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The use of correlation-gas chromatography to measure the vaporization enthalpy {A’H,-
(298.15 K)} of complex fuels is demonstrated using RP-1, JP-7, and JP-8, which are all rocket
and jet fuels. Vaporization enthalpies of 308, 341, and 441 kJ/kg have been obtained assuming
average compositions of Ci19Hos 4, C12Hgs, and C11Has, respectively. The H/C ratio in these fuels
has been measured by '"H NMR, and an average molecular weight has been determined using
gas chromatography. Some variance in composition with the literature values has been observed.
The vaporization enthalpies are compared to those in the literature and to values estimated for
these compositions. The estimated values are discussed in terms of the composition of the fuel.
The effect of detector bias in evaluating the mole fraction of each hydrocarbon present, as a
function of size, is tested and determined to have a relatively small effect on the vaporization

enthalpy.

Introduction

Aviation fuel has two important roles in advanced
aircraft. The first and most obvious role is for propul-
sion.! A second and increasingly important role is as
an airframe coolant. A considerable amount of interest
has focused on the development of fuels that, when
heated, undergo endothermic decomposition to yield
secondary products whose combustion is used for
propulsion.?~* The catalytic dehydrogenation of methyl-
cyclohexane to toluene and hydrogen is an example of
an endothermic reaction identified in early investiga-
tions of endothermic fuels.? Another important source
of cooling is heat uptake during the vaporization of the
fuel from the condensed phase to the gas phase. The
endothermicity of the gas-phase dehydrogenation of
methylcyclohexane—2.1 kJ/g (205 kJ/mol)®—can be com-
pared to an endothermicity of 0.36 kd/g (35.4 kd/mol),
which is associated with the liquid-to-gas phase change
when both processes occur at 7' = 298.15 K. Ignoring
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the heat necessary to raise the fuel to the temperature
at which the dehydrogenation reaction proceeds readily,
the phase change contributes an additional 16% to the
total endothermicity of the process. Most fuels currently
in use are complex mixtures of hydrocarbons. Until
recently, the total vaporization enthalpy of such a
mixture could only be measured by a vaporization
calorimeter, such as a Calvet calorimeter. Physical
property data on fuel properties include a variety of
properties such as heating value, specific gravity, critical
temperature and pressure, boiling range, etc. Notably
absent from this list is the vaporization enthalpy.

A simple technique, called correlation-gas chroma-
tography, was recently applied to the evaluation of the
vaporization enthalpy of RJ-4, which is a high-energy-
density rocket fuel, consisting of a mixture of exo- and
endo-dimethyltetrahydrodicyclopentadienes.” In this ar-
ticle, the technique of correlation-gas chromatography
is applied to evaluate the vaporization enthalpies of the
more-complex hydrocarbon fuels RP-1, JP-7, and JP-8.
The values evaluated in this correlation are subject to
the uncertainty associated in assuming ideal enthalpies
of mixing (AHnix = 0). Although vaporization enthalpies
of these fuels will be dependent on the origin of the
sample and its history, a comparison of vaporization
enthalpies obtained by correlation-gas chromatography
to those values available in the literature, either by
estimation or measurement, would be informative.
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Correlation-gas chromatography has been used fre-
quently to measure the vaporization enthalpy of pure
compounds.® The technique consists of recording the
retention time of an analyte, as a function of tempera-
ture. The retention time (¢), adjusted for the dead
volume of the column by subtracting the retention time
of a nonretained reference, measures the amount of time
the analyte spends on the column (¢,) and is inversely
proportional the analyte’s vapor pressure on the column.
A typical graphical depiction of In(1/¢,) vs 1/T (where
temperature 7 is given in Kelvin) results in a linear plot
with a slope equal to —AS, Hw(Tw), when multiplied by
the gas constant, R. The enthalpy term, AS Hu(Tw), is
simply the enthalpy of transfer of the analyte from the
column to the vapor at the mean temperature of
measurement. Because the analyte, in dilute form, is
dissolved or adsorbed on the stationary phase of the
column, it does not matter whether the analyte is a solid
or a liquid.? When the vaporization enthalpies of a
mixture of analytes with known vaporization enthalpies
{ABH(T)} are correlated with their respective enthal-
pies of transfer {A% Hun(Tw)}, a linear correlation is
obtained. If the prepared mixture also contains several
structurally related components with unknown vapor-
ization enthalpies, the linear relationship observed
between APH(T) and A8, Hm(Tw) can be used to obtain
the vaporization enthalpies that are unknown. Although
this technique has been used primarily to obtain va-
porization enthalpies at 7' = 298.15 K, in principle, it
can be used to obtain vaporization enthalpies at any
temperature T, provided the vaporization enthalpies of
all the standards are referenced to the same tempera-
ture. In the case of JP-7 and JP-8 fuels, the n-alkanes
that are used as standards are present naturally in the
fuel at sufficiently high levels to facilitate their identi-
fication. Vaporization enthalpies of the n-alkanes are
available and can be calculated over a broad range of
temperatures.!® In the case of RP-1 fuel, it was neces-
sary to add external references.

Application of this technique to a complex mixture
follows directly from the temperature dependence of the
retention time. Consider a mixture of { hydrocarbon
components. For each component detected by the gas
chromatograph, either individually or as a multiple
component peak, the following relationships apply:

AglnI?[m(Tm)(l)

In(Vtyy) = In(Ay) — =
AglnI_Im(71m)(2)

In(1/t,) = In(Ay) — =
AglnI{m(Trn)(i)

In(1/t,) = In(4)) — =" 1)
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Figure 1. Bar graph of the mole fraction versus retention
time of RP-1 fuel at 384 K without standards. The retention
time of the solvent CHyCly (¢ = 0) is not shown.

Multiplying each component by its mole fraction and
summing over all i components results in the following
equation:

Af;;rlnlqm(T’m)(i)
n,In(1/t,) =Y n,In4) - Y n) ———
2 2 2"\ &r
(2)
where
z ni{ AglnI_Im(Tm)(i)} = A‘glnHm(Tm)mix (3)

1

The enthalpy term on the extreme right, n{A% Hm-
(Tw)i)}, is the enthalpy of transfer from solution to the
vapor of the entire mixture, A%, Hm(Tm)mix- A plot of
the sum of n; In(1/¢,;) verses 1/T should result in a
straight line with a slope of —A$, Him(Tm)mix/R. If, in
addition to the mixture of i components, several struc-
turally related standards are also included in the
mixture, a plot of In(1/¢,) verses 1/T for each standard
should also result in a linear plot. The A% Hpn(Th) term
for each standard can be correlated to its respective
vaporization enthalpy, as described previously. From
the correlation equation and the AS Hp(Thm)mix of the
mixture, the vaporization enthalpy of the ensemble,
APH .\ (T)mix, can be determined.

The RP-1, JP-7, and JP-8 fuels are complex mixtures
of hydrocarbons.!! Typical compositions are reproduced
in Figures 1—3. These figures represent the composition
as a function of retention time in the form of a bar
graph. Each peak evaluated by the integrator is plotted
as a function of its mole fraction. Each peak represents
either a single substance or a mixture of substances
with indistinguishable retention times. These figures

(8) For some recent examples, see: Bashir-Hashemi, A.; Chickos,
J. S.; Hanshaw, W.; Zhao, H.; Farivar, B. S.; Liebman, J. F. The
enthapy of sublimation of cubane. Thermochim. Acta 2004, 424, 91—
97 and references cited therein.

(9) Chickos, J. S.; Hesse, D. G.; Hosseini, S.; Nichols, G.; Webb, P.
Sublimation enthalpies at 298.15 K using correlation gas chromatog-
raphy and differential scanning calorimetry measurements. Thermo-
chim. Acta 1998, 313, 101—-110.

(10) Chickos, J. S.; Hanshaw, W.; Chickos, J. S.; Hanshaw, W. Vapor
pressures and vaporization enthalpies of the n-alkanes from Cg1—Csg
at T'= 298.15 by correlation-gas chromatography. . Chem. Eng. Data
2004, 49, 77—85.

(11) Edwards, T. “Kerosene” Fuels for Aerospace Propulsion—
Composition and Properties. In Proceedings of the 38th AIAA/ASME/
SAE /ASEE Joint Propulsion Conference and Exhibit, July 7—10, 2002,
Indianapolis, IN; ATAA Paper No. 2002-3874, pp 1—11.
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Figure 2. Bar graph of the mole fraction versus retention
time of JP-7 fuel at 385 K. The retention time of the solvent,
CH.Cl; (¢ = 0), is not shown. The n-alkanes, used as internal

standards, are among the most abundant hydrocarbons in
JP-7 fuel.
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Figure 3. Bar graph of the mole fraction versus adjusted
retention time of JP-8 fuel at 384 K. The retention times of
the solvent, CH3Cly (¢ = 0), are not shown. The n-alkanes,
which are used as internal standards, are among the most-
abundant hydrocarbons in JP-8 fuel.

can be compared to similar chromatograms obtained by
gas chromatography—mass spectroscopy (GC/MS).* The
chromatograms in Figures 1—3 were obtained at ap-
proximately the same temperature. As indicated in the
graphs, the relative volatilities of the components
decrease in going from RP-1 to JP-7 to JP-8. The
n-alkanes seem to be among the most abundant hydro-
carbons present in JP-7 and JP-8 fuels, and these
components, once identified by GC/MS studies, were
used as the internal standards. Fuel compositions will
vary from batch to batch.!! Consequently, the vaporiza-
tion enthalpies reported in this communication should
be viewed as representative values. The Supporting
Information that accompanies this publication should
provide an interested party sufficient detail to reproduce
the protocol that is described.
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Experimental Section

Samples of RP-1, JP-7, and JP-8 fuels were kindly supplied
by Tim Edwards at Wright—Patterson Air Force Base in Ohio.
(The samples correspond to sample lot numbers POSF 4220,
3327, and 3773, respectively.) The following compounds were
used as vaporization enthalpy standards for RP-1 fuel: octane,
1-nonene, decane, naphthalene, dodecane, and tridecane. For
RP-1 fuel, these were added as external standards, and the
RP-1 was analyzed as a mixture. The contribution of the
standards to the mole fraction at the appropriate retention
time was subtracted using the spectrum of a sample of RP-1
without external standards. Samples of JP-7 and JP-8 fuel
already contain substantial amounts of n-alkanes, as identified
by GC/MS and retention time studies. n-Undecane, n-dode-
cane, n-tridecane, and n-tetradecane were identified and used
as internal standards for JP-7 fuel and hydrocarbons n-decane
through n-pentadecane were similarly identified and used as
standards in JP-8 fuel. The retention times of most of these
compounds are identified in Figures 1—3. The vaporization
enthalpies of the compounds used as standards are well-
known. 1213

The mass spectra were recorded on a Hewlett—Packard
model HP 5988A GC/MS system. The n-alkanes were identified
by comparison of their mass spectra to authentic spectra
available in a standard database.!* Correlation-gas chroma-
tography experiments were performed on a Hewlett—Packard
model HP 5890A Series II gas chromatograph that was
equipped with a split/splitless capillary injection port and a
flame ionization detector run at a split ratio of ~100/1.
Retention times were recorded to three significant figures
following the decimal point on an enhanced Chemstation
G1701BA, Version B01.00. The instrument was operated
isothermally, using a 30-m SPB-5 capillary column. Helium
was used as the carrier gas. The retention time of the solvent
(CHyCly) was used as a measure of the nonretained reference.
Adjusted retention times (t,) were calculated by subtracting
the measured retention time of each analyte from the retention
time of the nonretained reference, as a function of temperature
over a 30-K range. Column temperatures were controlled by
the gas chromatograph and were monitored independently,
using a Fluke model 51 K/J thermometer. Temperature was
maintained constant to +£0.1 K. The purities of the other
standards were high (0.99 mol fraction). The results for RP-1
fuel using integrator intensities directly without corrections,
as well as attempts to correct for detector bias, are reported
in Table 1. Similar data for JP-7 and JP-8 fuel are available
in the tables provided in the Supporting Information. Uncer-
tainties in the vaporization enthalpies reported for the RP-1,
JP-7, and JP-8 fuels in Tables 3 and 6 (shown later in this
work) refer to the precision of the measurements and represent
two standard deviations associated with the intercept of eqs
5—7. All other uncertainties represent two standard deviations.
The accuracy associated with the vaporization enthalpies is
more difficult to ascertain, because these analyses are per-
formed on complex mixtures. We would estimate these values
to be accurate within +4 kJ/mol (95% confidence level).

NMR spectra were measured on a Bruker model Avance 300
NMR spectrometer using deuteriochloroform as the solvent.
The ratio of aromatic and olefinic hydrogens (6 6.5—8.5 ppm)
to aliphatic hydrogens (6 0.5—3.5 ppm), as determined by
integration, varied from /g3; for JP-7 and /119 for RP-1 to Ysg
for JP-8. The average hydrogen/carbon (H/C) ratio in the fuel
samples used was also evaluated by integration of the 'TH NMR

(12) Ruzicka, K.; Majer, V. Simultaneous Treatment of Vapor
Pressures and Related Thermal Data Between the Triple Point and
Normal Boiling Temperatures for n-Alkanes C5—Cso. J. Phys. Chem.
Ref. Data 1994, 23, 1-39.

(13) Majer, V.; Svoboda, V. Enthalpies of Vaporization of Organic
Compounds: A Critical Review and Data Compilation; TUPAC Chemi-
cal Data Series No. 32; Blackwell: Oxford, U.K., 1985.

(14) NIST/EPA/NIH 98.
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Table 1. Adjusted Retention Times (¢,), Mole Fractions (n;), and Adjusted Mole Fractions (n,;) for RJ-4 Fuel for T = 364
to 384.3 K
ta (min) 7n;(x 10%) 74 (x 10%9) ¢y (min) 7n;(x 104 ng(x 10%) g (min) n;(x 104 n,(x 104ty (min) n;(x 10%) 5y (x 10%)
T=364K
0.04 0.36 0.9 1.767 29.66 35.9 4.67 141.74 151.76 12.391 144.25 138.43
0.068 0.14 0.29 1.844 1.06 1.28 4.893 107.9 114.9 12.897 142.19 135.87
0.081 0.19 0.39 1.886 3.72 4.47 5.083 210.72 223.38 13.4557  470.3 447.38
0.119 0.14 0.26 1.954 6.69 7.99 5.141 174.74 184.99 14.312 141.52 133.76
0.147 0.09 0.16 2.025 16.11 19.15 5.256 46.48 49.07 14.727 356.76 336.17
0.229 0.76 1.27 2.077 29.63 35.1 5.385 149.3 157.2 15.1 74.99 70.48
0.276 1.19 1.91 2.16 10.03 11.82 5.509 55.33 58.11 15.247 56.99 53.5
0.292 0.4 0.64 2.208 20.14 23.67 5.734 97.35 101.75 15.445 132.51 124.24
0.319 0.58 0.91 2.258 9.69 11.36 5.787 57.24 59.76 16.163 84.99 79.31
0.416 0.5 0.75 2.369 30.65 35.69 6.028 168.46 175.07 16.421 45.9 42.77
0.497 0.18 0.27 2.463 55.8 64.65 6.188 94.85 98.28 17.014 166.23 154.31
0.534 0.25 0.35 2.514 29.43 34.01 6.273 119.57 123.69 17.499 109.48 101.34
0.581 0.71 1.01 2.561 56.21 64.8 6.602 185.38 190.65 18.025 30.93 28.55
0.666 0.76 1.06 2.646 37.22 42.73 6.796 145.97 149.63 18.428 68.09 62.69
0.718° 0.16 0.22 2.711 4.57 5.23 6.911 165.87 169.71 19.126 107 98.14
0.775 1.47 2.0 2.758 7.14 8.16 7.327 234.34 238.18 19.378 82.64 75.71
0.821 0.85 1.15 2.817 22.94 26.13 7.49 180.03 182.53 19.993 122.82 112.15
0.869 0.64 0.86 2.87 52.28 59.4 7.733 116.24 117.44 20.68 143.16 130.28
0.904 1.3 1.73 3.004 86.2 97.39 8.026 114.95 115.65 21.591 103.38 93.67
0.995 7.77 10.19 3.075 54.35 61.23 8.161 208.86 209.74 22.054 188.26 170.22
1.177 9.93 12.71 3.147 28.54 32.06 8.498 264.73 264.66 22.482 46.53 41.99
1.32 0.46 0.58 3.2744 55.17 61.68 8.732 106.18 105.83 23.414 91.94 82.64
1.371 0.16 0.2 3.402 36.11 40.17 9.029 114.63 113.84 23.945 52.13 46.75
1.414 5.96 7.43 3.515 22.0 24.37 9.402 205.48 203.15 24.701 15.11 13.51
0.04 0.36 0.9 3.614 90.32 99.74 9.756 318.65 313.76 25.257 47.73 42.57
0.068 0.14 0.29 3.753 42.25 46.44 10.058 231.26 226.96 25.921 31.14 27.71
1.469¢ 24.85 30.84 3.834 143.13 156.93 10.381 396.86 388.14 26.875% 152.11 134.86
1.524 7.05 8.71 3.982 113.04 123.37 10.859 271.32 264.07 27.782 6.72 5.94
1.554 4.29 5.29 4.225 165.19 178.99 11.207 97.74 94.81 28.257 12.59 11.11
1.64 1.23 1.5 4.304 121.63 131.5 11.724¢ 244.5 236.01 28.806 17.22 15.17
1.682 0.29 0.35 4.505 45.01 48.4 12.059 203.11 195.47 29.964 26.08 22.88
SA; = 52569744, Yn; In(1/ty) = —2.1825; Y ny; In(1/ty) = —2.1372
T=369.1K
0.034 0.49 1.19 1.828 10.58 12.42 4.456 174.68 183.72 10.118 183.19 175.79
0.069 0.65 1.33 1.877 21.79 25.5 4.594 54.77 57.4 10.873 364.21 346.85
0.105 0.36 0.67 1.928 9.25 10.79 4.681 44 .57 46.61 11.217 163.87 155.55
0.129 0.32 0.58 2.001 30.8 35.74 4.841 131.19 136.65 11.875 415.02 391.58
0.202 1.47 2.43 2.082 50.26 58.03 5.008 169.17 175.52 12.17 86.12 81.05
0.242 2.18 3.47 2.105 41.51 47.86 5.201 162.53 167.91 12.448 205.29 192.74
0.276 0.96 1.5 2.182 52.37 60.1 5.332 42.63 43.92 13.003 117.61 109.92
0.365 2.13 3.17 2.22 45.03 51.56 5.446 184.78 189.88 13.509 71.48 66.54
0.392 0.72 1.06 2.3084 11.29 12.86 5.559 77.62 79.58 13.807 111.13 103.22
0.432 0.89 1.29 2.388 25.11 28.49 5.702 120.64 123.32 14.129 115.2 106.75
0.464 0.94 1.34 2.432 53.1 60.11 5.785 107.42 109.63 14.508 23.68 21.89
0.501% 0.09 0.12 2.537 89.62 100.91 5.938 63.84 64.96 14.8578 85.59 78.9
0.574 0.83 1.15 2.6 58.36 65.51 6.121 338.58 343.35 15.342 78.7 72.31
0.617 0.12 0.17 2.731 30.11 33.59 6.382 162.97 164.49 15.536 118.98 109.18
0.663 0.91 1.23 2.868 36.78 40.79 6.572 143.96 144.83 16.029 113.14 103.49
0.86 5.34 6.96 3.016 64.72 71.33 6.805 258.33 258.88 16.549 153.25 139.73
1.016 9.56 12.16 3.068 47.8 52.57 7.008 183.48 183.27 17.271 97.25 88.28
1.079¢ 0.15 0.19 3.125 35.4 38.85 7.167 131.93 131.45 17.628 218.1 197.58
1.135 0.55 0.69 3.194 145.76 159.52 7.386°¢ 123.91 123.05 18.299 45.86 41.39
1.164 0.19 0.23 3.322 88.33 96.2 7.663 104.7 103.55 19.088 115.73 104.01
1.248 26.38 32.6 3.471 81.97 88.81 7.92F 371.23 365.82 19.738 25.51 22.85
1.309 10.3 12.65 3.551 187.3 202.38 8.182 236.26 231.99 20.49 45.54 40.64
1.398 1.22 1.49 3.659 60.68 65.33 8.429 344.51 337.19 21.335 179.96 159.95
1.446 0.34 0.41 3.763 29.66 31.83 8.822 332.71 324.03 21.743 7.48 6.64
1.514 30.54 36.76 3.919 155.46 166 9.074 119.73 116.25 22.49 10.27 9.08
1.594 4.61 5.51 4.06 115.98 123.33 9.27 87.75 85 22.832 9.87 8.71

1.707 20.15 23.88 4.15 88.41 93.77 9.69 256.11 246.91
1.772 35.33 41.66 4.266 332.39 351.38 9.847 150.44 144.79

SA; = 37987713; Yni In(1/ty;) = —1.9798; S nai In(1/t,) = —1.9365

T=3742K

0.03 0.36 0.92 1.549 45.09 53.3 3.685 170.12 179.9 9.447 176.91 167.86
0.063 0.34 0.72 1.638 21.75 25.51 3.789 192.31 202.69 9.825 391.89 370.24
0.096 0.14 0.26 1.686 7.86 9.18 3.951 91.79 96.26 10.346 250.86 235.68
0.117 0.08 0.15 1.734 21.13 24.61 4.148 128.41 133.87 10.585 65.45 61.34
0.182 0.58 0.97 1.826 97.26 112.7 4.269 165.95 172.41 10.779 57.67 53.94
0.219 1.45 2.33 1.916 94.29 108.33 4.444 160.94 166.4 11.177 101.59 94.65
0.245 0.52 0.82 2.0 10.34 11.82 4.615 211.7 217.91 11.445 123.01 114.32
0.327 0.26 0.39 2.075¢ 24.57 27.93 4.717 106.94 109.79 11.709 108.57 100.65
0.386 0.06 0.08 2.114 51.61 58.54 4.883 238.32 243.68 12.226 98.48 90.88
0.413 0.11 0.15 2.199 88.99 100.42 5.211 394.98 400.79 12.667 158.42 145.64
0.445 0.18 0.26 2.254 49.98 56.21 5.406 134.1 135.49 13.12 145.31 133.1
0.516 0.16 0.22 2.352 32.48 36.34 5.538 148.93 150.06 13.549 170.62 155.75
0.546 0.31 0.43 2.403 55.44 61.85 5.79 255.1 255.71 14.135 85.75 77.93
0.585 0.63 0.86 2.482 37.65 41.83 5.922 176.25 176.22 14.401 239.73 217.45

YA; = 37987713; Y ni In(1/te;) = —1.9798; Y nai In(1/ta) = —1.9365
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Table 1 (Continued)
tai (min) n;(x 10%) ng(x 10%)

tai (min) n;(x 10%) ng (x 10%) tai (min) n;(x 10%) ng(x 10%) tai (min) n;(x 10%) ng (x 10%)

T=3742K
0.761 5.12 6.7 2.59 62.64 69.21 6.056 128.01 127.65 14.976 27.53 24.87
0.898 9.17 11.71 2.666 71.8 79.05 6.204 117.3 116.65 15.2862 19.09 17.21
0.95¢ 0.17 0.22 2.739 153.56 168.48 6.441 102.61 101.6 15.787 115.46 103.74
1.001 0.71 0.89 2.853 88.99 97.14 6.647 354.35 349.63 16.239 27.33 24.48
1.092 23.63 29.34 2.969 84.48 91.76 6.85 233.68 229.79 17.352 239.57 213.15
1.152 9.47 11.67 3.058 179.29 194.01 7.057 366.33 359.01 18.122 8.15 7.22
1.222 14 1.72 3.147 60.19 64.89 7.364 322.87 314.91 18.504 23.41 20.7
1.273 0.61 0.74 3.237 35.18 37.8 7.66¢ 147.17 14291 19.228 19.39 17.07
1.329 29.66 35.81 3.336 82.8 88.63 7.866 82.78 80.14 19.53 2.45 2.16
1.389 4.36 5.24 3.458 162.61 173.3 8.1941 192.23 185.26 20.457 0.34 0.3
1.426 2.44 2.92 3.529 95.51 101.54 8.477 188.73 181.21 20.782 1.64 1.43
1.485 16.46 19.57 3.621 157.49 166.9 9.022 542.3 517.14 21.217 5.81 5.06
SA; = 58805637; Yn; In(1/ty) = —1.819; Yn, In(1/t,) = —1.7769
T=379.3K
0.055 0.3 0.62 1.526 53.97 62.67 3.62 57.11 59.39 8.549 64.45 60.73
0.086 0.11 0.21 1.608 89.44 103.11 3.687 66.29 68.78 8.709 106.89 100.51
0.105 0.06 0.11 1.664 9.42 10.81 3.773 122.3 126.55 8.997 68.17 63.87
0.162 0.6 0.99 1.746 25.61 29.2 3.847 95.87 98.97 9.109 48.65 45.52
0.194 141 2.26 1.784 45.73 52 3.92 136.38 140.47 9.34 140.61 131.21
0.211 0.48 0.75 1.847 88.26 99.9 4.091 164.01 168.08 9.494 105.78 98.53
0.287 0.25 0.37 1.9544 37.2 41.8 4.231 213.06 217.47 10.168 254.93 235.72
0.336 0.07 0.1 2.028 67.79 75.8 4.368 255.15 259.45 10.599 128.04 117.86
0.358 0.09 0.12 2.082 29.71 33.1 4.53 204.75 207.32 10.92 198.35 182.01
0.383 0.23 0.32 2.144 45.15 50.13 4.718 86.48 87.14 11.4 84.79 77.45
0.467b 0.15 0.21 2.266 219.53 241.98 4.853 363.91 365.5 11.605 239.83 218.65
0.496 0.48 0.66 2.357 53.0 58.13 5.038 147.58 147.58 12.002 63.88 58.03
0.654 5.02 6.58 2.388 34.75 38.05 5.221 107.27 106.83 12.421 29.3 26.52
0.771 9.1 11.64 2.461 85.29 93.03 5.424 290.43 287.97 12.979 180.15 162.32
0.857 0.68 0.86 2.55 172.67 187.5 5.568 262.08 259.07 13.983¢  198.68 177.63
0.921¢ 35.53 44.27 2.627 57.47 62.17 5.743 350.27 345.03 14.298 47.97 42.79
1.024 0.61 0.75 2.702 39.76 42.86 6.0 283.6 277.97 14.583 22.95 20.43
1.047 0.32 0.39 2.769 71.41 76.74 6.134 195.53 191.17 14.858 18.43 16.37
1.078 0.85 1.04 2.849 134.49 144.03 6.382 91.32 88.88 15.089 24.71 21.92
1.134 32.36 39.13 2.914 104.54 111.64 6.549 89.62 86.97 15.415 37.74 33.4
1.193 2.56 3.08 2.993 157.72 167.87 6.821°¢ 323.41 312.42 15.834 21.44 18.92
1.246 15.0 17.9 3.114 295.61 313.11 6.956 160.47 154.68 16.39 7.27 6.4
1.312 43.58 51.65 3.219 58.6 61.82 7.349+  524.59 502.57 17.085 7.55 6.61
1.383 21.05 24.76 3.293 82.86 87.16 7.972 501.14 475.8
1.448 24.53 28.68 3.416 60.54 63.4 8.154 90.04 85.27
1.5 41.52 48.31 3.538 225.18 234.82 8.394 134.14 126.63
>A; = 58258863; Y n; In(1/ta) = —1.6585; Y nqi In(1/ty;) = —1.6172
T=384.3K
0.049 0.45 0.96 1.6744 39.66 44.63 3.968 65.96 66.58 8.985 177.91 163.62
0.077 0.39 0.74 1.763 100.09 111.86 4.132 340.44 342 9.524 275.23 251.53
0.095 0.39 0.71 1.844 59.73 66.37 4.214 70.6 70.76 9.894 34.78 31.66
0.145 2.34 3.9 1.943 207.36 228.81 4.299 47.77 47.76 10.088 25.95 23.57
0.174 2.88 4.64 2.017 52.71 57.89 4.376 73.66 73.49 10.544 45.05 40.73
0.187 1.49 2.36 2.073 28.4 31.07 4.534 266.81 265.1 10.833 95.42 86.01
0.257 6.73 10.09 2.107 76.34 83.36 4.681 241.47 239.03 11.3768  158.72 142.32
0.338 0.45 0.64 2.194 165.92 180.23 4.801 358.08 353.41 11.907 67.71 60.42
0.411% 0.46 0.64 2.256 50.88 55.07 5.01 238.81 234.53 12.564 39.37 34.94
0.578 8.26 10.83 2.429 196.85 211.06 5.184 203.55 199.11 13.059 13.84 12.23
0.681 10.03 12.82 2.477 109.06 116.65 5.41 90.88 88.46 13.895 12.95 11.37
0.753 1.14 1.43 2.534 160.14 170.79 5.629 352.95 342 14.082 18.1 15.87
0.803¢ 0 0 2.665 266.31 282.22 5.756°¢ 913.74 883.14 14.464 41.6 36.37
0.83 61.56 76.4 2.777 118.81 125.27 5.815 94.98 91.7 15.442 46.95 40.78
0.996 35.71 43.17 2.91 53.69 56.28 6.067" 447.24 429.68 16.159 20.46 17.69
1.037 4.66 5.6 3.013 187.09 195.26 6.334 58.43 55.86 16.705 30.37 26.17
1.083 14.93 17.83 3.089 70.53 73.39 6.595 457.61 435.51 17.403 18.24 15.65
1.149 46.01 54.5 3.146 42.27 43.88 6.914 90.15 85.34 18.115 28.73 24.55
1.206 21.06 24.78 3.189 75.76 78.52 7.16 142.24 134.13 18.877 2.3 1.95
1.259 23.23 27.17 3.275 130.86 135.19 7.313 57.09 53.71 18.955 2.02 1.72
1.317 89.01 103.47 3.337 127.97 131.9 7.497 48.51 45.51 19.267 0.26 0.22
1.39 90.57 104.5 3.508 169.74 173.9 7.775 204.95 191.51 19.386 0.55 0.47
1.517 24.9 28.39 3.576 173.69 177.53 8.079 54.6 50.81 19.494 1.12 0.95
1.552 42.08 47.83 3.723 225.98 229.86 8.374 180.41 167.21 19.594 0.42 0.35
1.602 83.66 94.7 3.814 183.45 186.05 8.72 86.81 80.1 19.643 0.55 0.46
20.12 8.01 6.77
SA; = 31449215; Y n; In(1/ty) = —1.5010; Yna; In(1/t,) = —1.4572
@ Unless otherwise noted, the unadjusted retention times of the standards are as given in Table 1. n; = A;/3A; and n, = [ni/(m(T)

In(1/ts;) + B(T))1/3 nai. ® Same adjusted retention time as that found for octane. ¢ Same adjusted retention time as that found for 1-nonene.
4 Same adjusted retention time as that found for decane. ¢ Same adjusted retention time as that found for naphthalene. / Same adjusted
retention time as that found for dodecane. &€ Same adjusted retention time as that found for tridecane.



BATCH:

220
221
222
223

224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240

241

242
243
244
245

ef5a2l

USER: rjb69

F Energy & Fuels

0.14 -
0.12 3 decane naphthalene
] 1-nonene dodecane
1 tridecane
0.10
= 0.08
B ]
‘g ]
< ]
= 0.06 o
P ]
< ]
= ]
0.04
0-02{ ’ ‘
L e e B S s s s s S s By s s s
0 5 10 15 20 25

Adjusted retention time (min)

Figure 4. Bar graph of the mole fraction versus retention
time of RP-1 fuel at 369 K with standards. The retention time
of the solvent, CHCl; (¢ = 0), is not shown.

spectra. In this instance, an external reference, dimethyl
phthalate (DMP), was used as the reference. The number of
moles of hydrogen in the fuel sample used (mols f.e1) could be
evaluated using eq 4:

figMge  AcH/Cme — H/Cmyg,
MW, #gl12+ (H/C)] 12+ (H/C)

4)

moly g, =

The total number of moles of hydrogen is dependent on the
mass of the fuel (msue) used, the average molecular weight
(MW¢e1), and the number of hydrogens in the average molec-
ular formula (7ig). The average molecular weight of the fuel
can be expressed in terms of the average number of carbons
(fic), the H/C ratio, and each respective atomic weight. Upon
simplification of eq 4, the number of moles of hydrogen is
dependent only on the mass used and the H/C ratio. The total
number of moles of hydrogen in the methoxy groups of
dimethyl phthalate could also be evaluated by the mass used,
its molecular weight, and a statistical factor of 6. Because the
H/C ratio is the only unknown in the moly fe/moly pyp ratio
determined experimentally via NMR, it can be evaluated from
this relationship. This experiment was repeated for the JP-7
and JP-8 fuels. The results are summarized in Table 8, which
is given later in this work; additional details are provided in
the Supporting Information.

Results

The detailed calculations for RP-1 fuel are given as
an example of the analytical procedure used to detemine
the vaporization enthalpy. Analysis of this sample
represents the most complex situation, because the
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Figure 5. Plot of the natural logarithm of the reciprocal
adjusted retention times versus 1/7 for (from top to bottom)
(O) octane, (W) 1-nonene, (A) decane, (®) RP-1 (raw data),
(O) RP-1 (adjusted for detector bias), (¥) naphthalene,
(®) dodecane, and (®) tridecane.

0.00260 0.00272

standards used are not present internally in the fuel in
sufficient concentration to be useful. Figure 4 illustrates
a typical chromatograph of the RP-1 fuel with the
internal standards present. The retention times of the
internal standards are reported in Table 2.

A plot of In(1/¢,) versus 1/T for the RP-1 fuel results
in Figure 5. The slopes and intercepts of these lines are
provided in the second and third columns of Table 3.
Enthalpies of transfer from the stationary phase of the
column to the gas phase at the mean temperature of
measurement, A8 H,(368 K), were obtained by multi-
plying the slope of the line by the gas constant (R). A
plot of A% H,(368 K) versus the vaporization enthal-
pies of the standards, A{H,(298.15 K), results in eq 5,
which is given at the bottom of the RP-1 portion of Table
3. This equation was used to evaluate the vaporization
enthalpy of RP-1 fuel.

The mole fraction of each component in RP-1 was
calculated two ways. The area generated by the detector
response (4;) was summed over all i components and
used to calculate the mole fraction of each component.
This sum, YA, is reported at the bottom of the data sets
in Table 1 for each temperature studied. Multiplication
of the mole fraction of each component according to eq
1 and summing the results over all components at each
temperature investigated resulted in values of Yn; In-
(1/¢,;), which were then plotted as a function of reciprocal
temperature (1/7). The results of this plot are illus-

Table 2. Unadjusted Retention Times of the Standards Used in RP-1 Fuel

Unadjusted Retention Time, ¢ (min)

compound T=364.0K T=369.1K T=3742K T=379.3K T=3843K

CHyCl, 0.583 0.579 0.569 0.563 0.564
octane 1.301 1.196 1.115 1.03 0.975
1-nonene 2.052 1.827 1.661 1.484 1.367
decane 3.857 3.31 2.921 2,517 2.238
naphthalene 12.307 10.269 8.763 7.384 6.32

dodecane 14.038 11.452 9.591 7.912 6.631
tridecane 27.458 21.914 17.921 14.546 11.94
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Table 3. Slopes, Intercepts, Enthalpies of Transfer, and Enthalpies of Vaporization of the Standards and Those
Calculated for RP-1, JP-7, and JP-8 Fuels

For RP-1 Fuel

A¥H,(298.15 K) (kJ/mol)

slope intercept A8, Hn(368 K) (kdJ/mol) literature value® calculated value
octane —3838 + 78 10.88 + 0.01 31.91 41.56 41.8
1-nonene —4162 + 84 11.05 +0.01 34.60 45.5 45.8
decane —4615 4+ 84 11.49 4+ 0.01 38.37 51.42 51.3
naphthalene —4884 4+ 48 10.96 + 0.01 40.60 55.65 54.8
dodecane —5464 + 58 12.41 +0.01 45.42 61.52 61.7
tridecane —5897 + 43 12.91 +0.01 49.03 66.68 67.0
RP-1 —4640 4+ 100 10.58 4+ 0.03 38.57 51.6 +1.2
RP-1¢ —4626 + 94 11.58 +0.03 38.45 515+ 1.2

A$H,(298.15 K) (kJ/mol) = (1.472 + 0.041)A8 H,,(368 K) — (5.145 + 0.59); r2 = 0.9970 (5)
For JP-7 Fuel
AYH,(298.15 K) (kJ/mol)

slope intercept A& H,(387 K) (kJ/mol) literature value® calculated value
undecane —5413.1 12.923 45.004 56.6 55.9
dodecane —6281.8 15.334 52.227 61.5 62.8
tridecane —6782.7 16.042 56.391 66.7 66.8
tetradecane —7311.9 16.849 60.791 71.7 71.0
JP-7 —5635.4 12.964 46.853 57.6 2.3
JP-72 —5582.3 12.884 45.080 57.2 + 2.3

AFH,(298.15 K) (kJ/mol) = (0.961 =+ 0.10)A5 Hi(387 K) — (12.63 + 2.3); r2 = 0.9788 (6)
For JP-8 Fuel
AJH,(298.15 K) (kJ/mol)

slope intercept A& H,(400 K) (kJ/mol) literature value® calculated value
decane —4473.6 11.109 37.191 51.4 51.2
undecane —4823.1 11.373 40.097 56.6 56.4
dodecane —5185.5 11.682 43.110 61.5 61.9
tridecane —5526.9 11.945 45.948 66.7 67.0
tetradecane —5852.1 12.172 48.652 71.7 71.9
pentadecane —6152.5 12.338 51.149 76.8 76.4
JP-8 —5557.6 12.828 46.204 67.44+1.0
JP-8¢2 —5416.6 12.602 45.031 65.3+1.0

A$H,(298.15 K) (kJ/mol) = (1.804 + 0.03)A% H,,(400 K) — (15.9 £ 0.5); 72 = 0.9989 (7)

@ Adjusted for detector bias as described in the text. ® From refs 12 and 13.

274 trated by the open square symbols in Figure 5. The 14

275 >n; In(1/t,;) values are also reproduced at the bottom of

276 the data sets in Table 1 at each temperature.

277 This method of evaluating the mole fraction of each 137

278 component assumes that the detector response is not

279 biased, in regard to molecular size. To examine how g 12

280 much of an error this assumption introduces into the s

281 vaporization enthalpy that is calculated, the data were % 114

282 adjusted in the following manner. First, it was assumed S

283 that the detector response was linear with carbon =

284 number. In addition, it was also assumed that the 'g 10 1

285 retention time of a component was related to the E

286 number of C atoms. Although this is not strictly true Z 9

287 when comparing aromatic to aliphatic components with

288 the same number of C atoms, this is a reasonable

289 approximation for most linear molecules, as illustrated 87

290 by Figure 6. This figure correlates the number of C

291 atoms (IN¢) with the In(1/¢,) value of the standards at L e e e L
292 T = 359 K. The linear hydrocarbons correlate nicely; -4 -3 2 -1 0 1

293 only naphthalene is significantly off the line. Generally, In (1%,)

294 aromatic compounds have somewhat longer retention Figure 6. Correlation observed between the number of C

295 times than the corresponding acyclic hydrocarbons with atoms present in the standards and the natural logarithm of

296 equal carbon numbers. Hydrocarbons with branching the reciprocal of their adjusted retention time {In(1/£,)} at

297 are usually slightly less retained, relative to the n- T =364 K. The slopes and intercepts of these correlations are

298 alkanes. The slope and intercept of the correlation in given in Table 4.

299 Figure 6 was used to calculate the hypothetical number based on the observed retention time. The analytical 301
300 of C atoms present in each component of the RP-1 fuel, expression used to calculate the adjusted mole fraction 302
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Table 4. Slope and Intercept Obtained by Correlating the Number of Carbon Atoms of the Standards (N¢) Used in the
RP-1, JP-7, and JP-8 Fuels with the Corresponding Value of In(1/¢,) of Each Standard, as a Function of Temperature

RP-1 Fuel JP-7 Fuel JP-8 Fuel

temperature, slope, intercept, temperature, slope, intercept, temperature, slope, intercept,
T (K) S(T) b(T) T (K) S(T) b(T) T (K) S(T) b(T)
364.0 —1.218 8.39 375.15 —1.6635 8.6631 384.4 —1.6927 9.1355
369.1 —1.240 8.58 380.25 —1.6044 8.9117 389.5 —1.6259 9.3621
374.2 —1.266 8.75 385.25 —1.6484 9.1427 404.9 —1.7175 10.076
379.3 —1.282 8.97 390.45 —1.6925 9.3803 409.9 —1.7443 10.325
384.3 —1.308 9.16 395.75 —1.7352 9.6387 414.9 —1.7779 10.559

399.35 —-1.777 9.9005

Table 5. Comparison of Vaporization Enthalpies of RP-1, JP-7, and JP-8 Fuels with Literature Values

A$H(298.15 K) (kJ/kg)

approximate approximate formula A¥H,(298.15 K) calculated literature
fuel formula mass® (g/mol) (kd/mol) value value(s)
RP-1 Ci2Has 4 167.4 51.5 308 291, 2466
JP-7 Ci2Has 169 55.9 331 330¢
JP-8 C11Hga 153 65.4 428

a Data taken from ref 11. ® Data taken from ref 17. ¢ Data taken from ref 18.

of each component (n,;) is given by eq 8.
_ /NGl nAS(T) In(1/2,) + b(T)}

Znai znai

The slope (S(T)) and intercept (b(T)) are functions of
temperature; the values of S(T) and b(T') obtained from
the standards and used for the RP-1, JP-7, and JP-8
fuels are reported in Table 4. The corresponding value
of Sng In(1/ty;) calculated for the RP-1 fuel at each
temperature using this approximation for detector bias
is given as the last entry at the bottom of the data sets
in Table 1 at each temperature. The solid circle symbols
in Figure 5, which are barely noticeable, illustrate the
correlation of Y n,; In(1/¢,;) with 1/T. The last two entries
in Table 3 summarize the vaporization enthalpy calcu-
lated for the RP-1 fuel without and with detector bias.
Adjusting for detector bias in this manner does not seem
to have a significant effect on the magnitude of the
vaporization enthalpy. Similar results, which are also
summarized in Table 5, were obtained for the JP-7 and
JP-8 fuels. The effect of detector bias seems greater for
JP-8, presumably because of the broader range of
molecular size present in this fuel.

8

n

Discussion

One of the approximations inherent in the procedure
described previously is that the enthalpy of mixing is
relatively small and is not likely to introduce a sub-
stantial error in the determination. This is probably a
good approximation for hydrocarbons but may be inap-
propriate for some mixtures. The enthalpies of solution
of hydrocarbons are small and have a tendency to be
slightly endothermic.’® A characteristic of correlation-
gas chromatography is that, if the vaporization enthal-
pies of pure materials are used as standards in the
correlation, then the results obtained for mixtures will
be for ideal solutions. Given a slightly endothermic
enthalpy of mixing, as would be expected for hydrocar-
bon fuels, the vaporization enthalpy of the mixture is
likely to be slightly smaller than the value obtained by
this technique. A comparison of the vaporization en-

thalpy measured on the mixture by Calvet calorimetry
to the results obtained by correlation-gas chromatog-
raphy would be a direct method for evaluating the
enthalpy of mixing of the hydrocarbons in fuels. This
protocol has been used to evaluate enthalpies of mixing
in other systems.16

Given this approximation, a comparison of vaporiza-
tion enthalpies of the fuels studied with literature
values is given in Table 5. The difficulty already noted
is that typical values for these fuels are not readily
available, and, for those that are available, it is not clear
whether the values are experimental or estimated.
Table 5 summarizes the values that we have been able
to locate. We have not been able to locate any data for
the JP-8 fuel. Agreement for the JP-7 fuel is good,
particularly considering the assumption regarding the
enthalpy of mixing. The results obtained in this study
for the RP-1 and JP-8 fuels do warrant some additional
comments, given the differences that are observed in
Table 6 between the average molecular formula reported
for these fuels, the value of the vaporization enthalpy
estimated, and the magnitude of the vaporization en-
thalpies obtained.

Table 6 lists some of the physical properties that are
available for a series of rocket and jet fuels whose
vaporization enthalpies have been measured. The en-
thalpy values can be compared with the predictions of
the following simple empirical relationship that has

(15) (a) Saluja, P. P. S.; Young, T. M.; Rodewald, R. F.; Fuchs, F.
H.; Kohli, D.; Fuchs, R. Enthalpies of Interaction of Alkanes and
Alkenes with Polar and Nonpolar Solvents. J. Am. Chem. Soc. 1977,
99, 2949—-2953. (b) Fuchs, R.; Chambers, E. J.; Stephenson, K. W.
Enthalpies of interaction of nonpolar solutes with nonpolar solvents.
The role of solute polarizability and molar volume in solvation. Can.
J. Chem. 1987, 65, 2624—26217.

(16) Temprado, M.; Roux, M. V.; Umnahanant, P.; Zhao, H.; Chickos,
J. S. The Thermochemistry of 2,4-Pentanedione Revisited: Observance
of a Nonzero Enthalpy of Mixing between Tautomers and Its Effects
on Enthalpies of Formation. J. Phys. Chem. B 2005, 109, 12590—12595.

(17) Edwards, T. Personal communication, as taken from the CPIA
Liquid Propellant Manual.

(18) Aviation Fuel Properties, CRC Report No 530, Society of
Automotive Engineers, Inc., Warrendale, PA, 1983.

(19) Chickos, J. S.; Hillesheim, D. M.; Nichols, G.; Zehe, M. J. The
enthalpies of vaporization and sublimation of exo- and endo-tetrahy-
drodicyclopentadiene at T' = 298.15 K. J. Chem. Thermodyn. 2002,
34, 1647—-1658.
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Table 6. Comparison of Various Physical Properties of Some Jet and Rocket Fuels with Literature Values®

Value
property JP-10 fuel RJ-4 fuel RP-1 fuel JP-7 fuel JP-8 fuel

H/C ratio 1.60 1.67° 1.95 2.083 1.91
approximate formula ClOHIG C12H20 012H23‘4 012H25 011H21
boiling point range (°C) 182—183¢ 207—-221¢ 177-274 189—251¢ 177-274
n-paraffins (%) 04 0e 2.1 8.8 60/
iso-paraffins (%) 04 0¢ 27.1 29.1 607
naphthenes (cycloparaffins) (%) 1004 100¢ 62.4 59.8 20
aromatics (%) 0d 0¢ 8.4 2.3 17
A¥H,(298 K) (kJ/mol)

experiment 49.1 4+ 2.3¢ 55.3 +0.3¢ 51.5+1.2¢8 55.9 + 2.48 65.3 + 1.0¢

calculated” 499+ 1.0 59.3 + 1.2 593 +1.2 59.3 +£1.2 54.6 + 1.0

@ Taken from ref 11, unless noted otherwise. ¢ Calculated from the molecular formula. ¢ Data taken from ref 18. ¢ Data taken from ref

19. ¢ Data taken from ref 7. / Sum of n-paraffins and iso-paraffins. € Data obtained from this work. * Calculated using eq 9 with Nq = 0.

been derived to predict the vaporization enthalpies of
hydrocarbons:20

AfH,,(298.15 K) = (4.69 + 0.08)(N — N) +
(1.3 £ 0.2)Ng + (3.0 £ 0.2) (9)

The terms N¢ and Nq in this equation refer to the total
number of carbons and the number of quaternary
carbons, respectively. The predicted vaporization en-
thalpies in Table 6 are all derived on the assumption
that all the hydrocarbon components in these fuels lack
quaternary carbons.

Predictions of AfH,(298.15 K) for JP-10 fuel, which
is a mixture of exo-tetrahydrodicyclopentadiene (99.4%)
and endo-tetrahydrodicyclopentadiene (0.6%), is very
good.!® A similar prediction for RJ-4 fuel, which is a
mixture of various isomers of exo- and endo-dimethyl-
tetrahydrodicyclopentadiene, is somewhat larger than
that measured experimentally.” These measurements
were also conducted using correlation-gas chromatog-
raphy. Considering the fact that some of the components
present in exo- and endo-dimethyl-tetrahydrodicyclo-
pentadiene do contain quaternary C atoms?! brings the
estimated value more in line with the value measured
experimentally. As illustrated in Table 7, branching also
reduces the vaporization enthalpy slightly, relative to
the value calculated by eq 7. Combined with a small
endothermic enthalpy of mixing, the estimated and
experimental values for RP-1 seem to be internally
consistent, within the uncertainties stated.

The vaporization enthalpy predicted for the RP-1 fuel
is also greater than that measured experimentally, by

(20) Chickos, J. S.; Acree, W., Jr.; Liebman, J. F. Estimating Phase
Change Entropies and Enthalpies. In Computational Thermochemistry,
Prediction and Estimation of Molecular Thermodynamics; Frurip, D.,
Irikura, K., Eds.; ACS Symposium Series 677; American Chemical
Society: Washington, DC, 1998; pp 63—93.

(21) Chickos, J.; Hillesheim-Cox, D. Unpublished results. Also see:
Schmit-Quiles, F.; Nicole, D. Characterization of hydrogenated deriva-
tives of methyl and dimethyl-dicyclopentadiene isomers by gas chro-
matography—mass spectrometry and carbon-13 nuclear magnetic
resonance spectroscopy. Analyst 1994, 119, 1731—-1740.

(22) Camin, D. L.; Rosssini, F. O. Physical Properties of 14 American
Petroleum Institute Ressearch Hydrocarbons, Cg to Cy5. J. Phys. Chem.
1955, 59, 1173—1179.

(23) Sasse, K.; Jose, J.; Merlin, J.-C. A static apparatus for measure-
ment of low vapor pressures. Experimental results on high molecular
weight hydrocarbons. Fluid Phase Equilib. 1988, 42, 287—304.

(24) Chirico, R. D.; Knipmeyer, A.; Nguyen, A.; Steele, W. V. The
thermodynamic properties of biphenyl. J. Chem. Thermodyn. 1989, 21,
1307—1331.

(25) Chickos, J. S.; Acree, W. E., Jr. Enthalpies of Vaporization of
Organic and Organometallic Compounds, 1880—2002. J. Phys. Chem.
Ref. Data 2003, 32, 519—878.

Table 7. Comparison of Experimental and Estimated
Vaporization Enthalpies of Some Aliphatic and Aromatic

Compounds
AYH,(298.15 K) (kJ/mol)
hydrocarbon experiment calculated® reference

Aliphatic Hydrocarbons
hexane 31.6 31.1 13
2-methylhexane 34.9 35.8 13
2,4-dimethylhexane 37.8 40.5 13
2,5-dimethylhexane 37.9 40.5 13
decane 514 49.9 13
2-methyldecane 51.9 54.6 13
dodecane 59.5 59.3 13

Aromatic Hydrocarbons
benzene 33.8 31.1 13
toluene 38.0 35.8 13
o-xylene 434 40.5 13
ethylbenzene 42.2 40.5 13
naphthalene 56.7° 49.9 22
1-methylnaphthalene 61.1 54.6 23
biphenyl 64.9 59.3 24

@ Calculated using eq 9 with Nq = 0. ® Adjusted to T' = 298.15
K from T = 417 K using an estimated value for Cp; » of 205 J
mol~! K1 and the following equation (from ref 25): A{H(298.15
K) (kd/mol) = A{Hm(Tw) + [(10.58 + 0.26Cp m)(Twm — 298.15)1/
1000.

Table 8. Summary of Some Physical Properties of the
RP-1, JP-7, and JP-8 Fuels Evaluated in This Study

Value
property RP-1 JP-7 JP-8

H/C ratio 2.045+0.1 2.049 +£0.02 1.95+0.07
average MW 148 +9 166 + 1 160 + 3
approximate formula  Cio6Hz1.7 Cr1.8Hoq2 Cr15H224
A¥H,(298 K) (kJ/mol)

experiment 51.5+ 1.2 559+24 65.3 £ 1.0

calculated® 527+ 1.2 583+1.2 56.9 + 1.2

@ Calculated using eq 9 with N¢ = 10.6 for RP-1, 11.6 for JP-7,
and 11.5 for JP-8; Nq = 0 for all fuels tested.

(7.8 £ 1.7) kJ/mol. A large H/C ratio and the NMR ratio
of aromatic CH to aliphatic CH (!/119) for the RP-1 fuel
suggests the presence of very few aromatic components.
The composition of the RP-1 fuel in Table 6, as obtained
using GC/MS, concurs with this analysis.!l A low
occurrence of n-paraffins (2%) and aromatics (8.4%), but
a much larger occurrence of iso-paraffins (27%) and
naphthenes (cycloparaffins, 62.4%), has been reported.
The H/C ratio measured in this study (Table 8) is
somewhat larger than the literature value. Both are
reasonably consistent with a low occurrence of aromatic
hydrocarbons. As illustrated in Table 7, the presence
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of highly branched hydrocarbons, including some with
quaternary carbons, would be expected to reduce the
experimental value, relative to the value predicted by
eq 9. However, even with a small endothermic mixing
term, it is not clear whether the reduction would amount
to the 7.8 £ 1.7 kJ/mol difference that is observed. The
retention time data for the RP-1 fuel (see Figure 1),
relative to the JP-7 and JP-8 fuels (see Figures 2 and
3) suggests an average carbon content that is slightly
less than that reported in Table 6. However, this
possibility does not seem to be supported by the boiling
point range. To test whether a slightly smaller molec-
ular weight is responsible for the smaller vaporization
enthalpy measured, the equations listed in Table 4 for
the RP-1 fuel were used to evaluate an approximate
average molecular weight. These equations relate reten-
tion times to the number of C atoms of the standards.
As a means of evaluating an average molecular weight,
these equations, along with the GC retention times,
were used to evaluate the number of C atoms of each
analyte in the RP-1 fuel. Combining the adjusted mole
fraction of each analyte as reported in Table 1, the
average experimental H/C ratio reported in Table 8, and
summing over all analytes, eq 10 provides a means of
evaluating an average molecular weight:

MW = 3 (n,)N{ 12 + (H/C)}
= (0 HS(T) In(1/t,) + bTIH 12 + (H/C)}
(10)

The molecular weight results obtained for the RP-1 fuel
are summarized in Table 8. An average molecular
weight of 148 £+ 9, combined with the H/C ratio of 2.045
measured by NMR, results in an average molecular
formula of C195Hsga5. The uncertainty in the molecular
weight was obtained from the standard deviation in the
molar mass associated with using each of the equations
in Table 4 that have been evaluated for the RP-1 fuel.
If the molar mass evaluated in this manner is a
reasonable value for this sample of RP-1 fuel, then the
experimental and estimated values listed in Table 8 for
this formula are in good agreement.

Our GC/MS results on JP-7 fuel and those previously
reported* clearly indicate the presence of significant
amounts of n-paraffins (8.8%). A large composition of
iso-paraffins (29.1%) and naphthenes (59.8%), coupled
with a low content of aromatics (2.3%), have been
reported. Our NMR results are also consistent with a
small ratio of hydrogens on sp%sp? carbons (/g31). In this
case, branching and the presence of an occasional
quaternary carbon, combined with a small endothermic
enthalpy of mixing, would bring the predicted and
experimental values well within their range of uncer-
tainty. JP-7 fuel also provides a good test case of how
well molecular weights can be determined using GC
retention times. Using the H/C ratio, as determined by
NMR, the average molecular weight and molecular
formula of the JP-7 fuel was determined using eqs 10
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and 4, as described for the RP-1 fuel. A molecular weight
of 166 £+ 1 amu and a molecular formula of Ci15Has2
were obtained, which are in very good agreement with
the literature.

The experimental vaporization enthalpy of the JP-8
fuel is more problematic. As suggested by the experi-
mental vaporization enthalpies of some of the aromatic
compounds likely to be found in JP-8 fuel (see Table 7),
experimental vaporization enthalpies of fuels that con-
tain significant amounts of aromatic hydrocarbons are
likely to be larger than the values estimated. However,
the contribution of these differences when combined
with a small enthalpy of mixing, which probably at-
tenuates these differences, is not likely to account for
all of the 9.8 kJ/mol difference observed between
experimental and estimated values. The vaporization
enthalpy is reproducible. A duplicate analysis of JP-8
resulted in a vaporization enthalpy of 64.8 + 1 kJ/mol
(data not shown). Comparison of the boiling tempera-
ture range of JP-8 fuel, the n-paraffin composition, and
the relative retention times of the components in JP-8
fuel, relative to the RP-1 and JP-7 fuels (see Figures
1-3), suggested that the average molecular weight of
the JP-8 fuel may be slightly larger than the literature
value.l!

Application of the same NMR and molecular weight
protocol to the JP-8 fuel resulted in a H/C ratio of 1.95
and an average molecular weight of 160 + 3 amu. This
results in an average molecular formula of Ci15Hag 4,
which, again, is in good agreement with the literature.
Although these results reduce the difference between
experimental and estimated values to 8.4 + 1.6 kJ/mol,
the chemical composition of JP-8 fuel alone does not
seem to be able to bring the estimated and experimental
vaporization enthalpy values completely in line with
expectations.

Conclusions

The vaporization enthalpies of RP-1, JP-7, and JP-8
fuels have been measured by correlation-gas chroma-
tography. The values obtained for the RP-1 and JP-7
fuels are consistent with values available in the litera-
ture and with those estimated. The average composition
of these fuels has been estimated using NMR and gas
chromatography. Given the molecular complexity and
variability of these fuels, the results seem to be in good
agreement with literature values.
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