7

300 154.
350 452.

NicKel Acetylacetonate 200 3.05
250 10.5

Ni II (CsH 7 0 2 2  275 77.4

300 93.1

Copper Acetylacetonate 200 4.77
275 105.

Cu II (CsH 7 02 2 300 524.



-194-

APPENDIX 10

SCREEMING UNIT TESTS OF PURE HYDROCARBONS

Conditions: 3 psi&, 125 cc/hr of hydrocarbon, pure titanium strip (Ti75A),
4 hour run with undiluted air at 5 I/min flow rate, fuel
presaturatet with air prior to admission to reactor.

Deposit Formation Rate
Temperature, g/cm2 /4 hours

Feed Sirx 106

n-decane 200 2.10
(M3(c2)8cM3 250 4.61300 13.1

325 19.2

250 4.83
300 11.2
375 37.0

n-tetradecane 275 2.25
CH3 (C1 2 ) 1 2 CH3  350 9.82

375 15.2

n-hexadecane 325 3.83
CH 3(CR2)14CR3 400 4.50

425 23.2

325 4.37
475 37.9

10 wtZ 1-hexadecene 300 16.5
C2 (Ci 2)H13CH 3 350 33.22400 109.
in hexadecane 450 10.

450 210.

10 vt% indene 200 122
250 318
275 354
300 648

C 350 1,028
in decane
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APPENDIX 10 continued

Screening Unit Tests of Pure Hydrocarbon Coamgoinds

Conditions: 3 psi&, pure titanium strips (Ti 75A) 4 hour run with undiluted
air at 5 I/min flow rate, 125 cc/hr of hydrocarbon feed pre-
treated with air prior to admission to the reactor.

Temperature Deposit Formation Late

Feed OF t/cm2 /4 hrs x 106

n-dodecane 200 0.70
CH3 (CHl2 N 10 CH3  300 5.21

325 21.8

10 wit. diphenylmethane 250 0.54
+ 90 wrt. n-decane 275 2.26

300 15.7
325 20.5

2,2,4,6,6 200 3.60
Pentamethyl heptane 250 10.2

CU3 CU3  CU3  275 8.63

CH3 -CH -CH2 CH3

CH3 ClH3
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APPENDIX 10 continued

Screenin6 Uiat Tests of Pure Hydrocarbons:
Methyl Naphthalene in Decane Concentration Study

Conditions: 3 psia, pure titsnium strips (Ti75A), 4 hour run vith un-
diluted air at 5 1/min flow rate, 125 cc/hr of hydrocarbon,
fuel pretreated with air prior to admission to reactor.

Temperature Deposit formation Rate
-Feed a/cm2 /4 hrs. x 106

2 vt% 1-methyl naphthalene- 200 1.18
98 vt% n-decane 300 11.0

10 vt7 I-methyl naphthalene- 200 0.54
90 vwt. n-decane 250 1.29

300 4.35
325 9.68

23 vwt 1-methyl naphthalene- 250 1.61
77 vt% n-decane 300 5.95

325 8.49

50 vtt I-methyl naphthalene- 200 0.81
50 vtX n-decane 250 2.15

275 4.57
300 9.15
325 12.9

77 vt. 1-methyl naphthalene- 225 0.94
23 wvt. n-decane 275 3.54

325 41.1

90 vt. I-methyl naphth,'ne - 250 2.16
10 vt% decane 275 4.67

325 67.9

100% 1-methyl napbthalene 200 0.94
250 5.10
300 51.4
325 105.
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APPENDIX 10 continued

ScreeninS Unit Tests oZ Pure Hydrocarbons:
BDir, Blends of an ati¢ or Eauhthene in a Paraffin

Conditions: 3 psia, pure titanium strips (Ti 75A), 4 hour run rith un-
diluted air at 5 I/win flow rate, 125 cc/hr of hydrocarbon,
fuel pietreated rith air prior to adisasion to reactor.

Temperature Deposit Fornation Rate
Food orl . alc&2/4 bro. x 106

10 vwt diisopropyl benzene 350 0.62
(50 met&, 40 par& and 10 400 5.43
ortho) - 90 vt% n- 425 12.0

hexadecane 475 24.9

10 vwt diisopropyl benzene 200 (,.26
(50 ,nta, 40 pars and 10 275 3.01
ortho) - 90 vwt n-decane 300 3.21

325 16.9

10 vtZ 1-phenyl octane- 200 1.03
90Z n-decmne 250 1.35

300 4.86

10 vwt n-butyl cyclohexsne- 250 3.02
90 vwt n-de.mne 275 3.50

325 18.6

10 vwt pars-tert bucyl toluene- 200 0.45
90 vt. n-decane 250 1.34

300 3.25
325 8.81

10 vt2, lbenylcyclobmexne-90 vt% 200 0.86
M-decame 250 2.08

275 4.50
325 21.7

10 vt% 2-methyl naphthalene- 250 0.80
90 wt n-docane 300 1.94

325 3.35
375 3.85

10 vt% napbtbalene-90 vt% 225 1.80
M-decane 275 2.85

300 7.10
325 8.65

10 vct totralim-90 vct 200 0.50
a-deem 250 1.35

300 2.95
325 2.90

10 vwt decalia - 90 v4 250 3.35
m-dea 275 4.05

300 6.64
325 7.06
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APPENDIX 10 continued

SCREENING UNIT EVALUATION
OF PURE COMPOUND BLENDS

Conditions: 3 puia, pure (Ti 75A) titanium strips. 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reactor.

Depoiit Formation Rate
Feed Temperature, *F glcml/4 hours x 106

10 wt. Z fluorene in 275 3.20
n-decane 300 4.85

325 25.7

10 wt. % n-octane in 150 2.28

n-decane 200 4.18
275 40.3

10 wt. Z 2,3,4-trimethyl- 100 1.11
pentane in n-decan& 200 22.3

225 14.6
275 127
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APPENDIX .0 continued

Screening Unit Evaluation of Olefins in n-Decane

Conditions: 3 psia. pure (Ti 75A) titanium strips, 4 hour run with
undiluted air at 5 I/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
reactor.

Deposit Formation Rate
Feed TeMperature, "F g/cm2 /4 hours x 106

10 wtZ 4-vinylcyclohexene 200 56.6
in n-decane 250 197

275 118

10 vtZ vinylcyclohexane 200 1.40
in n-decane 250 10.3

275 29.4

10 wtZ allylbenzene in 200 7.35
n-decane 250 41.6

10 wtZ 4-phenyl-l-butene 200 8.64
in n-decane 275 86.9

300 82.9

10 vtZ 1-phenyl-2-butene 200 2.15
in n-decane 275 26.5

300 17.3
325 91.8

10 wtZ 7-methyl-3 methylens- 200 66.b

1,6 octadiene in n-4*cane 250 L43
275 148
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APPENDIX 10 continued

SCRZEN ING UNIT EVALUATION OF INDENE-DECANE
BLEND AT ATMOSPHERIC PRESSURE

Condition": Pure titanium (Ti75A) strips, 4 hour
run with undiluted air, fuel pretreated
with air prior to admission to reactor

Deposii Formation Rate
Feed Temperature. *F g/cm'/4 hours x 106

10 wt 2 indent 200 271.

225 422.

250 782.

in n-decame 300 4,050.
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APPENDIX 10 continued

Screening Unit Tet. f Olefins in Decane

Conditions: 3 psia, pure titanium strips (Ti 75A), 4 hour run with
undiluted air at 5 I/min flow rate, 125 :c/hr of hydro-
carbon, fuel pretreated with air prior to admiaision to
reactor.

Temperature Deposit Formation Rate
Feed OF g/cm /4 hrs. x 106

10 wt% 1-decene - 90 wt7 250 28.5
n-decane 275 36.8

325 4P.9

1 wt% indene - 99 wto 200 9.60
n-decane 300 3C.8

5 wt. indene 95 wt. 200 47.6
n-decane 300 266.
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APPENDIX 10 continued

Screening Unit Evaluation of Oiefin-Naphthene-
Aromatic Interaction Study Blends

Conditions: 3 psia, pure (Ti 75A) titanium strips, 4 hour run with
undil.uted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to -reactor. ]

Deposit Formation Rate
Feed Temperature, 'F g/cm9/4 hours x 106

10 wt% 1-methylnaphthalene 250 0.81
+ 10% decalin in n-decane 300 5.92

325 14.i

2 wt% 1-decene in 200 3.95
n-decane 275 14.6

325 34.7

10 wt% decalin + 2% 1-decene 200 2.67
in n-decane 250 8.71

275 10.6
3GO 17.5

10 wt% 1-methylnaphthalene 250 0.61
+ 10% decalin + 2% 1-decene 275 1.51
in n-decane 300 21.5

325 48.5

10 wt% 1-methylnaphthalene 250 1.20
+ 2% 1-decene in n-decane 300 19.9

325 29.7
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APPENDIX 11

SCREENING UNIT EVALUATION OF AFFB-12-68

Conditions: 3 psia, Ti-8AI-1ito-lV titanium strips,
4 hour run with undiluted air at 5 1/hr
flow rate, 125 cr/hr of hydrocarbon fuel
pretreated with air prior to admission
to reactor

Deposit Formation Rate
Evaluation Temperature, °F g/cm2 /4 hours x 106

First 275 0.85
300 2.80
325 2.30
350 4.61

Second 225 1.00
250 3.40
275 1.35
300 0.90
325 9.52

Third 300 3.31
325 2.65
350 2.40
375 4.60
400 16.6
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APPENDIX 11 continued

SCREENING UNIT TEST OF AFFB-8-67 AND AFFB-9-67

Other Conditions: 125 cc/hr of fuel, 4 hour run, total gas flow of 5 l/min

Deposit Formation Rate
Fuel and Conditions Temperature *F g/cm2 /4 hours X 106

AFFB-9-67 300 3.38
3 psia, Ti-8A1-11o-lV 350 6.52
undiluted air 400 15.2

350 8.31
375 13.6
400 16.8

AFFB-8-67 (AZ-I) 300 4.35
1 atm totAl pressure 325 4.10
stainless steel 350 7.01
32 mm Hg 02 partial 375 11.9
pressure 425 34.3



- 205 -

APPUrDIX 11 continued

Screening Unit Evaluation of Fuel A1FB-lO-67

Conditions: 3 psia, Ti-8A1-I1o-lV titanium strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
the reactor.

Deposit Formation Rate
Temperature OF g/cm2 /4 hra x 106

300 1.12
325 1.94
350 2.23
375 2.72
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APPENDIX 11 continued

Screening Unit Evaluation of Fuel
AFFB-4-64 (FA-S-).

Conditions: 3 psia, Ti-8AI-lo-lV, 4 hour run with undiluted air at
5 I/min flow rate, 125 cc/hr of hydrocarbon, fuel pre-
treated with air prior to admission to reactor.

Temperature Deposit Formation Rate
Run OF &/cm2 /4 hrs x 106

1 300 3.40
325 10.8
350 34.6
375 72.3
425 110.5

2 325 6.56
350 28.0
375 111.4
425 96.0
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APPENDIX 11 continued

SCREENING UNIT EVALUATION OF RAF-174-63

Conditions: 3 psia, Ti-8P.I-lHo-lV titanium strips,
4 hour run with undiluted air at 5 1/hr
flow rate, 125 cr/hr o. hydrocarbon fuel
pretreated with air prior to admission
to reactor

Deposit Fori•ation Uate
Evaluation TemperatureOF g/cm2 /4 hours x 106

First 250 2.55
275 3.50
300 3.20
325 6.51
350 15. 3

Second 325 4.12
350 7.03
375 2.85
400 1.30
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APPENDIX 11 continued

Screenina Unit Evaluation of Fuel 11r5-ll-68

Conditions: 3 psta, Ti-SAI-lMO-IV titanium strips, 4 hour run with un-
diluted air at S 1/hr flow rate, 125 cc/hr of hydrocarbon
fuel pretreated with air prior to admission to the reactor.

Depoeit Formation Rate
Temerature F glcnu2 4 hours x 106

300 1.22
350 3.06
375 2.55
425 4.27
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APPENDIX 12

Screening Unit Evaluation of Additive A022 in RAI-176-63

Conditions: 3 psia, Ti-SAI-IHo-IV titanium strips, 4 hour run vith
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated vith air prior to admission to the
reactor.

Deposit Formation Rate
Feed Temperature . .L /cu 2/4 hro x 106

IAF-176-63 300 1.16
325 3.78
350 3.88

RAF-176-63 plus 325 3.39
8.4 lb/lOGO bbl of A022 350 3.05

375 4.44

RAF-176-63 plus 300 1.22
8.4 lbs/lOO0 bbl of A022 325 3.66

350 3.61

RAF-176-63 300 1.36
325 3.39
350 3.56
375 5-02
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APPENDIX 12 continued

Screening Unit Evaluation of Additive A031
In Baton louae Fuel

Conditions: 3 psia, Ti-SAI-M-IV titanium strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
the reactor.

Depoeit Formation Rate
Feed Temperature *F p/cn2 /4 hrs x 106

Baton Rouge 300 0.56
350 3.05
425 5.50

laton Rouge plus 300 0.89
8.4 lbs/l00 bblu A031 400 5.82

Baton Rouge plus 300 1.28
8.4 lbs/l00 bbls A031 375 7.11

425 7.73

Baton Rouge 300 1.11
350 2.61
400- 5.28
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APPENDIX 12 continued

Screening Unit Evaluation of Additive A029
in Baton Route FueHl

Conditions: 3 psi&, Ti-8A1-lIo-1V titanium strips. 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admis&iou to d
reactor.

Deposit Formation late
Feed Temnewrourer a/c 2 14 hra x 106

Baton Vougo 325 1.62
425 11.0

Baton Rouge plus 350 4.88
8.4 lbs/lO00 bbl A029 400 6.10

Baton Rouge plus 300 0.55
8.4 lbs/l00 bbl A029 325 1.66

425 8.20
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APPENDIX 12 continued

Screening Unit E-aluation of Additive Ethyl 733
- In Baton Rouze reed

Conditions: 3 psia, T.-SAl-loo-1V titanium strips, 4 hour run with
undiluted air at 5 1/hr flow rate, 125 cc/hr of hydro-
carbon fuel pretreated with air prior to admission to
the reactor

Deposit formation Rate
Feed Temperature "F _zcm 2 14 bra x 106

Baton Rouge 325 2.25
400 5.38
425 3.06

Baton Rouge plus 8.4 lbs/ .3A 2.93
1000 bbl of Ethyl 733 375 3.17

Baton Rouge plus 8.4 Ibs/ 375 4.27
1000 bbl of Ethyl 733 400 3.89
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APPENDIX 12 continued

Screening Unit Evaluation of Fluorocarbon Lubricity
Additive in Baton RouMe Fuel

Conditions: 3 pesi, Ti-8A1I-lo-1V titanium strips, 4 hour run with undiluted
air at 5 lhr flow rate, 125 cc/hr of hydrocarbon fuel pretreated
with air prior to admission to the reactor.

Deposit Formation Rate
Feed Temperature, F a/ A/ hrs x 106

Baton Rouge 300 0.67
375 3.89

Baton Route plus 100 ppm vt. 350 3.47
Fluorocarbon Lubricity Additive 375 3,78

Baton Rouge plus 100 ppm wt. 300 0.55
Fluorocarbon Lubricity Additive 375 5.95

425 3.16
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APPENDIX 12 continued

Screening Unit Evaluation of Methyl Cellosolve Additive
in Bston Rouge Fuel

Conditions: 3 psia, Ti-8Al-lMo-lV titanium sLzips, 4 hour run with un-
diluted air at 5 I/hr flow rate, 125 cc/hr of hydrocarbon
fuel pretreated with air prior to admission to the reactor.

Deposit Formation Rate
Feed Temperature OF g/cm2 /4 hrs x 106

Baton Rouge 300 0.84

400 4.68

Baton Rouge plus 3.07 Vol 7. 350 2.93
Methyl Cellosolve 375 4.12

400 7.22

Baton Rouge plus 0.15 Vol % 300 1.06
Methyl Cellosolve 375 7.18

!I
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APPENDIX 12 cor•tinued

Screening Unit Evaluation of Additive Stn~olene C
in Baton Uoua Fuel

Conditions: 3 psie, Ti-SAI-lMo-IV titanium strips, 4 hour run with un-
diluted air at 5 1/hr flow rate, 125 cc/hr of hydrocarbon
fuel pretreated wich air prior to admission to the reactor.

Deposit Formtion Rate
Feed Tempereture F Vi/ce 2 /4 hru x 106

Baton Rouge 350 4.10
400 5.50

Baton Rouge plus 350 17.8
16 l.bs/l000 bbl Santoline C 375 19.6

400 15.2

Baton Rouge plus 350 23.9
16 lbs/100 bbl Santolene C 373 36.4
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APPENDIX 12 continued

Screening Unit Evaluation of Additive AFA-1
in Baton Rouge Fuel

Conditions: 3 psia, Ti-8Al-lMo-lV titanium strips, 4 hour run with un-
diluted air at 5 1/hr flow rate, 125 cc/hr of hydrocarbon
fuel pretreated with air prior to admission to the reactor.

Deposit Formation Rate

Feed Temperature OF g/cm2 /4 hrs x 106

Baton Rouge 350 2.89
400 5.87

Baton Rouge plus 350 18.8
16 lbs/l000 bbl AFA-I 375 26.1

Baton Rouge plus 350 31.5
16 lbs/l00 bbl AFA-I
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APPENDIX 12 continued

Screening Unit Evaluation of Additive DMD
in Baton Rouze Fuel

Conditions: 3 paia, Ti-8Al-lMa-IV titanium strips, 4 hour run with un-
diluted air at 5 I/hr flow rate, 125 cc/hr of hydrocarbon
fuel pretreated with air prior to admission to the reactor.

Depoast Formation Rate
Feed Temperature *F &/cm2/4 hrs x 106

Baton Rouge 325 2.39
400 3.97

Baton Rouge plus 2.0 lbs/ 300 1.12
1000 bbl of DMD 350 8.96

375 14.4

Baton Rouge plus 2.0 lbs/ 350 11.1
1000 bbl of DMD 375 15.0
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APPENDIX 13

Screening Unit. Evaluation of RS 5660 Coated
Coated Ti-6A1-4V Strips 4

General Conditions: 3 psia, 4 hour run with undiluted air at 5 1/hr flow
rate, 125 cc/hr of hydrocarbon fuel (when used) pre-
treated with air prior to admission to reactor.

Weight Change Grams
Conditions Temperature *F x 100

Air Only 250 41 (loss)
300 72 (loss)
350 45 (loss)
375 67 (loss)
400 89 (loss)

Air plus AFFB-4-64 250 8 (gain)
300 110 (gain)
350 1037 (gain)
375 1713 (gain)
400 3203 (gain)

| ---
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APPENDIX 13 continued

Screening Unit Evaluation o'f 954-01 Coateil
Ti-6A1-4V Strips

General Conditions: 3 psi&, 4 hour run with undiluted air at 5 1/hr flow
rate, 125 cc/hr of hydrocarbon fuel (when used) pre-
treated with air prior to admission to reactor.

Weight Change Grams
Conditions Temperature x 10

Air Only 250 26 (loss)
300 29 (loss)
350 140 (loss)
375 310 (loss)
400 1168 (loss)

Air plus AFFB-4-64 250 166 (gain)
300 65 (gain)
350 7 (gain)
375 196 (gain)
400 4096 (gain)



-220-

APPENDIX 13 continued

Screening Unit Zvaluation of TIY 851-204 Coated
TI-6AI-4V Strips

eneral Conditions: 3 psia, 4 hour run with undiluted air at 5 1/hr flow
rate, 125 cc/hr of hydrocarbon fuel (when used) pre-
treated with air prior to admission to reactor.

Weight Change Grams
Conditions Temerature 07 x 106

Air plus AVFB-464 250 112 (gain)
300 179 (gain'
350 1251 (gain)
375 588 (gain)
400 827 (&&in)
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APPENDIX 13 continued

Screening Unit Evaluation of 94-003 Coated
Ti-6AI-WV Strigs

General Conditions: 3 pale, 4 hour run with undiluted air at 5 1/hr flow
rate, 125 cc/hr of hydrocarbon fuel (when used) pre-
treated with air prior to admiasion to reactor.

Weight Change Gram
Conditions Tommerature F x 106

Air Only 250 144 (loss)
300 585 (Ia.)
350 1227 (lose)
375 1696 (loas)
400 3672 (lose)

Air plus AF1S-4-64 250 2235 (gain)
300 888 (logo)
350 2252 (gain)
375 3303 (gain)
400 5752 (gain)
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APPENDIX 13 continued

Screening Unit Evaluation of Silicon@ R671

Coated Ti-6Al-4V Strips

General Conditions: 3 psi&, 4 hour rup with undiluted air at 5 1/hr flow
rate, 125 cc/hr of hydrocarbon fuel (when used) pre-
treated with air prior to admission to reactor.

Weight Chajge Grams
Conditions Temperature *F 1 100

Air Only 250 46 (lose)
300 58 (loss)
350 44 (loss)
375 51 (loss)
400 57 (loss)

Air plus AFFB-4-64 250 163 (loss'
300 135 (loss)
350 88 (loss)
375 421 (gain)
400 1175 (gain)
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APPENDIX 13 continued

Screening Unit Evaluation of Coated Boe!M.g Strips

Weight Change in Crams x 106

350-204 TFE Plus 856-301 PEP Plus
855-109 TYE Coated Strips 856-200 FEP Coated Strips

Temperature Air Air Plus (I

"Or Air Only() Plus Fuel Air Only(1) Fuel

250 127 (loss) 9 (gain) 255 (loss) 70 (loss)

300 92 (loss) 93 (gain) 229 (loss) 96 (loss)

350 150 (loss) 366 (gain) 252 (loss) 145 (loss)

375 153 (loss) 366 (gain) 240 (loss) 193 (loss)

400 157 (loss) 3,232 (gain) 297 (loss) 475 (gain)

(1) Screening Unit run at 3 psia, 4 hours with standard flow rate
of air and fuel (when used). Fuel employed was AFFB-4-i4
(FA-S- 1).
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