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Abstract

:

Blending with light oil is a commonly used and reliable method of crude oil transportation, and the blending ratio is a crucial operating parameter in determining the safe and efficient operation of the pipeline. In this paper, in-house flow and deposition experiments are used to evaluate the flow and deposition characteristics of crude oils with varying blending ratios. The results show that (1) blending with light oil basically does not affect the shape of the DSC curve of crude oil; (2) blending with light oil will not eliminate the thermal treatment effect, and the mixed oil flowability still remains highly dependent on the thermal treatment temperature; (3) blending with light oil can greatly decrease the abnormal point and oil viscosity, in which the low-temperature viscosity decreases more significantly; and (4) a wax deposition model of mixed oil is obtained through the fitting of Huang’s model, where the blending ratio is a crucial factor in the determination of the model parameters k, m, and n.
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1. Introduction


Waxy crude oil is characterized by its large amount of paraffin wax molecules. It is an important type of fossil energy resource and is widespread in major oil fields around the world [1,2]. The wax molecules will undergo wax crystal precipitation and formation when the temperature reaches the wax appearance temperature (WAT) [3]. The formed solid particles lead to expansion of the contact area between the solid and liquid phases, thus increasing the oil viscosity. Furthermore, the precipitated wax crystal particles also have a tendency to accumulate on the pipe wall, reducing the flow area of the pipe and ultimately leading to increased frictional resistance within the pipeline [4,5].



To improve the oil’s rheological characteristics and ensure reliable and cost-effective crude oil transportation, a series of methods (such as thermal treatment, adding pour point depressant, blending with light oil, sequential transportation, or a combination of various transportation methods) have been presented [6,7,8,9,10,11,12]. Among them, blending with light oil is a commonly used and reliable method. This method involves blending light crude oil with high-wax oil to enhance the oil flowability. However, the blending ratio often varies due to the inhomogeneity of on-site oil products in terms of type and quantity. The flowability of the blended crude oil is unclear, and the wax deposition characteristics are yet to be explored, which will lead to potential problems such as the severe wax deposition phenomenon, increased pipeline friction, etc. Therefore, it is necessary to conduct a systematic and in-depth study on the flow and deposition characteristics of crude oils with different blending ratios.



Regarding the prediction of rheological properties for mixtures of light and heavy crude oil, researchers have primarily focused on predicting the viscosity and pour point of the blended oil. In most cases, the viscosity of the mixture cannot be obtained by simply adding the viscosity values of the individual component oils. The majority of calculation models for blended crude oil viscosity are empirical models, such as the Arrhenius model, Kendall–Monroe model, Bingham model, and Cragoe model [13,14,15,16]. Jing et al. [17] compared the effectiveness of four different models, including the Lederer model, Arrhenius model, double logarithmic model, and Cragoe model, to predict viscosity based on experimental viscosity data. The Cragoe model produced the smallest average relative error. Gao et al. [18] pointed out that the current models for predicting viscosity are limited and all of them are empirical models. To address this issue, the authors suggest the use of machine learning methods for viscosity prediction.



The pour point is a key parameter that reflects the oil’s rheological characteristics. It is important to note that there is typically no simple additive relationship between pour points of different component oils [19]. Generally speaking, the pour point of a blended crude oil can be estimated as a weighted average of the pour points of its individual components. The wax content of blended crude oil can be estimated as a weighted average of the wax content of each component oil, and changes in the wax content will have a direct impact on wax precipitation and gelation processes. Furthermore, some studies have pointed out that mixing crude oils will cause a change in the state of asphaltene accumulation in crude oil. During the cooling process of crude oil, asphaltenes have complex nuclei and eutectic interactions with wax molecules [20]. Lei et al. [21,22] provided insights into the interaction between asphaltene and wax molecules by analyzing the microscopic morphology of wax crystals. They noted that the aggregation state of asphaltene can influence the fractal dimension and the microscopic properties of wax crystals. Zhu et al. [23,24] suggested that the temperature used for thermal treatment can alter the aggregation state of asphaltenes, causing changes in their flow characteristics and wax deposition. It is worth noting that waxy crude oils are known to exhibit thermal treatment effects, whereby the rheological properties of the oil at low temperatures can vary depending on the thermal treatment temperature. However, there are limited studies available in the literature concerning the effects of thermal treatment on mixed crude oils.



Scholars have previously proposed various mechanisms, such as molecular diffusion, aging and gelation, to explain oil wax deposition properties [25,26,27]. The effects of operating parameters [28,29] on wax deposition have been studied in detail, and wax deposition dynamic models have been established according to molecular diffusion and aging mechanisms [30,31,32]. However, the wax deposition characteristics of blended crude oils have not been thoroughly researched. The pour point and viscosity of mixed crude oils are typically influenced by the blending ratio as well as the properties of the component oils. Consequently, evaluating the wax deposition characteristics of blended crude oils poses a significant challenge for oil pipelines. However, there is currently a lack of effective prediction models for predicting the wax deposition rate of mixed crude oil, which leads to difficulties in predicting the wax deposition rate of mixed crude oil on site. Therefore, developing a wax deposition rate prediction model for mixed crude oil is of great significance in guiding the determination of on-site mixing proportions, the design of oil pipelines, and the determination of pigging cycles and plans. Huang’s model was successfully adopted in the prediction of wax deposition rate [33,34], and in this paper, the aim is to propose a set of methods for predicting wax deposition rate, and obtain the parameters of the model based on Huang’s model.



To investigate the effect of blending ratio on the properties of crude oil, we initially blended Shengli waxy crude oil and Saudi light crude oil at varying ratios to prepare different oil samples. Subsequently, we used DSC, a rheometer, and a Couette wax deposition experiment to evaluate the wax precipitation characteristics, flowability, pour point, and wax deposition of these samples. To analyze the impact of blending ratio on the flowability and wax deposition properties, we utilized parameters such as the WAT, viscosity, pour point, and wax deposition as the model variables. Ultimately, we obtained the wax deposition rate models of different oil samples by fitting the experimental data, and analyzed the variation patterns of the model parameters with the blending ratio.




2. Materials and Methods


2.1. Crude Oil Sample


In this study, we considered two different types of crude oils: Shengli and Saudi crude oil. Shengli crude oil, with a wax appearance temperature (WAT) of 51 °C and wax content of 14.5 wt%, exhibits a high degree of waxiness and has a density of 897.5 g/cm3 at 20 °C. Hence, it can be regarded as a high-wax crude oil. On the other hand, Saudi crude oil has relatively lower WAT and wax content, thereby belonging to the class of light crude oils. The pure Shengli crude oil was labeled oil sample 1, while oil samples 2, 3, 4, and 5 were produced by blending Shengli and Saudi crude oil in different volume ratios (7:1, 6:2, 5:3, and 4:4). Generally speaking, the blending ratio of waxy crude oil and light oil is determined by the design output of the two crude oils on site. In this paper, we want to study the influence of blending ratio on wax deposition characteristics. Therefore, the specific blending ratio is mainly Shengli waxy crude oil blended with a smaller amount of Saudi light crude oil.




2.2. Methods


2.2.1. DSC Test


The wax precipitation characteristics of oil samples with different blending ratios were analyzed using a DSC 821e differential scanning calorimeter. The test sample was added into a crucible and heated to 80 °C for 5 min to completely melt the wax crystal particles. Then, the oil sample was cooled to −25 °C at a constant cooling rate of 5 °C/min. The wax appearance temperature (WAT) and wax content of the oil sample at −20 °C can be identified and calculated according to the obtained DSC curve [23,24].




2.2.2. Pour Point Test


We evaluated the pour points of oil samples with different blending ratios. Initially, each oil sample was heated to its respective thermal treatment temperature (i.e., 50, 60, 70, 80 °C) and left undisturbed for an hour to eliminate any complex thermal and shear history effects. Subsequently, the oil sample was placed into a test tube and cooled at a cooling rate of 0.5–1 °C/min. When the oil temperature decreased to 8 °C above the estimated pour point, the oil sample was examined every 2 °C. The pour point was determined as the temperature at which the test tube was tilted horizontally and maintained in that position for 5 s without any oil sample flowing.




2.2.3. Rheological Test


Initially, the oil sample was heated to 80 °C and this temperature maintained for an hour to ensure complete melting of the wax crystal particles. Subsequently, the oil sample was sent to the rheometer (TA, New Castle, DE, USA) and the oil temperature was decreased, while applying shear rates of 10, 21.5, 46.4, 100, and 200 s−1 during the cooling process. The oil viscosity under these conditions was recorded at a steady state.




2.2.4. Wax Deposition Experiment


To determine the wax deposition properties of different oil samples, the Couette wax deposition experimental device was adopted. This device has been described in detail in previous papers [35,36]. As displayed in Figure 1, the Couette wax deposition experimental device is mainly composed of a hot bath, a cold bath, a torque sensor, a lifter, a sample barrel (R1 = 52 mm), a wax deposition barrel (R2 = 25.5 mm), and a conveyor. In a wax deposition test, the sample barrel rotates at a fixed rotating speed, while the inner wax deposition barrel is stationary. Initially, the oil sample was heated to a thermal treatment temperature of 80 °C and left to stabilize for an hour. Subsequently, the oil temperature was reduced at a cooling rate of 0.5–1 °C/min. As soon as the oil temperature reached its corresponding temperature, it was added to the oil sample barrel. Next, the wax deposition barrel, maintained at a fixed temperature, was introduced into the crude oil, and the wax deposition experiment commenced. Meanwhile, the rotation barrel was turned consistently at a predetermined speed (50, 100, or 150 r/min). After completing the wax deposition experiment, we calculated the deposition rate and utilized the wax deposition model developed by Huang et al. [33,34] to fit the measured deposition rates.






3. Results


3.1. Thermal Physical Parameters of Blended Oil


The wax precipitation characteristics of oil samples 1–5 are displayed in Figure 2. As displayed in Figure 2a, the DSC curve of the pure Shengli crude oil (oil sample 1) exhibits two distinct wax precipitation peaks. The first peak is relatively small and appears in the temperature range of 40–50 °C, while the second and larger peak occurs within the temperature range of −20–40 °C. The WAT and wax content are important thermal physical parameters, and directly determine the flow and deposition behavior. The WAT can be identified as the first temperature at which heat flow increases during the temperature drop in the DSC curve. The determination of WAT for pure Shengli crude oil results in a value of 51 °C, and oil sample 1 accumulates a wax content of 14.5 wt% at −20 °C.



As shown in Figure 2b–e, the shapes of the DSC curve for oil samples 2–5 remain constant even as the blending ratio increases. Furthermore, both the small and the large wax precipitation peaks are still observable. However, the WAT and accumulated precipitated wax contents of crude oil gradually decrease as the blending ratio increases. At a blending ratio of 87.5%, the WAT and wax content of oil sample 2 decrease to 48 °C and 12.8 wt%, respectively (Figure 3a,b). Subsequently, with a continuous increase in the blending ratio to 75%, 62.5%, and 50%, there is a gradual decrease in the WAT and wax content of the crude oil, with values of 46 °C/11.1 wt%, 43 °C/10.4 wt%, and 40 °C/8.4 wt%, respectively. The WAT and wax content of crude oil are strongly linearly related to the blending ratio. The R2 values of the fitted equations in Figure 3a,b are 0.996 and 0.984, respectively. Thus, we can easily obtain the WAT and wax content through the fitted equations in Figure 3a,b.



The wax crystal solubility coefficients of crude oils with varying blending ratios are displayed in Figure 3c. The values of the wax crystal solubility coefficients vary with the oil sample temperature. In addition, the solubility coefficient of wax crystals progressively decreases as the blending ratio increases. For example, the wax crystal solubility coefficients of oil samples 1–5 at 30 °C are 0.27, 0.14, 0.14, 0.05, and 0.03 °C−1, respectively.




3.2. Flow Characteristic Parameters of Blended Oil


The flow characteristics of crude oils with varying blending ratios are illustrated in Figure 4. The pure Shengli oil has an abnormal point of 37 °C. The viscosity remains consistent at different shear rates at temperatures higher than 37 °C. As the temperature decreases, the viscosity increases slowly, indicating that there is either no wax crystal precipitation or the amount of wax crystal precipitated is too small to cause the deterioration of crude oil flowability. However, a sharp increase in viscosity is observed below 37 °C. Moreover, the crude oil exhibits strong shear-thinning behavior.



The oil viscosity at different temperatures gradually decreases as the blending ratio increases. For example, as displayed in Figure 5a, the viscosities of oil samples 1–5 at 50 °C are 40.7, 31.0, 21.3, 16.4, and 14.1 mPa·s, respectively. Moreover, the apparent viscosities of oil samples 1–5 at 25 °C under a shear rate of 200 s−1 are 335.6, 207.2, 122.0, 61.4, and 41.7 mPa·s. We found that lighter oil products can decrease the oil viscosity, and in regions with high temperatures that are above the WAT, light oil products will dilute the waxy crude oil. At oil temperatures below the WAT, increasing the blending ratio will decrease the oil viscosity, and the precipitated wax crystal amount will also decrease (as shown in Figure 2), which further leads to a decrease in oil viscosity. Therefore, as illustrated in Figure 5b, the abnormal point gradually decreases from 37 °C for oil sample 1 to 35, 30, 25, and 20 °C under blending ratios of 87.5%, 75%, 62.5%, and 50%.




3.3. Gelation Behavior of Blended Oil


Table 1 demonstrates the pour points of oil samples at different thermal treatment temperatures. The pour points of oil samples 1–5 exhibit a strong correlation with the thermal treatment temperature. Take oil sample 1 (pure Shengli crude oil) as an example; the pour point at the thermal treatment temperature of 50 °C is 30 °C. As the thermal treatment temperature is raised to 60 °C and subsequently to 70 and 80 °C, there is a progressive reduction in the pour point, with the values decreasing to 28, 27, and 24 °C, respectively.



With a continuous increase in the blending ratio, the pour point of crude oil gradually decreases. For example, at a thermal treatment temperature of 80 °C, the pour points of oil samples 1–5 are 24, 23, 19, 14, and 10 °C. Remarkably, at a blending ratio of 50%, the pour point of oil sample 5 drops to less than half of that of oil sample 1. The same is true at thermal treatment temperatures of 50, 60, and 70 °C. Furthermore, we also found that for the Shengli waxy crude oil, blending light crude oil will not affect its thermal treatment effect. There is still a strong linear relationship between the pour point and the blending ratio.




3.4. Wax Deposition Characteristics of Blended Oil


The wax deposition properties of pure Shengli waxy crude oil are presented in Table 2, while those of oil samples 2–5 are detailed in Supplementary Tables S1–S4, which can be found in the supporting information. As illustrated in Table 2, the wall shear stress and the temperature gradient are calculated through the steady state calculation of Fluent software(version number: 2021R2). The wax crystal solubility coefficient and oil viscosity can be obtained from Figure 2 and Figure 4. The deposition rate was fitted using the model presented by Huang et al. [34] (Equation (1)), and the obtained wax deposition models are expressed in Table 3.


  W = k  τ m   1 μ    d C   d T       d T   d r    n   



(1)




where W refers to the wax deposition rate, g·m−2·h−1; τ refers to the wall shear stress, Pa; μ is the oil viscosity at the pipe wall, Pa·s; dC/dT is the wax crystal solubility coefficient, 1/°C; dT/dr is the temperature gradient, °C·m−1; and k, m, and n are the fitting parameters of the wax deposition model.



As the blending ratio continues to increase, the parameters of the wax deposition model also undergo significant changes. To illustrate this, Table 3 highlights the wax deposition models of crude oil at varying blending ratios.



As shown in Table 3, as the blending ratio increases, the parameters k, m, and n change accordingly. The parameter k decreases continuously, which shows to a certain extent that increasing the mixing ratio is beneficial to reduce the deposition rate. An increase in the blending ratio is beneficial to reducing the wax deposition rate. The absolute value of the parameter m increases gradually with an increase in the blending ratio, while n gradually decreases with an increase in the blending ratio, indicating that as the sensitivity of the wax deposition rate to the shear stress of the pipe wall increases, the sensitivity to temperature gradients is weakened (Figure 6).



The relationships between parameters k, m, and n and the blending ratio are shown in Equations (2)–(4); the fitting accuracies of Equations (2)–(4) are 0.988, 0.971, and 0.993, respectively, indicating that the rate of wax deposition can be obtained through the model presented by Huang et al. [34] once we obtain the blending ratio.


  k = 18.62  e  0.017 x    



(2)






  m = − 0.997 + 0.0048 x  



(3)






  n = 0.181 + 0.0028 x  



(4)




where x refers to the blending ratio, %, and k, m, and n are the parameters of the wax deposition model.




3.5. Discussion on the Flowability and Wax Deposition Characteristics of Blended Oils


As detailed from Section 3.1, Section 3.2, Section 3.3 and Section 3.4, we can conclude that blending light crude oil into waxy crude oil is an effective way to improve the flowability and wax deposition characteristics of waxy crude oil. That is, with an increase in the blending ratio of light waxy crude oil, the WAT and wax content of blending oil gradually decrease. The changing rate follows a very good linear relationship. We realized that the blending operation only changed the composition of the crude oil without other obvious chemical changes. Thus, the flowability (including apparent viscosity, abnormal point, and pour point) of blended oil can be improved. Similarly, we can obtain the flow characteristics of crude oil with any blending ratio through curve fitting. Moreover, we obtained the wax deposition characteristics of five crude oils through wax deposition experiments and fitted the wax deposition model parameters based on Huang’s model. We found that the model parameters are closely related to the blending ratio, and finally obtained the wax deposition model parameter of blending oils with different blending ratios.



The series of prediction methods proposed in this article for flow and wax deposition characteristic can be used in the design and operation management of crude oil blending transportation pipelines. For example, in the design stage of oil pipelines, the blending ratio range can be reasonably determined based on the amounts of waxy crude oil and light crude oil, and the economics of pipeline transportation can be evaluated based on this blending ratio range to optimize the most economical blending ratio. For oil pipelines that are already in operation, it is necessary to adjust the temperature conditions in and out of the station in real time based on the dynamic changes in the blending ratio, and at the same time, predict the distribution of wax deposition in the pipeline, so as to reasonably determine the pigging cycle.





4. Conclusions


In this paper, we presented a comprehensive study on the determination of wax deposition rate models for blended oils with varying blending ratios and conducted an extensive series of experiments to evaluate the flow and deposition characteristics of crude oils blended in different ratios, focusing on parameters like wax appearance temperature (WAT), viscosity, pour point, and wax content. We obtained the following main conclusions:




	(1)

	
An increase in the blending ratio does not change the shape of the DSC curves, while the WAT and wax content of crude oil linearly decrease.




	(2)

	
With an increase in the blending ratio, the oil viscosity and abnormal point decrease, which shows that the crude oil flowability improves macroscopically.




	(3)

	
The thermal treatment effect still exists in the blended crude oil, and the rheological properties of the blended crude oil gradually improve with an increase in the thermal treatment temperature.




	(4)

	
With an increase in the blending ratio of crude oil, the wax deposition rate model parameters of crude oil gradually change. k gradually decreases, indicating that the wax deposition rate shows a decreasing trend. The absolute value of m increases gradually, and the value of n decreases gradually, indicating that the sensitivity of the wax deposition rate to the shear stress of the pipe wall increases, and the sensitivity to temperature gradient decreases.









The wax deposition rate prediction model proposed in this article can be used for the design, dynamic operation adjustment, and wax removal cycle determination of blended crude oil pipelines.
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Figure 1. Couette wax deposition experimental device. (a) Schematic diagram; (b) physical map. 
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Figure 2. WAT and wax content of crude oils with different blending ratios. (a) 100%; (b) 87.5%; (c) 75%; (d) 62.5%; (e) 50%. 
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Figure 3. Thermal physical parameters of crude oils with different blending ratios. (a) WAT; (b) wax content; (c) wax crystal solubility coefficient. 
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Figure 4. Flow curves of crude oils with different blending ratios. (a) 100%; (b) 87.5%; (c) 75%; (d) 62.5%; (e) 50%. 
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Figure 5. Viscosity and abnormal point of crude oil under different blending ratios. (a) Viscosity; (b) abnormal point. 
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Figure 6. Relationship between wax deposition model parameters k, m, and n and the blending ratio. (a) k; (b) m and n. 
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Table 1. Pour points of oil samples at different thermal treatment temperatures.
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	Thermal Treatment Temperature/°C
	50
	60
	70
	80





	Oil sample 1
	30
	28
	27
	24



	Oil sample 2
	27
	25
	24
	23



	Oil sample 3
	24
	21
	20
	19



	Oil sample 4
	20
	16
	15
	14



	Oil sample 5
	17
	13
	11
	10










 





Table 2. Wax deposition characteristics of oil sample 1.
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	Oil Temperature

/°C
	Wall Temperature

/°C
	Rotation Speed

/(r·min−1)
	Wall Shear Stress

/Pa
	Oil Viscosity

/Pa·s
	Wax Crystal Solubility Coefficient

×10−4/°C
	Temperature Gradient

/°C·m−1
	Wax Deposition Rate

/g·m−2·h−1





	42
	32
	150
	3.576
	0.207
	17.70
	579.0
	9.14



	45
	35
	150
	2.717
	0.127
	6.07
	578.8
	4.96



	48
	38
	150
	2.246
	0.088
	3.47
	578.9
	5.56



	51
	41
	150
	1.885
	0.068
	3.88
	576.8
	7.89



	55
	45
	150
	1.508
	0.054
	5.93
	574.3
	16.26



	58
	48
	150
	1.291
	0.046
	1.15
	573.6
	4.01



	37
	32
	150
	4.874
	0.193
	17.70
	291.4
	5.21



	47
	32
	150
	2.847
	0.217
	17.70
	867.6
	10.55



	52
	32
	150
	2.329
	0.226
	17.70
	1152.0
	12.25



	50
	45
	150
	1.757
	0.054
	5.93
	288.4
	11.33



	60
	45
	150
	1.317
	0.054
	5.93
	859.3
	24.22



	65
	45
	150
	1.167
	0.054
	5.93
	1143.0
	25.44



	55
	45
	50
	0.503
	0.054
	5.93
	574.3
	29.75



	55
	45
	100
	1.005
	0.054
	5.93
	574.3
	19.93



	42
	32
	50
	1.231
	0.272
	17.7
	579.0
	12.10



	42
	32
	100
	2.414
	0.229
	17.7
	579.0
	9.98










 





Table 3. Wax deposition models of oil samples 1–5.
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	Oil Sample
	Wax Deposition Model





	Oil sample 1
	   W = 105.3538  τ w  − 0.531    1 μ    d C   d T         d T   d r       0.457     



	Oil sample 2
	   W = 83.1534  τ w  − 0.5652    1 μ    d C   d T         d T   d r       0.417     



	Oil sample 3
	   W  = 73   . 1272   τ w  − 0.6106    1 μ    d C   d T         d T   d r       0.3926     



	Oil sample 4
	   W  = 54   . 1652   τ w  − 0.698    1 μ    d C   d T         d T   d r       0.349     



	Oil sample 5
	   W  = 42   . 493   τ w  − 0.767    1 μ    d C   d T         d T   d r       0.319     
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