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EFFECT OF HEATING RATE ON LATENT HEAT OF FUSION OF WAXY
CRYSTALS IN CRUDE OIL

Xiaoyan Liu,' Xiaolin Cui,”? Zhihua Wang,* and Yang Liu®

Crude-oil transportation requires a study of the latent heat of phase transitions and the melting
parameters of solid paraffin in the oil. The latent heat of fusion and the effect of the heating rate on
melting were measured for Daqing oilfield waxy oil using differential scanning calorimetry. The
peak melting ranges of the waxes were determined. The results showed that the total latent heats at
heating rate 5°C/min from —20°C to the end of melting were 30.35 and 39.26 J/g for two crude-oil
samples. The latent heat maximum temperatures were 24.5 and 25.5°C. The maximum latent heat for
both samples was attained at heating rate 1°C/min. The relative deviation for the other heating
rates was less than 3%. It was shown that the heating rate affected the position of the latent heat
peak. The peak temperature shifted from 24 to 28°C for one sample and from 25.5 to 28.0°C for the
other as the heating rate increased from 1 to 15°C/min. The results of the present work could be
useful for further research on the paraffin precipitation mechanism during transportation of crude
oil.
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Low-permeability oilfields with recovery of <3 t/d must be developed because of the increasing

economic demand for oil. Annular gathering and transportation of oil mixed with hot water are widely used to
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reduce production costs and energy consumption [1, 2]. The temperature of waxy crude oil at the well head for
oilfields of the Daqing type, i.e., extremely cold, was shown to be significantly below the gel point, which
could cause clogging of pipelines, increased pressures in well-head equipment, and increased energy
consumption [3]. Rapid heating of oil by hot water was proposed to provide technologically safe transportation
of oil. It is now essential to determine the latent heat of fusion and the relative content of crystalline waxes in
the crude oil.

Crystallization in oil has been well studied. The thermal behavior of heavy crude from Brazilian
oilfields was studied using differential scanning calorimetry (DSC). The peak temperature and latent heat of
fusion were determined [4]. Endotherm temperature ranges were measured for crude oil and TotalFinaEIf
blends using DSC [5]. The heating—cooling characteristics of water—oil emulsions of Mexican heavy oil
were studied to formulate an equation for the dependence of the crystallization temperature on the size
distribution of water drops in the emulsion [6]. However, the latent heat and relative content of waxy crystals
in oil are poorly studied and measured.

Melting in crude oil has several peculiarities. First, crude oil is a multicomponent mixture of compounds
with various melting points. Second, crude oil remains fluid at a temperature 3°C above the gel
point [7]. Considering this, it can be seen that all oil components do not have to melt to ensure mobility. The
optimal oil mobility can be estimated from the latent heat of fusion and the relative content of waxy crystals
involved in the melting.

The present work focused on melting of waxy crystals in crude-oil samples from Daqing oilfield. The
peak melting range was determined from calorimetric curves. The resulting latent heats and relative component
contents allowed the effect of heating rate on the melting parameters to be proposed.

Crude-oil samples from two regions of Daqing oilfield (Nos. 1 and 2) were investigated. The water
contents, gel points, and calorimetry curves were determined for the two samples. The gel points for
samples Nos. 1 and 2 were 36 and 38°C, respectively. The water content measured by distillation
was 0.075% for sample No. 1; 0.100%, No. 2. The water content of <0.5% for both samples met the requirement
for application of DSC.

The samples were studied on a DSC instrument. The total latent heat, heat of fusion, and percent
content of components were measured over a given temperature range. Samples were placed into an aluminum
pan (5.80 g) and scanned in the range —40 to 70°C at various heating rates (1, 2, 5, 8, 10, and 15°C/min). The
accuracy of the instrument measurement was 0.01°C in temperature and 0.1% in calorimetry.

Baselines of calorimetry curves of crude-oil crystallization can be chosen in two ways, i.e., reverse
extended line and interpolation [8, 9]. The extended line is used for linear DSC sections above the start of
crystallization. The baseline for interpolation is drawn between the crystallization point and a point
at —20°C. The baseline interpolation method can produce the crystal contents in crude oil [10] and calculate
the latent heat of fusion.

The total heat of fusion of waxy crystals can be written
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where H is the total latent heat of fusion from -20°C to 7, ; dQ , absorbed heat on changing the temperature
from ¢ to ¢ + dt; k,, heating rate; dS, area on the plot between the DSC curve and the interpolated baseline in
the range from ¢ to ¢ + dt.

The waxy crystal melting peak could be determined as the temperature range in which the latent heat

was equal to or greater than the average latent heat adjusted to °C. The average latent heat could be written

H
H =— 3
Myverage AT ( )

where AT=¢, ,—(-20)°C.

The relative content in the crude oil of waxy crystals involved in the melting could be written

Hm
C == 1 00% (4)
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where Qm is the heat of fusion of waxy crystals (220 J/g).

The content of waxy crystals at this temperature was written

J«Hdt/z d
t—dt/2 Q

Qm

V=
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where ¢ is the given melting point; dQ, change of latent heat for temperature change dr.

Figure 1 shows DSC curves for the two samples at heating rate 5°C/min. It can be seen that the curves
for samples No. 1 and 2 were of the same nature. The curve for each sample had two endothermic peaks
corresponding to two main melting stages, i.e., peaks at 24.5 and 25.5°C and at 46.1 and 45.4°C for
samples No. 1 and 2, respectively. Thus, two stages can be identified during crystallization of crude
oil, i.e., formation of crystallization nuclei and the start of crystal precipitation. The peak temperatures were
different for the different samples.

Figure 2 shows the interpolated baselines. A temperature of —20°C, at which crude-oil crystallization
ended, was selected as the beginning of the line. The end point for the calculations (or the right baseline
boundary) (z, ) corresponded to the end of melting. The end point in the present work corresponded to the
temperature at which the heat flow did not change, i.e., the change of flow on the curve at point ¢, , was less
than 0.0001 W/g for a temperature rise of 1°C.

Figure 3 shows plots of the integrated heat. The integrated heat was observed to be negative, i.c., the
fusion was endothermic. The absolute value of the integrated heat increased sharply in the
range 0-40°C, which corresponded to the peak in Fig. 1. The total latent heats for samples No. 1 and 2 at
heating rate 5°C/min were —30.35 and —39.26 J/g, respectively. The latent heat for any temperature can be
calculated using Eq. (2). Figure 4a shows the calculated latent heats in steps of 1°C. For example, the heat for
sample No. 1 at 19.5°C is —0.7503 J/g, i.e., the sample absorbed 0.7503 J/g as the temperature changed

from 19 to 20°C. The plots for both samples had two distinct asymmetric peaks because the proportion of
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Fig. 1. DSC curves of crude-oil samples (see numbers on curves) at heating

rate 5°C/min.
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Fig. 2. Baseline interpolation for DSC curves at heating rate 5°C/min for
samples No. 1 (a) and No. 2 (b).

crude-oil components was different for each temperature range. The maximum latent heats
for No. 1 and 2 were 0.7851 and 1.0983 J/g at 24.5 and 25.5°C, respectively.

The fraction of crystals involved in melting at a given temperature was calculated
using Eq. (5). Figure 4b shows the results in steps of d¢t = 1°C. It can be seen that the maximum fraction of
crystals involved in melting for samples No. 1 and 2 were 0.36 and 0.5% at 24.5 and 25.5°C, respectively.

Melting of waxy crystals and a crude-oil sample could in general be qualitatively characterized by the fraction
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Fig. 3. Integrated heat for crude-oil samples (see numbers on curves) at heating

rate 5°C/min.
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Fig. 4. Latent heat of fusion (a) and fraction of crystals involved in melting (b) at

heating rate 5°C/min for crude-oil samples (see numbers on curves).

of crystals involved in melting at the given temperature. The parameters of the peak melting ranges of the
waxes could be calculated using the plot in Fig. 4a and Eq. (3). Table 1 presents the results.

The preceding DSC data were taken at heating rate 5°C/min. However, the effect of heating rate on
process characteristics such as the enthalpy of fusion, maximum latent heat, and paraffin precipitation
temperature had to be studied in order to understand the melting process and to determine the optimal
parameters [11]. The effect of heating rate on the calorimetry curves was studied at 1, 2, 5, 8, 10, and 15°C/min.

Figure 5 shows the results. The characteristic bend of the DSC curves decreased as the heating rate decreased.
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Fig. 5. DSC curves at various heating rates (°C/min, see numbers on curves) for
samples No. 1 (a) and No. 2 (b).

Obviously, the shapes of the plots and the peak temperatures depended clearly on the heating rate.
Table 2 presents data for the DSC curves. The results indicated that T, and H_varied as the heating rate
changed from 1 to 15°C/min. The maximum latent heat of fusion for samples No. 1 and 2 corresponded
to 1°C/min. The relative error for the other heating rates was less than 3%. The peak temperature changed
from 24 to 28°C for sample No. 1; from 25.5 to 28.0°C, sample No. 2.
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