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Abstract

Thixotropic properties are one of the low temperature rheology behaviors of gelled waxy crudes.
In order to study the thixotropic behavior of gelled waxy crudes oil under cyclic loading of linear
increasing and decreasing of shear rate, three different types of waxy crude oil were studied expe-
rimentally by using MARSIII rheometer. It is found that hysteresis loop area could represent
strength of thixotropic properties under that loading. With increasing of the rate of share rate
sweep, the area of second hysteresis loop is much smaller than first one and began a slow decline
from the third hysteresis loop. Areas of each hysteresis loops were decreased with increasing
temperature, but it was different in decline rate—the lower the temperature, the greater the rate
of decline. The maximum rate of decrease is the first hysteresis loop with exponential decline, and
remaining hysteresis hoops approximately decrease linearly. In addition, based on the experi-
mental results an empirical correlation is developed to describe the relationship of hysteresis
loop area and rate of share rate sweep.
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1. Introduction

Thixotropy of waxy crude is an important but complex issue in crude oil rheology study. Due to difference be-
tween the broken-down structures with the developed structure of fluid system, thixotropy means that apparent
viscosity decreases continuously over time under shearing stress, and recovers gradually over time after stress
relief [1]. Thixotropy is basic data for shutdown and restart calculation and pumpability evaluation of waxy
crude oil pipeline, besides that, safety analysis for running waxy crude oil pipeline needs accurate quantitative
description in thixotropic behavior [2].
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Proposed mathematical modes described thixotropic fluid properties; domestic and foreign scholars have nu-
merous studies in thixotropic fluid. Cheng proposed thixotropic fluid characteristic under three kinds of cyclic
shear tests which are constant, stepwise increase and continuously increase in shear rate [3]-[5]. Most of the ex-
isting mathematical models proposed are under studying shearing stress relaxation of thixotropic process in a
constant shear rate [6] [7] in which Huang put forward mathematical model for blood thixotropy at loading con-
ditions that shear rate changes continuously [8]. Although it has a lot of studies in waxy crude thixotropy, there
have not been reports describing change properties of thixotropic hysteresis loop in the loading conditions
whose shear rate is continuously variable. However, in the practical crude oil pipeline process, the shear rate is
not constant but is continuously variable. In this paper, experiments study the waxy crude oil change properties
of thixotropic hysteresis loop area, and result in an empirical correlation to describe the relationship of hysteresis
loop area and rate of share rate sweep on basis.

2. Experiment
2.1. Experimental Apparatus and Experimental Samples

Laboratory instruments are mainly MARSIII rheometer produced by German HAAKE companies, and experi-
ments used its Z41Ti coaxial cylinder measurement system. Rheometer equipped with F6/8 programmable with
a water bath temperature controlling precision of 0.1°C.

Physical properties of four kinds of waxy crude oil used in the experiments are shown in Table 1. To ensure
better repeatability and comparability of the experimental data, experimental oil samples were pre-treated to
eliminate the historical experience of crude oil “memory” effect. For the basic oil sample, specific operation
method is put ground glass bottle filled with sample into the water bath, let stand heated to 80°C and constant
temperature in 2 h, so that the bottle of crude oil achieve uniform state with the aid of molecular thermal motion,
then stand at room temperature for 48 h above.

2.2. Experimental Program

Put ground glass bottle filled with well pretreatment oil sample into the water bath for 30 min, which tempera-
ture is the heating temperature of condensation point test on Table 1, and then put the oil sample into the rheo-
meter measuring cylinder and constant temperature for 5 min. When you are making samples, ensure consistent
temperature of the oil sample and rheometer system to eliminate the impact of the rheological property once the
sample temperature sudden rise or drop. Then cold to measure temperature at rate 0.5°C/min, and start measur-
ing after constant temperature stand 40 min for forming the gelling structure sufficiently. Shear rate changed
with time is linear load according to the Equation (1), and the rate of shear rate is respectively 2 s™/s, 1.5625
sYs,1.05%s,055"s,0.25ss,0.05s /s and 0.025 s /s, the rise time of shear rates are respectively 12.5 s, 16
s, 255, 50 s, 125 s, 500 s and 1000 s; selected experimental temperature in the vicinity of each sample’s con-

densation point.
. Rt 0<t<t
V= ()
R(2t,—-t) t<t<2t
where in these equation, R is the rate of shear rate (a constant in experiment), s™/s; t, is the shear rate of rise
time s.
3. Results and Analysis

In this paper, we take experiments of three different physical properties of crude oil, and take experiments total-
ly in 9 temperatures, 6 rate of shear rates. Figure 1 is the experimental curve in a shear rate for 1 s /s.

Table 1. The physical sample property sheet.

Oil sample Paraffin content m % Drop out point °C  Condensation point (heating temperature) °C ~ 20°C density kg/m?
1* oil sample 24.37 42 32(45) 863.11
2" oil sample 21.51 51 33(53) 856.09
3* oil sample 14.20 44 29(50) 866.18
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Figure 1. s 35°C experimental curves of Daqing crude oil (R = 1 s™/s).

Due to waxy crude oil wax crystal structure has a certain strength in the vicinity of the condensation point, the
initial stage of loading sample at a creep process is shown in Figure 1. Performance in hear stress is in rapidly
rising stage with the increase of shear rate. After crude yield point, wax crystal structure began pyrolysis and al-
low it to flow. In the process of shear rate increase upward, with the extension of time and increasing evenly of
the shear rate, pyrolysis rate of the internal gelling system wax crystal structure is greater than recovery rate,
which makes flow resistance gradually reduced, that is, the shear stress showed a trend of decrease; on the other
hand, due to the increase of shear rate, corresponding shear stress exhibits a trend of increase. On the initial
stage after yielding, the former plays a leading role, so with the shear rate increases, the shear stress dropped
substantially, such as dropped segment curve after the peak in the figure. When the shear rate increases to a cer-
tain value, two kinds above have equal role at a particular instant, that is the minimum point of upward curve in
the first hysteresis loop in the figure. After that, pyrolysis rate of structure is further reduced, and deformation
rate is further increase. The curve transform to the common case that shear stress increases with the increase of
shear rate. In the process of shear rate reduce downward, two factors are working together which are the lower
the shear rate leads to the decrease of the shear stress and the recovery of wax crystal structure results in shear
stress increased, and the former is dominated because of wax crystal slow structure recovery rate. The perfor-
mance shown in the picture is that shear stress is gradually reduced with the decrease of the shear rate in the
downward experimental curve. Under continuing cyclic loading, hysteresis loop area decreases, and move in di-
rection of shear rate axis, but loop area is very small started from the second hysteresis loop, while the thixotro-
py of system has greatly diminished.

4. Hysteresis Loop Area to Representation Thixotropic Properties of System

The size of hysteresis loop can properties the strength of thixotropy in system, this paper calculated area of hys-
teresis loops for the four kinds of waxy crude oil in different temperatures and different rates of shear rate. Fig-
ure 2 is experimental curve comparison chart for different rates of shear rates in 34°C for Daging crude oil.
Figure 3 is a curve for area change of hysteresis loop in 32°C central plains crude oil. The area of the hysteresis
loop increases with the increase of the rate of shear rate. Investigating the reason, in the experimental model of
this paper, when the rate of shear rate is greater, the identical shearing action time is shorter; the damage of
gelled crude oil system structure is less; the thixotropic structure remain is more; the shear stress is relatively
bigger; hysteresis loop has a general tendency to leave shear rate axis direction and the area of the loop is rela-
tively large. Conversely, when the rate of shear rate change small, shear time is relatively long; the extent of
damage in wax crystal structure is relatively serious under the same shear rate; shear stress is relatively small;
hysteresis loop move back to the shear rate axis’s direction; and the area of the loop is relatively small.

Second hysteresis loop area is much smaller than the first hysteresis loop, then the area of loops decline
slowly. It illustrates the proportion of structure is damaged large in the shearing progress of first hysteresis loop.
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Figure 2. 34°C experimental curves of Daging crude oil under the
condition of different rates of shear rate.
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Figure 3. 32°C experimental curve for area change of hysteresis loop
for central plains crude oil.

In order to take quantitative description, statistical ratio of the second with the first hysteresis loop area for three
experimental samples in various rate of shear rate are shown in Table 2. Thus we figure out the area of second
hysteresis loop is only 10% of the first loop, which means shear rate and temperature changes have little effect
on it. In other words, the structure of the gel volume damaged mainly occurs in the first hysteresis loop.

The ratio of third hysteresis loop relative to the second hysteresis loop area is about 60% which is shown in
Table 3 and the ratio of fourth hysteresis loop relative to the third hysteresis loop area is about 80% which is
shown in Table 4. Which indicates falling speed of hysteresis loop area are reduce, thixotropic structures in oil
gelling system are in decline, and also declare crude wax crystal structure of waxy crude oil is recovery slow or
incomplete which is consistent with paper findings [9].

Therefore, based on different changes of hysteresis loop area for three kinds of waxy crude physicals at each
test temperature, we can summarize Equation (2) from experimental results to indicate the relationship between
hysteresis loop area with the rate of shear rate.

A, =an’ @)

where in the equation, A, is the n-th hysteresis loop area; a, b, ¢ is parameters determined by fitting the expe-
rimental data; n is the hysteresis loop number (n=1, 2, 3, 4).
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Table 2. Ratio of the second with the first hysteresis loop area in various rate of shear rate.

. rateTemperat“re 0.05 02 05 1 15625 2 Average
33 0.14 0.08 0.07 0.06 0.07 0.06 0.078
1 il sample 34 0.19 0.11 0.09 0.08 0.09 0.09 0.109
35 0.21 0.13 0.12 0.12 0.12 0.11 0.136
36 0.25 0.15 0.14 0.14 0.113
Average 0.196 0.118 0.104 0.101 0.093 0.087
31 0.07 0.06 0.06 0.04 0.04 0.12 0.065
32 0.08 0.07 0.07 0.07 0.06 0.05 0.065
2 il sample 33 0.08 0.08 0.09 0.10 0.08 0.06 0.081
34 0.10 0.11 0.12 0.12 0.11 0.10 0.110
35 0.09 0.11 0.13 0.13 0.19 0.14 0.131
36 0.13 0.14 0.16 0.17 0.20 0.21 0.168
Average 0.09 0.10 0.10 0.11 0.11 0.11
28 0.06 0.05 0.05 0.05 0.050
29 0.06 0.06 0.06 0.05 0.05 0.05 0.054
3" oil sample 30 0.08 0.07 0.06 0.06 0.07 0.08 0.070
31 0.11 0.09 0.09 0.09 0.11 0.13 0.104
32 0.13 0.12 0.13 0.13 0.085
Average 0.09 0.08 0.08 0.08 0.08 0.09
Table 3. Ratio of the third with the second hysteresis loop area in various rate of shear rate.
S Temperat“re 0.05 0.2 05 1 1.5625 2 Average
33 0.76 0.71 0.64 0.59 0.57 0.57 0.638
1*oif sample 34 0.78 0.72 0.65 0.62 0.61 0.61 0.665
35 0.79 0.71 0.65 0.66 0.64 0.64 0.682
36 0.82 0.74 0.67 0.67 0.724
Average 0.787 0.719 0.652 0.635 0.607 0.606
31 0.61 0.57 0.56 0.59 0.58 0.50 0.571
32 0.65 0.57 0.58 0.57 0.60 0.61 0.598
33 0.64 0.60 0.60 0.64 0.61 0.62 0.617
2% oil sample
34 0.71 0.63 0.64 0.67 0.65 0.68 0.662
35 0.78 0.66 0.69 0.66 0.76 0.69 0.705
36 0.62 0.63 0.69 0.76 0.76 0.76 0.702
Average 0.67 0.61 0.63 0.65 0.66 0.64
28 0.61 0.52 0.48 0.45 0.518
29 0.63 0.54 0.52 0.54 0.55 0.54 0.553
3" oil sample 30 0.60 0.58 0.56 0.57 0.60 0.61 0.586
31 0.62 0.61 0.59 0.61 0.65 0.67 0.625
32 0.61 0.64 0.61 0.66 0.633
Average 0.62 0.58 0.55 0.57 0.60 0.60
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Table 4. Ratio of the fourth with the third hysteresis loop area in various rate of shear rate.

e VSR 0.05 02 05 1 15625 2 Average
Share rate
33 0.87 0.85 0.81 0.81 0.87 0.92 0.853
34 0.90 0.86 0.83 0.78 0.85 0.85 0.843
1% oil sample
35 0.91 0.86 0.82 0.78 0.81 0.88 0.843
36 0.92 0.86 0.82 0.80 0.850
Average 0.900 0.854 0.819 0.791 0.844 0.883
31 0.84 0.73 0.78 0.85 1.08 1.16 0.906
32 0.81 0.76 0.77 0.81 0.84 0.91 0.816
33 0.75 0.69 0.78 0.84 0.93 1.00 0.833
2* oil sample
34 0.76 0.70 0.78 0.82 0.87 0.92 0.809
35 0.75 0.79 0.83 0.81 0.88 0.97 0.839
36 0.81 0.82 0.88 0.84 0.91 0.95 0.868
Average 0.79 0.75 0.80 0.83 0.92 0.98
28 0.76 0.72 0.74 0.65 0.717
29 0.77 0.68 0.72 0.74 0.79 1.01 0.784
3% oil sample 30 0.76 0.74 0.75 0.77 0.79 0.85 0.777
31 0.81 0.76 0.76 0.71 0.81 0.83 0.780
32 0.67 0.78 0.78 0.78 0.753
Average 0.75 0.74 0.75 0.73 0.80 0.90

The 84 groups of experimental data for 3 kinds of crude oil, 6 rates of shear rate and 9 temperatures were fit-
ted, and the fitting results as shown in Table 5, correlation coefficient of each group regression data whole
greater than 0.8338, and the average correlation coefficient is 0.9528.

Figure 4 is the curve shows the hysteresis loop area changes with the temperature of the central plains crude
oil. Each area of hysteresis loop were decreased with the increase of temperature but different in rate of decline,
which is the lower the temperature, the greater the rate of decline. And decrease the maximum rate of the first
hysteresis loop, exponentially decreasing trend and the remaining are approximately linear decline. Study results
were consistent with Qifu Li [10] and other researchers. Investigate its reason, waxy crude oil form a relatively
strong wax crystal structure at a low temperature, which means has a strong thixotropy, so hysteresis loop area is
large. Conversely, at a high temperature, wax crystal structure was formed relatively weak, so hysteresis loop
area is small.

5. Conclusions

1) For gelled waxy crudes oil, the thixotropic behavior of hysteresis loop which is formed under cyclic load-
ing of linear increasing and decreasing shear rate is studied. Hysteresis loop area could represent the strength of
thixotropic properties. With increasing of the rate of share rate sweep, the area of hysteresis loop increased. The
area of second hysteresis loop is much smaller than first one, and began a slow decline from the third hysteresis loop.

2) Areas of each hysteresis loops were decreased with increasing temperature, but it was different in decline
rate—the lower the temperature, the greater the rate of decline. The maximum rate of decrease is the first hyste-
resis loop with exponential decline, and remaining hysteresis hoops approximately decrease linearly.

3) We developed a relationship between the rate of shear rate and the hysteresis loop area. According to the
experimental results, an empirical correlation is developed to describe the relationship of hysteresis loop area

and rate of share rate sweep.
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Figure 4. Experimental curve for hysteresis loop area change with temperature of
central plains crude ((a) for the second hysteresis loop; (b) for the second hysteresis

loop; (c) for the second hysteresis loop; (d) for the second hysteresis loop).
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Table 5. The fitting results for four kinds of oil sample.

Oil sample Temperature a b c Correlation coefficient
33 3480.43 -3.70 0.365 0.9818
34 148.60 -3.10 0.267 0.9867
1% oil sample
35 79.06 —2.72 0.30 0.9817
36 41.70 —2.37 0.25 0.9856
31 466.21 —4.46 0.601 0.9710
32 227.32 —3.86 0.53 0.9839
33 57.41 —43.86 1.53 0.8462
24 oil sample
34 45.98 —2.88 0.89 0.9567
35 22.93 —2.53 0.83 0.8338
36 14.88 —2.04 0.35 0.9796
28 1122.55 —4.17 0.44 0.9874
29 438.15 —4.08 0.28 0.9915
3# oil sample 30 164.99 —-3.61 0.18 0.9650
31 68.54 -2.99 0.13 0.9492
32 35.39 —2.67 0.25 0.9922
Funding
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