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Abstract

Naphthenic and paraffinic oils were analyzed by modulated differential scanning
calorimetry (MDSC). The results showed several improvements in the analysis of
thermal properties when compared with standard DSC. The glass transition temperature
(Tg), the enthalpy relaxation at Ty, and the melting endotherms could be deconvoluted,
and reversible melting could be identified. This allowed for an easier interpretation of the
thermal properties of the oils. With MDSC, the Tys in mineral oils were found to
coincide with endothermic enthalpy relaxation, which is generally regarded as a melting
endotherm with standard DSC. A decrease in heat capacity after T, was attributed to the
existence of rigid amorphous material. From Ac, at T, and the oil molecular weight, the
number of repeat units in the oil chains was estimated at less than 20. The T, of a
hypothetical pure aromatic oil was found to be similar to that for petroleum asphaltenes,

and that for a naphthenic oil of infinite molecular weight to be similar to that of

petroleum resins.

Keywords: differential scanning calorimetry (DSC); modulated differential scanning

calorimetry (MDSC); hydrocarbons; naphthenic oils; paraffinic oils; bitumen; cold

crystallization; enthalpy relaxation; melting; glass transition temperature.
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1. Introduction

Mineral oils and paraffinic waxes are of great technological and economic
interest, partly because crystalline waxes can lead to an array of difficulties. For
instance, the crystallization of paraffins can lead to the clogging of pipelines during the
transportation of paraffinic crude oils [1]; in roadway bitumens, crystallization may
reduce the adhesion to aggregates [2]. Waxes also affect viscosity [3], thus limiting the
use of oils in many applications.

Since the late 60°s and early 70’s, thermal analysis, and differential scanning
calorimetry (DSC) in particular, has been used to characterize petroleum products
(readers familiar with petroleum derivatives, but unfamiliar with DSC, are referred to the
Glossary). DSC was used to study the glass transition temperature (T,) and
crystallization in bitumen [4, 5], oils [6] and waxes [7]. Noel and Corbett [5] first
established that the T, of bitumen depended on its source and that “waxy” and “non-
waxy”’ bitumens could be distinguished based on the DSC profiles. Upon heating, “waxy”
bitumens were found to show exothermic cold crystallization and endothermic melting,
both of which were reported to arise from the lighter bitumen fraction, the saturates.
Giavarini and Pochetti [7] later observed two endotherms in paraffinic waxes, whereas
they observed a single broad endotherm in microcrystalline (non-paraffinic) waxes. It is
thus generally considered that endotherms in petroleum products arise from paraffins, or
alkanes. However, it was recently demonstrated that the endotherm size in DSC is not
necessarily proportional to the saturates content [8] and that the ordering of aromatic

rings may also contribute to the endotherm [9].
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DSC is commonly used to determine crystallinity because it is rapid and more
convenient than wet chemical methods that require solvents for the extraction of
crystallizing waxes. = However, the DSC method consistently provides greater
crystallinity values than the wet chemical method [10]. The difference is usually
attributed to the crystallization of methylene segments in aromatic compounds not
extracted by solvents [10], but it could also arise from the overlap of underlying
transitions that enlarge the endotherm. Such transitions could be a second endotherm
from the isotropization of aromatic rings, organized in a meso-phase [9, 11], or a second
T, [9].

The analysis of oils and petroleum products in general has yet to benefit from the
latest advances in DSC, namely modulated DSC (MDSC), which has been used
advantageously on some n-alkanes [12], bitumen [11] and its fractions [9]. In this paper,
MDSC is used to characterize naphthenic and paraffinic oils. The method resolves
overlapping transitions in these oils, including T, enthalpy relaxation, cold
crystallization and melting. It is shown, amongst other results, that melting enthalpies
from MDSC are smaller than those from standard DSC, which may help reconcile the
crystallinity measurements from calorimetry and other methods [10, 13].

2. Experimental Section
2.1 Materials and Methods

Three naphthenic and two paraffinic oils were obtained from Ergon Inc. of

Jackson, MS, USA. The composition and characteristics of the oils are shown in Table 1.

The ASTM standard test [ 14, 15, 16] results were supplied by Ergon.
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For MDSC, the heating and cooling experiments were performed between
—110 °C and 50 °C, at a linear heating or cooling rate of 3°C/min, a modulation period of
60s and a modulation amplitude of £0.47 °C. The specific heat capacity at T, was
measured from the area of the T, peak on the derivative curve. Details are found
elsewhere [9, 11]. When the figures show an arrow on the abscissa, the curves were
shifted for easier comparison, e.g. [<-0.06 W/g 2|
3. Results and Discussion
3.1 Naphthenic Oils

Fig. 1 shows the DSC results from the lightest of the naphthenic oils (N100).
Upon heating, the heat flow shows a rapid decrease between —100 and —60 °C, before it
levels again. The interpretation of such a curve depends much on the baseline, as three
baselines (A to C) can be drawn. Baseline A drawn straight from the heat flow below —
80 °C leads to a large endotherm and excludes the possibility of a T,. Baseline B, an
extension of the heat flow between —30 °C and 20 °C, might be interpreted as the
superposition of a small T, and a large endotherm, whereas baseline C does the reverse.
Hence, with standard (linear heat rate) DSC the interpretation of heat flow profile is
ambiguous.

With MDSC, the total heat flow is deconvoluted into the reversing heat flow
(RHF) and the non-reversing heat flow (NRHF) [17, 18, 19]. The total heat flow is
equivalent to the standard DSC signal. The origin of the RHF and NRHF, as it pertains
to hydrocarbons, has been described before [9, 11, 12]. In its simplest case, and at
temperatures below oxidation or degradation, the RHF provides the apparent heat

capacity from amorphous material and a precise measure of T, [20]. The NRHF arises
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from non-reversing phenomena like evaporation, decomposition, chemical reactions,
melting, crystallization and relaxation [18, 19]. In some instances, however,
crystallization and melting do contribute to the reversing heat flow [9, 21] as a result of
rapid interfacial crystallization and melting within the MDSC modulation cycle [21].

Fig. 2 shows the total, RHF and NRHF for the naphthenic oil N100. The RHF,
readily converted to the specific heat capacity (c,) [9], shows a large change between —93
°C and 70 °C due to a T, centered at =76 °C. The deconvolution shows that baseline C
in Fig. 1 was the more appropriate, although it may not have seemed the best baseline
choice. Concurrent with the T,, the NRHF shows an endothermic peak centered at —77
°C. This endotherm does not arise from melting, but from enthalpy relaxation [22], which
arises from the cooperative chain motions in the T, region [23]. Molecular mobility
increases sharply at T,, and this leads to a loss of short-range order that requires energy.
This loss of order, which is an endothermic process, is reminiscent of the loss of long-
range order due to melting. In standard DSC, the enthalpy relaxation is recognized as an
endotherm near T, [24]. The higher the short-range order of the amorphous material that
gives rise to T, the greater the enthalpy relaxation and the greater the endotherm.
Consequently, this enthalpy increases upon the local densification that follows annealing
[23, 25].

Above the enthalpy relaxation in the NRHF curve of Fig. 2, small endotherms
between —20 and 20 °C are attributed to the melting of residual crystallinity. As will be
seen later, this is also the temperature region where paraffinic oils show their

crystallinity. The very low crystallinity of the naphthenic oil is likely due to a high
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concentration of poorly ordered naphthenic (cyclo-aliphatic) segments, which represent
49% of the carbon content (Table 1).

Fig. 3 shows the total, RHF and NRHF for three naphthenic oils. The main
difference between the oils is an increase in reversing heat flow at Tg, i.e. Ac,, and a shift
in T, to lower temperatures due to an increase in saturates content. Table 2 shows that
DSC consistently placed the T, 3 °C to 5 °C lower than MDSC.  The relationship
between T, and composition will be discussed in more detail later.

There is a noteworthy positive contribution to the baseline at the end of the T, on
the RHF curve, which shows as negative contribution to ¢, (Fig. 4). Such an effect is
fairly common in semi-crystalline polymers [20]. It arises from a loss of amorphous
material responsible for T, due to the stiffening effect of crystals near the amorphous
material. The result is a rigid amorphous material with a T, higher than that of the free
amorphous material. In Fig. 4, the negative contribution to ¢, was small and no second Tg
could be discerned, but the negative contribution to ¢, increased with the content of
saturates, a fraction that is most often semi-crystalline. Little crystalline material is
needed to freeze a large portion of the amorphous material into a rigid amorphous phase
[20 and references therein]. The existence of such material in oils, and its effect on oil
rheology, is no doubt a subject that would benefit from further work.

3.2 Paraffinic oils

DSC signals shown in Fig. 5 were obtained upon heating two paraffinic oils, P150
and P70. Such oils are known to crystallize [6]. Again, selecting a proper baseline is
difficult, with baseline A likely being the most natural choice. The curves are typical of

those for paraffinic oils and waxes [6] and many bitumens [26].
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MDSC results on the paraftinic P150 are shown in Fig. 6. The RHF shows a T,
centered at —60 °C, whereas the NRHF indicates the existence of two endotherms with
minima at —60 °C (enthalpy relaxation) and at —10 °C (melting), separated by an
exotherm (cold crystallization) with a maximum at —45 °C. The deconvolution
demonstrates that baseline C in Fig. 5 would have been the more appropriate, and would
have led to the closest assessment of the true size of the endo- and exotherms.
Interpretation of thermal events is thus facilitated by MDSC.

Above the T, in Fig. 6, the RHF shows two small endotherms with minima at —35
°C and -7 °C. With bitumen, the existence of endotherms on the RHF curve was related
to reversible melting and crystallization of saturated segments [9]. This reversible
process normally occurs at the growth face of crystals where rapid crystallization and
melting of n-paraffins or oligomers of low molar mass occurs [27]. In bitumen and oils,
short crystallisable paraffinic segments may be anchored to higher molecular weight
structures that may or may not be aromatic. Reversible melting explains the presence of
endotherms on the RHF curve and the thermal hysteresis in ¢, from heating and cooling
runs [9] as shown in Fig. 7. Upon cooling from the liquid state, the ¢, curve only shows
the T, centered around —60 °C, whereas upon heating, the presence of low molar mass

paraffins allows for reversible melting between —50 °C and 0 °C.

Fig. 8 shows the RHF and the NRHF after the heating and cooling of the semi-
crystalline P150. From the identification of the T, region on the RHF curves, it becomes
possible to correctly set a baseline and determine enthalpies on the NRHF curves. From
the analysis, it is conspicuous that not all heating endotherms are from melting and that

cooling exotherms are from crystallization. Upon cooling (top curve in Fig. 8), the
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NRHF curve shows a broad crystallization exotherm that begins at —10 °C. Its large
width indicates the formation of a myriad of imperfect crystalline structures rather than
large, well-shaped crystals that would have given sharp peaks upon melting. Upon
continued cooling, there is a change in baseline at the onset of T, (=52 °C) when
molecular motions become very slow, to the point that crystallization cannot proceed
further.

Upon heating, the NRHF signal in Fig. 8 shows that past a slight endothermic
enthalpy relaxation (minimum at —60 °C), exothermic cold crystallization occurs. The
ordering of crystallisable segments begins near the end of the T, region. The
crystallization occurs more readily above T, when diffusion is more rapid and
neighbouring crystallizable segments can more easily come together. The crystallization
exotherm is followed by a melting endotherm, which is smaller than that indicated by the
more “natural” baseline A in Fig. 5. On this basis, it may thus be concluded that
crystalline contents obtained by standard DSC (Fig. 5) is overestimated because it
accounts for repeating (reversible) melting and recrystallization. This may help explain
the discrepancy in crystalline content measured by standard DSC and wet chemistry [10].

Fig. 9 shows the MDSC results obtained upon heating another paraffinic oil, P70.
Again it is conspicuous that true enthalpies are lower than estimated based on standard
DSC (total heat flow). The NRHF and RHF curves show similar phenomena to those in
Fig 6 for P150. The NRHF curve in Fig. 9 shows that the enthalpies for relaxation and
cold crystallization in P70 are 30 °C to 40 °C lower than in P150. The profiles of the
RHF are also quite similar, except for a lower T, and larger endotherms in P70 than in

P150.
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The cooling curves for P70 are shown in Figure 10. The NRHF curve show that
exothermic crystallization at —18 °C, highlighted at the top of the figure by the dotted
line, coincided with some melting, as seen at the bottom of the figure by the endothermic
peak on the RHF curve.  This reversible melting upon cooling was unexpected.
Incomplete deconvolution of the NRHF and RHF was ruled out as the reason for the
reversing endotherm, after experiments with higher modulation frequencies lead to a
constant ¢, unlike the case for high molecular weight polymers [20]. This suggests that
the heat released by the irreversible crystallization can be recaptured by crystals that can
melt reversibly even upon cooling, when the average temperature of the oil is being
reduced. This would be consistent with the ordering of low molar mass material [20, 27],
and as will be seen shortly, with the existence in the oils of very short oligomeric chains
with repeat numbers below 20.

Cooling experiments are not often undertaken in the study of oils or bitumen. The
results shown here, and those shown for bitumen fractions [9], indicate that it should be
done routinely along with the heating experiments. A comparison of the c, curves after
heating and cooling clearly indicates that the seemingly endothermic melting at —34 °C in
Fig 9 is not an endotherm (Fig. 11). Both the heating and cooling curves follow each
other except for the true enthalpies around —18 °C. Fig. 11 demonstrates that the increase
in ¢, between about —60 °C and —30 °C was due to a second Tj,.

The existence of two Tgs in the paraffinic P70 was confirmed by rheological
measurements. Fig. 12 shows the complex modulus for both P150 and P70 between —90
°C and 0 °C. With its T, at —58 °C and its cold crystallization below —40 °C (Fig. 6),

P150 showed a high modulus below —40 °C, which decreased four orders of magnitude
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within 40 °C as the oil slowly liquefied (Fig. 12). In contrast, the modulus of P70
decreased to the same extent, but over 80 °C. The modulus slowly decreased with
heating, and it is only beyond about —30 °C, after the second T, (Fig. 11), that the
modulus decreased rapidly.

The second T, in P70 was not readily apparent in Fig. 6 because of a decrease in
cp past the higher T, (Fig. 11). Earlier, a decrease in c, was attributed the formation of a
rigid amorphous phase. In this case, however, it might be attributed to the demixing of
different phases [28]. Indeed, the two Tgs in P70 indicate the existence of two glassy
domains of different compositions. Above the second T,, each domain is a viscous
liquid, so that two partially mixed liquids may segregate more fully from each other. The
crystalline phase may impede complete segregation, if it is not part of one of the
domains. Quite obviously, further work will be required to fully understanding the
ordering and interactions in multi-component petroleum derivatives.
3.3 Number of repeat units in hydrocarbon chains

Like all hydrocarbon products from petroleum, the oils are mixtures. The
molecular weight and polydispersity can be measured, but the number of repeat units 7 in
the hydrocarbon chain remains undefined because of the lack of the structural regularity
typical of synthetic products. In other words, hydrocarbon chains are a collection of
repeat units, with each one possibly different from the next. In such a case, the value of n
may be estimated from the change in heat capacity at T, [11]. The change in the molar
heat capacity for amorphous organic materials at T, is 11 J/(mol K) [29]. The ratio of the

molar heat capacity to the specific heat capacity (in J/(g K)) allows for an estimation of
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the relative molecular weight of the oil repeat unit (row C, Table 3), from which 7 can be
calculated (row E, Table 3).

All the naphthenic oils show values of n = 6, whereas the paraffinic oils show
larger values of 13 and 18. These values are well below the limit below which reversible
crystallization can occur. At n > 70, molecular nucleation (seeding) is necessary for
crystallization, but below this limit nucleation is not necessary for crystallization and it
can readily occur [30]. In other words, short chains can melt and crystallize reversibly
and repeatedly, which explains the reversible melting observed with the oils. The results
in Table 3 are interesting on other counts: i) n depends on the type of oil. It is larger for
paraffinic oils than for naphthenic oils, which is consistent with molecular chains with
small units in paraffinic oils (e.g. methylene) and chains of larger cyclo-alkane units in
naphthenic oils [31]; i1) the number of repeat units is constant across the naphthenic oils.
Thus the increase in the molecular weight of these oils is the result of an increase in the
average mass of the repeat units; iii) In contrast, the increase in the molecular weight of
the paraffinic oils is due to an increase in the average mass of the repeat units and to an
increase in the number of repeat units.

3.4 T,s in light oils and higher hydrocarbons

From the MDSC results on the paraffinic and naphthenic oils, five Tes were
obtained. This is admittedly a small data set from which to draw correlations, but this set
can nonetheless help illustrate a relationship between Ts and factors related to molecular
architecture in oils and heavy hydrocarbon mixtures (e.g. bitumen), all derived from

petroleum refining operations.
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The T, of an organic compound is governed by the stiffness of its molecular
segments, as determined by segment polarity, aromaticity and crystallinity [32]. The T,
of the naphthenic oils studied here increased with the aromatics content, or decreased
with the saturates content (Fig. 3b). From the T,s of these naphthenic oils alone, the
correlation between the T, and the composition in saturates and aromatics (Table 1) is
linear (Fig. 13). The extrapolation of this linearity to the Tes of “pure” hydrocarbons is
noteworthy. The extrapolation to a composition of 100% aromatics or 0% saturates leads
to a Ty at 53 °C to 73 °C. This is coincidentally the temperature region covered by the T,
of asphaltenes [9, 11]. Similarly, the extrapolation to 100% saturates or 0% aromatics
leads to a Ty of —142 °C to —152 °C, relatively close to the T, of long chain n-paraffins
(polyethylene) at —125 °C [33]. The low extrapolated T, of the saturates vs polyethylene
is likely a reflection of their low molecular weight and their greater segment mobility
compared to long-chain paraffins. It is noteworthy that the 10-20°C variation on the
extrapolated T,s in Fig. 13 is well within the variation in the T, for many bitumens,
which vary over 18°C [34]. The extrapolations of the T,s for the naphthenic oils studied
and their correspondence with the Tys of much higher molecular weight hydrocarbons
thus reinforces the idea [31] that in a complex petroleum-based mixture, light and heavy
hydrocarbons co-exist as a continuum.

Within the continuum, T, can be related to molecular weight by the expression T,
= K/M - T, -, where K, M, and T, are, respectively, a constant, the molecular weight
and the T, at infinite molecular weight. This expression is commonly used for polymers
[32], for which T, o 1s the molecular weight above which polymer chain ends no longer

affect T,. For a hypothetical heavy naphthenic oil, T, .. may be obtained by a plot of T, vs
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1/M (Fig. 14). By extrapolation, a value of T, = 14 °C is obtained, which is close to the
T, of 20 °C for resins extracted from bitumen [9]. Consequently, naphthenic oils may be
considered as reasonable low molecular weight analogs of resins extracted from bitumen
or heavy oils. In other words, resins may be regarded as an ensemble of segments with
molecular weights typical of naphthenic oils, the basis of the assembly of the naphthenic
segments possibly being close to the dimerization process proposed by Michon et al. [35]
to explain bitumen aging.

4. Summary and Conclusion

Naphthenic and paraffinic oils were characterized by MDSC. Glass transition
temperatures, and relaxation and melting endotherms could easily be identified, in
contrast to regular DSC. With MDSC, it was found that each glass transition temperature
(Ty) coincided with an enthalpy relaxation most often mistaken for melting in regular
DSC. MDSC also allowed for the identification of reversible melting. Both the enthalpy
relaxation and the reversible melting may lead to an overestimation of the DSC
crystallinity in oils. The same may be expected after the analysis of other petroleum-
based products.

Upon heating of the oils, MDSC allowed for the identification of a negative
contribution to c,, immediately after T,, This was attributed to the existence of rigid
amorphous material. Cooling experiments proved invaluable in determining the true
nature of some features visible in the thermogram. An apparent endotherm upon heating,
for instance, was found upon cooling to be a second T,.

MDSC helped correctly measure Ac,, at T, and locate Tg, which was 3-4 °C higher

than with DSC. From Ac, at T, and the oil molecular weight, the size and the number of
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repeat units in the oil chains was calculated to be about 6 in naphthenic oils and 13 to 18
in paraffinic oils, and it was determined that the oil molecular weight was a function of
both the number of repeat units in oil chains and the average mass of these units.

From the precise location of the Tgs, the composition of the oils and their
molecular weights, the properties of the oils could be correlated with those of heavier
hydrocarbons. The T, of a hypothetic pure aromatic oil was similar to that for petroleum
asphaltenes. The T, of naphthenic oils of infinite molecular weight was similar to that for
petroleum resins. The relationships highlighted the continuum between lighter and
heavier hydrocarbons, and suggested that oils might be considered low molecular weight
analogs of much heavier hydrocarbons.
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Glossary
Amorphous material. Matter without long-range atomic or molecular order. Not

crystalline.

Cold crystallization. Ordering of amorphous material into crystalline material upon

heating.

Crystalline material. Matter that show a regular and repeating atomic or molecular

pattern.

Crystallization. Long-range ordering of matter into regular structures, i.e., crystals, upon

cooling from the melt.

Crystallization temperature. Temperature at which crystallization occurs.

Deconvolution. Fourier-transformation by which the total heat flow from MDSC is split

into its reversing (RHF) and non-reversing heat flows (NRHF).

Endotherm: Positive change in enthalpy, i.e., absorption of heat, that accompanies

melting.

Enthalpy relaxation: Endothermic loss of order that result from an increase in molecular

mobility at the glass transition.

Exotherm: Negative change in enthalpy, i.e., release of heat, which accompanies

crystallization or cold crystallization.
Glass transition temperature (Tg): The critical temperature at which amorphous matter

goes from a hard and brittle state to being elastic and flexible, or vice-versa. The

transition is characterized by a change in relaxation time such that below T, the
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relaxation times are long and molecular motions are reduced, whereas above T,

relaxation times are short and molecular motions are fast.

Melting. Disordering of crystalline matter into amorphous matter upon heating.

Modulated differential scanning calorimetry (MDSC): Method where a sinusoidal
heating (cooling) is superimposed to the linear heating (cooling) of standard differential
scanning calorimetry. The result is a modulation of the temperature that depends on the

frequency and the amplitude of the cyclic signal.

Non-reversing heat flow (NRHF): Heat flow from molecular motions or processes that do
not reach equilibrium within an MDSC modulation period. Non-equilibrium processes
typically include oxidation, evaporation, decomposition, and chemical reactions.
Relaxation: Approach of steady-state after a change in the equilibrium condition.
Reversing heat flow (RHF): Heat flow from atomic motions responsible for the heat
capacity, and from molecular processes rapid enough to occur during an MDSC

modulation period.

Rigid amorphous material: Amorphous material whose molecular mobility is reduced by

its association with adjacent crystalline material.
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Table 1. Oil characteristics

Naphthenic Paraffinic
Method® N100 N200 N2000 P70 P150

Composition, %  D2007

saturates 68 61 53 93 82

aromatics 31 38 45 6 17

polars 0.4 0.7 2 0.1 1.0
asphaltenes <0.1 <0.1 <0.1 <0.1 <0.1

Carbon type, % D2140

paraffinic 42 44 51 62 71

naphthenic 49 46 26 37 27

aromatic 9 10 13 1 2
Molecular wt, D2502 290 340 415 318 570
*ASTM method number
Table 2. T, and Ac, from the various mineral oils"
Oil T, Ac,

DSC MDSC DSC MDSC
N100 -80 77 0.18 0.21
N200 -74 -70 0.07 0.18
N2000 —53 48 0.19 0.16
P70  nd.” -93,40 nd. 0.46°
P150 nd. -58 nd. 0.34
*From the heat flow on heating.
°n.d.: could not be determined.
‘For the combined Tis.
Table 3. Determination of the number of repeat units, n
Line Parameter N100 N200 N2000 P70 P150
A AC, at T, [J/(mol K)] I 11 11 11 11
B* Acp at Ty [J/(g K)] 0.21 0.18 0.16 0.46° 0.34
C (=A/B) Av. molar wt of repeat unit (g/mole) 52 61 69 24 32

D Molecular weight (g/mole)” 290 340 415 318 570
E (=D/C) Number of repeat units, n 6 6 6 13 18
*From MDSC.

°From the sum of the two Tis.
‘From Table 1.
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Fig. 1. DSC signal of the naphthenic oil N100 upon heating.
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Fig. 2. Total, reversing and non-reversing heat flows from the heating of the naphthenic

oil N100.
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Fig. 3. Total (a), reversing (b), and non-reversing (c) heat flows from the heating of the

naphthenic oils N100, N200 and N2000.
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Fig. 5. Total heat flow from the heating of the paraffinic oils and some possible baselines

for P150.
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Fig 6. Heat flow curves from the heating of paraffinic oil P150.
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Fig 7. Apparent c, from the heating and cooling of paraffinic oil P150.

P150 Non-reversing

cooling

i
1
1
L
2 ] |
= .
© ] |
< L ) H
o ) 1
) 1
J 1
| 1
| 1
| 1
|
. ' !
1 .
?, : : heating
= [ | 1
— | 1
© | 1
% i |
| cooling
i Exo
up

-100 -80 -60 -40  -20 0 20
Temperature/°C

Fig. 8. Reversing and non-reversing heat flow curves obtained upon heating and cooling

paraffinic oil P150.
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Fig. 9. Heat flow curves from the heating of the paraffinic oil P70.
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Fig.10. Reversing and non-reversing heat flow curves obtained upon heating and cooling

paraffinic oil P70.
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Fig. 11. Apparent c, from the heating and cooling of paraffinic oil P70.
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Fig. 12. Rheological curves for the paraffinic oils.
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Fig. 13. Correlation between the naphthenic oil compositions and their T,. Saturates and
aromatic contents are from Table 1. Extrapolated T,s are as indicated. See text for

details.
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Fig. 14. Correlation between T, and the inverse molecular wt of the naphthenic oils.
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