Variation of the wax deposit properties in radial direction in crude oil pipeline
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The variations of wax deposit properties in radial direction in crude oil pipe were investigated through flow-loop experiments. It was found that the wax content and wax appearance temperature (WAT) of the surface deposit were lower than those at bottom. Ranked from high to low, the mass ratio of wax molecules heavier than the critical carbon number (CCN) is the bottom deposit, surface deposit and crude oil, while in the range lighter than the CCN, the order is just opposite. Microscopic observations indicated larger amount and more rod-like wax crystals existed in the bottom layer. Moreover, the bottom deposit was stronger in structure and presented higher yield stress than the surface deposit. The present work revealed and verified the significant differences in the radial properties of the wax deposits, which should be considered in future studies, especially with regard to the force on the pig.
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1. Introduction 
Crude oils are complex mixtures of aromatics, paraffins, naphthenes, asphaltenes, resins, etc.1,2. Among these components, long-chain wax molecules are often considered as the main compositions of wax deposits. Waxes dissolved in crude oils primarily include paraffin hydrocarbons (C18-C36) and naphthenic hydrocarbons (C30-C60), which are referred to as paraffin wax and micro-wax, respectively. 3,4 Paraffin waxes generally exhibit large plate-like structures while micro-waxes often give needle-like structures. Paraffin waxes would crystallize and precipitate from the crude at temperatures lower than the wax appearance temperature (WAT), which often causes varieties of problems, such as increasing viscosity and yield stress.5 Wax precipitation may lead to the formation of wax deposit on the pipe inner wall. Usually, the following conditions are needed for wax deposit formation: (1) pipe wall temperature is below the WAT of the waxy crude oil, (2) there exists a negative radial temperature gradient near the inner pipe wall, (3) adhesion to the pipe inner wall is high enough for wax components to stick. As a result, wax deposition in oil production and transportation process can decrease the flow area and increase the pressure drop and energy consumption.6-8 The economic benefit is therefore reduced and safety of transportation is seriously threatened. To reduce the influence of wax deposition, thermal, chemical and mechanical methods have been widely applied.9-11 
Wax deposition is a complex process influenced by crude oil composition, temperature distribution, flow regime, wax molecular distribution and deposition time,1,4,7-10 which brings about enormous difficulties to predict the wax deposit properties. Several wax deposition mechanisms such as molecular diffusion, shear dispersion, aging and shear stripping have been proposed over the past few decades.12-18 Among them, molecular diffusion and aging are the most widely recognized. Molecular diffusion premises that there exists a radial temperature gradient near the pipe wall. Since wax molecule solubility is a function of temperature, concentration gradient of wax molecules forms in the radial direction to serve as the driving force propelling wax molecules diffuse from the bulk to the pipe wall. Aging mechanism, which makes the wax deposits harden with time, can be interpreted as: under the temperature and concentration gradient inside the deposit layer, heavier wax molecules diffuse inward from the deposit interface to the pipe wall (diffusion process) while lighter wax molecules diffuse outward from the pipe wall to the bulk oil (counter-diffusion process). As a result, the ratio of heavy wax molecules and total wax content increase, which hardens the deposit over time.
The micro properties of wax deposit are very important for wax deposition prediction and pipeline pigging,19 which have been paid attention to by researchers. Létoffé et al. 20 investigated the paraffin morphology using thermo-microscopy method and concluded that the crystals in mixtures of pure paraffin and crude oil matrix are small. Furthermore, the length of the paraffinic chains at pour point was reported as the decisive factor for wax crystal size while the change of precipitation rate played no remarkable role. Singh et al. 13 divided wax deposit into two layers to investigate its morphology. It was found that the incipient wax-oil gel deposited on the pipe wall has significant amount of oil entrapped in the 3-D network structure of wax crystals, therefore the gel behaves as a porous medium into which wax molecules continue to diffuse, resulting in an increase in the wax content of the deposited gel over time. Singh et al. 14 conducted cold finger experiments to analyze the wax molecular carbon number distribution in wax deposit using high temperature gas chromatography (HTGC) method. It was found that the critical carbon number (CCN) increases with pipe wall temperature. Wax molecules with carbon numbers above CCN (CCN+) diffuse into the gel deposit while the molecules with carbon numbers below CCN (CCN-) diffuse out of the gel deposit. Soedarmo et al. 21 built a facility that enable microscopic-scale in situ visualization of wax deposit morphology. It was found that the wax deposit morphology is obviously influenced by flow regime. The aspect ratio distribution of wax crystals formed under laminar conditions shows a similar pattern to static conditions. Qualitatively, wax deposit formed under turbulent flow tend to has smooth surface and more structured layer arrangement compared to wax deposit formed under laminar conditions. In addition, shear stripping or partial removal of wax deposit is not observed. Yi et al. 22 developed a correlation between oil composition and the change in wax crystal microstructure nonlinearity caused by pour-point depressant beneficiation. According to this correlation, both the concentration and wax content of the precipitated wax are negatively correlated to the increase of wax crystal fractal dimension, while the content of resin and asphaltene is beneficial to the increase of fractal dimension after adding pour-point depressant. Zheng et al. 23 performed flow-loop experiments and focused on carbon number distribution of wax deposit with HTGC technology. Diffusion of different n-alkane components and their respective concentration driving forces were proposed to be key factors influencing wax deposit carbon number distribution. Yang et al. 24 and Li et al. 25 investigated the deposition of pure waxy crude oil with asphaltenes added, it was found that the presence of asphaltenes can cause the formation of a two-layer wax deposit, which can be clearly identified by direct touch due to the outstanding structural strength difference. The outer-layer wax deposit is loose and soft and present a smaller yield stress, while the inner-layer wax deposit is hard. Moreover, the CCN was found to increase from out-layer to inner-layer. The presence of asphaltenes greatly modifies the precipitated wax crystals’ morphology (spherical-like flocs) and then favors the diffusion of asphaltenes and wax molecules. Zhu et al. 26 studied the flow regime on wax deposit characteristics by using the Changqing waxy crude oil. It was found that the structure of wax deposit is homogeneous and the aging effect is not obvious under cold flow, but the deposit presents heterogeneous morphology and the aging is obvious under hot flow. 



Using centrifugation, HTGC and X-ray diffraction, Han et al. 27 investigated the effect of precipitated Cn amount and composition on the yield stress of wax-decane gels. It was found that the conformation disorder of Cn plays a negative role on yield stress, and the amount of precipitated Cn plays a positive role. In addition, the degree of n-alkane polydispersity of precipitated Cn plays a negative role on the yield stress of wax-decane gel. Webber 28 investigated the yield behavior of gelled mineral oils, linear elastic and fracture yield limits, as a function of amount of crystallized wax and the particle size distribution of the wax by studying yield behavior as a function of temperature. It was found that the critical strain (), stress (), and modulus () limits for linear elastic response, i.e., the elastic yield process increases with the amount of precipitated wax. Wax crystal structures formed in the vicinity of the onset of wax crystallization are very sensitive to small strains. Bai et al.29 used model oils to investigate the effect of carbon number distribution of wax on the yield stress of waxy oil gels. The yield stress of waxy oil gels formed under quiescent or shear conditions always decreases with the increase of average carbon number of wax when solid wax content are kept the same. Microscopic observation showed that the average size and boundary fractal dimension of wax crystals decrease but aspect ratio increases as average carbon number increases. Small and simple-structured wax crystals usually result in weak oil-wax gels. In short, most materials used in the past experiments are model oils, whose wax content and wax molecule distribution are different from field crude oil. In order to further investigate the effect of experimental conditions on the yield stress of wax deposit and the relationship between wax morphology and yield stress, experiments using field crude oil are needed.
In the present paper, cold flow experiments (oil temperature was set as 3 °C lower than WAT) and hot flow experiments (oil temperature was set as 5 °C higher than WAT) were conducted using field crude oil in a self-designed laboratory flow loop apparatus. Wax deposit at different radial positions was sampled using mechanical stratified sampling method and analyzed with differential scanning calorimetry (DSC), HTGC technology, microscopic observation and yield stress tests. The influences of multiple operating conditions on wax deposition rate and wax deposit property in radial direction were analyzed. This paper gives a whole understanding about the variations of wax deposit properties with time and radial positions.
[bookmark: OLE_LINK66][bookmark: OLE_LINK67]2. Experimental 
2.1. Materials 
Crude oil used in this work was collected from a field pipe, with no chemical agent. Its basic physical properties were analyzed, as shown in Table 1. In which WPPT stands for the wax precipitation peak temperature.
Table 1. Basic properties of crude oil.
	  Density at 20 °C (kg/m3)
	Gel point (°C)
	Abnormal point of viscosity (°C)
	Wax content (wt.%)
	WAT (°C)
	WPPT (°C)

	859.0
	32.0
	39.0
	21.4
	46.0
	21.2


[bookmark: OLE_LINK72][bookmark: OLE_LINK73][bookmark: OLE_LINK74][bookmark: OLE_LINK75]In Chinese standard, gel point refers to the maximum temperature at which the tested sample just loses its flow ability under specified thermal and shear condition. It is a counterpart of pour point as defined in ASTM D 97 or D 5949 and is usually 3 °C lower than pour point.25 Both gel point and pour point, as critical indicators of physical state of crude oil, are used to evaluate its flow ability at low temperatures. In this study, Petroleum and Natural Gas Industry Standard of People’s Republic of China SY/T 0541-2009 was used instead of the norm of ASTM.30,31 The measuring error of this method is less than 1 °C.
Oil viscosity highly depends on temperature and influences wax molecular diffusion rate due to the viscous drag effect. The viscosity measurements of crude oil were performed by a rotational rheometer (Anton Paar Rheolab QC, made in Germany) using a DIN 53019 concentric cylinder geometry which is common for tests on low-viscosity liquids. The length and the radius of the inner cylinder are 40 mm and 13.3 mm, respectively, and the gap between the inner and outer cylinders is 13.3 mm. The temperature of the test specimen was controlled by an AC 200 Thermo Fisher thermal bath, which controls the temperature within ±0.01°C. Figure 1 shows the viscosity-temperature curves under different shear rates.

Figure 1. Viscosity-temperature curves of crude oil at different shear rates.
2.2. Wax precipitation property

DSC was used to quantitatively detect the thermal process of phase transition of wax components. Its type was TA Q20, made in the USA, with calorimetric accuracy of ±0.1% and temperature measurement accuracy of ±0.05 °C. During the test, the sample and the reference were first heated to 80 °C and then kept at this temperature for 15 minutes. Then, they were cooled to -25 °C with a constant cooling rate of 5 °C/min.32 Since air did not release heat of phase change during cooling, thermal curve of the reference was chosen as the baseline. The difference between wax precipitation curve and baseline was a direct measurement of heat flux involved in phase change. The area of heat flux difference was integrated and converted into the wax precipitation mass ratio through Eq. (1). The crystalline enthalpy  is 210 J/g for the experimental sample.33,34 

                                 (1)
where ωwax is the mass ratio of wax content (%), q0 is the heat flux corresponding to the baseline (W/g), q is the measured heat flux (W/g), qt is the cooling rate (°C/s).
The wax precipitation curve of crude oil obtained by DSC method is shown in Figure 2. It can be seen that the wax precipitated rapidly with the decrease of temperature from WAT to WPPT, then decreased gradually until all the wax components precipitated out.  

Figure 2. The wax precipitation curve of crude oil.
2.3. Wax molecule distribution
[bookmark: OLE_LINK80][bookmark: OLE_LINK81]The carbon number distribution of wax molecules for deposit obtained under different operating conditions was analyzed by HTGC technology. The type of gas chromatography was Agilent 7890A, made in Austria. Flame ionization detector was used for detection. The scale of capillary column was 60 m×0.25 mm×0.25 μm. All the operating steps were followed by Petroleum and Natural Gas Industry Standard of People’s Republic of China SY/T 5779-2008. It detects and distinguishes n-alkane paraffin molecules by the difference of adsorption or dissolution ability between different components. The carbon number distribution of the crude oil is shown in Figure 3.
 
Figure 3. N-alkane carbon number distribution of the crude oil.
2.4. Microscopic observation
A polarizing microscope (OPTIPHOT2-POL, Nikon) was used to observe the microstructure of wax crystals. The hot and cold stage (PE60, Linkam Scientific Instruments) was connected by a water bath to control the temperature. A CCD digital camera for microscopes (CoolSNAP 3.3M, Roper Scientific) and software Q Capture Suite were used to control all camera functions for preview, capture and save. Wax deposit was squashed to spread equably between two cover slips and then loaded on the object stage. The temperature of microscopic observation can be adjusted to a specific value depending on the sharpness of the image. Object stage position and exposure time were adjusted until the image of wax structure was clear, then the micrograph was captured and displayed on the screen. The image analysis software Image J was used to determine area fraction, crystal size, aspect ratio and perimeter of wax crystals.
2.5. Yield Stress Test
Yield stress test was performed using a controlled stress rheometer equipped with ST10-4V-8.8-SN20662 vane system. The four-bladed vane has a particular dimension with 10 mm diameter and 8.8 mm length, shown in Figure 4. The collected wax deposits were put into the testing system and heated to 80 °C, then cooled to desired temperature at a cooling rate of 1 °C/min and kept at this temperature for one hour. After the isothermal process, stress was logarithmically loaded with data acquisition frequency being 5 Hz.35
 [image: ]
Figure 4. The four-bladed vane.
2.6. Laboratory flow loop system
The deposition experiments were performed in a self-designed flow loop device, as shown in Figure 5. It mainly comprised a test tube, an oil tank, a mass flowmeter, a screw pump, heat reserving belts and water baths for temperature manipulation. The test tube is a double-layer jacketed structure with circulating water flowing in the jacket space to control the temperature of the test tube. The flow loop tubes have an inner diameter of 12 mm and the test section is 1.5 m long. The test tube can be detached from the flow loop after wax deposition. This design makes it possible to observe the wax deposit directly and sample the deposit at different radial positions conveniently.
[image: C:\Users\Administrator\AppData\Roaming\DingTalk\508939807_v2\ImageFiles\ba\lALPDgQ9rRziSy7NAmfNA_A_1008_615.png]
Figure 5. The schematic of the laboratory flow loop apparatus.
2.7. Experimental design
Experiments with different oil flow temperatures, deposition durations and flow rates were carried out (see Table 2). In order to provide a good flowability in the flow loop, the coolant temperature was set as 34 °C, which was 2 °C higher than the gel point. 
Table 2. The detailed experimental conditions in the flow loop.
	Experimental type
	Pipe wall temperature (°C)
	Oil temperature (°C)
	Deposition duration (h)
	Flow rate (m3/h)
	Reynolds number

	Cold flow
	34
	43
	2, 4, 6, 8, 10, 18, 26, 34, 42
	0.13
	109

	Hot flow
	34
	51
	2, 16, 28, 42
	0.16
	265


2.8. Sampling method
After wax deposition, how to sample the deposits adhered to the pipe wall is of great significance to the analysis of wax deposit properties and accuracy of experimental results. In our experiments, the test section was detached from the flow loop after each group of experiment and the deposits were sampled through mechanical stratified sampling method. A thin iron sheet (shown in Figure 6) was used to scrape the wax deposits layer by layer from surface to bottom along the circumference of the pipe, then the deposits were collected in two different sampling bottles. During the scraping process, we found that there was a distinct boundary between surface deposit and bottom deposit, which can be used as the boundary for scraping the deposits from two layers. When the soft parts were thoroughly scraped off, the remaining deposits cannot be scraped off with the same force unless greater force is applied. The remaining deposits can be scraped off as a whole, falling off the wall in a circular arc shape. This phenomenon was verified in different experiments during the sampling process, and we distinguished surface deposit and bottom deposit on the basis of this principle. Therefore, the obtained samples were comparative and the process can be repeated. In order to obtain enough wax deposits, the aforementioned sampling method was applied in the inlet and outlet positions of the test tube.
In addition, to prevent the temperature fluctuation from changing the deposit microstructure, the water bath was still in circulation after the test tube was detached from the loop, and the temperature was kept the same as the experimental value. Then, the microscopic observations of surface and bottom deposits were rapidly conducted. As shown in Figure 6, the deposits were divided into two layers, i.e., the surface deposit (close to the oil-deposit interface) and the bottom deposit (close to the pipe wall). 
[image: ] [image: ]
Figure 6. The schematic diagram of stratified sampling of wax deposits.
3. Analysis of dissolved wax concentration in hot and cold flows
3.1. The diagram of temperature and dissolved wax concentration in the pipe
Considering the fact that the amount of dissolved wax is highly determined by oil temperature, the concentration of dissolved wax molecules varies greatly due to the difference of temperature in hot and cold flows. In the process of wax molecular diffusion and aging, the concentration gradient of wax components is the main driving force of wax molecules and can significantly influence the deposition rate and deposit properties. The distribution of temperature and dissolved wax concentration in hot and cold flows are elucidated by taking a two-dimensional section as the pipe is symmetrical in structure, geometry of the deposition pipe and diagrams of temperature and concentration profiles are shown in Figure 7. 


Figure 7. Geometry of the deposition pipe and diagrams of temperature and concentration profiles (rb is the position of thermal boundary where oil temperature near the pipe wall reaches to 99% of the bulk temperature, rp is the position of WAT line where wax begin to precipitate, ri is the position of oil-deposit interface, R is the radius of pipe. T0 (C0), Tb (Cb), Tp (Cp), Ti (Ci) and Tw (Cw) are the temperatures (concentrations) at the positions of the pipe centerline, the thermal boundary, the WAT line, the oil-deposit interface and the pipe wall for hot flow. While T0' (C0'), Tb' (Cb'), Ti' (Ci') and Tw (Cw) are the temperatures (concentrations) at corresponding positions for cold flow.).
3.2. The temperature and dissolved wax concentration in hot flow
There exists a thermal boundary near the pipe wall both in hot and cold flows, the crude oil inside the region between the thermal boundary keeps a constant temperature equalling to the inlet oil temperature. The thermal boundary is the position where temperature of crude oil in the vicinity of pipe wall reaches to 99% of the bulk temperature. In hot flow, the temperature of inlet crude oil is higher than the WAT, therefore, the wax components would not precipitate out in the bulk, corresponding to the place of r < rb, but the wax components would precipitate in the area of rp < r < R. Consequently, the wax components in hot flow is partial saturated, it is unsaturated in the area of r < rp, but saturated in the area of rp < r < R. Therefore, the dissolved wax concentration C0 = Cb = Cp > Ci > Cw. Obviously, a concentration gradient of wax molecules formed in the saturated area of rp < r < R. The wax molecules can diffuse in the crude oil in the area of rp < r < ri and continue diffuse through the crude oil entrapped in the three-dimensional (3D) porous network structure in the area of ri < r < R.
3.3. The temperature and dissolved wax concentration in cold flow
Different from the hot flow, the temperature of crude oil and pipe wall in cold flow are both lower than the WAT. Therefore, there are some precipitated wax particles suspended in the bulk and flow together with crude oil. Obviously, the dissolved wax concentration is the same with its solubility and it belongs to saturated condition. The concentration line of C0'-Cb'-Ci'-Cw is the diagrammatic variation of wax components with temperature for cold flow. Obviously, C0' = Cb' < C0, Ci' < Ci, and the dissolved wax concentration at the pipe wall (Cw) is the same for hot and cold flows, because the pipe wall temperature is kept the same in both conditions. Consequently, there exists a wax component concentration gradient in the area of rb < r < R. Wax molecules can diffuse toward the pipe wall and deposit on it, the decrease of dissolved wax components can be replenished by the redissolving of precipitated wax crystals from the bulk. Compared with hot flow, the concentration gradient in cold flow (Cb' - Cw)/(rb - R) is lower than that of (Cp - Cw)/(rp - R) in hot flow, which indicates that the amount of wax molecules diffused to the pipe wall during the same time period in hot flow is larger than that in cold flow. As the heavy wax molecules with large carbon numbers would precipitate first during the cooling process, the dissolved wax molecules diffused to and deposited on the pipe wall in cold flow would concentrate more light wax components with small carbon numbers, and in the contrast, the deposits obtained in hot flow would contain a wider range carbon number wax components.
4. Results and discussion
4.1. The wax deposition rate
As demonstrated in Figure 8, the mass of wax deposits increased with deposition duration, and the ratio of effective flow radius with the initial pipe radius decreased accordingly. For the ordinate in Figure 8, ri is the distance from the center of pipe axis to the oil-deposit interface, R is the inner radius of the pipe without deposit. The wax deposits were assumed to be distributed evenly on the pipe wall, and the deposition thickness can be calculated according to the deposit mass and pipe parameters. The difference between the initial pipe radius and the deposition thickness is the effective flow radius. It was found that the deposit mass increased fast in the first few hours and then increased slowly, which matches well with the deposition rate shown in Figure 9. This trend agreed well with the results reported by Valinejad et al.1 

[bookmark: OLE_LINK44]
Figure 8. Variation of deposition mass and effective flow radius with deposition duration (a) cold flow experiments (b) hot flow experiments.

Figure 9. Variation of deposition rate with deposition duration for hot and cold flow experiments.
4.2. Wax precipitation characteristics of the deposits
As mentioned above, wax deposits in the radial were sampled as surface deposit and bottom deposit with mechanical stratified sampling method after deposition experiment. DSC technology was used to obtain the wax precipitation characteristics and the test was repeated three times. The variations of wax content and WAT obtained under cold flow and hot flow experiments are given in Figure 10 and Figure 11. For cold flow experiments with deposition durations of 2 h, 4 h, 6 h and 8 h, little deposit was obtained and the deposit thickness was too small, so the mechanical stratified sampling method was not conducted.


Figure 10. Wax content of the deposit from surface and bottom layers for (a) cold flow experiments and (b) hot flow experiments. 
As shown in Figure 10, both in cold and hot flow experiments, the wax content of deposit at surface and bottom layers increased with deposition duration. The wax content of surface deposit was lower than that of bottom deposit, whereas the difference between them tended to decrease over time. In the process of wax deposition, wax molecules continuously diffuse toward the tube wall due to the concentration gradient caused by the temperature difference between the bulk oil and the pipe wall. During the pipe flow, wax deposit developed step by step on the basis of the initial gel, and wax molecules kept diffusing from crude oil to surface deposit and further to the bottom deposit through the oil encased in the 3D crystal network. In this process, the thickness of wax deposit increased gradually and there were new deposits formed on the original surface, accompanied by the initial gel first became the surface deposit and then became the bottom deposit. The variations of wax deposit thickness and wax content are dynamic. The deposit adjacent to the pipe wall is the “bottom deposit”, which developed from the basis of the initial gel and its aging was throughout the experimental period, therefore the wax content of the bottom deposit was higher. For the surface part, the aging effect was inconspicuous, therefore its wax content was relatively lower. 
As wax deposition proceeded, the voids in the bottom deposit became smaller because the wax content is higher, so the resistance for wax molecules to diffuse in them increased, and a large proportion of wax molecules were deposited in the radial position where the wax content is relatively lower. As a result, the wax content of the deposit in radial distributed more evenly. Moreover, the growth in wax layer thickness decreased the oil flowing area, therefore the shear stress exerted by oil flow on the deposit surface increased, which scoured more soft part of the deposit and left hard and high waxy part. Under the combined effect, the wax content difference between the surface and bottom deposit decreased.
The variation trend of wax content in radial agreed well with direct observation where the surface deposit appeared soft and semi-fluid, while the bottom deposit was hard and solid (see the Figure A1 in the Appendix). The external morphology of deposits at different layers was consistent with the variation trend observed by Li et al.,36 who pointed out that the deposits collected near the oil-deposit interface are loose and soft while deposits collected near the pipe wall are hard and compact. Wax deposit taken from some field pipes also presents higher wax content and harder texture on the bottom near the pipe wall, which is consistent with our conclusion.37,38


Figure 11. WAT of the wax deposit at surface and bottom layers for (a) cold flow experiments and (b) hot flow experiments.
As demonstrated in Figure 11, the variation trend of WAT was similar to that of wax content. Both for the hot and cold flow experiments, the WATs of the surface and bottom deposits increased over time and the value of surface deposit was lower than that of bottom deposit, but the difference tended to decrease with deposition duration. For the wax deposit obtained in the cold flow experiments, the WAT variation ranges of surface and bottom deposit were 6.00 °C and 3.07 °C, respectively. While for the hot flow experiments, the WAT variation ranges of surface and bottom deposit were 19.94 °C and 9.63 °C, respectively. This can be elucidated by the fact that the wax content of bottom deposit was higher and it had approached a relatively stable value due to the continuous diffusion and deposition of wax molecules. But for the surface deposit, the space within the 3D porous structure was larger, which facilitated the diffusion of wax molecules. Wax molecular diffusion in the surface layer was therefore more drastic, which resulted in a larger range in the WAT for surface deposit.
It was also found from Figure 11 that the WAT of wax deposit obtained from the hot flow experiments was higher than that from the cold flow experiments. This difference can be elucidated according to the distributions of temperature and dissolved wax concentration in the hot and cold flows, as aforementioned in the Section 3.1-3.3. In the hot flow and cold flow experiments, the pipe wall temperature was kept at the same value of 34 °C, while the oil temperatures were 51 °C and 43 °C, respectively. The wax component in the hot flow was partial saturated and all the wax molecules with different carbon numbers can dissolve in the bulk crude. Therefore, wax molecules of all carbon numbers had a tendency to diffuse towards the wall and deposit. While for the cold flow, the wax component was saturated and some heavy components with large carbon numbers precipitated out as wax crystals. These precipitated wax crystals suspended in the crude oil and flowed together with the oil flow, which contributed little to the wax deposition. As a result, the wax deposit from the hot flow experiments contained greater heavy components compared to the wax deposit obtained in the cold flow experiments. Therefore, the surface and bottom deposits obtained in the hot flow experiments had a higher WAT. Interestingly, the wax contents of deposits obtained in the hot and cold flow experiments with deposition duration of 42 h were very close (shown in Figure 10). The variation of the WAT and wax content stated that WAT depended on the wax component but not the wax content. Consistent with the above results, we found that the deposit in the vicinity of the pipe wall in hot flow experiments were harder and denser.
4.3. Carbon number distribution of the wax molecules
HTGC technology was employed to analyze the carbon number distribution of wax deposit. In order to make the results more representative, the samples of deposits with different deposition durations were chosen. The detailed N-alkane carbon number distributions of crude oil, surface and bottom deposit are given in Figure 12 and Figure 13, respectively.


Figure 12. N-alkane carbon number distribution of deposits obtained in cold flow experiments with duration of (a) 10h and (b) 26h. 


Figure 13. N-alkane carbon number distribution of deposits obtained in hot flow experiments with duration of (a) 16h and (b) 42h. 
Obviously, there existed a transition point at carbon number of C30, which was the CCN in our experiments. The carbon number distribution curve appeared like a lever and C30 was the pivot. The bottom deposit generally had the highest CCN+ wax molecules ratio, followed by the surface deposit, and the crude oil presented the lowest CCN+ wax molecules ratio. In the range of CCN-, the variation of carbon number distribution conditions was just the opposite. This phenomenon was not obvious for the variation of CCN+ of the crude oil and the surface deposit in hot flow experiments. For hot flow experiments, the oil temperature was higher and the surface deposits were found very soft and some gelled crude oil adhered to the surface, so the distribution of wax molecules did not show significant differences compared to the crude oil. The distribution of wax molecules in the CCN- and CCN+ interval indicated that CCN+ wax molecules diffused inside from the oil-deposit interface to the pipe wall (diffusion process) while CCN- wax molecules diffused outside from the pipe wall to the bulk oil (counter-diffusion process). 
Figure 12 and Figure 13 also suggested a peak carbon number value (PCN) within the CCN+ for the bottom deposits. In the current work, the PCNs in the cold and hot flow experiments were C35 and C37, respectively. As elaborated in the Section 3, in the hot flow experiments, the wax molecule solubility was higher due to the higher crude oil temperature. Therefore, a large amount of heavy wax molecules diffused to the pipe wall under the driving force of wax molecule concentration gradient, resulting in a higher PCN of the deposit. The PCN had a close relationship with temperature but nothing to do with deposition duration. The experimental runtime mainly influenced the wax content and harden extent of wax deposit, instead of the PCN.
4.4. Microscopic structure of the wax deposit
The observed deposits were derived from the cold flow experiment with duration of 42 h and hot flow experiment with duration of 28 h. The purpose of the experiment was to compare the difference of wax crystal structure in different radial layers of deposit, rather than the difference of deposit between hot and cold flow experiments. In order to reveal the original distribution of wax crystal, the deposits were sampled at the experimental temperature and immediately taken to conduct the microscopic observation, as described in Section 2.8. During the microscopic observation, the temperature of the object stage was set as 34 °C in advance, which was the same as the wall temperature in the deposition experiment. Thus, the original microstructure of wax crystal in the deposit can be obtained and the results were representative. Original morphologies of wax crystals are shown in the left side in Figure 14 and Figure 15, and images processed by threshold segmentation are given in the right side. The image-analysis software of Image J was used to process the pictures, the detailed statistical results are shown in Table 3.
[image: ] 
Figure 14. Morphology of the wax crystals for (a) surface deposit and (b) bottom deposit obtained in the cold flow experiment with duration of 42 h.
[image: ]
Figure 15. Morphology of the wax crystals for (a) surface deposit and (b) bottom deposit obtained in the hot flow experiment with duration of 28 h.
Table 3. Microscopic characteristics of the wax deposits.
	Case
	Deposit layer
	Total count
	Area fraction (%)
	Average size (μm2)
	Aspect ratio
	Perimeter (μm)
	Boundaryfractal dimension

	Figure 14
	Surface deposit
	677
	11.74
	12.04
	1.59
	1.71
	1.458

	
	Bottom deposit
	875
	16.91
	13.46
	2.11
	10.58
	1.462

	Figure 15
	Surface deposit
	1202
	17.92
	10.40
	1.49
	3.21
	1.392

	
	Bottom deposit
	1402
	23.48
	11.67
	2.16
	5.40
	1.403


As shown in Figure 14 and Figure 15, wax distributions in different radial layers were notably different. Wax crystals in the bottom deposit were dense, while those in the surface layer appeared sparse, but this difference decayed over time. This can be attributed to the enhanced aging effect. Table 3 shows that the values of total count, area fraction, size, aspect ratio, perimeter and boundary fractal dimension of wax crystals all increased from surface to bottom layer, which indicated that there were more wax crystals in the bottom deposit and their average size were larger. The variation of aspect ratio indicated that the wax crystals in the bottom were more likely to grow into rodlike shapes, and the average carbon number in the bottom deposit was larger.22,29 This phenomenon confirmed the results of carbon number distribution of wax molecules got in HTGC analysis, that is, there were more large carbon number wax molecules in the bottom deposit. Boundary fractal dimension is significantly useful in quantifying the degree of structure complexity.39 Higher values of the boundary fractal dimension suggest more complex and stronger gel structures.29 From the surface to the bottom layer, the boundary fractal dimension increased slightly, it can be inferred from this that the yield stress of the bottom deposit was larger than that of the surface deposit.
4.5. Yield stress of the wax deposit
Wax deposits are oil-wax gels with liquid oil entrapped in the 3D solid wax crystal network. When the applied stress reaches a certain value, its structure can be destroyed and the strain sharply increases, which signifies the wax deposit yield stress. Wax content and wax crystal structure are the main factors affecting the strength of wax deposit. However, during the yield measurement, the deposits were first heated to 80 °C and then cooled to the test temperature with a particular cooling rate. This process can destroy the original structure of wax crystals in the deposit by changing the “anchoring” interaction between crystals. The differences in deposit morphology and wax crystal distribution between “natural deposits” and “reformed deposits” were compared by Li et al.38 Even so, the wax content of the deposit was not influenced by the heating and cooling treatment and the variation of the yield stress can be used to measure the effect of wax content on it. The yield stress results of wax deposits are expressed in Figure 16. The detailed data of yield stress and average wax content of deposit corresponding to the experiments are shown in Table 4.


Figure 16. The strain-shear stress curves in yield stress measurement (a) wall/oil temperature=34/43 °C, flow rate=0.13 m3/h, duration=18 h, 34 h and 42 h, (b) wall/oil temperature=34/51 °C, flow rate=0.16 m3/h, duration=28 h, 42 h.
Table 4. The yield stress and wax content of the deposit obtained in different experimental conditions.
	[bookmark: OLE_LINK180][bookmark: OLE_LINK181]Wall/oil temperature-flow rate
	[bookmark: OLE_LINK52][bookmark: OLE_LINK57]34/43 °C-0.13 m3/h
	34/51 °C-0.16 m3/h

	Deposition duration (h)
	18
	34
	42
	28
	42

	Yield stress (Pa)
	5310
	6480
	16400
	7550
	24500

	Wax content (wt.%)
	34.08
	35.67
	38.81
	33.20
	35.81


As shown in Figure 16, yield stress of the wax deposit increased rapidly over time. As aforementioned, longer deposition duration brought about higher wax content and larger amounts of heavy components. Sturdy 3D network of wax crystal structure formed with higher wax content, which enables wax deposit to withstand a larger force and makes the pigging process more difficult. 
In our experiments, the deposition tube was detached from the flow loop after experiment, and the surface and bottom deposits were obtained at the inlet and outlet positions. The mass of the obtained samples was enough for the DSC and HTGC tests, but not enough for the test of yield stress of different radial deposits. This is a common dilemma for the researchers dedicated on this study. Only samples obtained from the field pipe are enough for the test of yield stress.37,38 The yield stress of wax deposit is highly depended on the wax content of the deposits: the yield stress increases with the wax content.37,38,40,41 As the wax content of surface deposit was lower than the bottom deposit, therefore the yield stress of surface deposit was lower than bottom deposit.
5. Conclusions
In the present work, the hot flow and cold flow experiments were conducted to investigate the physicochemical properties of wax deposits in different radial layers. Wax content and WAT of the wax deposit were found to increase from the surface layer to the bottom layer, but their difference gradually decreased with the increase of deposition duration. The aging effect was obvious during the deposition process and the wax content in the deposit was distributed evenly over time. The HTGC results revealed the existence of CCN. In the interval of CCN+, the mass ratio of wax molecules was the bottom deposit, surface deposit and crude oil in order from high to low, while the mass ratio of wax molecules in the CCN- was just opposite. There existed a PCN in CCN+ for bottom deposit and it was strongly influenced by temperature but had nothing to do with runtime. The values of total count, area fraction, crystal size, aspect ratio, perimeter of wax crystals and boundary fractal dimension all increased from the surface layer to the bottom layer, which indicated that the amount and size of wax crystals in the bottom deposit were quite considerable, the wax crystals in the bottom deposit were more likely to grow into long rods and presented stronger structure. In addition, it was found that the yield stress of wax deposits increased with the increase of deposition duration, the bottom deposits were stronger in structure and presented higher yield stress than the surface deposits. The results of DSC and HTGC tests were well verified by microscopic observation and yield stress measurements. The conclusions drawn in this paper deepens the understanding on molecular diffusion and aging mechanism inside the wax deposit. In short, wax layer property varies in the radial direction, the assumption that wax deposit homogeneously distributes in pipe in some literatures does not conform to the reality. This should be taken into account in the future to avoid pig stuck in the pipe.
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Figure A1. The deposit morhphology for the (a) surface layer and (b) bottom layer. (Note: the deposit shown in Figure A1 was obtained in the cold flow experiment with deposition duration of 8h, after mechanical stratified sampling, the tube section was heated to 50 °C and the whole surface deposit was obtained, then the deposition tube was heated to 70 °C and the whole bottom deposit was obtained.)
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Mass ratio (%)



Crude oil	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	3.1677334003510156	3.485542253011622	3.9121454341405655	3.9407788705113251	4.6422942916193977	4.6426901183130402	4.9031889680789265	4.7106217496198424	4.9393570213916194	4.6238110679536746	5.2427622239691924	4.8636629101318833	5.0027047925294301	4.9225098346973786	5.1497055231552755	4.2672105153652646	4.3306511226337134	3.5925121858831925	3.4581945138210481	2.8812133643828437	2.7484932302329472	2.0632229371141078	2.0592030238886716	1.464903511020291	1.2815424377949098	1.0568666083554716	0.84579484012507	0.63747850692058672	0.58869288959118105	0.233029152938903	0.341482700457647	Surface deposit	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	1.633981784721493	2.8236846153746407	3.7325076159950408	3.9910152152019007	4.7041993094594696	4.8438621817272134	5.0042107193322769	4.9504000062788815	5.1662196493871946	4.8427826146041184	5.4411961599588334	5.0819621618706812	5.2276953660135241	5.151300025365142	5.3273032934377689	4.4115382628238544	4.5086314412085482	3.7021334027334452	3.600506822443045	2.962430038068923	2.8052982676325642	2.0858392045281007	2.0088653974891577	1.4529979199931351	1.1922397243908109	0.887822210162313	0.717379480810868	0.532167762380507	0.49221193893166432	0.38878352662968335	0.32883388104532035	Bottom deposit	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	0.91044982857401158	1.925657196289952	2.8230952947590962	3.1763816731677608	3.8523938137302767	4.0087928669913966	4.1218345687987634	4.0782528659814314	4.2274635223510426	3.942607053593314	4.4199971828450524	4.0923615163788956	4.1898056822316034	4.1099253245483975	4.225947400432303	3.4799441741309267	4.0941681820460314	2.9685914113368401	2.9552649159541367	2.5329524053660588	2.6021482022880278	2.2420774532292778	2.6180016045984509	2.5839151562857809	2.8214177511275755	2.93138687818518	3.2025670253902101	3.052587651194806	3.2167515141555398	2.5427022701576201	2.0505576138801107	Carbon number

Mass ratio (%)



Crude oil	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	3.1677334003510156	3.485542253011622	3.9121454341405655	3.9407788705113251	4.6422942916193977	4.6426901183130402	4.9031889680789265	4.7106217496198424	4.9393570213916194	4.6238110679536746	5.2427622239691924	4.8636629101318833	5.0027047925294301	4.9225098346973786	5.1497055231552755	4.2672105153652646	4.3306511226337134	3.5925121858831925	3.4581945138210481	2.8812133643828437	2.7484932302329472	2.0632229371141078	2.0592030238886716	1.464903511020291	1.2815424377949098	1.0568666083554716	0.84579484012507	0.63747850692058672	0.58869288959118105	0.233029152938903	0.341482700457647	Surface deposit	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	0.82572973646652414	2.2377854382712479	3.5078925278796702	3.9673847942548002	4.7594571272448434	4.9275348363369176	5.0925473190153756	5.04774663507499	5.2619348716849448	4.9370214865914024	5.5575476322252255	5.1767137884598924	5.3394731259662134	5.2603097604383429	5.4408591064366414	4.4870960445989008	4.7947153742758255	3.7620904493214882	3.6582512873916042	2.8992042537174232	2.8320414468374722	2.1054739473160002	2.0210026948065178	1.433915832720583	1.2031614508792785	0.93146246151428758	0.71293971433865355	0.52868638571150861	0.51196190882779358	0.447005229138357	0.33105333225712008	Bottom deposit	nC9	nC10	nC11	nC12	nC13	nC14	nC15	nC16	nC17	nC18	nC19	nC20	nC21	nC22	nC23	nC24	nC25	nC26	nC27	nC28	nC29	nC30	nC31	nC32	nC33	nC34	nC35	nC36	nC37	nC38	nC39	0.7587856000983304	1.9702695533169701	3.0769377690244952	3.5098384517889687	4.2701444035269214	4.4027978082994244	4.5075417832992102	4.4426002496588985	4.6167493426487374	4.298631386617358	4.8233776800852945	4.4637423814199124	4.5653994759399925	4.4556358742162656	4.6138388779088384	3.8110189357667164	3.9233021806856798	3.2341542073371072	3.1854423246833727	2.672504349376045	2.6792982151005198	2.1733250175236449	2.3778566603219748	2.1476547662137482	2.2710520078615888	2.2166026817853761	2.3838803355325022	2.1941206582130612	2.3844613900074552	1.8825317512892099	1.6865038804523471	Carbon number

Mass ratio (%)



18h	4050	4070	4090	4100	4120	4140	4160	4180	4200	4220	4240	4260	4280	4300	4320	4340	4360	4380	4400	4420	4440	4460	4480	4500	4520	4540	4560	4580	4610	4630	4650	4670	4690	4710	4740	4760	4780	4800	4820	4850	4870	4890	4910	4940	4960	4980	5000	5030	5050	5070	5100	5120	5150	5170	5190	5220	5240	5270	5290	5310	5340	5360	5390	5410	5440	5460	5490	5510	5540	5570	5590	5620	5640	5670	5700	5720	5750	5770	5800	5830	5860	5880	5910	5940	5960	5990	6020	6050	6080	6100	6130	6160	6190	6220	6250	6270	6300	6330	6360	6390	6420	6450	6480	6510	6540	6570	6600	6630	6660	6690	6720	6760	6790	6820	6850	6880	6910	6950	6980	7010	7040	7070	7110	7140	7170	7210	7240	7270	7310	7340	7370	7410	7440	7480	7510	7550	7580	7620	7650	7690	7720	7760	7790	7830	7870	7900	7940	7980	8010	8050	8090	8120	8160	8200	8240	8280	8310	8350	8390	8430	8470	8510	8550	8590	8630	8670	8710	8750	8790	8830	2080	2080	2080	2080	2080	2080	2080	2090	2090	2090	2090	2090	2090	2090	2090	2090	2090	2090	2090	2100	2100	2100	2100	2100	2100	2100	2110	2110	2110	2110	2120	2120	2130	2130	2140	2140	2150	2160	2170	2180	2200	2220	2250	2280	2330	2400	2490	2600	2760	2960	3190	3500	3870	4290	4770	5290	5860	6460	7100	7760	8430	9130	9830	10500	11300	12000	12800	13700	14600	15600	16700	17800	19100	20400	21800	23300	25000	26700	28600	30500	32600	34700	37100	39500	42100	44900	47700	50700	53900	57100	60400	64000	67700	71600	75600	79800	84100	88600	93300	98200	103000	108000	114000	119000	125000	131000	137000	143000	150000	157000	163000	170000	178000	185000	193000	201000	209000	217000	226000	235000	244000	253000	262000	272000	282000	292000	302000	313000	324000	335000	346000	358000	370000	382000	395000	407000	420000	433000	447000	460000	474000	489000	503000	518000	533000	549000	565000	581000	597000	614000	631000	648000	666000	684000	702000	720000	739000	759000	778000	798000	819000	838000	860000	881000	903000	925000	948000	970000	994000	1020000	34h	5050	5070	5100	5120	5150	5170	5190	5220	5240	5270	5290	5310	5340	5360	5390	5410	5440	5460	5490	5510	5540	5570	5590	5620	5640	5670	5700	5720	5750	5770	5800	5830	5860	5880	5910	5940	5960	5990	6020	6050	6080	6100	6130	6160	6190	6220	6250	6270	6300	6330	6360	6390	6420	6450	6480	6510	6540	6570	6600	6630	6660	6690	6720	6760	6790	6820	6850	6880	6910	6950	6980	7010	7040	7070	7110	7140	7170	7210	7240	7270	7310	7340	7370	7410	7440	7480	7510	7550	7580	7620	7650	7690	7720	7760	7790	7830	7870	7900	7940	7980	8010	8050	8090	8120	8160	8200	8240	8280	8310	8350	8390	8430	8470	8510	8550	8590	8630	8670	8710	8750	8790	8830	8870	8910	8950	8990	9030	9080	9120	9160	9200	9250	9290	9330	9370	9420	9460	9510	9550	9590	9640	9680	9730	9770	9820	9860	9910	9950	10000	4130	4130	4130	4130	4130	4130	4130	4130	4130	4140	4140	4140	4140	4140	4140	4140	4140	4150	4150	4150	4150	4150	4160	4160	4160	4160	4170	4170	4180	4180	4190	4190	4200	4210	4220	4230	4240	4250	4270	4300	4330	4370	4430	4500	4600	4730	4910	5140	5440	5810	6280	6840	7470	8210	9010	9860	10800	11700	12600	13600	14500	15400	16400	17400	18500	19700	20900	22300	23700	25300	26900	28700	30600	32700	34900	37300	39700	42400	45200	48200	51400	54700	58200	61900	65800	69900	74100	78600	83000	88000	93100	98400	104000	110000	115000	122000	128000	135000	142000	149000	156000	164000	172000	180000	188000	197000	205000	214000	224000	234000	243000	254000	264000	275000	286000	297000	309000	321000	333000	346000	359000	372000	385000	399000	413000	428000	443000	457000	473000	489000	505000	522000	539000	555000	573000	591000	609000	628000	647000	666000	686000	706000	727000	748000	769000	790000	812000	835000	858000	42h	10500	10600	10600	10700	10700	10800	10900	10900	11000	11100	11100	11200	11300	11300	11400	11500	11500	11600	11700	11800	11800	11900	12000	12000	12100	12200	12300	12300	12400	12500	12600	12600	12700	12800	12900	12900	13000	13100	13200	13300	13300	13400	13500	13600	13700	13700	13800	13900	14000	14100	14200	14300	14300	14400	14500	14600	14700	14800	14900	15000	15000	15100	15200	15300	15400	15500	15600	15700	15800	15900	16000	16100	16200	16300	16400	16500	16600	16700	16800	16900	17000	17100	17200	17300	17400	17500	17600	17700	17800	17900	18000	18100	18200	18300	18400	18600	18700	18800	18900	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3290	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3300	3310	3310	3310	3310	3310	3310	3310	3320	3320	3320	3320	3330	3330	3340	3340	3350	3360	3380	3410	3480	3630	3930	4470	5380	6650	8270	10200	12300	14500	16900	19600	22600	25900	29400	33100	37500	42200	47200	52800	58700	64800	71700	79100	86800	95300	104000	113000	123000	133000	144000	156000	168000	180000	194000	208000	223000	238000	254000	270000	288000	306000	325000	344000	364000	385000	407000	429000	Shear stress, Pa

Strain, %

28h	4360	4380	4400	4420	4440	4460	4480	4500	4520	4540	4560	4580	4610	4630	4650	4670	4690	4710	4740	4760	4780	4800	4820	4850	4870	4890	4910	4940	4960	4980	5000	5030	5050	5070	5100	5120	5150	5170	5190	5220	5240	5270	5290	5310	5340	5360	5390	5410	5440	5460	5490	5510	5540	5570	5590	5620	5640	5670	5700	5720	5750	5770	5800	5830	5860	5880	5910	5940	5960	5990	6020	6050	6080	6100	6130	6160	6190	6220	6250	6270	6300	6330	6360	6390	6420	6450	6480	6510	6540	6570	6600	6630	6660	6690	6720	6760	6790	6820	6850	6880	6910	6950	6980	7010	7040	7070	7110	7140	7170	7210	7240	7270	7310	7340	7370	7410	7440	7480	7510	7550	7580	7620	7650	7690	7720	7760	7790	7830	7870	7900	7940	7980	8010	8050	8090	8120	8160	8200	8240	8280	8310	8350	8390	8430	8470	8510	8550	8590	8630	8670	8710	8750	8790	8830	8870	8910	8950	8990	9030	9080	9120	9160	9200	9250	9290	9330	9370	9420	9460	9510	9550	9590	9640	9680	9730	9770	9820	9860	9910	9950	10000	10000	10100	10100	10200	10200	10300	10400	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1750	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1760	1770	1770	1770	1770	1770	1770	1770	1770	1770	1770	1780	1780	1780	1780	1780	1790	1790	1790	1790	1800	1800	1810	1810	1820	1830	1840	1860	1870	1900	1930	1990	2070	2200	2400	2680	3070	3580	4210	4980	5870	6870	7970	9190	10400	11800	13200	14800	16500	18300	20400	22500	24900	27400	30100	33000	36100	39400	42900	46500	50400	54400	58700	63200	67900	72900	78000	83400	89100	94900	101000	107000	114000	121000	128000	135000	143000	151000	159000	168000	176000	185000	195000	204000	214000	225000	235000	246000	257000	268000	280000	292000	305000	318000	331000	345000	358000	373000	387000	402000	417000	433000	448000	465000	482000	499000	516000	534000	551000	570000	590000	609000	629000	650000	668000	692000	714000	736000	758000	781000	805000	42h	18100	18200	18300	18400	18600	18700	18800	18900	19000	19100	19200	19400	19500	19600	19700	19800	19900	20100	20200	20300	20400	20600	20700	20800	20900	21100	21200	21300	21400	21600	21700	21800	22000	22100	22200	22400	22500	22600	22800	22900	23000	23200	23300	23500	23600	23700	23900	24000	24200	24300	24500	24600	24800	24900	25100	25200	25400	25500	25700	25800	26000	26100	112	112	112	112	113	113	113	113	114	114	114	115	115	116	116	117	117	118	118	119	120	120	121	122	123	124	126	127	129	131	134	138	143	150	160	178	213	301	536	1050	2040	3740	6180	9360	13300	18200	23900	30600	38300	47000	56700	67500	79300	92200	106000	121000	137000	155000	173000	193000	214000	236000	Shear stress, Pa

Strain, %
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