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Abstract 

In this work, the usefulness of modulated DSC (MDSC) for measuring the heat capacity of 
commercial hydrocarbon fuels is illustrated. Specifically, the reliability of the method is outlined 
by testing five liquid fuels of diverse composition and origin over a temperature range between 
-70°C and 70°C. The experiments were carried out using a DSC 2910 module from TA 
Instruments Inc., upgraded with the MDSC option. The samples were exposed to a cyclic heating 
profile which was generated by a linear heating rate of 2°C min-1 while simultaneously 
superimposing a sinusoidally varying time-temperature wave with an amplitude of + 0.5°C and 
a period of 100 s. 

On the basis of these measurements, MDSC proved to be a valuable technique with which to 
measure directly the heat capacity of hydrocarbon fuels. Moreover, the ability of MDSC to 
measure heat capacity with great accuracy and precision offers a powerful approach for studying 
the effects of compositional differences on heat capacity. 

Keywords: Fuels; Heat capacity; MDSC 

1. Introduction 

The heat capacities of petroleum hydrocarbons and their mixtures are of practical 
importance in engineering work associated with petroleum refinery operations 
and related processes. Not  only does the design of plant equipment require a know- 
ledge of heat capacity data over wide ranges in temperature, but these data are also 
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helpful when prolonged storage or low temperature operability are considered. Heat 
capacity can then be used in the evaluation of other basic thermodynamic properties of 
the fuel. 

Computation of the heat capacity from theoretical considerations or relating it to 
any other single physical property have proven unreliable for petroleum fractions 
except for limited applications in the liquid range [1, 2]. Consistent experimental heat 
capacity data for petroleum fuels are quite limited, and even when available cover small 
temperature ranges for the most part. Whether potential differences in the composition 
of the fuels result in significant heat capacity differences is often not predictable but 
must be confirmed by testing before use. 

In recent years, differential scanning calorimetry (DSC) has been successfully used 
for the determination of the specific heat capacity of hydrocarbon mixtures [3]. 
However, it requires multiple experiments and considerable operator skill to obtain 
results with acceptable accuracy and precision. One means of obtaining accurate heat 
capacity data more directly is through the use of modulated DSC (MDSC), which is 
a recently developed extension to conventional DSC [4-6]. 

It is the object of this paper to show that MDSC analysis can easily be used to 
measure the heat capacity of petroleum fuels. The test procedure developed can assist 
the chemist in characterizing petroleum products. 

2. Principle of the measurement 

In modulated DSC the same heat flux DSC cell arrangement is used as in conven- 
tional DSC, but a different heating profile is applied by the furnace to the sample and 
reference. Specifically, a sinusoidal temperature modulation (oscillation) is overlaid on 
the traditional linear heating ramp to yield a cyclic heating profile. The temperature 
increases at a rate which is sometimes faster, sometimes slower, than the underlying 
heating rate. The actual variations in heating rate obtained depend on three experimen- 
tal variables: the underlying heating rate, the amplitude of modulation, and the 
frequency of modulation [6]. The combination of the underlying heating rate with the 
more rapid instantaneous heating rate results in improved sensitivity without loss of 
resolution. In the present investigation, the selected underlying heating rate, modula- 
tion amplitude, and modulation period resulted in an instantaneous heating rate 
varying between + 3.9 and + 0.1°C min-1 (Fig. 1). 

Separating the resultant complex calorimetric response using a discrete Fourier 
transformation algorithm provides not only the total heat flow obtained from conven- 
tional DSC, but also separates that total heat flow into its heat-capacity-related 
(reversing) and kinetic (non-reversing) components [7-9]. 

In MDSC, the heat flow values during a scan are converted directly to heat capacity 
values at the indicated temperature by dividing the modulated heat flow amplitude by 
the modulated heating rate amplitude. Fig. 2 gives the results expressed in this fashion 
for an experiment on n-dodecane. It is apparent that if no physical transformations 
occur in the sample the real heat capacities can be easily determined by calibrating this 
cyclic heat capacity signal. 
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Fig. 2. Heat capacity from MDSC raw signals (experiment on n-dodecane). 
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Using MDSC for heat capacity measurements, a baseline correction is not necessar- 
ily required providing the heat capacity imbalance of the cell is very small and the 
weights of the sample and reference pans are carefully matched [9]. 

3. Experimental 

3.1. The samples 

Petroleum fuels are mixtures of paraffin, naphthenic and aromatic hydrocarbons, 
plus organic sulphur, oxygen, and nitrogen compounds that were not removed by 
refining. They are specified according to the classifications adopted by standard 
associations and institutions as the result of a compromise between desirable perform- 
ance characteristics in the product and the ability of the refiner to make such a product 
from the crude oil at hand. Routine laboratory tests methods are universally used to 
check the defined requirements. 

For the investigation, the following five commercial fuels were examined: 

Sample 0170: unleaded automotive gasoline conforming to European Standard EN 
228; 
Sample 1508: aviation turbine fuel "Jet A- 1"; 
Sample 1610: a special grade of fuel oil for automotive diesel engines conforming to 
European Standard EN 590, class 2; 
Sample 2005: fuel oil for automotive diesel engines conforming to European Standard 
EN 590, class 0; 
Sample 7962: cracked gas oil for use in domestic or small industrial burners satisfying 
the specifications DIN 51603-1. 

These samples were selected as a reflection of the diversity of conventional fuels and 
analyzed prior to the thermoanalytical work. The more pertinent physical and 
chemical properties of these fuels, arranged in order of increasing density, are sum- 
marized in Table 1. 

3.2. Instrumentation and procedure 

The experiments were performed using a DSC 2910 module from TA Instruments 
Inc., upgraded with the MDSC option. A complete description of this device is given 
elsewhere [7]. 

A great deal of attention was given to finding the conditions that yielded an optimum 
of reproducibility by adopting a simplified measurement technique without the 
conventional yet time-consuming additional run with an empty crucible to correct for 
baseline curvature. This was possible because the heat capacity imbalance of the cell 
was less than 1 mJ K-  1. However, before starting measurements, the DSC module was 
adjusted by software for heat flow signal zero to lie between 0 and - 0.5 mW, and the 
baseline drift to be less then 0.1 mW over the temperature range of interest. 

A heating rate of2°C min- 1, an amplitude of modulation of ± 0.5°C and a period of 
100 s were used throughout this investigation. Hermetic aluminium crucibles of 40 gl 
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volume available from Mettler Instruments were employed. The combined mass of 
pans and lids was always about 49 mg and matched on the sample and reference sides 
to within ___ 0.10 mg. They were cleaned in diethyl ether prior to use. Sample masses 
were approximately 20 mg for both calibration and measurements. An empty sealed 
crucible was used as a reference. As for motor gasoline, which develops a considerable 
vapour pressure at ambient temperature, the fuel had to be cooled significantly before 
encapsulating. 

The measurements were carried out using liquid nitrogen coolant and helium purge 
gas with a flow rate of 40 ml min- l. Helium was chosen because of its comparatively 
high thermal conductivity so as to obtain maximum temperature uniformity across the 
test specimen, thereby enhancing the accuracy of the measurement. 

The temperature calibration was carried out using the onsets of the transition peaks 
for n-octane, 3-pentanone, n-dodecane and stearic acid (melting points, - 56.8, - 39.0, 
- 9.6 and 70.0°C, respectively). The employed calibrants were all of analytical reagent 
grade. 

Reference materials (puriss. standard for GC) were n-heptane for heat capacity 
calibration in the liquid temperature range and n-dodecane for calibration over the 
temperature range of the solid phase. Both compounds have physical properties similar 
to the samples being investigated and their heat capacities are known accurately from 
the literature [-10, 11]. Heat capacity calibration was made by running the reference 
materials under the same experimental conditions as would be used for the fuel samples 
and comparing the determined specific heat capacities (Cp,obs) with the literature values 
(Cp,lit) at the temperatures of interest. The resulting calibration coefficient (K) was then 
used to correct the Cp,ob ~ of each sample at that temperature, except for the temperature 
intervals in which a phase transition occurred and a second phase was present. The 
values obtained were taken as the experimental specific heat capacities of the sample 
(Cp,exp). 

The samples were quickly cooled to the initial temperature (-80°C, except for 
sample 1508, which was cooled to - 50°C), without collecting data. After giving the 
entire system time to stabilize by being held isothermally for 10 rain at this temperature 
with the selected modulation period and temperature amplitude, the data storage was 
turned on and with continued liquid nitrogen feeding the underlying heating started. 
The heating was stopped at the desired final temperature (+ 70°C, except for sample 
0170, +40°C). When the cell had cooled to room temperature, the sample pan was 
reweighed to ensure zero weight loss from vaporization. 

Since the enthalpy of vaporizing contributes significantly to the apparent heat 
capacity of the condensed sample, the tests were not extended above 70°C. At least five 
runs were carried out on different samples of each fuel, and the data collected were 
averaged and then smoothed graphically. 

4. Results and discussion 

The final results of the measurements in the solid and liquid phase are plotted in 
Fig. 3 and given for selected temperatures between - 70 and 70°C, in Table 2. It is 
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Fig. 3. Specific heat capacities of the selected samples. The dashed curves represent the data of the solid 
phase. 

apparent in Fig. 3 that the heat capacity of the selected fuels rises linearly with an 
increase in temperature both in the liquid and solid region. The difference in heat 
capacity among the fuels is due to the differences in chemical composition. In the 
normal liquid range, the heat capacity of the fuels is generally a function of density and 
of the nature of the stock [12]. As the paraffinic nature of the stock diminishes, the heat 
capacity tends to decrease. The higher boiling fractions of petroleum stocks tend to be 
less paraffinic than the low boiling fractions and have higher values of density. 
Therefore, sample 0170 (motor gasoline) has the highest heat capacity, and sample 7962 
(heating oil) the lowest of the selected fuels. This relationship cannot be generalized to 
all fuels, however. 

Samples 1610, 2005 and 7962 underwent a solid to liquid phase transition within the 
operating temperature range. In each case, a marked increase in slope occurs due to the 
influence of the endothermic event on the cyclic heat capacity signal. It is difficult to 
estimate quantitatively the amount of excess heat capacity above the "normal'value, 
particularly since in this region heat capacity data were not reproducible within the 
normal precision of the measurements. 

For these samples, a stronger temperature dependence of the heat capacity heat in 
the solid phase was observed than in the liquid phase in the range considered. In the 
liquid region, their heat capacity is larger than in the solid, as is usually observed in 
many hydrocarbon fuels. An exception are the values in the pre-melting region for 
samples 1610 and 2005 which are significantly higher than those in the liquid phase just 
above the melting end. This is probably connected with some type of"pre-rotation" in 
the solid and reflects the changes in internal free volume available for molecular motion 
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[ 11]. These findings lend support to the assumption that there are n-paraffin molecules 
which tend to rotate about their longitudinal axes at temperatures below their melting 
points. Unlike cracked fractions, such straight-run distillates contain considerable 
amounts of low freezing n-paraffins. The pre-melting contribution to the recorded 
apparent heat capacity appears to be greater for sample 1610. Its narrower hydrocar- 
bon fraction may ensure a better transport of pre-melted material by capillaries 
between the borders of more uniform crystallites. Similar phenomena have been 
reported in investigations on pure paraffin hydrocarbons [13]. 

The error is estimated to be < 2% in the liquid phase below + 30°C, and < 3 % in the 
solid phase and in the liquid phase between + 30 and + 70°C, where the results are less 
reliable owing to the uncertainty arising from the increasing vapour pressure. More- 
over, because the actual internal volume of a given crucible was not known exactly, no 
corrections were made for the enthalpy involved in vaporizing small amounts of 
samples into the vapour space of the sealed crucibles. Nevertheless, except for sample 
0170 (motor gasoline), no anomalous increase in the heat capacity curve was observed 
up to + 70°C. 

Despite the specific character of the fuels investigated, which makes a direct 
comparison with the literature data not always possible, the findings are entirely 
consistent with those reported in previous studies in which conventional DSC was 
employed [3,14]. 

5. Conclusions 

The results obtained in this research for the selected fuels provide convincing 
evidence that MDSC is a suitable technique for easy measurement of the heat capacity 
of fuels. Once the optimum operation conditions have been established, the heat 
capacity can be determined directly with great accuracy and precision, within an 
acceptable period of time. 

These findings suggest that future experiments should also include heat capacity 
measurements at temperatures covering the phase transition region. This could be 
accomplished by measuring the heat capacity at practically isothermal conditions 
(isothermal except for temperature modulation) at selected temperatures over the 
two-phase region. 

Although further work must be carried out, there are some encouraging indications 
that MDSC will ultimately improve the detection limit for changes in heat capacity, 
thus enabling, for example, the detection of additives or degradation products of fuels. 
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