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I. SUMMARY

\
Lockheed and Boeing each made a series of tests in aircraft fuel tank
simulators to provide an improved understanding of the flowability and
pumpability of jet fuels at or below their freezing point where waxy
components separate. Each simulator represented a section of an aircraft wing
fuel tank. Tests simulated the low temperature cruise environment associated
with long duration flights under extreme, high-altitude conditions. Holdup,
the fraction of unavailable fuel remaining in the tank after attempted fuel
withdrawal, was used to characterize pumpability after low temperature
exposure.

The test fuels were derived from widely differing crude sources and were
selected to cover a range of freezing points. Two of the test fuels were
common to the Boeing and Lockheed investigations in order to assess
variability due to simulator construction. One fuel in the Lockheed program
contained a flow improver additive. In the Boeing program, one fuel was a
blend of JP-5 and 9% marine diesel fuel.

The Lockheed and Boeing simulators produced generally similar results when
tested over a range of tank skin temperatures, fuel discharge temperatures,
and tank agitation modes (slosh, vibration, quiescent). From these results, a
model was developed to predict holdup. The approximate average of a fuel's
freezing point and pour point was found to correlate well with holdup
tendencies in fuel tanks exposed to low temperatures.

This report on the low temperature behavior of aviation turbine fuels: él;
Reviews the findings of the Boeing and Lockheed simulator investigations, (2
Develops a useful correlation between laboratory tests on fuels and their
performance in simulator tests, (3) Discusses the 1low temperature fuel
properties that assure satisfactory aircraft operation, and (4) Recommends
additional work needed to develop better models to predict low temperature
behavior of fuels in operating aircraft.

-1-
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II.  BACKGROUND

Tne Jet fuel supply crisis of 1¢72/74 accelerated interest in the low
temperature properties of aircraft fuels because the freezing point
specitication test appeared to be a possible 1limitation 1in expancing
availability. Fuel freezing point is defined as the temperature at which wax
crystals melt ana disappear upon renheating after tuel has been cooled to the
point where wax crystals appear. The test measures the upper iimit of a
temperature band in which solid and liquid phases co-exist and some flow can
occur. Freezing behavior of fuels used for long-range flights of several
nours duration 1is of primary concern. Prolonged operations in the Jlow
temperatures of cruising altitudes can permit fue)l to chill to a point where
phase separation pegins., The fuel would not cocl to ambient temperature, but,
due to aerodynamic heating effects, would approach the recovery temperature,
kecovery temperature is above ambient by about 90% of the ram temperature rise
calculated at the aircraft Mach number. For example, at a 27,000 foot
stanaarqa cay, Mach (.t cruise condition, ambient temperature would be -56.€°C
(-6%.7°F) and recovery temperature would be 25°C (45°F) higher or -21.€°C
{-24,7°F).

ASTh's Techniceal Uivisiorn J on Aviation Fuels concucted a survey of the
aviation ana petroleum industries on raising the freezing point of dJet A-1,
tne Tuel used internationally, and then staged a December 1%76 Symposium on
Jet Fuel tLow Terperature Requirements (Reference 1). This activity led to a
relaxation ot both ASTr's U1655 Specification and lATA's Guidance Materiel for
Jet A-1 ftrom -5C°C to -47°C maximum freezirng point in order to improve
availabiiity.

Looking beyona the present to the availability limitations of future fuels,
NASA's Lewis Kesearch (enter held a workshop on jet aircraft hydrocarbon fuels
technology in 1¢77 (keterence ¢). Une of the recommendations of that workshop
was to experimentally investigate the fuel freezing behavior in a fuel tank to
aetermine 1t two-phase flow could be tolerated.

Subsequently, KnShk let a contract to the Lockneed California Company to stua
tne cola tlow behavior of tuels in a simulated aircraft wing tank. NMASA also
requested the CRC group on Low Temperature Flow Properties of Aviation Turbine
Fuels to recommend fuels to be used in the Lockheed study. Tne CRC group
recommended and suppliea test fuels selected from paraffinic and naphthenic
crude sources. lhe CRC conquctea & variety of laboratory tests on these tuels
in addaition tc aetermining their freeze points using the specificatior
method. various chemical ang physical properties ot the fuels were
getermined. The fuels were subjected to additional tests using methods which
might be useg to cescribe low temperature hanmdling characteristics., Results
of the CRC tests were appended to the Lockheed report (Reference 2). Analyses
2nG commer+ts or the Lcckheec test cata were reported ir Reference :.

Lfre- cumpietion o€ *he Lozkheed Drogram, the Air Force requested TR to carrv
out &  faiiow-Oon  program, Tne principai objective was an improved
understanding of flowability and pumpability of jet fuels at or near their
freezing point, Additionally, there was the question as to whether or not the
Lockheed findings could be confirmed in a different wing tank simulator, The
CRC subcontracted with the Boeing Aerospace Company to conduct wing tank
simuiator tests for this ongoing program, Results of the Boeing study are
included in this report,




II1.  LOCKHEED AND BOEING TEST PROGRAMS

The toliowing sections proviae brief descriptions of tne simulator tanks, of
tne test proceoures, and of the test fuels used by Boeing and iockheecg.
Corplete wcescriptions of the Lockheea program are given in Reterence =Z.
Differences in construction, procedure, or fuels that might influence results
are discussed throughout this report.

A. DESCRIPTION OF SIMULATOR TANKS

Tne internal configuration of the Boeing test tank was designed to simulate a
portion of an outer wing fuel tank of a modern commercial jet aircraft.
Aircratt eluminum (6061-16), at thicknesses representative of a B-747 outboard
main tank, was used throughout providing realistic thermal conductivity rates
tnrough the structure. Standard aircraft anticorrosion coating was applied to
the 1interior bottom surface to the height of the lower stringers. The
internal aimensions of the tank were 51 c¢cm high, 51 cm wide, and 76 c¢m long,
resuiting 1in & volume of 19& 1liters. Mogeling of important vertical
gimersions of the 1i1nboarc section of the B-747 outboard main tank was full
scale. Tne tank was cesigned to permit simulation of atmecspheric pressure up
to 40,000 rt. An interior view of the Boeing test tank is shown in Fioure 1.

The Lockheec test tank was also designed to simulate a portion of an outer
wing tuel tanwn c¢f & mocern commercial jet aircraft., Interior dimensions of
the tank are 50.& c¢cm (20 in.) nmigh, 50.& cm (2C in.) wide, and 76.2 cm (Z0
in.,; iong tor a resulting volume of 1% liters. An interior view of the
Lockheed test tank is shown in Figure 2. The tank was tilted 4° to the
norizontai with the boost pump outlet and the drain holes on the low side.

hWnile the interior dimensions of the Boeing and Lockheed test tanks were
similar, the construction anc arrangement differed in certair respects. These
gitferences could affect heat transter rates. For example, the Boeing tank
containea two stringers, fabricated from two angle sections 7.6 cm hich whnie
trne Locknheed tank contained three one-piece stringers, eacn 5.7 ¢m hign. The
boeing tank contained a tuel boost pump, suction plumbing, vapor separation
plumbing, ana tne pump discnarge plumbing. The Lockheed tank contained two
small ejectors, the related small size plunbing, and a perforatec
recirculation manifolc. The Lockheed tank discharged throuch an opening in
the pottom, which lec to an external tuel boost pump.

tach test tank had viewing ports, ccoling panels on the upper and lower
surtaces, ano 1insulation on tne other surfaces to assure that heat transfer
was continea to the upper ana lower surfaces. There were provisions for
sinuiating sloshing and vibration. Thermocouples were used to sense
temperature inside tne tank. These were mounted on vertical racks and spacec
to provige a temperature profile ot the fuel. Thermocouples were also
provided on the upper ana lower outer skins,




B. TEST PROCEDURES

Lockheed and Boeing used similar basic test procedures. The simulator tank
was filled with test fuel, usually such that fuel wetted the upper surface.
Upper and lower skins were chilled to a pre-selected temperature, while fuel
temperature profiles were monitored and recorded. For most test modes, skin
temperature was held essentially constant for the time needed to reach a
target temperature in the fuel 2.5 cm above the tank bottom, at which time
withdrawal was begun. In some tests, skin temperatures and withdrawal were
programmed according to a time schedule. Lockheed withdrew fuel by operating
ejectors and an external boost pump. Boeing withdrew fuel in three successive
stages: 1) level gravity drain, 2} tilted gravity drain, and 3) internal boost
pump. Holdup was measured by weighing removed fuel and calculating percent of
fuel trapped in the simulator. After each test, trapped fuel was melted and
drained out, and fuel fractions were recombined for the next run.

Lockheed conducted various types of low temperature tests in its simulator
tank. All tests were conducted by filling the test tank with fuel at ambient
temperature, about 20°C, and then chilling it through the upper and lower
skins according to a flight mission temperature profile. Test periods ranged
from 5 to 300 minutes under simulated cruise conditions and with the Jowest
expected skin temperatures.

The tests applicable to this program are summarized in Table I, and the test
modes are as follows:

1, Static - Fuel quiescent until end of test.

2, Recirculation - Gravity flow to boost pump and pumped back to
opposite end of tank at 6 liters per minute.

3. Sloshing - Tank oscillated throughout test.

4, Divider - Static test with a divider plate installed to represent a
baffle within the tank.

5. Ejector - Special recirculation [two tests).
6. Dry Fuel - Nitrogen dried to remove dissolved water.

7. Scheduled Withdrawa! - Several tests where skin temperature and fue)
withdrawal were varied.

Boeing conducted tests under static, slosh, and vihration conditions as
summarized in Table II.

To speed up collection of test data, Boeing prechilled the buik fuel to a
temperature about 10°C above the fue! freezing point before filling the test
tank and then started the simulated low temperature cruise cycle by further
chilling the fuel through the upper and lower skins, Test duration was then
determined by the temperature of the probe located 2.54 cm above the bottom
st in,  Jurations ~ang2d from 5 to 274 minutes.

y
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TIST FUELS

Lockheed tested the first 12 fuels shown in Table III. Fuels originally in
the Lockheed program are identified by codes starting with L- or LFP-, The
fuels were selected from widely different petroleum crude sources and with a
range of freezing points. One fuel (L-7) had a flow improver additive. These
additives change the structure of solidifying fuel from one with extensive
¢ross-linking of modules, which inhibits flow, to one with more discrete
agglomerations of molecules which can move relative to one another.

Boeing tested five fuels, LFP-1, LFP-8, B-3, B-4 and B-5. Boeing fuels B-3
and B-5 were JP-8 fuels from shale and petroleum, respectively. The freezing
point for B-5 was slightly off specification. Fuel B-4, a blend of JP-5 and
marine diesel fuel, represents a possible means for extending the supply of
U.S. Navy jet fuel.

A variety of laboratory tests of fuel low temperature properties was conducted
on most of the fuels. The test methods used are descrihed in Appendix C and
are referred to as appropriate throughout this report.




IV. DISCUSSION

This discussion is divided into three sections, whose objectives are:

. To review the findings of the Boeing and Lockheed simulation
investigations.
. To point out what needs to be done in subsequent programs.

. To examine the least restrictive low temperature fuel property that
assures satisfactory aircraft operation.

A. REVIEW OF FINDINGS OF SIMULATOR PROGRAMS

Holdup, as measured in a simulator, represents the separated wax plus
entrapped liquid at the end of a particular time-temperature test. Since the
wax forms first on cold surfaces such as tank skins or stringers, it is apt to
remain there until it melts. If the wax that separates also plugs filters or
lines, it could interrupt fuel flow to an engine.

During the test cycle, there is usually a large temperature difference between
the chilled tank surface and the bulk fuel as shown by typical data in
Figure 3. This characteristic thermal gradient in the simulators reflects the
Tow thermal conductivity of fuel and the dominating role of conduction in heat
transfer to the tank upper and lower skins. The resu't 1is a highly
nonequilib~ium and dvnamic system that may (or may not)} undergo phase change
in the zone next to the skins, depending on the properties of the fuels.

In a typical aircraft flight, the sharp thermal gradient within the tank would
undergo rapid change as an aircraft descended to warmer flight altitudes.
Some or all of the holdup fuel would be expected to become a usable liquid on
descent. It is impossible to prescribe an "acceptable" level of holdup prior
to descent because the tolerance of a system depends on a particular tank
design and system configuration. Instead, the findings of these simulator
tests provide a data source for designers in the form of a fuel criterion such
as freezing paint and pour point in a relationship to holdup at the end of
high altitude cruise.

Aircraft design parameters other than those represented in the tests by
Lockheed and Boeing need consideration and are discussed in Appendix A,

1. Effects of Slosh and Vibration

The three temperature profiles plotted in Figure 3 are those exhibited at the
tnitiation of fuel withdrawal for three Boeing tests with paraffinic LFP-1
fuel under static, slosh, and vibration conditions. All these tests had the
same target or control temperature at 2.5 cm above the tank bottom. The
profiles show a broad, uniform temperature mixing region at the center and a
steep conductive heat transfer controlled zone between this region and the
chilled hottom skin. A very narrow convective heat transfer controlled region
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ex1sts &t the top surface, but it is imprecisely aefinec because of tne wice
tharmocoupie spacing. These temperature profiles are tvpical of those
measurec 107 &ii tne boeing tests, anc tney are similar to cuese repertec for
previous boeing in-house tests ana for at least the low nolaup tests in tne
Locnneeac stucies., Tne effect of the tank agitatior is to increase mixing anc
n2el  transfer, reducing the wuniform center terperature. The agitatior
increases 1n intensity from sloshing tc vibration; the comtinea sieshing ang
vipration mode (not shown in Figure 2) yields temperature preofiles neariy
equivalent to those produced by vibration alone. These results depicted in
the figure are typical of those obtained with paraffinic and naphthenic
Jet A. The eftect of agitation is less pronounced with the other three fuels
testecG by boeing,

Ir tne boeing tests, target temperatures for initiation of fuel withdrawal,
measured z.5 cr. above the bottom skins, were varied from z.8“C above the
Treezing point to 5,6 pelow the treezing point, Figure  represents tests
2t @& 1target temperature equal to the freezing point (-41°C) tor Jet A
paraftiric fuel {(LFP-1:. Unly the bottom 2.5 cm fuel iaver anc a very inin
iayer at the top surface (comprising about 5% of the total tank volume) were
beiow the freezing point. Since the boundary layer temperatures within these
Zcnes 4o not vary appreciably at a given target temperature, there is no large
ditterence between holdup measurements for quiescent, sloshing, vibrating, or
& combined slosning/vibrating environment, Measured holaups rancged from 2.8<
to .35 ot total tank volume. Similar results were observed in tne Locwneec
tests with slosh and vibration,

2. Correlation of Data

NCST OV tne hoicup tests corgucted oy boeinc éng Locaheec were rzge witnr Lne
simulator tenk tull, 1.e., witn fuel in contact with the upper skin surface.
116 tests of tnis type were mage, t5 by Lockheea anc 45 by boeing. Tabie 1V
summarizes pertinent data for these 11C tests.

ir. the Lockheec tests, Tuel was pumpec out ang weilghec with the tank 1r thng
original position, & to the forizontal., The quantity wnich dig not tlow by
~ravity anc eiector purip to tne boost pumit constitutec the neolaup.

Ir. the bBoeinc tests, three measurements were made for hoicup: Tirst with &
ievel tank ana gravity arain, second by tilting the tank 14 cegrees to tne
norizontal, and last with boost pump Of.. holdup date reported in Table 1V for
peeinc tests are for boost pump Ul wnicn 1§ similar to the Lockneec proceaqure,

v the lLocaneec tests, the iritial tuel temperature in the simulator was near
arplent (z{=2Cy;, while boeing pre-cniilea tne bulx tuel to about 1C-C above
its treezing point petore Tilling the similatcr., [espite these differences in
test procedure, it 1s poussible to compare the holdup data betweer the Lockheec
and Boeing simulators because the selection of an appropriate bulk temperature
tnermocouple compensates for the greater time required in the lockheed test
procedure to reach tne same bulk temperature. Figure Z 11lustrates tne fact
tnat the pulx tuel temperature at the start of tuel witharawal after a perioa
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or cmilling tnrougn the srin 1s reasonably uniform between i( and ¢ cm above
the skin ana that a thermocouple reading selected 1in this zone is
representative ot a midiank temperature,

A tann fuel temperature profile is shown schematically in Figure ¢ for a giver
tann  skin temperature (1S8) and a midtank temperature (TM}. These two
temperatures (1S anc TM) can be uSed to identify a temperature profile, There
1s ¢ rlemperature tor any fuel below which it aoes not exhibit significant
fiowability for recovering fuel from the simulated aircraft wing fuel tanks,
Th1s temperature is defined here as that fuel's solidification inagex (SI). If
a fuel's SI1 is less than or equal to TS, then the holdup shoulid be zero since
none of the fuel is at a temperature below 1ts SI. If, on the other hand, the
tuel's S1 equals or exceeds TM, the holdup would be 100%. Other fuels with
$1's petween TS and TM would proauce intermediate holaups, depenaing on their
relative relationship to TS and TM. Thus the percent holdup (HU) shoula be
relatea to tne tollowing function:

WU o= f (rpors)

Tnhe treeze point (FP) of a tuel defined by ASTM [ 2386 ana the pour point (PP
detined by ASTM U &7 can be consicerea as the onset of wax separation anc &
special case of soliaification, respectively (see Appendix { for aescription
ot test metnods), These two laboratory tests can be used to ocefine the S! ot
a fuel as 1t 1s relatec to holdup in an aircraft tank at low temperature,
e.G., SI = a FP + 0 PP, all 1n °C.

~ linear regression ¢t the Boeing ana lLockheea aeta provided the following
relationsnip between holdup and tte ratio of !S1-TS8)/(Tw-TS):

2
S1-TS . S1-TSV.
[2.8z¢ (2115Y 4 6.7z (———— g
My - e TF<15 TS/ -

N
where SI = C.528¢ PP( ~ (1,484 FF

' 7

ine statisticedr correlatior value, kZ, was (.05 ang tne stancarc error ot
1) is

(54U +1; was (.25, 7This means that 96% cf tne variability in ir (HU +
explainec by the moael anc that tne estimated standarg error of hi 1s Zz5%.

Tanle [V gives predicted values and the aitference between observec and
estimatec values tor each test. The Tlarge errors occur when the retio
IS1-TS5/{IM-TS) approaches a value ot one.

holdups below 30U%. Figure 6 shows the difterence between estimated anag
observea noldup tor each of the test tuels. There are no test fuels which
appear meaningfully biaser, It appears, therefore, that the SI developea fron
tne regression is a good predictor of low temperature fuei holdup.

Figure » compares observed and estimated holdup for all fuels with observec

[1; inhere was a broacg variation in the pour point data determined tor the fuels
45eG 1n tne Lockheed anc¢ Koeins programs, Tne average of several PP geter-
FIntIons wWwas usec 1n the date correlation, This is greater PP precision

thar would normally be obtained.



The regression showed SI to be approximately equal to the average of the
freeze and pour points. Using the definition for SI, the ratio
(SI-TS)/{TM-TS) can be calculated. Figure 7 shows the excellent relationship
between holdup and this parameter. When the ratio is = >1.,0, i.e., SI=>TM,
holdup is high, =>37%, and indeterminate.

Most of the holdup tests were conducted with the simulator tanks full and the
fuel in contact with the upper tank surface. The holdup correlations were
developed for this case. However, Lockheed noted that for holdups to about
6%, most of the solids were restricted to the lower skin and stringer surfaces
of the tank. Therefore, the relationship might be applicable for partially
filled tanks for low holdup conditions.

The prediction parameter {SI-TS)/{TM-TS) is highly sensitive to measurement
errors because it is a ratio of two deltas. For example, assume a ratio of
12/18 = 0.667 which predicts an 8.06% holdup. If there were a 1°C measurement
error in both numerator and denominator deltas, the ratio could be 11/19 =
0.579 which predicts a 5.53% holdup.

A number of different models were explored using the fuel temperature 1.3 cm
from the bottom of the tank. None of those tried provided a satisfactory
estimate of holdup, even when the analysis was restricted to low holdups below
12%.

No attempt was made to determine if testing mode, e.g., sloshing or vibhration,
had a significant effect on holdup that was not reflected by the change in the
fuel ™,

As descriped above, the calculated solidification index, which s
approximately nalfway between fuel freezing point and pour point, gave a
reasonable fit of the experimental holdup data. This is an initial
correlation study, and should not be interpreted as concluding that the
ultimate choice 1in low temperature flow properties is the solidification
index, to the exclusion of all other properties. It was chosen for study in
npart because of intuitive fit and in part because freeze and pour data were
abundantly available for all Lockheed and Boeing simulator fuels. It has the
disadvantage of requiring two fuel tests, one of which, the pour point, is so
imprecise as to be reportable only to the nearest 3°C. It was necessary to
perform multiple replicate analyses on each test fuel to obtain precise freeze
and pour point values for this study.

A variety of alternative low temperature bench tests was explored to
characterize the Locknheed test fuels, Table V presents results of these test
methods. The test methods are described in Appendix C. Many aof these
alternate tests indicate a low temperature operability 1limit in the
temperature range where the fuel is a mixture of liguid fuel and wax crystals,
a concept in general agreement with tank simuylator observations, Although the
primary purpose for development of these tests was the characterization of
fuels containing flow improvers, the Lockheed fuels offered an opportunity *o
see whether any of the tests might offer a satisfactory relationship with
performance in a wing tank simulator, Figure 8 shows a graphical comparison
0f these hench tests with the freeze-pour solidification  index.
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Lrrerturately, results were available on only seven of the fifteen test fuels,
onl, one of wnicn was Inclugec in the Boeing program. hence, their suitability
rTor characterizing a fuel's low temperature behavior anc holoup neeas 10 be
Turther evealuated.

“here nave been other attempts tc correlate results of one or both ot tne
s1nulator test gata. These are cescribea in keference 4 and in Appencix B.

rlow Improving aacitives have been considerea &S a means to decrease fuel
nolaup. These adaitives appear to be selective in their ability to effect low
terperature tlow improvement 1n various fuels. Flow improvers do not reduce
the amount of wax formed, but change its character resulting in better
tlowab1l1ty at low termperatures. Consequently, two tests, Lockheed hos. ¢¢
anc 1L, were mace using flow improved fuel, L-7. The adcition of flow
inprover aepressed pour point by 13°C, compared with the base fuel, LFP-Z,
Hoiaup was reduced about 50% in test No. %9 relative tc test ho. ©€7. This
flow 1mprover was optimized for diesel fuels and was not optimizead for the L-7
tuel., Tnere was very limitec testing of agaitives in tnese programs.

3. Procedural Zffects on Test Results

P A NP T R T T B N - tarly 1in
the boeirg program, concern was expressea about the reliability of aata
generatec by repeatea treezing 0t & given batch or tuei. In geterminations of
the pour point (ASTM D7) of heavier fuels, such as diesel, it has been founda
that 1t was necessary tc raise the temperature of the specimen to tne greater
ot ¢6‘C or ¢<C above the pour point to completely reconstitute the fue |
specimen. In1s need appears to arise because of the persistence of micro-
crystals tormec at ‘ow terperatures which may ncot be visiblie when the specimer
temperature 1S raisec only a tew daegrees above the pour point; these crystals
can serve as condensation nuclei when tne chilling cycie is repeated. This
“nysteresis” etfect has veen shown to lead tc variability in pour point (anc
possiply in otner low temperature property) measurements i1t the temperature of
the tuel 15 rot raisec well above the pour point between tests.

Fuels 1n tne Boeing and Lockneec programs were repeatecly frozer anc meltec ir
eacin test series, which raisec & question as to the valicity of results.
Furtner, tnere was essentially no repetition of the data points wnich miant
shec light on the 1ssue. For cost reasons, it was proposed that resoiution of
the nysteresis concerns be carrieg out using & laboratory scale gevice; and
the Snell (oid Flow test methoc was selected as suitable for the purpose.
Tnis test (Iv z17/66 tentative) was proposec to aetermine the extent to wnich
tercine tueis will cravity flow {(siump} te an aircratt fuel tank pump inilet at
iow terperatures. Measurements are made primarily betweer the treezinc point
ang [our pcint termperatures of the fuel ana aepena upon the vielid value cof the
fuel /wax mixtures at any particular temperature. The apparatus (Fioure ¢)
corsists ot two cylindrical chambers separated by a larce poppet valve, Fuei
1s adaed to the upper chamber, the test apparatus and fuel are brought to the
desireg tenperature anc are then held for one hour to ensure i1sothermal fuel
temperature. The vaive separating the chambers 1S then opened for 1( seconds,
altowing the tiura portion ot the fuel to ftlow (slump;




[ )

into the Jlower chamber. The spring-loaded valve is then closed and the
equipment warmed to ambient temperature. Unlike the actual aircraft
application, the test fuel is not agitated; and all of the fue! and container
reach an equilibrium temperature.

Tne Shell Cold Flow test procedure used by Boeing was to establish a holdup
versus temperature curve using fresh specimens of fuel for each data point,
After each test, the fuel was reconstituted by blending the portions of fuel
in the upper and lower chambers of the test apparatus and then retested.
Tests were conducted at or near a temperatyre which was experimentally
determined to have a holdup near 30%,

The Shell Cold Flow tests were conducted with the five fuels employed in the
Boeing program. Figures 10 through 14 show examples of the results ohtained
by this method. These data show no major differences in holdup between fresh
fuel specimens and the reconstituted fuels. However, because of the high
sensitivity of holdup with small changes in temperature, these results were
inconclusive in establishing the existence of minor, but possibly significant,
hysteresis effects.

Similar additional tests using the Shell Cold Flow procedure were conducted by
§ the Fuels Branch of the USAF Wright Aeronautical Laboratories at
Wright-Patterson Air Force Base. Two fuels were tested, LFP-1 and LFP-8,
which are characteristic of paraffinic and naphthenic fuels, respectively,
Their holdup data is summarized in Table VI, using recvcled fuel rather than
fresh fuel samples. The USAF data fall within 1°C of the Boeing data and show
the same wide variation in holdup at a given temperature as the Boeing tests.

The variability among tests on fresh fual specimens {repeatability) indicates
that there are no statistically significant differences between fresh fuyel
test results. Accordingly, it was concluded that if there were a hysteresis
effect, it was small and that the repeated freezing of reconstituted fuel
specimens in the simulators would not contribute significantly to experimental
error.,

Crrer oD livve Sken Tomnoegtess Sonzrll o - At the start of the Boeing tests,
the tank uppaer and lower surfaces {skin) were chilled to a predetermined
temperature (usually 10°C bpelow the freezing point) and held at <that
temperature as uniformly as possible throughout the remainder of the test.
Significant skin temperature excursions above and below the target temperature
affects the thermal profile in the tank, the rate of formation and matrix
character of wax crystals, and, thus, the holdup results. The Boeing
simulator utilized primary and secondary coolant heat exchangers to improve
control; however, the manual control of the coolant flow presented problems in
trying to hold within +1°C of the skin temperature.

Cnilliver Rave - Wax crvstal growth and matrix formation during the freezing
7f jet fuels is believed to be dependent on cooling rate. Therefore, care was
taken to provide consistent chilldown cvcles for each test run; however, using
manual control of the coolant flowing across the upper and lower surface of
the tank allowed variation of chilldown rates.
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cTeer Dortenzial Irvove D Zoldur Measuremsv: - The thermal simulator tanks, as
in a typical airplane tank, had fuel transfer holes (some with flapper check
valves) that could restrict gravity fuel flow if blocked hy water-ice or other
contaminants., The gravity drain system leading outside the test tanxs was of
a nominal 1.91 cm (0.75 in.) diameter, not typical of the size and length of
airplane fuel tank installations. This condition of withdrawal was not real
life, but was necessary for determination of gravity holdup. The blocking of
the transfer holes and the drain system by non-fuel components could produce
unreliable test results.

In the high holdup regime, the drain and transfer passages became blocked by
dgams of solidified fuel benind which liquid was trapped. Repeatability would
have suffered due to the random blockage patterns formed by wax falling from
the top and sides during withdrawal.

A possibly significant source of holdup measurement error in the tests is the
time involved to stop the test when the target temperature is acrieved and to
accomplish: (1) level tank gravity drain, [2) tilted tank grav.ty drain, and
{3) boost pump drain. These functions were oper~ator rontro’led, with some
nonuniformity in time depending on the amount of liquid d-ained, weighing
svstem time constants, and other uncontrollable factors. Du~ing these
activities, the coolant system continued to operate and would have frozen
additional material in amounts which depended on time delavs,

The sianificance of “hesa varigus possible arrors 15 ynknowr,

B. SUGGESTIONS FOR SUBSEQUENT PROGRAMS

Tecnhnolegy neeas which shoulo be developed as part ot cortinuing ettortis ir
the event that turbire-powerec aircratt tinc 1t aavanlageous tC Lse nicner
freezing peirt tuels are giscussec 1t the toliowing paracraprs.

1. Flight Temperature Analyses

The militery hes screeneg historical weatner cata for use 11n getining 1ts
operating temperature ervironments. Tnese oata are largely tasen from the
twice gally soungings of the atmosphere by weather stations. These data were
treated statistically ang were reduced to tables showing, by freguency of
occurrence, the tem.eratures CcCcurring a8t variocus  eltituages, Tre noest
treguently occurrinc termeratures 1r various rarges were used ic aefire
“stangarc dayvs" tor specitic applications. Tris  werk  1s  publishec as
mIL-STh-¢1b. Ine probapriity of occurrence ¢f & c¢iven temperature level
cecreases with the degree ot aeviation trom the norm. Temperature deviations
representing a frequency ot occurrence of so many days per year or of constart
percertages o* the time are shown in [ IL-5T0-21(B,

Generally speakinc, the cost of assuring equipnent operatior at a aiven
terserature 1nCreases watr +tnat terperature's cdeviatior from the rern, L8 o@
Sracticél matier, @ “Cherarie oeviation tror tne norro ot jess severily tnac
The 3O Lt o aTTOrSL Tar Pe S00&ltel e oCelior 310 prenngted crerglrorg s
o 49 Trhereox e T Eate_Lavef Tt lene TPUC & SCauti edtrotes v



-13-

S LG TR T el Lm Ll T e el Ay e e wET IO 2UPOSINerT TENNETET Lrel
et Crulse altituges witn reporiec minintumn temperatures from commercial
aviatior experience 1ncicates that the NhIL-STL temperature extremes go not
aitrer greatly ftrom reportea commercial temperatures. This comparison
1naicates that thne mirtmun temperatures at cruise altitudes show enough
simlarity to reinforce tne use of MIL-S8TD-210B at cruise altituaes. however,
avellavle datea ao not corroborate the MIL-S1U values at other altitudes.

Available data do not corroborate the KIL-STD frequency of occurrence data.

A turtner shortcoming of MIL-S1D-210B and other atmospheric cold or arctic
"day" stanaaras 1s that no¢ information is given on likely duration of
tenperatures either in persistence (time) or geographical extent. Analysis of
aircraft tank fuel temperature variation auring a flight requires a profile of
temperatures alonc the route of flight on the gay in gquestion to be of

practical use.

Areas of very low temperature are thought to occur in localized areas of & few
nunared miles breaath, The specific¢ dimensions of these areas are currently
ungetinec. Various arrcraft will encounter these low temperature areas 1r
gitferent ways. A tanker airplane used for infiight refueling may nave tc
iciter in @ specific area for a while, tor exampie, to retuel fighter aircraft
returning from a mission. (ommercial flights or military transport fliahts
will pass through these areas of unusually low eir temperatures on only a part
of their mission with the balance of the mssion in more normal air

tempberature,

L w2 ' documentes ang broac y accepiea sindle fiight atma2spheric moazl intc
which any aircraft can be placed for analysis is needed. The model could
simply be a three-dimensional array of static air temperatures covering the
areas of the earth's atmosphere where flights are considered.

There have been cursory attempts to define three-dimensional models. One
model nas been used in the work monitored by CRC. However, none of these
models have been developed to the point of being established as a standard for
design. Such a design standard is needed. A standard model would allow
analyses of fuel temperatures on particular aircraft to be made that would
consider time variations. It would also establish a standard for design and
test of systems.

2. Computational Technigues leeded

Once a model atmosphere 1is stipulated, a method is required to compute the
time varying thermal profile in the fuel tanks. This method should be
sensitive to fuel level, since it is known that the fuel rate of cooling is
greater when both upper and lower tank skins are wetted, the situation which
exists in some fuel compartments early in the flight. At later times as the
fuel level drops, contact hetween the fuel and the upper skin is lost; and the
cooling rate decreases. On examination of the profile, it may *hen he
possible to estimate the holdup fraction as a function of a postulated fue)l
freezing point, or so'idi“ication <‘ndex, Ar or the hasis 2f data from othe-

Yahararan, Ao mas
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Txrerimentil Investigations

Tne release of frozen fuel from aircraft structures in the presence of wing
bending or on descent to warmer environments may present a problem to engine
fuel faed systems. The movement of pieces of frozen fuel may plug ejector
pumps or clog screens at the entrance to fuel boost pumps. If these devices
pass small pieces of frozen fuel, downstream fine mesh filters could be
clogged. Such filters are often protected by heating devices to melt water
ice particles, but may be ineffective in eliminating frozen fuel.

An experimental investigation into these problem areas would provide the basis

for general guidelines which could be used to set acceptable holdup which
would not affect total availability of fuel,

The use of fuel tank simulators to study low temperature behavior of fuel is
expensive and time consuming. It would be desirable to develop a small-scale
laboratory device to replace these simulators, especially for studies of the
effects of fuel properties on holdup.

C. DEFINITION OF LOW TEMPERATURE FUEL PROPERTIES

Freezing point, as measured by the ASTM D-2386 method, is presently the
specification propertv used to assure low temperature fuel flowability.
Zonsequently, D-2386 equipment is widely available,

An effort was made to identify a less restrictive or better suited fuel
property or test method that assures satisfactory aircraft operation in
extremely low temperature conditions. Pour point, ASTM D-97, is not a
controlled parameter in the specifications for aviation turbine fuels. The
method 1is time consuming and relatively inaccurate. In 1952, a two-jar
version of D-97 used to test jet fuel "Solid Point" with a precision of 2°C
was included in the D-1655 specification on a tentative basis. It was dropped
when the D-2386 Freezing Point Test replaced the D-1477 test. Additional low
temperature property tests are described in Appendix C. These methods were
considered as far as the available data on the test fuels would permit;
however, none were found to accurately predict holdup. More work should be
done on some of these methods. The ASTM Technical Division D2-J is examining
alternative low temperature fuel test methods.
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V. CCNCLUSIONS

“ra Lockheed and Boeing simulators show simiiar effects. When
simulating the iow temperature exposure o0f an aircraft tank at cruise
altitudes, a very steep thermal gradient is observed between the
skins of the aircraft and the first few centimeters of fuel next to
the skins. Because of the low thermal conductivity of fuel and the
minimum amount of convective heat transfer, bulk fuel temperatures
lag far behind skin temperatures.

Wax crystals appear in the fuel boundary ‘aver when boundary laver
temperatures fail below the fuel's freezing point. Holdup of wax
{and entrained fuel)! was measured in both simulators and provided
similar results.

Vibration, slosh, and combined vibration and slosh tended to decrease
the difference between simulator skin temperature and bu'k ‘uel
temperature.

The procedure used in the simulator testing for reconstituting tre
wax phase with the liguid pohase after each test did not appear <o
affect fuel holdup results when the sampies were reused as juzged by
tests using a laboratory test device.

Holdup in the simulators zorreiates well with the approximate average
of the fuel freezing point and pour point.

No single bench tes%t of fyel low temperature properties has yet been
identi€ied as better suited than freezing point for specifving “aw
temperature operating limits. Freeze point s 2 conservative measyre
of these limits.
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VI. RECOMMENDATIONS

Tnese recommendations for areas of further work to define fuel low temperature
benhavior in aircraft are based partly on results from the Boeing anc Lockheed
test programs and partly on the experience of the mempers of tne CRC group on
_Low Temperature Flow Properties of Aviation Turbine Fuels, These items are
grouped into similar areas and are not in an order of need or prefarence.

®¢ Obtain additional %est data wusing alternative laboratory iow
temperature test methods on a complete set of test fuels and
correlate results with simulator hnoldup to determine the Dest
correlation, particularly at low levels of holdup.

¢ Develop a small-scale 1laboratory <test device where tlemperature
gradients in the fue! sample would be similar to those observed fn
the wing tank simulators and *“hen estadlish a relationship or an
effect of fuel proper~ties on nolaup.

o Develop we'l documented and broad'y accepted aircraft flight moce?
atmospheres and define realistic worst case “light temperature
profiles,

¢ Devalop a computatioral pracadure to determine fuyel <temperature
profiies ana tne attendant fuel noid-up in eircraft tawxs as a
function of time and ‘ue! prope-~ties for a specifiec model atmosphere
and flight profile.

® Investigate the effacts of fuel cooling rate on holdup.

o Develop a neat transfer compuzer o~ogram %o mode: fuel temperature
a~0€iles in an air~cra“t rtank Hases on avaiizdble data from tne Boeing
and Lockneed programs, estad’isn limitations of <ne mode’, and ootain
new data ¥ tnis ‘s found necassary.

® Obtain detailed in-flignt fuel <*anx temperature <2istribution for
correlation with simulator dat2 and with the tast airplane's €ue’
temperatuyre sensing svstem.

® Study the release 3f frozen €uel “from 3f-~craft struclture under
conditions of wing fiexing and temperature increas2. Concurrentiv,
evaiuate *he fuel svstam e“fects of ingestion 0f solid fuel fracments
into the engine feed system; particularlv with respect to the boost
pumps, screens, filters, and current de-izing heaters,

® nvestigate experimenta’lv what leveil of hoiaup uncer Cruis?
conditiars wouid not af€ect <tctal avaiiahilitv 9¢ fie' fram 3 fast
tanx curing simulation 2f a mapic gescert t5 warmer altieudes,
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Develop correlations *to normalize the temperatures of fuel tank
probes located at various heigh%s above the s«kin {and having various
venetrations) to a common dasis.

Determine axperimen:ially if flow improvers can reduce noidup 3:  ow
holdup {petow 5%) conditions and study <he effects of flow-improved
wax slurries on fuel system component performance.

investigate experimentally the effactiveness of methods for adding
heat to fuel to avoid unacceptadle levels of holdup under cruise,
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5
L TABLE !
£y
4OLDUP MEASUREMENTS OF RECYCLED Fuei' '’
(Shell Cold Flow Tester.
(2) :
FUEL LFP-1'" Test A Test B Test C
Temp. of Holdup Measurement °C -44.2 -44.4 -44.6
. Holdup
New Fuel 12.G 1.5 8.5
Recycle <1 1.5 6.0 6.0
Recycle =2 10.5 5.5 4.0
Recycle =3 6.5 4.0
Recycle =4 1.0 8.5
syEL 1 FP.g d) fest A Test B Test C Test D Test £ Test f
q Temp. of Holdup Meas. °C -33.2 -53.3 -53.2 -53.2 -53.2 -33.2
% Holdup
New Fuel 11.0 10.0 6.5 8.0 7.0 12.C
Recvcle =1 11.0 11.¢ 11.0 1£.0 14,0 11.C
Recycle =2 10.3 11.0 10.0 10.0 16.0 12.0C
Recvcle =3 12.0 8.3 2.0 1.0

1) Tests on a new sample followed by several cycles of remixing the
separated comnonents and retesting.

(2} Boeing data “rom Figure 10 shows a noldup variation from 5 to 60%
at about -44°C,

(3) Boeinc data from Figure 4 shows a holdup variation from 14 to 60
at about -53°C.
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FIGURE 3

VERTICAL TEMPERATURE PROFILES AT START OF FUEL WITHDRAWAL
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FIGURE 4

TANK FUEL TEMPERATURE PROFILE SCHEMATIC

TS = Skin Temperature
™ = Midtank Fuel Temperature
SI1 = Fuel Solidification Index
SI
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FIGURE 8

SHELL COLD FLOW TEISTER - SECTIOWAL ELEVATION
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AIRCRAFT DESIGN CONSIDERATIONS

During the development of this report, it became necessary to inquire into
certain aircraft design considerations which have bearing on the low
temperature fuel problem, The findings are included for reference.

Fuel Management

The recognition that fuel temperature is a function of the location of the
fuel in the aircraft tankage has prompted the suggestion that fuel simply be
used in a different manner. For example, the fuel in the outboard wing tanks
cools more rapidly, is held until late in the flight and reaches a lower
temperature than does fuel at the wing root or in a center wing or fuselage
tank. From this standpoint, logic says that the outboard fuel should be used
first and the inboard fuel which stays warmer should be saved for the later
part of the flight. This reversal of procedure is impractical to the airplane
operator and is undesirable to the aircraft designer. The intimate
relationship of fuel management schemes and aircraft efficiency is not known
to many outside the airline/airframe industry, A brief review of this
relationship is brought into this report to better define the alternatives
available in applying other data in this report to improving the cold fuel
supply situation.

Tne way fuel is held, transferred, and used in an air¢raft is known as its
fuel management schedule., Specific components or €uel subsystems mav be
installad to accomp’ish this task. Tne combination of the fuel management
schedule and the fuel tankage arrangement of an aircraft has a very

iggnagicant effect on the minimum fuel temperature experienced on a given
ignt,

Study of various aircraft will show that there are many different fuel
management systems in use. Fuel management can be quite complicated on a
large multi-engine aircraft and may vary with aircraft model and with specific
missions. Generally, fuel management schemes have been driven by requirements
for center-of-gravity (CG) control and structural Tload control with the
ultimate goal of having a more productive airplane design.

Aircraft CG shift can be controlled by moving fuel among the tanks or by using
fuel from the tanks to the engines in a prescribed manner, These fuel
management techniques may be applied during aircraft lnading to either allow
more variation in where payload can be placed ahoard the aircraft or to
accommodate specific cargo loadings where weight may he concentrated at a
specific location,

Structural load control is usually practiced by maintaining fuel outboard in
the wings to counter aerodynamic loads, Load alleviation using counteracting
fuel load forces results in a lighter airframe structural reguirement than if




the aerodynamic loads were handled by pure structural strength, Wing flutter
damping bv maintaining fuel mass outboard also results in reduced structural
weignt of the airframe. Reduced airframe weight can allow greater payloads or
can give greater fuel efficiency to the airplane.

Combinations of CG control and structural load control can be used in other
ways to reduce airplane weight and drag. These concepts are "built in" to the
pasic airplane design to make it the most efficient package possible.

Deviations from normal fuel management schedules to maintain fuel temperatures
at higher levels would have to be evaluated for each specific aircraft to
determine what penalties may result. If the deviations were frequent, they
could result in greater fuel consumption which would be counterproductive to
the original intent of increasing fuel availability and reducing costs by fuel
freezing point increases.

Future design/procurement requests for specific aircraft should include
studies to evaluate the trade-offs involved in designing the vehicle to
accommodate fuel of an increased freezing point. These studies would include
alternative fuel management concepts.

Fuel! Tank Insulation and Heating

There are many alternatives which may be used to improve the ability to
operate aircraft with fuels of higher than traditional freezing points. Some
schemes are being studied and tested which affect the design of the aircraft
and its systems.

fuel tank insulation would reduce the fuel cooling rate and may ameliorate the
effects of low atmospheric temperature transients. The application of
insulation to the outside of a wing surface will affect the drag of the
airfoil., Internal insulation is very difficult because of the comp?exity of
internal structure. The available fuel volume would be reduced. Spraying of
foam-in-place insulation would cover the internal structure and bhinder the
very important procedures of structural inspections and corrosion control.

Tank fuel heating schemes abound and have significant possibilities of
replacing currently empioyed c¢ooling methods. If a currently installed
cooling system can be replaced or modified, the penalty of added eguipment can
be reduced. Fuel *emperatures and systems have upper limits; so the hot day
cooling case must be a part of every evaluation of suggestions for using fuel
as a heat sink.

NASA CR-159568 evaluated five concepts for tank fuel heating {1). Design and
Evaluation of Aircraft Heat Source Systems for use with High-Freezing Point
Fuels, A, J. Pasion, NASA CR-159568, May 1979, Two concepts were selected
from five candidates for further evaluation., These used either engine 0il
heat or an engine-driven electrical generator to furnishing energy for fuel
tank heating., A NASA contract has been let to Lockheed California Company to

experimentally examine the selected heating systems and to assess their effect
on fuel recovery from a simulated wing tank.

11) Design and Ltvaluation of Aircra®s Heat Source Svstams for use with
High-Freezing Paint Fuels, A, ], Pasion, NASA CR-159568 May 197C,
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Tnere are tunaamental considerations to be xept in mind on any desicn change.
these 1ncluae safety, corplexity, reliabiiity, operating anc¢ maintenance
costs, aesign ang installation costs, ftuel consumption, weight, etc. Safety
will not pe compromisec, SO the tinal corsiceration in any evaiuation will te
tne econoiic benetits versus the economic penaities. The manutfarturirc costs,
tne installation costs, and the operating costs not affectea by fuel prica can
be readily evartuatea. Tlhere is a definite need to establish the fuel price
etiects ot any tuel +treezing point specification change 1n order that
gecisions can be made on design changes,

Fuel Temperature Measurements

All aircratt have a consideration of fuel temperature in their design anc in
their operating instructions. Some aircraft have no direct termperature
measurement, but rely on the use of air temperature limits to control fuel
termperatures. Where dairect fuel temperature measurement 1is provided the
system 15 based on considerations ot both high & low fuel temperature limits,
tuel system cesigrn, tfuel management procedures, accessibility for production
ana maintenance, System precision, system reliability (simplicity), cost
eftectiveness, and anticipated aircraft operations.

The typical aircraft fuel temperature inaicating system 1S maae up of one
thermistor type sensing element and one cockpit mounted 1indicator. The
sersing element 1s the varying resistance in a wWheatstone bridge circuit with
all the electronics containec in the indicator housing. Cockpit display panel
space has been a limiting facter so 1f more than two locations were to be
gispiayed 2 switch was used to select the desired circuit. Future desians
will have similar c¢ircultry, but the sicnal will be microprocessea anc fec
into an on boara computer. The irformation will be displevecd digitaily tc¢ tne
tlicht crew on & color screen at their cummang.

The fuel tank tenmperature probe 1S usually mounteg so as 1o be bathea 1n fuel
auring tne desired period ¢f tlicht, This means that it 15 probably in a mair
fuel tank. The probe will likely penetrate either the front cr rear tark
boundary at ic-neilchit aque tc¢ structurel strength  ccnsigeratiors. Tre
penetration into tne fuel will vary anc may be ceterminec by & desire to use 2
commor terw.erature Sensor 1n the tuel system, tne hygrauligc svster anc the ovi
systern,

Tne coidest or warmest tuel nay be at locations other tnan where the probe 1s
iocated. Tnere are tolerances on ali the parts of the system tnat rust pe
consicerec as well as tuel temperature cradients. 1he properties c¢f tne fuei
anc the accuracy 1 test meinocs fur geterrininc these rroperties rust be
consicered,

h*ter ail of the variables are taken intc accourt the manufacturer establishes
@ margin relative to tne measured freeze point of the fuel wnich snoulc pe
maintainec at the cockpit  1ndrcator  tc ensure  satistactery  syster
pertormance. These marcins can be expected tc¢ vary among tne many airpianes

- - - -~ ey ~ & P : P . - Y 4 - . <

L5856 Gue T their gestan arffererzes,  Trec¢itieraliy suel frecle peTnls were
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availabiiity of aviation turpine fuel and the resulting pressure tn raise

3ilowable fuel fraeze points will reguiire increased attention to the aetails
0f fue! <smperiture measuremant systam reguicemants and ysae,
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RELATION OF FUEL COMPQOSITION TO LABORATORY AND SIMULATOR TESTS

The wax which forms in a fuel at low temperature is composed of normal
paraffins, Since the n-alkane composition of eight of the test fuels had been
determined by gas chromatographic analysis as shown in Table B-I, it seemed
desirable to relate these data on composition to the results of various
laboratory tests and to the Solidification Index which was shown in the report
to correlate with holdup in tank simulator tests. The test data on the eight
fuels are shown in report Table V.

There is a strong relationship between S.I., and each of the other low
temperature tests as shown by Figure 8 for these eight fuels, As the report
points out, other tests besides Freezing and Pour Points might have been used
to develop the correlation with holdup, but, for initial correlation studies,
Freezing and Pour Points seemed like reasonable approximations of the extremes
of 0 and 100% holdup respectively.

Each of the low temperature tests also represents some degree of precipitated
wax in liquid fuel. By definition, the Freezing Point represents a 1liquid
fuel at the melting point of the last wax crystal. For the other tests, the
amount of wax present at the designated end point is unknown. One way of
estimating this amount of wax is to relate the cumulative percentage of
n-alkanes in each fuel, starting with the highest molecular weight, to each
test result. A computer study was undertaken to develop these relationships
for eath test as well as the Solidification Index of holdup itself.

Freezing (Melting) Point of pure n-alkanes

The melting point of individual normal paraffins is far higher than the
freezing ‘i.e. melting) point observed for a fuel containing a mixture of
n-alkanes f{as well as other types of hvdrocarbons) due to eutectic effects.
Figure B-1 is a plot of individual n-alkane melting points against carbon
number. On this same plot the freezing point of the eight test fuels are also
shown, *the horizontal lines czover the range of Carhon numbers of the three
highest molecular weight n-alkanes detected in each fuel. Petroviz and
Vitorovic have published a method for estimating the freezing point of jet
fuels based on the last three members of the n-alkanes detected in fuel (1),

TTT K. Petrovic and D. Vitorovic 'A New Method for the Estimation of the
Freezing Point of Jet Fuels Based on Their n-Paraffin Content" J.1.P.,
Vol,59 No. 565, Jan. 1973,
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For the jet fuels (numbered 1, 8 & 9), there appears to be a minimum
temperature difference of almost 60-70°C between the highest n-alkane melting
points and observed freezing points. For the heavier diesel fuels, the
minimum temperature difference to the freezing point is less. This trend
suggests that the molecular weights and amounts of the highest carbon number
n-alkanes may correlate with freezing point and with the other low temperature
tests where wax is present to some extent as a temperature end point lower
than the freezing point is observed.

Computer Mode! for Relating n-alkanes to Low Temperature Tests

Preliminary plots of cumulative percent n-alkanes starting with the highest
carbon number against S.I. suggested that a good correlation would exist at
relatively low levels such as 2%. The computer was then instructed to make a
linear interpolation for one, two and three percent n-alkanes starting with
the highest carbon-number (Table B-1) for each fuel. Regressions between
these different percent wax levels and the various test temper%tures reported
in Table B-II were computed. The significant resuits with RS greater than
0.95 and f greater than 100 are summarized in Table B-III.

The best correlation was found between the Enjay Fluidity Test and the two
percent level. However, other tests showed good correlations also. The best
values are underlined in Table B~II] and can be summarized as follows:

% n-alkanes

Test One Two Three

Freezing Point X

Pour Point X
Cold Filter Plugging Point X

Enjay Fluidity X

Seta Detector X

Shell Cold Flow X
S.i. = X

Figure B-2 is a computer plot of the residual error between actual Freezing
Point and the Freezing Point predicted from the one percent n-alkane level,
Except for LFP-7 the error was within 2.5°C (The Petrovic correiation
standard error for jet fuels only is 0.6°C.)

Figure B-3 is the computer plot of the Seta Point Detector residual error in
prediction at one per.ent n-aikane, [t appears to be as gnod or better than
Freezing Point.

Fiqure B-1 is the computer plot of Enjay Fluidity Test residual error at *he
two percent n-alkane level, A1l values are within 2°C. For comparison Fig.
3-5 is the computer plot of Solidification Index residual error at the two
per.ent n-alkane level. The maximum error is about 4°C.
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Tne different percent n-alkanes which proved to have the best correlation
coefficients with each test can be translated into the lowest carbon numbe~
{or the lowest molecular weight n-paraffin) associated with each amount of
wax. When this lowest carbon number for each fue! is regressed against the
temperature reported for each test, the equations in Table B-IV result. these
2quations are plotted in Figure B-7 to illustrate how one could estimate
Freezing Point, Solidification Index or any other test from the composition of
tne] ng.v That composition is estimated by the technique illustrated in
Table B-IV,

EISCUSSTON

‘e one percent correlation with Freezing Point seems very reasonable since
tne gerinition of the terperature at enag point 1s consistent with wax content
approactitng zero. By tne same token, tne Seta Point Detector was designea to
attempt to match the freezing point, i.e., minimum wax., The wax to plug tnhe
c1lter of tne Culd Fiilter Plugging Test also appears to be present in small
guantity.

The three percent correlation with Pour boint ana the Sheli (olg Flow Test 1s
interesting since each test invoives nolaup of iiguic fue! by & wax matrix at
the criticel temperature. Since S.1. is an approximate averace ot Freezir¢
ana Pour Points, goog correlation of $,1. &t two percent is to te expectec.
Tne Zriay Fluicity dest with its excellent correlation at the 79 level may
prove to De as GoocC &5 S.i. 1rmocorrelating witn actuel holaur ir sirwlator
L anks.,

kriowleoge ¢t  the n-alkane content makes 11t possible to estimate the
composition ¢t the precipitatec wax 1n terms ot the limiting {or average’

carbon numrer (1.e. rolecular weicht) Tor a specitic level of precipitation.
For TS stucy tne technigue for estimalting compositior iS basecl or Tractions
EGGEC TC Tre ugg N-Perattic ownich s tne riichest n-aingre founc in tne test

wiie leseC 0P TPIS tenrijue aspitec il eight test fue.s, 1t 15 pessitle te
w3& Ihe appropriete eguations ¢~ 0rapns 1o precict not onlv Tuei Freezing
beant enc scitcitication [maex but alse other low terperature test results,
wih1er anvoive a mixture of wax crystals in iiguiac fuel, 1t 13 unfortunate
Trat compositional date are evéiiable on only eiant fuels because & iarger
DOCL €Y Gata maht nane 1t pessidle Lo optimize this metnoc for utilizing fued
1S 7T respect to each of the (ow terperature tests.

e metnocs aiscussed 1n tnis Appencix were not appilec to tuels containing &
TaOw Iy roever, Tne effects ot tlow improver ¢n these correlations 18 rnot
rEOwW L,
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SUMMARY STATEMENTS

The n-alkane content of fuels can be used to estimate the Freezing Point of
fuels in confirmation of the Petrovic and Vitorovic correlation, and also
to predict the results of other low temperature tests.

The concept of using a low but fixed cumulative percent of the highest
molecular weight n-alkanes in fuel to predict the wax present in two-phase
tests such as CFPP, Enjay Fluidity, Shell Cold Flow, Setapoint Detector,
etc. appears to be supported by tne high correlation coefficients obtained.

For any given level of precipitated wax, it is possible to estimate wax
composition and from this estimate to approximate the corresponding
temperature of any of the low temperature tests.

Solidification Index shows a high correlation coefficient with two percent
n-alkanes. The Enjay Fluidity Test also correlates well with two percent
n-alkanes and should be investigated further for use in analyzing holdup of
wax in simulator tanks.

Although this computer study has perforce been limited to eight test fuels,
the concept of applying GC analysis for n-alkanes to predict low
temperature laboratory and bench tests should be expanded.

(-
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TABLE B- 111

CORRELATION COEFFICIENTS OF VARIOUS N-ALKANE
CONTENTS WITH LOW TEMPERATURE LAB TESTS

(8 TEST FUELS, LFP-1 TO LFP-9)

Basis for Cumulative n-alkanes
(Starting with highest carbon No.)

Laboratory Test Code 1% 2% 3%

Freezing Point F 0.992 0.987 0.971
Pour Point p 0.947 C.962 0.970
Cold Filter Plug Pt. c 0.989 0.973 0.936
Enjay Fluidity 2 0.990 0.996 0.982
Seta Detector D 0.993 0.980 0.967

Sheli Coid Flow

w
[en]
w0
(34}
o

0.984 €.983

Solidification Index C.978 0.983 0.978




TABLE B-1v

TEST TEMPERATURE VS. CARBON NUMBER OF WAX PRECIPITATE

(Equations Relating Different Test Temperatvres, °C, To Lowest
N-alkane At Different Level:)

= -8.34 (Cn at one percent) + 9.71
= -7.77 (Cn at three percent) + 12.3%
.52 (Cn at one percent) + 5.7}
= ~7.10 (Cn at two percent) + 9.29
= -7.1§ (Cn at one percent) + 2.67
= -8.72 (Cn at three percent) + 22.37

’ SI = -8.24 (Cr1 at two percent) - 12.75

w”v o MmO YV oM
[}]
1]
(o]

To calculate (C_ at x percent), add weight percent n-alkanes
starting with C,; until a limiting C_ is reached. For example,
LFP-1 at 1%: 2! '

n-alkane wt.% cum. % L0
Cx 0 0 1
G0 .01 .01 2
Cig .01 .02 3
Cig 16 .18 4
17 .27 .45 5
Cle .51 .96 6
Cis 1.19 1.0* 6.04*

* Includes portion of C]S

. C, at one percent is C(Z] -6.04) ° C14.05
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FIGURE B-6
TEST TEMPERATURE VS. ESTIMATED CARBON NO. OF WAX PREC.
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LOW TEMPERATURE MEASUREMENT METHODS

The fuel low temperature test methods described below involve either one or
two phases, i.e., a mixture of suspended wax in fluid, at the time a
measurement is made. The presence of either one or two phases is noted in the
description of each test. Remarks on holdup refer to the apparatus peculiar
to the test method.

Freezing Point (ASTM D 2386)

While being stirred, 25 cm3 of fuel is cooled in a special test tube to the
temperature at which wax crystals appear. It is then allowed to warm slowly
until the wax crystals disappear completely. The temperature of wax
disappearance is the freezing point. (Freezing point 1is reported to the
nearest 0.5°C.)

Freezing point by this definition is equivalent to a single liquid phase and
therefore zero holdup if all of the fuel was at a temperature equal to or
greater than this temperature.

Pour Point (ASTM D 97)

As 163 cm3 of unstirred fuel is cooled in a special test tube, it is checked
at 5°F (3°C) intervals to see whether the liquid level moves in response to
tilting the test tube. The lowest, temperature at which movement is noted is
the pour point. (Pour point is reported to the nearest 5°F or 3°C.)

At the pour point two phase conditions exist, a liquid phase trapped in a wax
matrix. It could correspond to maximum holdup.

Cloud Point (ASTM D 2500)

As unstirred fuel is cooled in a pour point tube, it is checked every 2°F
(1°C) for the appearance of a wax cloud or haze. The cloud point is the
temperature at which the wax haze first becomes noticeable. {Cloud point is
reported to the nearest 2°F or 1°C.)

Cloud point represents the first appearance of a second phase. It could
correspond to a very low degree of holdup.

Note: Although none of the above three tests specify the rate of cooling in
degrees per hour, the cooling rate is controlled in each test by using
constant temperature baths at specified temperatures and by closely
delineating the testing apparatus and sample volume,

Shell Cloud/Pour Analyzer

This is an automatic instrument that measures the thermal crystal point (TXP)
or temperature at which wax is initially separated during controlled cooling.
This temperature is detected by thermal analysis. The instrument also
measures as a solid point (TSP) by a falling-ball technique. Experience has
indicated that the TXP and TSP predict cloud and pour point, respectively.
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Shell Cold Flow Test

The tester is comprised of two fuel compartments, separated by a poppet
valve. A measured volume of fuel is placed in the upper compartment of the
tester and cooled to the test temperature. The poppet valve is then opened
for a fixed time, and the amount of fuel drained to the lower compartment
measured. The test is repeated at different test temperatures to establish
the minimum temperature at which all fuel will drain from the top to bottom
compartments of the tester. Complete test details are given in the Journal of
the Institute of Petroleum, November 1962. (See Figure 9 and discussion in
the section on Effect of Repeated Freezing of Fuel Specimens in main text.)

Cold Filter Plugging Point Test (CFPP) (Institute of Petroleum - IP 309)

The test sample (45 cm3) is cooled at a rate of 40°C per hour to the desired
test temperature. At intervals of 1°C, a vacuum of 200 mm water gauge is
applied to draw the fuel through a 45-micron wire mesh filter. The CFPP is
defined as the nighest temperature at which the fuel will %ot flow through the
filter or require more than 60 seconds for passage of 20 cm® of fuel.

CFPP is a measure of the wax present in a two-phase flow system. It might
correspond to an intermediate level of holdup.

The Enjay Fluidity Test (EFT)

The fluidity tester consists of two graduated transparent-plastic cylinders
(3.8 mm in diameter) which are screwed together to form two compartments with
an interconnecting brass capillary (2.54 mm in diameter). A fuel sample of
40 m1 is placed in the lower compartment and cooled in a cold temperature bath
at 4°F per hour to the test temperature. The tester is inverted and the
volume of fuel recovered in the lower compartment after three minutes 1is
measured. This procedure 1is repeated at several test temperatures to
determine the temperature at which 80 vol % is recovered in the lower
compartment,

EFT temperature implies about 20% holdup in this device.

Setapoint Detector

This instrument is designed to predict the freezing point of aviation turbine
fuel. About 6 ml of fuel is contained in a sample chamber bored into the
center of an aluminum block with an illuminated viewing window. The fuel is
circulated at 1 ml per second at 10 mm Hg pressure through a 400-mesh (33
microns), stainless steel filter. The aluminum block temperature is
controlled by compressor refrigeration and thermoelectric cooling. The
temperature at which either the filter plugs, NO FLOW point, or at which flow
resumes on heating, FLOW point, can be used to define Tow temperature
behavior. The FLOW point has been correlated with ASTM D2386/1P16 freeze
point,

Setapoint is a measure of the wax present in a two phase flow system. It
might correspond to either Tow or intermediate holdups.
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