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Effect of Composition and Storage on the 

Properties of Jet Fuels 

A. C. NIXON, C. A. COLE, and H. 8. MINOR 
Shell Development Co., Emeryville, Calif. 

M o s t  of the reactions which cause a fuel to fail from a stability 
standpoint involve oxygen, either dissolved or as oxygenated 
compounds formed as a result of previous reaction of atmos- 
pheric oxygen with fuel constituents. While this usually involves 
the hydrocarbon constituents of the fuel, very often minor 
amounts of nitrogen- and sulfur-containing compounds are in- 
volved in the degradation reactions. The end result of such re- 
actions is the formation of soluble and insoluble gum which 
often causes malfunction of equipment. 

STORAGE STABILITY 
To meet the demands of military logistics the Air Force must 

maintain large supplies of jet fuel constantly in storage at 
various locations around the globe. This fuel must be of suffi- 
cient stability to be instantly available for use whenever needed. 
While the fuel can be kept relatively fresh in some areas by ro- 
tation of stocks, this expedient may be impractical in others. It 
is important then to know what factors contribute to instability 
and to determine whether the specification tests utilized are 
adequate to ensure sufficient stability. Jet fuels can, broadly 
speaking, be made from any hydrocarbon constitutents boiling 
in the range of roughly 150” to 600” F. One of the important re- 
strictions on the composition of the jet fuel produced is the sta- 
bility of the blend. Figure 1 shows the effect of desert drum 
storage on the total and insoluble gum content of four fuels pre- 
pared from Texas crudes at the same refinery. They all fall ap- 
proximately in the JP-3 boiling range. The stability of the 
blends decreases in the order straight-run, catalytically cracked, 

thermally cracked, with the composite blend (made up of one 
third of each of the other fuels) behaving like the cracked 
samples. This type of behavior is typical of the general order of 
stability of these classes of fuels and is in agreement with the 
results of Schwartz, Ward, and Smith (6) for the stability of 
diesel fuels. The variations in the point to point slopes for 
different time intervals is not the result of experimental error. 
Characteristically, the rate of gum formation either slowed up 
during the winter months or the amount present actually de- 
creased, probably because of plating out of the gum on the sides 
and bottom of the container. 

The stability of fuels can be considerably improved by vari- 
ous refinery treatments. The fuels referred to above had all re- 
ceived conventional refinery treatments, but no particular 
effort was made to hold the treatments at  a constant level for 
purposes of comparison. A laboratory study was made for this 
purpose (Figure 2). The authors’ earlier work had shown that 
the controlling factor in the stability of a jet fuel was generally 
the stability of the gas oil portion, that is, the fraction boiling 
above about 400” F. Accordingly, straight-run, catalytically 
cracked, and thermally cracked gas oils were obtained from a 
California refinery; each was treated in various ways and then 
bknded with a stable composite gasoline (W straight-run, M 
catalytically cracked, and thermally cracked) to make a 
simulated jet fuel. The fuels were then placed in storage at 
110” F. in the presence of excess air. 

Figure 2 shows the effects of the various laboratory treat- 
ments on the total gum formed after 6 months’ storage. The 

0 1  2 3 4  1 2 3  4 
Years of Desert Storage 

Figure 1. Effect of desert drum storage on the stability 
of jet fuels from Texas crudes 
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Figure 2. Effect of various treatments on formation 
of gum in laboratory storage 
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treatments used were: acid followed by caustic and redistilla- 
tion (A), hydrogenation followed by caustic washing (Hb), and 
the same treatment followed by a dilute acid wash (Hba). In 
all cases the gas oil was distilled immediately before treatment. 
All the treatments (except Hb, catalytically cracked) had some 
favorable effect on the stability of the fuels. The most encourag- 
ing results were obtained by acid treatment and by hydrogena- 
tion (Hba). The acid treatment was an  unusually heavy one (30 
pounds per barrel of 93% sulfuric acid) while the hydragem- 
tion wasan extremely mild trickle phase treatment, being done 
at 750 p.s.i.g., 480°F. with 35 cu. ft. of hydrogen per barrel over 
a molybdenum sulfide-alumina catalyst. The marked effective- 
ness of the very dilute (2 weight %) sulfuric acid wash follow- 
ing hydrogenation is striking. The improvement was probably 
due to the removal of a small amount of nitrogen bases. The 
total nitrogen content was reduced from 0.05 and 0.04 to O . O l ~ o  
for the catalytically cracked and thermally cracked gas oils 
respectively, by the dilute acid wash. It is unlikely that any- 
thing except bases would be removed by such dilute acid. It is 
evident that the quantity of available stocks for preparation of 
stable jet fuels can be markedly increased if the demand be- 
comes sufficient. The components which are largely removed 
by the treatments mentioned above are diolefins and sulfur and 
nitrogen compounds. The deleterious effect of these components 
has been shown both analytically and synthetically. The sepa- 
ration of components by distillation and chromatography has 
shown that conjugated diolefins related to cyclopentadiene, 
aromatic olefins, substituted thiophenes, indenes, and carba- 
zoles have strong gum-forming tendencies. The addition of 
mode1,compounds to an otherwise stable fuel has shown that 
mercaptans, thiophenols, and pyrroles are active in the forma- 
tion ofgum (3,5). 

This type ofoxidation cannot occur unless oxygen is present. 
As far as strategic storage is concerned, one of the most im- 
portant things which could be done would be to prevent the ac- 
cess of oxygen to fuel in storage. The effect of oxygen availa- 
bility is illustrated by Figure 3, which shows, on the right side, 
the effect ofstoring a fuel in the desert, in one case with 10% air 
space and in another with 50% air space. The much higher rate 
of formation of both soluble and insoluble cum is clearlv evi- 
dent with the larger vapor space. 

10% Vapor Space: Senled - 30- Seated Drum space 

5 20 

r 5 0 %  Vawr Soace O/ 

and some air space will be present which will allow the forma- 
tion of a modicum of deterioration products. 

LOW AND AMBIENT TEMPERATURE FILTERABILITY 

One effect of storage of jet fuels is the formation of insoluble 
gum which may or may not be augmented by rust, dirt, and 
water. T o  take care of the presence of such materials, aircraft 
designers and the Air Force have gone to considerable trouble 
to provide frequent and careful filtration at various points in 
the fuel handling system both on the ground and in the air. It 
is axiomatic that when a solid is filtered from a liquid, the filter 
tends to become plugged. However, not all solids plug filters at 
the same rate. It was a matter of considerable interest to see 
whether any rationale could be arrived at with respect to the 
properties of solids deposited from jet fuels and their effect on 
filter plugging. T o  determine the effect of insolubles on filtera- 
bility it was necessary to develop an apparatus which would 
measure this function. The apparatus should have a small vol- 
ume, in order to measure filterability on samples artificially 
aged in oxygen bombs. Constant flow is desirable, as this would 
more closely simulate actual aircraft operation. Furthermore, 
it was desired to he able to regulate the temperature over a 
wide range, so as to simulate operation at high altitude or lati- 
tude. The apparatus, illustrated in Figure 4, consists of a 100- 
ml. hypodermic syringe driven by a constant-speed motor 
which passes the test sample through a 10 micron aircraft-type 
filter paper. A magnetic stirrer within the syringe serves to keep 
the insoluble residue well dispersed. A mercury manometer re- 
cards the change in pressure across the filter. The flow rate is 
about 13.5 ml. per minute, so the test requires only about 7.5 
minutes. Spherical joints are employed for ease of assembly and 
disassembly. A glass heat exchanger may be used to control the 
temperature of the fuel at the filter at any point from about 
-100" to 212°F. The test has proved extremely useful, and the 
authors believe it is a reasonable representation of conditions 
that might be encountered in aircraft fuel systems. Figure 5 
compares results obtained with this test and with Wright Air 
Development Center full-scale test. While the correspondence 
was not always as good as shown, in three out of five com- 
parisons, results were substantially the same for the two types 

Years Of Desert storage 

Figure 3. Effect of oxygen availability on gum formation 
during desert drum storage 

matter to keep oxygen out of fuel containers, in actual practice, 
it is difficult to achieve. The left side of Figure 3 shows the re- 
sult of an  experiment designed to simulate the effect of having 
a poorly sealed drum by drilling a 1/64-inch hole through the 
cap. The rate of deterioration was very much greater in the 
case of the drum with the hole in it, despite the fact that very 
little loss of fuel occurred through this hole in the course of a 
year. The oxygen content inside the drum remained almost the 
same as that of the atmosphere. Of course, even with d well 
sealed drum the fiiel will be initially saturated with oxygen 
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Figure 4. Apparatus tor let tuel constant now tilteraDilily test 
Left. Assembled for roam temperature operation 
Right. Assembled for low temperature operation 
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test. In  the other two cases, the laboratory rating gave higher 
pressure drop readings than the full-scale test. However, in 

of the difficulty of getting uniform samples of fuels con- 
taining insolubles, such results are not unexpected. 

The next question was: Is the filter plugging tendency of the 
proportional to the amount of insolubles it contains? The 

answer is, that it is not. Figure 6 shows the effect of desert aging 
Centro with respect to'insoluble material and filterability 

for four JP-3 fuels. A wide variety of behaviors is illustrated. 
a thermallycracked fuel, insoluble gum rose with storage 

time and then dropped off rapid1y;prohably because of the ad- 
herence of insolubles on the walls of the container. The pres- 
sure drop, however, continued to rise without regard for the 
amount of insoluble gum. Somewhat similar behavior was 

I 
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Figure 7. Comparison of insoluble gum and filterability 
characteristics of desert aged fuels 
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shown by the straight-run-catalytically cracked composite. 
With the three-ply composite, however, the insoluble gum rose 
very gradually with time while the filterability climbed up and 
thendropped off. The straight-run fuel illustrated in the lower 
right corner formed very little insoluble material over its entire 
storage history. For 3 years the filterability paralleled this be- 
havior At the end of that time, however, the filterability pres- 
sure droD suddenlv increased to a hieh value for no sumrficlallv 

I 

apparent reason. 
The behavior of a lame number of different fuels is sum- 

Y 

marked in Figure 7, which plots insoluble gum against the 
pressure drop observed in the test. The lack of correlation be- 
tween these two values is readily apparent. The effect of dis- 
persants in the fuel is illustrated by the square points, which 
represent the behavior of a fuel on aging in the absence and 
presence of two commercial fuel oil dispersants. The dispersants 
reduce the filter clogging tendency of the fuel to about one 
third (.I. from 12 to 4) as measured by the pressure drop in the 
test in spite of the fact they have no effect on the amount of 
insolubles. 

In  searching for a reason for the behavior of different fuels 
the authors examined a number of samples of insolubles with 
the electron microscope. It became apparent that the filtera- 
bility behavior was related to the character of the deposit 
formed. The more crystalline io type the deposit is, the less 
tendency it has to plug the filter. The deposits could be quali- 
tatively classified into one of four different categories: crystal- 
line, amorphous rigid, amorphous plastic, and diaphanous 
(Figures& 9, and 10). Figure 8 contains an example of crystal- 
line-type material interspersed with some amorphous forms. 

Figure 8. Crystalline and amorphous type insoluble gum 
from desert aged jet fuel 

Figure 9 contains examples of both amorphous rigid and 
amorphous plastic and suggests that the plastic type is changing 
over to the crystalline, which may explain the varying behavior 
ofthe fuels with time. Figure 10 is a good example of the di- 
aphanous or grape-skin type of deposit; the reason why this fuel 
rapidly plugs filters is readily apparent. However, in general 
the interpretation of the pictures is so dependent on the method 
of sampling and the method of preparing the sample for exami- 
nation that at the present time there is no sure way of predicting 
theeffect of aging on the filterability characteristics of the fuel. 
Furthermore, the type of insoluble material formed is not necer 
sarily related to the type of fuel in which it is produced. 

Another point of considerable interest is the effect of water 
on filterability characteristics. A great deal of work has been 
done on this problem both by cooperative work under the eeis 
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HIGH TEMPERATURE STABILITY r 

Figure 9. Amorphous type insoluble gum 
from desert oged jet fuel 

Figure 10. Diaphanous type insoluble gum from 
desert oged jet fuel 

of the Coordinating Research Council and by individual in- 
vestigators, but i t  cannot be said that the situation is entirely 
understood. Figure 11 represents the results of some work with 
the filterability apparatus mentioned above. Several fuels were 
tested for filterability characteristics at room temperature and 
at -22'F. A fuel free of insolubles gave no filterability diffi- 
culties at room temperature or -22'F., dry, in equilibrium 
with 50% humidity air, or saturated with water at room tem- 
perature. The failure of the water-saturated fuel to give any 
filter plugging difficulties may be associated simply with the 
geometry of the system and is in accord with the sporadic nature 
of the difficulties arising from ice plugging filters. A more 
interesting case is that illustrated by the dashed line, which 
represents a fuel containing 4.0 mg. per dl. of insolubles. Here 
the filterability difficulties are greatly increased by the presence 
of insolubles which probably act as nucleation sites for the for- 
mationof ice crystals or hydrocarbon hydrates ( I ) ,  which then 
greatly enhance the filter plugging tendencies of the insolubles. 
The behavior of the other fuel illustrates the rapid filter plug- 
ging which occurs when a fuel is cooled below its freezing point. 
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In common with many others, the authors have been study- 
ing the problem of high temperature stability. Considering the 
past history of the components, it is surprising that heating a 
stable straight-Nn fuel for a few seconds in the neighborhood 
of 200" to 300°F. leads to the production of sufficient insoluble 
material to reduce the efficiency of oil-fuel heat exchangers and 
cause nozzle plugging. The problem is being attacked by ex- 
amining the behavior of different fuels, pure components, and 
chromatographic fractions in a laboratory apparatus simulat- 
ing an aircraft heat exchanger. The laboratory test the authors 
have used (4) is similar to those used by other workers in this 
field. The test fuel is pumped at 250 p.s.i.g. pressure through a 
coil of aluminum tubing % inch in inside diameter and heated 
by a countercurrent stream of hot air at a rate of 40 ml. per 
minute (residence time in coil = ca. 22 seconds). The heated 
fuel (exit temperature, 450" F.) then passes through a 5-micron 
stainless steel filter, is cooled by another hear exchanger, and 
finally passes through a pressure regulator. Because constant 
flow rate is maintained, the pressure differential across the filter 
is used as a criterion of the degree of plugging. The aluminum 
coil and the filter are easily removed from the unit for weigh- 
ing, thus giving a good indication of the rate of deposition of 
insoluble material. 

The test can be operated on either a once-through or re- 
cycle basis. Most of the work has been done with recycle, as it 
has been shown that this is a more severe condition (8, and it  
reduces the amount of fuel required. Under circumstances 
where plugging is caused by the presence of a very small 
amount of very active minor components, the recycle method 
might be less severe. The fuel is refiltered after cooling before 
being returned to the system 

2 5  
Fuel F.P.,OT. Insol. Gum 

17 1.3rnp/dl.  
B - 3 4  0 *' 
c -40 4 . 0  I' 
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with Fuel B) ,* 75-E Equil. d 10 
-22.F. H,O sat. 
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Figure 11. Effect of temperature ond water on the 
filterability characteristics of aged fuels 
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Mid-Continent S. R 
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Figure 12. Comparison of the high temperature stability 
characteristics of several JP-4 fuels 
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Table I. Properties of Fuels Tested in Laboratory Heat Exchanger Apparatus 
California I1 California I1 Texas Mid-Continent WADC WADC 80oJ, 

Property JP-4 JP-4 JP-4 J P-4 Referee Catalytically 
Composite Blend S.R. Blend S.R. Blend S.R. Blend Fuel Cracked Blend 

Gravity, "API 46.6 47.8 53.0 54.5 46.0 45.0 
ASTM Dist., "F 

IBP 154 136 124 136 130 120 
10% 247 234 220 204 234 197 
507" 331 343 300 288 350 374 
90% 424 410 396 387 448 426 
FBP 504 456 500 482 516 476 

100°F. 2.2 2.5 2.5 3.0 2.7 2.3 
Reid vapor pressure, p.s.i. at 

Sulfur, wt. yo 0.25 0.17 0.087 0.114 0.311 0,101 
Nitrogen, wt. yo 0.02 0.02 0.002 0.0025 . . .  . . .  

Freezing pt. OF. -76 -80 Below -76 Below -76 -73 
Mercaptans, wt. yo 0.0028 0.0006 . . , 0.0001 . . .  
M.A.V., mg./gram 0.7 . . .  0.3 0.3 . . .  . . .  

Br. No., grams/l00 grams 28 2.2 0.9 2.3 . . .  43.8 
Below -76 

. . .  

FIA 
Saturates, vol. yo 65 86 84 87 72 44 

Existent gum, mg./dl. 3 1 3 1 2 3 

(16 hour), mg./dl. 8 2 9 6 9 54 

Olefins, vol. Yo 12 1 1 1 5 30 
Aromatics, vol. yo 23 13 15 12 23 26 

Accelerated gum 

"Doctor test slightly positive 
'Doctor test negative. 

Solvent A Solvent B 

43.9 54.5 

356 358 
395 36 1 
428 367 
460 381 
476 400 

1 . . .  
0.02 0.0015 

0.01 or less 0.005 or less 
. . .  . . .  

-40 . . .  
h . . .  . . .  

99 95 
0 5 
1 0 
0 0 

0 0 

The varying behavior of apparently stable, straight-run pro- 
duction JP-4 fuels in the heat exchanger apparatus with recycle 
operation is illustrated in Figure 12. The properties of the vari- 
ious fuels are given in Table I. While the California JP-4 
plugged the 5-micron filter in about 0.5 hour, the fuels from 
Mid-Continent and Texas sources appeared substantially better 
with a more gradual rate of pressure increase. The behavior of 
these fuels in the specification 16-hour accelerated aging test 
was substantially equivalent. However, one possible clue to the 
difference in heat exchanger performance may reside in the 
higher nitrogen and sulfur content of the California fuel. Also 
shown in Figure 12 are the results obtained on two fuels from 
Wright Air Development Center both of which contain cracked 
materials. The blend containing 80% of catalytically cracked 
components was less stable than the California SR fuel with 
respect to gum formation during storage, yet it gave somewhat 
better performance in the heat exchanger test. The referee JP-4 
exhibited reasonably good high temperature performance. 

Conventional gasoline inhibitors are ineffective in jet fuels 
for storage stability ( 4 ) ;  they are also ineffective with respect 
to high temperature performance. Even the best low tempera- 
turejet fuel additive is ineffective in prolonging the filter plug- 
ging tendencies of a composite JP-4 fuel, as shown in Figure 13. 
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Figure 13. Effect of dispersants on the high temperature 
stability of a composite JP-4 fuel 
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Figure 14. High temperature stability characteristics 
of various hydrocarbons 
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Dispersants may offer a better immediate solution, because they 
can extend the filter plugging time of this fuel by factors ranging 
fromabout 4 to 16. However, deleterious side effects with re- 
spect to emulsification of water, rust, tank settlings-e.g., 
sludge- may occur in actual practice. From the bar graphs in 
the upper right of Figure 13, it may be seen that the dispersants 
do not reduce the over-all rate of deposition of insoluble residue 
in the apparatus. (The neat fuel did not operate long enough to 
form any measurable amount of coil deposit.) Apparently, such 
additives only increase the ability of the filter to tolerate de- 
posits by modification of the type or size of the particles. The 
dispersants were of little benefit in reducing the rate of deposi- 
tion in the coil. 

The effects of hydrocarbon type on high temperature deposit 
formation are also being determined (Figure 14). On  the basis 
of these results, it appears that naphthalene hydrocarbons 
could be responsible in part, at least, for the instability of jet 
fuels exposed to severe temperature conditions. Even the de- 
position rate, as shown by the bar graph (upper portion of Fig- 
ure 14), approaches that of a jet fuel blend (Figure 13). The 
result with sample l a  of Figure 14 appeared to be at great 
variance with CFR fuel coker results reported by Heath and 
others ( 2 ) .  Accordingly, at the authors' request Heath gen- 
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erously donated a sample of his material (sample lb) .  It, too, 
was unstable in the test. This suggests that differences in test 
design, operating conditions--e.%., residence time, temperature 
-and filter pore size could have a considerable effect on test 
results. The coker conditions of 300°F. preheater and 400" F. 
filter temperatures and 20-micron filter appear considerably 
milder than the authors'45O'F. exit and 4OO'F. filter tempera- 
tures and 5-micron filter. 

The mixed dodecanes performed satisfactorily for over 48 
hours without plugging the filter, although appreciable deposit 
was laid down. A straight-chain paraffin, hexadecane, was less 
stable, although substantially lessdeposit and little soluble gum 
were formed. The dodecanes formed an appreciable amount of 
soluble gum (ca. 15 mg. per dl.), yet considerably less than that 
by 1-hexadecene and 1-dcdecene. These compounds formed a 
tremendous quantity of steam jet residue (La. 600 and 1000 
mg. per dl.) but did not plug the filter during 24 hours of opera- 
tion. Deposition owthe filter was less than that given by the 
dcdecanes. The fact that such quantities of this type of non- 
volatile residue can be tolerated suggests that it may not he 
necessary to use saturated fuels as long as formation of insolu- 
bles can be controlled. 

Decalin also did not plug the filter during 24 hours of testing, 
despite the formation of appreciable quantities of coil and filter 
deposits. Tetralin was less stable than decalin; gradual plug- 
gingof the filter started after about 12 hours. Both compounds 
formed some soluble gum. 

For comparison with the various pure hydrocarbons, the re- 
sults obtained with two straight-run fractions are also included 
in Figure 14. Solvent A (355O to 475°F.) plugged the filter in 
about 6.5 hours. Solvent B (360" to 400°F.) operated satis- 
factorily without plugging for about 7.5 hours. However, this 
material did not satisfactorily lubricate the pump, thus forcing 
early termination of the test. The rates of deposit formation of 
these fractions are low, being more like those of the various 
hydrocarbons than the JP-4 fuels 

The nature of the deposit f d 
briefly. Analysis of deposits coll 
shows that they contain a large F 

!r 
e 

nitrogen and sulfur. They are simiiar in general composition 
to the deposit obtained by bomb oxidation at 3209 F. for 5 hours 
under 100 p.s.i.g. oxygen (see Table 11). The deposits are black 
or dark brown, are extremely insoluble in gum solvents, and ap- 
pear to be fine grained. Figure 15 shows the appearance of a 
filter before and after a test. It appears that the deposit particles 
are small enough to have gone through the filter but evidently 
they are adhesive enough to coliect on the surface ofthe filter. 

CONCLUSIONS 

There are many problems still to he solved with respect to the 
stability of turbine fuels. Storage stability, except for saturated 
fuels, is hardly satisfactory. T h e  relation between the properties 
of fuels and their filterability after storage has not been solved. 
The solution to the problem of high temperature stability is 
only being approached. 

Nevertheless, considerable progress has been made on several 
1 n 
I 

Exchanger Deposits I 
Tube Filter n 

Oxygen, w. % 14.7 29.5 
Sulfur, wt. 7" 1.4 . . .  

- 
Table II. Composition of High Temperature Deposits 

xygen 
3omb 
kposit 
22.5 
3.6 

Nitroeen. w. 'X 3.3 . . .  2.1 
Cart 
Hyd 
C:H 
Acid.,,, 61a1.2,a "."I 

Cumulative Heat - 
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tot exchanger test 

function of their com- 
-Inr I+r.inht-*..n .._.t*. 

Figure 15. Appearance of 5-micron sintered stainless steel 
filter before and after laboratory he 

The storage stability of jet fuels is a I 
position-generally decreasing in the or(rr. I ..". 5..L-AU.A, 

lytically cracked, thermally cracked. 
Storage stability can be improved by acid treatment and 

hydrorenation and hv restrictins the RCCPW of ommn from the 
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he formation of insoluble gum decreases filterability but not 
ssarily in proportion to the amount formed. 
he effect ofinsoluble gum on filterability is a function of its 
.oscopic appearance. 
he presence of insoluble gum has a particularly deleterious 
't on low temperature filterability when water is also 
mt. 
?en fuels which appear extremely stable by stability tests 
e high temperaturedeposits. 
he rate of filter plugging (AP increase) at high temperature 
be reduced bv the Dresence of disnersants but the mactica- 
vofsuch a measure'has not beene'stablished. 
~flerrnt fuPIG :ml  pure componcmir v3rv In behavior with 
'rt 10 the r : iwd  hoth l i l tcr pluqrine and deposit formation 
xhcoil and filter .Asrhc rairsiirc~ not nrressarily rclatnl. i t  , ,  , . > .  , .  > , ,  . 

isit and the system in which it forms is very important. 
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