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Abstract

A Differential Scanning Calorimetry/Thermogravimetric Analysis (DSC/TGA) procedure for
determination of Heat of Vaporization (HOV) of fuel and surrogate fuel mixtures has been
previously utilized for evaluation of oxygenate impacts on spark ignition fuels. This analysis has
been further leveraged with mass spectrometry (MS) to elucidate vapor phase compositional
changes during evaporation. In this article we focus on a simple system of three compounds
(ethanol, n-hexane, and n-octane) to provide a model-based understanding of the evaporation
process under these experimental conditions. An Aspen Plus model was set up to provide liquid
and vapor phase concentration predictions during mixture evaporation using the initial mixture
composition, and measured temperature and mass loss profiles from DSC/TGA experiments.
Agreements between the trends of the MS ion count profiles and model composition predictions
provide a degree of validation of this modeling approach that can allow the interpretation and

extrapolation of DSC/TGA measurements for more complex fuel mixtures.

1. Introduction

The published version of the article is available from the relevant publisher.
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Heat of Vaporization (HOV) can affect anti-knock properties of a fuel in gasoline direct injection
engines [ 1,2]. Specifically, oxygenated fuel species (predominantly ethanol for current
commercial fuel formulations) that have higher HOV's compared to hydrocarbons, provide
enhanced evaporative cooling which leads to reduced engine knocking tendency of the fuel.

This allows gasoline spark ignition engine designs with higher compression ratio, which translate
directly into higher engine thermal efficiency [1,3]. The non-ideal evaporation behavior from the
introduction of polar oxygenated molecules into hydrocarbon mixtures has been measured [4,5]
and can be well-predicted [6], especially when binary interaction model parameters are available
for the species, and those parameters are based on experimental vapor-liquid equilibrium (VLE)
measurements. The system (ethanol, n-hexane, and n-octane) used for illustration in this article is
well-studied for binary interaction behavior [7,8]. Activity coefficient models, such as NRTL
[9], are usually property methods of choice for capturing non-idealities in the liquid phase when
interaction parameters regressed from experimental data are available; Aspen Plus [10] provides
built-in binary parameters for interactions among all three species. Multicomponent system
behavior (ternary system in our case) can be predicted accurately when binary interaction
parameters are available for constituents; this is allowed by the mathematical formulation of
activity coefficient models like NRTL, where no additional parameters are necessary for
multicomponent systems, and cumulative effect of interactions on the activity coefficient of each
component can be accounted by its binary interaction with each of the other components in the
mixture [9]. The liquid phase modeling can be easily extended to more complex mixtures using
experimentally derived binary interaction parameters if available, or otherwise using predictive
activity coefficient models such as UNIFAC [6,11,12] when experimental data is not available.

This approach can help predict compositional and thermal changes during droplet evaporation in

The published version of the article is available from the relevant publisher.
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an engine and benefit engine performance and design, including the modeling of potential
improvements in key metrics such as engine knocking and soot formation [1,6,13,14,15]. We
used the Redlich-Kwong (RK) equation of state [ 16] for the vapor phase model, by specifying
the built-in property method NRTL-RK in Aspen Plus; in this case the experimental data was at
atmospheric pressure conditions and the use of ideal gas instead of RK in the vapor phase would
work equally well; our choice of RK for the vapor phase model was solely based on the
consideration that our model framework should continue to provide good predictions at higher

pressure conditions.

2. Methods

Experimental methods for the DSC/TGA-MS system have been previously published [17,18].
Briefly, a Q600 series DSC/TGA from TA Instruments (New Castle, DE) was coupled to a JEOL
JMS-GC Mate II double focusing mass selective detector. The detector was set to scan from m/z
33-200 with unit mass resolution and ionization source at 20 eV to minimize fragmentation while
producing adequate signal. The experiments were conducted under ambient laboratory
conditions with no temperature control utilized by the instrument. Standard aluminum DSC pans
were used for the analysis. To avoid any evaporation prior to initiation of the experiment,
samples were transferred to the tared aluminum pan while inside the instrument via a gas-tight
syringe and the experiment was started as soon as the instrument furnace door was closed. No lid
was utilized on top of the pan as adequate evaporation is necessary to obtain satisfactory signal
in the mass spectrometer. The volume of sample used was 15 pL for each experiment. Heat flow
varied during the evaporation process because of the system’s natural tendency towards thermal
equilibrium within the instrument; temperature reduction due to evaporation was thus

compensated by additional heat flow from surroundings to help bring the sample pan back

The published version of the article is available from the relevant publisher.
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towards ambient conditions. The difference in heat flow measured for the reference and sample
pans in the instrument provides heat flow information; while we have used that information in
other internal models, we specifically chose not to use the measured heat flow for the current
modeling because of higher noise and uncertainties compared to the measurements of
temperature and mass loss. An Aspen Plus modeling approach related to these experiments is
described here since that has not been reported previously. The focus is on vapor phase
concentration predictions from the Aspen Plus model during the evaporation process and
comparison with MS ion counts using a representative m/z for each species (n-hexane: 86, n-
octane: 85, and ethanol: 45) from experimental DSC/TGA-MS data for two different initial
molar concentrations (A) 25%/25%/50% n-hexane/n-octane/ethanol and (B) 40%/40%/20% n-
hexane/n-octane/ethanol. The concentrations of ethanol are relevant for allowable ranges of
ethanol blends with gasoline, although gasoline is made up of a significantly more diverse set of
hydrocarbons. These two systems are referred to as Case A and Case B in the remainder of this
article. The only input data linking the model with the experimental measurements were the mass
loss and temperature measurements, along with initial liquid compositions. All other model

outputs were predicted. Experimental data used as model inputs are shown in Figure 1.

The published version of the article is available from the relevant publisher.
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85 Figure 1: Experimental data used as inputs for the Aspen Plus model. Case A had an initial
86 molar concentration of 25%/25%/50% n-hexane/n-octane/ethanol, while Case B had
87 40%/40%/20% n-hexane/n-octane/ethanol. The initial concentrations, temperature and mass
88 loss data from experiments were used as model inputs for predicting vapor compositions.
89 DSC/TGA data was exported every 5 seconds.

90 The Aspen Plus flash block (FLASH2) was used in the model for phase equilibrium (VLE)

91  predictions since this system does not exhibit liquid-liquid phase separation. Flash calculations

92  use the specified property method for phase equilibrium calculations to predict vapor and liquid

93  phase compositions for a specified feed composition of the mixture of interest; calculations use

94  two specified inputs (e.g., among temperature, pressure, molar vapor fraction, or duty) to

95 estimate the necessary unspecified state variables and simultaneously satisfy phase equilibrium

96 criteria predicted by the property method at those conditions. Chemical thermodynamics

97  textbooks provide further details; both NRTL and UNIFAC models and algorithms for coding

98 flash calculations can be found in chemical thermodynamics textbooks [19,20]. In our case,

99 temperature and evolved molar vapor fraction for each measurement in time were specified as
100 flash calculation inputs. The temperature was specified based on the experimental measurements

101  and the specified molar vapor fraction was calculated based on the mass loss in each DSC/TGA
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102  measurement step (Figure 1). The model-predicted output composition of the liquid after each
103  flash step was used as the input feed mixture composition for the next step. The initial

104  composition for the first flash calculation was specified based on experimental mixture

105  compositions for Case A and Case B respectively. Initial liquid mass of 14.160 mg (Case A) and
106  13.626 mg (Case B) were chosen in the model to match the experiments; matching the initial
107  mass in the model is important to allow proper correction for nitrogen dilution (N> flow of 50
108 mL/min), as described later. The NRTL-RK property method built into Aspen Plus was used for

109 these calculations. Figure 2 is a simple depiction of the model workflow.

Experimental

Temperature Calculated
HOV and
l Vapor Experimental
Aspen Composition Temperature  Calculated
Initial Liquid P HOV and
— Flash2 Vapor
Composition Step 1 P T
Aspen Composition
T Calculated » Flash2
alculate
. Step 2 Aspen Flash2
Experimental Liquid P ReEeat Steps
Mass Loss Composition g (for each data
(used to calc. ) Calculated ¢
vapor fraction) Experimental Liquid point)
Mass Loss Composition
(used to calc.

vapor fraction)

111 Figure 2: Simple schematic showing steps in Aspen Plus model

112 3. Results and Discussion

113 Since the MS response was not calibrated to compound concentrations for the available
114  experimental data, only ion counts were reported — total ion counts (TIC) and extracted ion
115  counts (EIC) for each individual component. A few additional steps were taken before

116  comparing the modeled molar flow rates with the ion counts. The adjustments included time
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117  shifts of 75s and 30s respectively for Case A and Case B, which were necessary adjustments due
118  to the experimental design. The shifts were determined based on noticeable and identically

119  trending changes in both the MS data and modeled predictions. This relative delay in MS signal
120  in these experiments is due to the amount of time required for analytes to reach the detector; start
121  of evaporation occurring immediately after sample introduction generating heat flow and mass
122 loss at the DSC/TGA, while beginning of MS signal is slightly delayed by time required for

123 analytes to traverse the transfer line (0.1 pm ID x 3 m inert capillary). Note the model inputs

124  were based on DSC/TGA recorded mass and temperature data, while the ion counts were

125  measured by independent recording of the MS data. No attempts were made to match any of the
126  data before 100s because the DSC/TGA-MS system was going through the dynamics of pushing
127  out existing gas holdup within the system, and thus experiencing an initial higher dilution of

128  vapors in the transfer line as the sample reached the MS ion source; the initial climb of

129  experimentally measured ion counts corroborate the idea that the ion count measurements were
130  suppressed by dilution. This may be further addressed in future modeling by careful

131  quantification of system volumes, associated initial gas holdups, and the dynamics of how the

132 initial vapors travel through the system.

133 Another adjustment was made to put the ion counts and modeled mole flows on the same basis.
134  There was a constant nitrogen purge flow of 50 mL/min in the DSC/TGA cell throughout the
135  experiment. However, the molar evaporation rate kept changing during the duration of the

136  experiment (as reflected by changes in mass loss rate, in addition to compositional changes). The
137  ion counts are based on an approximately constant volumetric flow of nitrogen plus sample

138  vapors into the MS (flow rate dictated by the vacuum of the MS interface and volume of the

139  capillary). When the evaporation rate decreases there is a lower ion count of the vapor species

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript.
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140  because of higher nitrogen dilution. Since the model predicts the molar vapor flow rate for each
141 DSC/TGA data point (based on mass loss, as mentioned earlier), it was a simple calculation to
142 factor in a proportional dilution effect of the constant nitrogen flow rate (50 mL/min). The results
143 shown in Figure 3 reflect these adjustments. Similar plots are included in the Supplementary

144  Information (Figure SI-1) with the additional data from the MS that was truncated prior to time
145  zero (in Figure 3) because offsets of negative 75 s and 30 s were included for the MS data to

146  account for transfer line delays; Figure SI-1 shows the buildup of ion concentrations during the

147  initial stages, as discussed above.
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150 Figure 3: Comparison of MS ion counts with modeled vapor molar flows for Case A (50%

151  ethanol) and Case B (20% ethanol). lon counts and modeled total vapor fraction in N for (i) the
152 total mixture; extracted ion counts and modeled molar flows for (ii) ethanol, (iii) NC6 or n-

153 hexane, and (iv) NC8 or n-octane.
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154 4. Conclusion

155  The compounds in this system behave non-ideally, with known binary azeotropes for both n-
156  hexane and n-octane with ethanol [21]; some of the non-idealities are exhibited in the behavior
157  of n-octane shown in Figure 3. The figure shows that while the compositions at the start of

158  experiment are not matched because of the build-up of ions and corresponding experimental

159  signals during that phase, there is good agreement in the trends of the ion counts with the

160  modeled molar flow rate predictions during the later phase where the dilution effects during

161  vapor transfer can be accounted with reasonable certainty. This indicates that the simple

162  equilibrium model in Aspen Plus quantitatively captures much of the evaporation phenomenon in
163  the DSC/TGA-MS experimental system. Some of the unexplained deviations need further

164  investigation through both experiments and additional modeling complexity. Future experiments
165  should include calibration of mass/molar response of each component to improve modeling

166  accuracy. Additionally, usage of higher resolution mass spectrometry would allow for better

167  differentiation of m/z in the spectra derived from oxygenates vs hydrocarbons allowing for the

168  analysis and prediction of more complex systems.
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