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We have recently introduced several important improvements in the measurement of distillation curves for
complex fluids. The modifications to the classical measurement provide for (1) a composition explicit data
channel for each distillate fraction (for both qualitative and quantitative analysis); (2) temperature measurements
that are true thermodynamic state points; (3) temperature, volume, and pressure measurements of low uncertainty
suitable for an equation of state development; (4) consistency with a century of historical data; (5) an assessment
of the energy content of each distillate fraction; (6) a trace chemical analysis of each distillate fraction; and (7)

a corrosivity assessment of each distillate fraction. The most significant modification is achieved with a new
sampling approach that allows precise qualitative as well as quantitative analyses of each fraction, on the fly.
We have applied the new method to the measurement of rocket propellant, gasoline, and jet fuels. In this
paper, we present the application of the technique to representative batches of the military aviation fuel JP-8,
and also to a coal-derived fuel developed as a potential substitute. We present not only the distillation curves
but also a chemical characterization of each fraction and discuss the contrasts between the two fluids.

Introduction SO generous, it is clear that the gas turbine can utilize a wide
variety of liquid fuels, especially in an emergency. A major
consideration with alternatives to fuels such as Jet-A and JP-8
is how to derate the engines in terms of service life. The
necessity to derate an engine designed for JP-8 after operating
it on an alternative fuel stems mainly from the carbon deposits
in the fuel system and fuel nozzles. This can typically require
engine teardown and maintenance at more frequent intervals
than if the engine were fueled only with the optimal fuel grade
kerosene. It is therefore clear that the properties of alternative
fuels must be well understood to permit substitutions to be made
as needed.

In response to concerns of supply disruptions and environ-
mental considerations, several alternative fuels to JP-8 have been
developed that are based on alternative feed stocks. This includes
an antistatic addi_tivé.The_r_e is a desire in th(_a United _States E);rl:]heelt:“i:szlfjllfjef—sTTOa[‘Jiifflr?):’T(])Cn:StgingdaZ é?sﬁé%%a;ﬁ?darifdg,fg%de
defense community to utilize ‘].P'.8 as thg main battlefield fuel a significant fraction of coal liquids (designated in this paper
for all vehicles, not only for.aV|at|on appllcatlons but also for s coal-derived fuel, CDF).10 This fluid is also referred to as
ground-based forces. For this reason, the physical and chemlcag )

. o . prototype JP-900.
properties of JP-8 are receiving renewed interest. Moreover,
there is a desire to develop thermodynamic models (such as_ (3) Schobert, H. H.; Badger, M. W.; Santoro, R. J. Progress toward Coal-

; ; ; Based JP-900 Fueldbstr. Pap—Am. Chem. So@002 224, U270-U270.
equations of state) to correlate these properties, in order to (4) Strohm, J. J. Improved Pyrolytic Performance of Model JP-900 Jet

enhance design and operational specifications for further ap-ryeis by Binary Hydrogen Donordbstr. Pap—Am. Chem. So2004
plication of this fluid. 228 U180-U180.

; i ; Wi i ; (5) Shafer, L. M.; Striebich, R. C.; Gomach, J.; Edwards, T. Chemical
The gas turbine engine is more forgiving in operation than Class Composition of Commercial Jet Fuels and Other Specialty Kerosene

are internal combustion engines that burn gasoline. Indeed, theg gis. “14th AIAA/AHI Space Planes and Hypersonic Systems and

developer of the first gas turbine engine, Sir Frank Whittle, Technologies Conference,Reno, NV, 2006; paper 7972, pf 1

reportedly once remarked that his engine could run on anything Da&g)sl-ﬁg;?g)é ?':Qﬁn%glmsﬂrlhc% Elﬁscel ';utttésl S?&DISAM;%%Z&:&;?HV
. . . . i vices, Inc.: Pittsburgh, PA, ;

from whiskey to peanut butter. While the reality might not be (7) Beaver, B. D.: Fedak, M.: Sobkowiak, M. Burgess. C. E. Possible

Use of Additives to Provide JP-900 from a JPARstr. Pap—Am. Chem.
* Author to whom correspondence should be addressed. Phone: 303-Soc.2004 228 U181-U181.

The major gas turbine fuel that is currently the most
commonly used by the United States military is JP-8 (MIL-
DTL-83133), a kerosene fraction that has a higher flash point
than the main military predecessor, JP-4P-8 was first
introduced at NATO bases in 1978 (hence, it was also called
NATO F-34) and is currently the U.S. Air Force’s primary fuel,
and the primary fuel for U.S. Navy shore-based aviation. Aboard
aircraft carriers, the major fuel is JP-5, which has an even higher
flash point than JP-8 (desirable for safety considerations),
although its higher cost restricts its use to the specialized fire
control needs of aircraft carriers. JP-8 is very similar to Jet A-1,
the most common commercial gas turbine fuel, with the major
differences being in the additive package. JP-8 typically contains
an icing inhibitor, a corrosion inhibitor/lubricity enhancer, and

497-5158. E-mail: bruno@boulder.nist.gov. (8) Berkhous, S. K.; Schobert, H. H. Freeze point determination of
(1) Handbook of Aiation Fuel Properties, CRC Report No. 635 prototype JP-900 jet fueld\bstr. Pap—Am. Chem. So2004 228 U184—
Coordinating Research Council (CRC): Alpharetta, GA, 2004. u184.
(2) Air, B. P. The History of Jet Fuel. http://www.airbp.com/airbp/public/ (9) Shanker, T. Military Plans Tests in Search for an Alternative to Oil-
generalinterest/jethistory.html (accessed Jun 2007) Based FuelThe New York TimedMay 14, 2006.
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In earlier work, we described a method and apparatus for tion. The samples were maintained in sealed containers°at 7
advanced distillation curve measurement that is especially during storage to prevent the loss of high vapor pressure compo-
applicable to the characterization of fuéts!® This method is nents. No solidification or phase separation was noted during

a significant improvement over current approaches, featuring Storage.

(1) a composition explicit data channel for each distillate fraction _ Each of the fuel samplesowas analyzeod by gas chromatography
(for both qualitative and quantitative analysis); (2) temperature (30 M cay:tJ;:[aLy CO'””;” of StA’ phe”%’" 95% d|mett}yl pog/OS|t|ox2a7nse
measurements that are true thermodynamic state points that cafavnd @ thickness of 4m, temperature program from 90 to

b deled with fi f state: (3) t t | C, at 9°C per minute) using flame ionization detection and mass
e modeled with an equation of state; (3) emperature, vo ume'spectrometric detection (GC-M$)?°The purpose of these analyses
and pressure measurements of low uncertainty suitable foryas tg obtain a general overview of the fluid composition and to

equation of state development; (4) consistency with a century determine a very rough surrogate to use in the pressure correction
of historical data; (5) an assessment of the energy content ofto the distillation temperature (see below). Beyond storage’@t 7
each distillate fraction; (6) a trace chemical analysis of each no treatment or purification was done on any of the fluids prior to
distillate fraction; and (7) a corrosivity assessment of each analysis. The composition of JP-8 and similar fluids has been
distillate fraction. This approach also provides important reported in numerous source8.Our analyses, summarized in Table
advantages over other methods such as the simulated distillationL&, révealed a similar composition to those compositions that have
method embodied in procedures such as ASTM D2887. In that °&en reported. Note that in some cases substituent positions are
method, for example, one uses the gas chromatographic behaviofM2Iguous on the basis of our analyses; in such cases, we designate
. ; . he position with variableg, y, etc. The composition of the sample
of a suite of compounds as a frame of comparison with a fuel.

L -~ of CDF is significantly different from that of JP-8, as one would
The very significant advantage offered by the approach dis- gypect from the very different feedstock. The major constituents

Cussed |n thIS papel’ |S the a.b|||ty to mOde| the dIStI||atI0n curve found in th|s sample, a|ong with the uncalibrated area counts
resulting from our metrology with an equation of state. (obtained from an integration of the total ion chromatogram of GC-

In this work, we have applied the new metrology to develop MS), are listed in Table 1b. We have presented the constituents of
a comparison between JP-8 and CDF. Clearly, it is not always nearly 50% of the total area integrated. While we have focused on
needed or desirable to apply all aspects of the advancedthe largest chromatographic peaks for identification, we have also
distillation curve metrology in every application. For highly included a selection of very light and very heavy constituents as
finished fuels suc_h_as JP-8, for Qxample, I IS u_sually unr?ecessar))t'\rl]e bulk. This is done to facilitate our future efforts in modeling
to assess corrosivity as a function of the distillate fraction. The PP .

T ; . i S the fluid with an equation of state.

CDF fluid is a mixture of coal-derived liquid (a derivative of

bitumi It d light le oil. a b duct of catalvti It is clear from the components listed in Table 1 that the
ituminous coal tar) and light cycle oil, a byproduct of catalytic composition of the sample of CDF is very different from that of

cracking units in petroleum refining. The resulting mixture is  fe|s that are based solely on a petroleum feedstock. There is an
treated to increase the number of carbtydrogen bonds by apundance of aliphatic ring compounds, and many compounds with
hydroprocessing at a high temperature and pressure. The fluidiwo aliphatic rings. A dominant constituent of this fluidtigns-
is intended for high chemical stability up to 48C (900 °F, decahydronaphthalene.
hence the alternative name of the prototype, JP-900). In addition to this chemical analysis, the two fluids were
characterized and compared by the measurement of some basic
thermophysical properties. The density, viscosity, speed of sound,
and refractive index of the samples of JP-8 and CDF are provided
The JP-8 used in this work was obtained from the Fuels Branch in Table 2 for 20, 25, and 3TC, all at atmospheric pressure. These
of the Air Force Research Laboratory (AFRL; Wright Patterson data were measured with a commercial vibrating tube densimeter,
Air Force Base, Dayton, OH). This sample, designated as POSF-a commercial viscodensimeter, a commercial pulse echo speed of
3773, is a real fuel taken directly from the flight line. The sample Sound analyzer, and a commercial Abbe refractometer, respectively.
of CDF was also obtained from AFRL and was designated POSF- These data show distinct property differences in the two fluids.
4765. The ultimate source of the fluid was the Pennsylvania State CDF has, for example, a uniformly higher density (by approximately
University Energy Institute’s Coal Utilization Laboratory. The 8%), which s consistent with the large number of cyclic compounds
trailing numbers assigned have no significance beyond identifica- Present in the mixture. Even more striking is the difference in

Experimental Section
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Eng. Chem. Re006 46, 310-320.
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with a Model Predictive Temperature Controllett. J. Thermophys2006
27, 1419-1434.
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(18) Bruno, T. J.; Laesecke, A.; Outcalt, S. L.; Seelig, H.-D.; Smith, B.
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viscosity, with CDF having more than a 40% higher viscosity than
JP-8 (under the experimental conditions listed). The uncertainties
provided for each of these measurements were determined from
three replicate measurements in which a different aliquot of sample
was placed into the measurement cell. The coverage factor
associated with these uncertaintiekiss 2. We also provide in
Figure 1 the infrared spectra of the samples we have measured.
These spectra show that both fluids are hydrocarbons that have
very few double bond&:20

Then-hexane used as a solvent in this work was obtained from
a commercial supplier and was analyzed by gas chromatography

(19) Bruno, T. J.; Svoronos, P. D. KERC Handbook of Basic Tables
for Chemical Analysis2nd ed.; Taylor and Francis CRC Press: Boca Raton,
FL, 2004.

(20) Bruno, T. J.; Svoronos, P. D. ERC Handbook of Fundamental
Spectroscopic Correlation Chart§aylor and Francis CRC Press: Boca
Raton, FL, 2005.

(21) Bruno, T. J. Thermodynamic, Transport and Chemical Properties
of “Reference” JP-8Book of Abstracts, Army Research Office and Air Force
Office of Scientific Research, 2006 Contractor's Meeting in Chemical
Propulsion Army Research Office and Air Force Office of Scientific
Research: Research Triangle Park, NC, and Dayton, OH, 2006; pp 15
18.
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Table 1. Listing of the Major Components Found in the Samples of (a) JP-8 and (b) COF

compound CAS no. area % compound CAS no. area %
(a) JP-8
n-heptane 142-82-5 0.125 2,3-dimethyl decane 17312-44-6 0.681
methyl cyclohexane 108-87-2 0.198 1-ethyl-2,2,6-trimethyl cyclohexane 71186-27-1 0.364
2-methylheptane 592-27-8 0.202 1-methyl-3-propyl benzene 1074-43-7 0.569
toluene 108-88-3 0.320 aromatic unknown NA 0.625
cis-1,3-dimethyl cyclohexane 638-04-0 0.161 5-methyldecane 13151-35-4 0.795
n-octane 111-65-9 0.386 2-methyldecane 6975-98-0 0.686
1,2,4-trimethyl cyclohexane 2234-75-5 0.189 3-methyldecane 13151-34-3 0.969
4-methyl octane 2216-34-4 0.318 aromatic unknown NA 0.540
1,2-dimethyl benzene 95-47-6 0.575 aromatic unknown NA 0.599
n-nonane 111-84-2 1.030 1-methyl-(4-methylethyl) benzene 99-87-6 0.650
x-methylnonane NA 0.597 n-undecane 1120-21-4 2.560
4-methylnonane 17301-94-9 0.754  x-methyl undecane NA 1.086
1-ethyl-3-methyl benzene 620-14-4 1.296 1-ethyl-2,3-dimethyl benzene 933-98-2 1.694
2,6-dimethyl octane 2051-30-1 0.749  n-dodecane 112-40-3 3.336
1-methyl-3-(2-methylpropyl) cyclopentane 29053-04-1 0.285 2,6-dimethyl undecane 17301-23-4 1.257
1-ethyl-4-methyl benzene 622-96-8 0.359 n-tridecane 629-50-5 3.998
1-methyl-2-propyl cyclohexane 4291-79-6 0.370 1,2,3,4-tetrahydro-2,7-dimethyl 13065-07-1 0.850
naphthalene
1,2,4-trimethyl benzene 95-63-6 1.115 2,3-dimethyl dodecane 6117-98-2 0.657
n-decane 124-18-5 1.67 2,6,10-trimethyl dodecane 3891-98-3 0.821
1-methyl-2-propyl benzene 1074-17-5 0.367 x-methyl tridecane NA 0.919
4-methyl decane 2847-72-5 0.657  x-methyl tridecane NA 0.756
1,3,5-trimethyl benzene 108-67-8 0.949 n-tetradecane 629-59-4 1.905
x-methyl decane NA 0.613 n-pentadecane 629-62-9 1.345
(b) CDF
cyclohexane 110-82-7 0.059 decahydro-2,3-dimethyl naphthalene 1008-80-6 3.700
methyl cyclohexane 108-87-2 0.070 decahydro-2,6-dimethyl naphthalene 1618-22-0 1.327
cis-1,3-dimethyl cyclohexane 638-04-0 0.074 decahydnpdimethyl naphthalene NA 1.147
ethyl cyclohexane 1678-91-7 0.201  cistrans2-ethylbicyclo[4.4.0]decane 66660-38-6 1.448
cistrans-1-ethyl-3-methyl cyclohexane 3728-55-0 0.254 dodecahydro acenaphthalene 2146-36-3 0.952
propyl cyclohexane 1678-92-8 0.362 trans-anti-transtricyclo[7.3.0.0]- 30159-17-2 1.386
(2,6)-dodecane

trans-octahydro-1H-indene 3296-50-2 0.777 (cyclopentylmethyl)cyclohexane 4431-89-4 1.296
cis-octahydro-1H-indene 4551-50-3 1.147 (2-ethyl-1-methylbutylidene)cyclohexane 74810-41-6 1.209
(1-methylpropyl)-cyclohexane 7058-01-7 0.777 1,1'-bicyclohexyl 40250-64-4 1.999
octahydro-5-methyl-1H-indene 19744-64-0 1.170 perhydrophenylene 40250-64-4 1.670
trans-decahydro naphthalene 493-02-7 10.372 tetradecahydro anthracene 6596-35-6 0.813
cis-decahydro naphthalene 493-01-6 3.770 perhydrophenanthrene 2108-89-6 1.044
decahydro-2-methyl naphthalene 2958-76-1 3.082 n-hexadecane 544-76-3 0.432
decahydro-1-methyl naphthalene 2958-75-0 1.696 n-nonadecane 629-92-5 0.016
decahydra«~methyl naphthalene NA 1.097 n-eicosane 122-95-8 0.045
decahydra«~methyl naphthalene NA 0.991

aThe area percentages provided are from raw uncorrected areas resulting from the integration of the GC-MS total ion chromatogram. Peaks were selected
for identification on the basis of criteria described in the text.

Table 2. The Density, Sound Speed, Refractive Index, and Viscosity

The method and apparatus for the distillation curve measurement
of the Samples of JP-8 and CDF Used in this Work

have been reviewed in a number of sources, so additional general

sound refractive description will not be provided hefé: 1’ For each distillation curve
temperature, density, speed, index, viscosity, measurement, two temperature channels are meastigdhe
fuel °C g/mL m/s Nad mPas temperature measured in the distillation head, &ndhe temper-
P8 20 0.7938 1305  1.4447 1.3204 ature measured directly in the fluid (kettle). The required amount
(0.0001) 1) (0.0003)  (0.0003) of fluid for the distillation curve measurement (in each case, 200
25 0.7901 1285  1.4432 1.2172 mL) was placed into the boiling flask with a 200 mL volumetric
(0.0001) 1) (0.0003)  (0.0003) pipet. The thermocouples were then inserted into the proper
30 0.7865 1266 1.4404 1.1057 locations to monitofT, the temperature in the fluid, anf, the
(0.0001) (1) (0.0002)  (0.0002) temperature at the bottom of the takeoff position in the distillation
CDF 20 0.8652 1385  1.4700 2.3075 head. Enclosure heating was then commenced with a four-step
25 (%'_%%%) (123)65 ((1):2(6)32) (2:2882) program based upon a previously. measured dist'il_lation curve.
(0.0001) ) (0.0001)  (0.0007) Volume meagurements were made in the Ie\(el-stablllzed receiver,
30 0.8581 1349  1.4658 1.9209 and sample aliquots were collected at the receiver adapter hammock.
(0.0001) (2 (0.0003)  (0.0005) In the course of this work, we performed between four and six

complete distillation curve measurements for each of the two fluid
samples.

Since the measurements of the distillation curve are performed
at ambient atmospheric pressure (measured with an electronic
(30 m capillary column of 5% phenyl/95% dimethyl polysiloxane barometer), temperature readings were corrected for what should
having a thickness of &m, temperature program from 50 to 170 be obtained at standard atmospheric pressure. This was done with
°C, at 5°C per minute) using flame ionization detection and mass the modified Sidney Young equation, in which the constant term
spectrometric detection. These analyses revealed the purity to bewas assigned a value of 0.000 109. This value corresponds to a
approximately 99.95%, and the fluid was used without further carbon chain of 12. In the chemical analyses of the JP-8 samples
purification. (see above), as well as in previous work on related fluids, it was

aThe uncertainty of each measurement determined from three replicate
measurements (with coverage fackor 2) is provided in parentheses.
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JP-8 Table 3. A Summary of the Initial Behavior of the JP-8 and CDF

observed Jet-A 4658: JP-8 3773: CDF 4765:
24 temperature °C °C °C

Onset 139.9 131.1 180.2
19 sustained 185.6 177.6 195.6
vapor rising 190.5 182.7 199.0

2.9

1.4
a For reference, the behavior of a composite sample of Jet-A (prepared

as a mixture of several batches of Jet-A from different sources) is also
provided. The vapor rise temperature is that at which vapor is observed to
rise into the distillation head, considered to be the initial boiling temperature

of the fluid (highlighted in bold print). These temperatures have been

corrected to 1 atm with the Sidney Young equation. The uncertainties are
discussed in the text.

intensity

0.9

A e TN e T T T
4000 3500 3000 2500 2000 1500 1000 500

wavenumber (cm-1)

these temperatures can be modeled theoretically, for example,
CDF with an equation of state.
' The initial temperature observations for a representative
14 measurement are summarized in Table 3. For example, for the
12 JP-8, the temperature for the appearance of the first vapor bubble
was 131.1°C, measured in the liquid. Bubbling was observed
to be sustained when the temperature of the fluid reached 177.6
°C. Vapor was observed rising into the head when the
06 temperature reached 182°C, which is considered to be the
0.4 IBT for the mixture. It is at this temperaturd that the
bubbling is continuous and is observed to occur with or without
stirring. These temperatures have been corrected to standard
atmospheric pressure with the Sidney Young equation as
02 / described above; the actual temperatures measured can be
LA P recovered from the Sidney Young equation. For reference, we
_ _ wavenumbers fem-1) have also included the initial temperature observations previ-
Figure 1. The infrared spectra of the JP-8 and CDF used for the ously made on a fluid very similar to JP-8, namely, a composite
measurements presented in this paper. of individual samples of Jet-A designated as -4658The

f . experimental atmospheric pressures were 83.5, 83.8, and 83.7
0L_Jnc_i that n-dodecane can indeed represent petroleum-based kP ivelv. for Jet-A. JP-8. and CDE. Th S
aviation fuels as a very rough surrogate. The very large number of a, respectively, for Jet-A, , an t. € uncertainty in
ring compounds in the CDF makes the constant term more difficult ("€ pressure measurement was 0.001 kPa in each case.
to assign; however, since the CDF is intended as a fluid similarin  AS With all observations of these initial temperatures, there
operation to JP-8, we assigned the same constant value as for JPis an element of subjectivity. For example, it is often difficult
8. The magnitude of the correction is of course dependent uponto distinguish between initial bubbling and the entrainment of
the extent of deviation from standard atmospheric pressure. Theair bubbles by the action of the stirrer. Since we have several
location of the laboratory in which the measurements reported herein replicate observations for each sample, it is possible to assign
were performed is approximately 1650 m above sea level, resulting an uncertainty to these temperatures (despite the subjectivity
in a typical temperature correction of°C. The actual measured — , the ohservation) since these observations are made for each
temperatures are easily recovered from the Sidney Young equationgitijation curve measurement. The uncertainty (with a coverage
at each measured atmospheric presst#e?3 PN . . .

factork = 2) in the onset and sustained bubbling temperatures
is approximately 2°C. The uncertainty in the vapor rise
Results and Discussion temperature is actually much lower, at approximately @2

As we have noted for all other fluids measured with the
advanced approach, the IBT values we have presented are very
different from those that would be obtained with the classical
method, in which the first drop of distillate to arrive at the
receiver triggers the reading of the IBT. We have shown those
values measured with the classical approach to be between 7
and 13°C in systematic error.

Distillation Curves. Representative distillation curve data for
the samples of JP-8 and CDF, presented in Bqttmeasured
directly in the fluid) andT, (measured in the distillation head),
are provided in Table 4. For reference, representative data are
also provided for the composite sample of Jet-A. Thalata
are true thermodynamic state points, while thedata allow
comparison with historical measurements. In this table, the
"&stimated uncertainty (with a coverage facko= 2) in the
temperatures is 0.9C. Note that the experimental uncertainty
2y o Corrocion of Boline Pos of Licuds from OB g of Ty is somewhat lower than that @, but as a conservative

oung, . Lorrection of Boiling Foints of Liquids from Ubserved  nagition, we use the higher value for both temperatures. The
© [i%g”}%'upngefg;’{gﬁﬁncél%?si{fﬂétf)ﬁfi N?;’fm?,,léj ;zd Co., Ltd: London,  uncertainty in the volume measurement that is used to obtain
1903. the distillate volume fraction is 0.05 mL in each case. These

0.8

intensity

0.z

0

Initial Boiling Temperatures. During the initial heating of
each sample in the distillation flask, the behavior of the fluid
was observed. Direct observation through the flask window or
through the illuminated bore scope allowed measurement of the
onset of boiling for each of the mixtures. Typically, during the
early stages of a measurement, the first bubbles will appear
intermittently, and this action will quell if the stirrer is stopped
momentarily. Sustained vapor bubbling is then observed. In the
context of the advanced distillation curve measurement, sus-
tained bubbling is also somewhat intermittent, but it is observ-
able even when the stirrer is momentarily stopped. Finally, the
temperature at which vapor is first observed to rise into the
distillation head is observed. This is termed the vapor rise
temperature. These observations are important because they al
the initial boiling temperatures (IBTs) of each fluid. Moreover,
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Table 4. Representative Distillation Curve Data for the Samples of from this observation that the heavier fractions of CDF are

JP-8 and CDF indeed similar in chemical composition to JP-8. We will show
gistillate volume __YEtA 4658 JP-8 3773 CDF 4765 later that the composition-explicit data channel of the advanced
fraction, % To°C Th°C To°C Tpn°C To°C Tp°C dliﬂlltar\]tlog_f?urvet?ho;vst alzlery different character, consistent
wi ifferen .
5 1954 1747 1856 1747 200.4 190.7 © _e N ge stoc )
10 1985 183.3 1879 179.2 2015 1944 Another interesting observation concerns the shape of the
15 2015 187.0 190.3 1822 2025 1965 curve for CDF, the slope of which is far less pronounced than
20 2047 1891 1927 1848 2040 1978  thoge of the JP-8 or Jet-A samples. As we have seen in previous
25 208.1 190.6 1951 1867 2051 1992 work, a curve that flattens in this way is similar in behavior to
30 211.3 1928 1976 1851 206.8 198.8 . . X
35 2143 194.6 2004 1887 208.0 199.9 that qf either a pure fluid or an a;eotro%ﬁ‘elf the fluid were
40 217.6  199.1 2033 1941 209.6 201.0 showing azeotropic characteristics, one would observe the
45 2207 2026 206.1 196.2 2114 2039 gzeotropic convergence @k and Ty, and this is not seen in
50 2242 2054 2093 199.9 2135 2059  Taple 4. Another explanation of this behavior is that the
55 227.6 208.6 2135 201.2 216.0 208.4 o ) . .
60 2312 2124 2164 2038 2185 2108 distillation curve |s_be|ng dor_mnated to some extent by th_e
65 2347 2149 2206 209.4 221.8 213.6 presence of aconstituent that is presentin a large concentration,
70 239.4 2166 2248 2121 2256 217.2 whereas the distribution of components of JP-8 and Jet-A is
75 243.3 2187 2294 2158 2301 2214  more disperse in terms of individual boiling temperatures. We
80 247.9 2208 2346 2193 2358 227.9 il show later that this ob ton i istent with. th
85 5536 2241 2403 2055 o423 o355 Wil show later that this observation is consistent wi e

] ] information provided by the composition channel.
aFor reference, data are also provided for a composite sample of Jet-A. c ition Ch | Inf ion: Analvsis of Distill
These data are plotted in Figure 1. The uncertainties are discussed in the omposition annel Information: Analysis of Distillate

text. These temperatures have been corrected to 1 atm with the SidneyFraCtionS.While the gross examination of the distillation curves
Young equation. The experimental pressures for these measurements wergs instructive and valuable for many design purposes, the
83.5, 83.8 and 83.7 kPa, respectively, for Jet-A, JP-8, and CDF. composition channel of the advanced approach can provide even
w000 . greater understanding and information content. One can sample
and examine the individual fractions as they emerge from the
2900 a condenser. This was done by withdrawingulZ aliquots of
A distillate (as a function of the distillate volume fraction) and
& ¢ diluting this in a known mass (approximately 1 mL)rehexane.
2700 | & CDF-4765 A s Each of these fractions thus prepared was analyzed by a gas
JP-8-3773 a & chromatographic mass spectrometric method (30 m capillary
=001 —1AJAH8S . o column of 5% phenyl/95% dimethyl polysiloxane having a
a0 A s thickness of lum, temperature program from 90 to 275, at
e 2 e 9 °C per minute, mass spectrometer set to record an ion mass
2400 S o range of 15-550).

ol ¢ 2 2 . Representative chromatograms for each fraction of CDF are
& a " shown in Figure 3. We do not present a similar figure for JP-8
2200 . because of its similarity to Jet-A, which was presented previ-
ously® The time axis is from 0 to 22 min for each chromato-
0 10 20 a0 10 50 & m a0 @ gram, and the abundance axis is presented in arbitrary units of
Distillate Volume Fraction (%) area counts (voltage slices). It is clear that, although there are
Figure 2. Distillation curves, presented iy, for JP-8 and CDF. For ~ many peaks on each chromatogram-(30 major peaks, 60
reference, a curve for a composite Jet-A is also included. The 80 minor peaks, and numerous trace peaks), these chromato-
uncertainties of the measurements are discussed in the text. grams are much simpler than that of the neat fluid, which

uncertainties were determined from replicate measurements. Theshowed 306400 peaks. The distillation process in effect
uncertainty in the pressure measurement (assessed by |Oggin@rovides a pre|iminal’y Separation on the baSiS Of VO|atI|Ity At
a pressure measurement every 15 s for 2 h, the duration of athe very start of each chromatogram is the solvent front (
typical distillation) is 0.001 kPa. These uncertainties make the hexane), which does not interfere with the sample. This peak
measurements suitable for the development of equations of statehas been removed digitally.
The data in Table 4 are provided graphically in Figure 2. The  One can follow the progression of the chromatograms in
shapes of all of the curves are of the subtle sigmoid type that Figure 3 as the distillate fraction becomes richer in the heavier
one would expect for a highly complex fluid with many components, yet the major component that dominates each
components, distributed over a large range of relative molecular fraction istrans-decahydronaphthalene. This persists up to the
mass. 80% fraction. The identification of this peak is shown in Figure
The plotted curves are particularly instructive since the 4, in which the mass spectrum for this compound is shown
difference presented by the three samples is made clear.superimposed on the total ion chromatogram for the 0.025%
Consistent with the initial boiling behavior presented in Table distillate volume fraction. The observation that this compound
3, the distillation curves of Figure 2 show that JP-8 is the most is present to a very significant amount in each distillate fraction
volatile of the three fluids examined here. The composite Jet-A provides the explanation of the observation of the distillation
sample is a relatively low-volatility fluid, as shown in a previous curve shape. As we noted earlier, the curve for CDF is notably
study that was done on several Jet-A sampldhe CDF shows flattened as compared with those for JP-8 and Jet-A. This is
an initial behavior that is less volatile than either the JP-8 or consistent with the presence of a dominating constituent
the composite Jet-A. As the distillation curves show, however, compound in the fluid, and while the relative concentration of
by the 60% volume fraction, the curve of CDF closely this compound changes through the distillation, it is always
approaches the curve of JP-8. It might be tempting to conclude present. In more disperse fluids such as Jet-A, even the most
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Figure 3. Chromatograms of distillate fractions of the CDF sample, presented in arbitrary units of intensity (from a flame ionization detector),
plotted against time. The chromatogram on the lower-right side is the residue left behind in the distillation flask. The details of the chroyatograph
are discussed in the text.

abundant components will grow in and gradually diminish to and tetralins (grouped as one classification), and naphthalenes.
an undetectable level as the distillation proceeds. Although the method is specified only for application to low
Figures 3 and 4 illustrate just one chemical analysis strategy olefinic gasolines, and it has significant limitations, it is of
that can be applied to the distillate fractions. It is possible to practical relevance to many complex fluid analyses and is often
use any analytical technique that is applicable to solvent-borne applied to gas turbine fuels, rocket propellants, and missile
liquid samples that might be desirable for a given application. fuels® The uncertainty of this method and the potential pitfalls
Hydrocarbon Type Classification. The distillate fractions were discussed earliét As discussed above, the solutions were
of the JP-8 and CDF samples were examined for hydrocarbonprepared from withdrawn 7L samples of a distillate fraction
types by use of a mass spectrometric classification methodthat were dissolved in a known mass of solvenhéxane). This
summarized in ASTM method D-2789.In this method, one  solvent was chosen because it causes no interference with the
uses mass spectrometry (or gas chromatograpigss spec- sample constituents. For the hydrocarbon type analysis of the
trometry) to characterize hydrocarbon samples into six types. distillate fraction samples, AL injections of these solutions
The six types or families are paraffins, monocycloparaffins, were made into the GC-MS. Because of this consistent injection
dicycloparaffins, alkylbenzenes (arenes or aromatics), indanesvolume, no corrections were needed for sample volume.

(24) Standard Test Method for Boiling Range Distribution of Petroleum The resullts of these hydrocarbon type analyses are presented

Fractions by Gas Chromatography, ASTM Standard D2789ARTM in Table 5 and plotted in Figure 5. All of the distillate fractions
Annual Book of Standards, 2004STM: West Conshohocken, PA, 2004.  presented in the table were measured in the samemwayange
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Figure 4. An example of how the composition explicit data channel can be used to identify chromatographic peaks of analyses performed on
individual distillate fractions. Here, a mass spectrum consistenttvatis-decahydronaphthalene is shown for the major peak in the chromatogram
for the 0.025% distillate fraction.

Table 5. Summary of the Results of Hydrocarbon Family Calculations Based on the Method of ASTM D-2789: (a) JP-8 3773 and (b) CDF

4765
indanes and
distillate volume paraffins monocycloparaffins dicycloparaffins alkyl aromatics tetralins naphthalenes
fraction, % vol % vol % vol % vol % vol % vol %
(a) JP-8 3773
0.025 40.8 30.3 11.4 16.8 0.5 0.3
10 49.0 27.0 2.3 20.7 0.7 0.3
20 45.9 28.1 4.7 18.0 1.9 1.3
30 47.4 27.4 3.6 19.2 15 1.0
35 48.6 26.8 3.1 194 1.3 0.7
40 52.1 24.8 2.1 18.8 1.2 0.9
45 57.6 21.8 1.0 18.4 0.2 1.0
50 56.1 235 1.6 17.0 0.8 11
60 57.2 235 1.7 14.9 1.0 1.8
70 61.4 22.2 1.0 11.0 17 2.6
80 56.3 26.6 25 8.0 25 4.0
residue 56.0 30.9 4.0 1.2 0.5 7.3
(b) CDF 4765

0.025 13 32.2 63.1 3.3 0.1 0.0
10 0.5 27.5 68.6 34 0.1 0.0
20 0.5 27.2 68.7 34 0.1 0.0
30 0.4 255 70.7 3.3 0.1 0.0
35 0.4 25.1 71.0 34 0.1 0.0
40 0.4 25.3 70.9 34 0.1 0.0
45 0.5 26.0 69.8 34 0.2 0.0
50 0.8 28.0 67.4 3.6 0.2 0.0
60 0.5 26.1 69.9 3.3 0.1 0.0
70 0.6 26.6 69.7 3.0 0.1 0.0
80 1.2 30.4 65.1 3.3 0.1 0.0
residue 1.0 28.8 66.4 35 0.2 0.0

from 15 to 550 relative molecular mass units gathered in dicyclo aliphatics, the indanes and tetralins, and the naphthalenes
scanning mode, each spectrum corrected by subtracting traceare at a constant very low level. The aromatics on the other
air and water peaks). hand decrease sharply. This is consistent with a kerosene-like
The plots for JP-8 are similar in character to those that have fuel derived from petroleum. Figure 5c¢ and d show a very
been previously reported for the commercial aviation fuel Jet- different behavior for the CDF. In this fluid, the dominant family
A. Indeed, JP-8 differs from Jet-A mainly in the additive as a function of the distillate fraction is the dicyclo aliphatics
package, which represents less than 0.1% (vol/vol) of the total (at a relatively constant 6870%). The monocyclo aliphatics
fluid. Figure 5a and b (for JP-8) show that, as a function of the and the aromatics are also constant at approximately 30% and
distillate fraction, the paraffinic content increases modestly (from 3.5%, respectively. The indanes and tetralins and the naphtha-
40—-60%); the monocyclic aliphatics decrease slightly; and the lenes are difficult to detect in this fluid. The hydrocarbon type
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Figure 5. A plot of the aliphatic hydrocarbon family types resulting from the ASTM D-2789 analysis performed on JP-8 (a and b) and CDF (c
and d) as a function of the distillate fraction. The uncertainties are discussed in the text.

classification is consistent with the identification of the major measured mole fraction, (4) the uncertainty posed by very close-
components of the fluid, provided in Table 1. ly related isomers that cannot be resolved by the analytical proto-
Distillate Fraction Energy Content. As we have previously ~ col, (5) the uncertainty introduced by neglecting components
demonstrated, it is possible to add thermochemical information present at very low concentrations (that is, uncertainty associated
to the distillation curve when the composition channel of data with the chosen area cutoff), (6) the uncertainty introduced by a
is used to obtain an analysis of specific distillate fractitis.1” complete misidentification of a component, (7) the uncertainty
This is done by calculating a composite enthalpy of combustion, in quantitation introduced by eluting peaks that are poorly
based on the enthalpy of combustion of individual components resolved, and (8) the uncertainty introduced when experimental
of a distillate fraction and the mole fractions of those compo- data for the pure component enthalpy of combustion are
nents. The enthalpy of combustion of the individual components unavailable (and the Cardozo equivalent chain model must be
is taken from a reliable database compilation. The mole fraction used).
is measured by a gas chromatographic method in which response In this work, we encountered still another source of uncer-
factors are applied to the raw area counts obtained from eithertainty. Many of the compounds of CDF are not readily
a flame ionization detector or from selected (or extracted) ion obtainable as pure components (otrgns-decahydronaphtha-
monitoring from a mass spectrometer. It is possible to perform lene and 1,tbicyclohexyl were available); thus, a typical
this kind of energy analysis for each of the distillate fractions, response factor standardization done by injecting mixtures of
but reference to the distillation curves of JP-8 and CDF shows pure components is not currently possible (components are
a convergence at approximately the 70% distillate fraction; the unavailable as pure standards). For the two available components
curves start out at very different temperatures at the earlier stagegtrans-decahydronaphthalene and 'ihicyclohexyl), the pure
of the distillation but then merge after this fraction. Such components were obtained and used as standards. These two
thermochemical information would be especially instructive and compounds represent approximately 45% (mol/mol) of the 70%
useful for this merge point. distillate fraction. The chromatographic responses of the isomers
We have previously presented a very detailed discussion of of the decahydronaphthalenes were standardized tratfs
the uncertainty of composite enthalpy of combustion derived from decahydronaphthalene preparedihexane, and the responses
this proceduré® The major sources of uncertainty that were —
considered were (1) the neglectof the enthaly of mixing, (2)the ,, (2 Ror1es %, 1L Wpo, o, ¥ Qscasen. 3 Lf B
uncertainty in the individual (pure component) enthalpy of com-

g X i : of Pure Compound PropertieBesign Institute for Physical Properties: New
bustion as tabulated in the database, (3) the uncertainty in theYork, 2004.
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Table 6. A Summary of the Energy Content, Presented as the Composite Enthalpy of Combustior,AH¢, of the 70% Distillate Fraction, for

JP-8 and CDP
enthalpy of fractional enthalpy
combustion,—AH, % molar of combustion,
compound name kJ/mol composition kJ/mol
(a) JP-8
n-decane 6294.2 6.02 379.0
2,3,6-trimethyloctane 6940.4* 1.59 110.4
(4-methylpentyl)cyclohexane 7376.5* 1.34 99.1
5-methyldecane 6952.7* 1.43 99.5
x-methyldecane 6952.7* 2.74 190.2
2-methyldecane 6952.7* 2.20 152.8
x-methyldecane 6952.7* 2.69 187.0
1-methyl-4-(1-methylethyl)benzene 5549.8 1.43 79.5
n-undecane 6903.6 15.77 1089.0
5-methyl undecane 7567.8 1.82 137.7
t-butyl benzene 5557.1 1.53 85.2
3,7-dimethyl decane 5549.8 1.40 78.0
1-methyl-2-(1-methylethyl)benzene 5554.8* 4.50 249.9
n-dodecane 7513.7 18.18 1366.0
2,6-dimethyl undecane 8182.9* 3.79 310.3
4-methyldodecane 8182.9* 1.38 113.2
2-methyldodecane 8182.9* 2.45 200.7
3-methyldodecane 8182.9* 2.50 204.7
6,6-dimethylundecane 8182.9* 2.02 165.3
n-tridecane 8122.9 14.54 1181.2
2-methylnaphthalene 5582.9 1.83 102.4
6-ethyl-2-methyl decane 8170.6 1.16 94.7
n-tetradecane 8732.8 6.31 551.3
5-propyltridecane 10028 1.44 144.8
(b) CDF

trans-decahydro naphthalene 5880.9 41.98 2468.5
cis-decahydro naphthalene 5892.1 10.22 602.4
trans-2-methyldecalin 6773.7 7.77 526.6
trans-4a-methyl decahydronaphtalene 6786.6% 3.33 225.8
decahydro-2-methyl naphtalene 6786.6* 3.88 263.6
decahydro-2,6-dimethyl naphthalene 7376.5* 4.64 342.4
decahydro-2,3-dimethyl naphthalene 7376.5*% 6.42 473.4
decahydro-1,5-dimethyl naphthalene 7376.5% 2.04 150.5
cis,cis-1,6-dimethylspiro[4.5]decane 7388.8* 1.24 91.3
transtrans-1,6-dimethylspiro[4.5]decane 7388.8* 1.35 99.7
cis,cis-3-ethylbicyclo[4.4.0]decane 7388.8* 2.56 189.3
cistrans-3-ethylbicyclo[4.4.0]decane 7388.8* 1.26 93.0
dodecahydroacenaphthalene 7409.7* 1.31 97.3
(cyclopentylmethyl)cyclohexane 7833.5*% 1.43 111.7
(2-ethyl-1-methylbutylidene)cyclohexane 7865.5* 1.56 122.7
trans-anti-transtricyclo[7.3.0.0(2,6)]dodecane 7239.3* 2.45 177.3
cis-anti-transtricyclo[7.3.0.0(2,6)]dodecane 7239.3* 1.41 102.2
1,2'-bicyclohexyl 7053 3.21 226.4
perhydrophenalene 8003.9* 1.93 154.8

aThe uncertainties are discussed in the text. The enthalpy of combustion values determined by the Cardozo method, instead of being experimentally
measured, are denoted by an asterisk. Composite enthalpy of combustibly, 7371.8 (811) and 37.9 (4.2) kJ/g (part a); 6518 (717) and 43.4 (4.8) kJ/g
(part b).

of the compounds that contain at least one nonfused cyclohexylthen applying a correlation specific for a gas, a liquid, or a solid.
ring were standardized with thre/’z = 83 (the (CH)sCH™ ion) Since there were experimental data for three of the compounds
selected ion from methyl cyclohexane prepared in cycloheXane. identified in the 70% distillate fractiorirans-decahydro naphtha-

In cases in which the cyclohexyl ring shares a carbon with |ene cis-decahydronaphthalene, and'ahicyclohexyl), we were
another ring, then/z = 83 ion is absent, and the@z=55 (the  gpje to approximate the uncertainty introduced by calculating the
CH;=CHCH?—CHj ion) was used? While this method of  gnhaipy of combustion for these types of compounds. We note
standardization is less than satisfactory, it provides an ap-j, nassing that, fortuitously, the three compounds for which exper-

proximate mole fraction required for the energy calculgtl_ons. imental data exist comprise more than 55% (mol/mol) of the com-
Fortunately, all of the components present in the 70% distillate . ; . . . .
X . . -~ .. position of this fraction. To determine the typical uncertainty
fraction of the JP-8 were available for use in a standardization . . S
that might be introduced by the application of the Cardozo

protocol, prepared as multicomponent mixturesihexane. . o
method for these aliphatic ring compounds, the calculated values
Moreover, very few of the compounds of CDF have measured . .
for the three known compounds were compared with the experi-

values of the enthalpy of combustion; thus, most required the . .
application of the Cardozo meth@®This method functions by mental values. This comparison showed that the results from the

developing an “equivalent chain” for an unknown compound, Cardozo method were uniformly higher than the experimental
values by approximately 3.5%. It is this uncertainty that was used

(26) Cardozo, R. L. Prediction of the Enthalpy of Combustion of Organic in furth(:j'r propagation of unlcertainty' This is a higher degree Qf
CompoundsAIChE J.1986 32, 844-848. uncertainty than the approximately 0.84% that was found previ-
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ously for the predictions of enthalpies of combustion of the Conclusions
branched aliphatics in Jet-A fluids. It is possible that, in the future,
as coal-based fuels become more important, the necessary We have presented the distillation curves of JP-8 and CDF,
thermophysical and thermochemical properties will be experi- including the composition-explicit data channel. We have also
mentally determined. demonstrated how it is possible to estimate the energy content
The composite enthalpies of combustiem\Hc, for the 70% of distillate fractions of these two very different fluids. The
fractions of JP-8 and CDF are listed at the bottom of Table 6 distillation curves show that the properties that control the
along with the estimated uncertainty (approximately 11%, with Vvolatility of the fluid (component vapor pressures and vapor
coverage factok = 2). It is interesting to note that, on a molar liquid equilibrium) differ in a predictable and consistent way,
basis, JP-8 appears to have a somewhat higher energy conterts is expected from the different chemical compositions.
than does CDF, although the relatively high uncertainty in these
calculations precludesadefin_itive statementinthis rega_rd. W_he_n Acknowledgment. B.L.S. acknowledges a Professional Re-
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