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Abstract. In order to investigate the effect of the particle size distribution on the relative viscosity of different materials, we collected the data of relative viscosity about coal and sand from the references. The relative viscosity of coal and sand were compared separately and one common ground was found, that there is a critical volume concentration in the curve of relative viscosity with volume concentration. Before the critical point, the curve rises slowly with the concentration increasing, while sharply grows after it. According to this, a subsection function was proposed to calculate the relative viscosity with volume concentration considering the influence of the particles size and one permanent (() in the equation was adjusted for different kinds of material. The calculated results agree with the measured data well, which shows the equation is capable of calculating the relative viscosity of coal and sand with different particle size distribution. For other materials, it should do more researches to determine the permanent ((). On top of that, the formation mechanism of the critical concentration was also probed through reference data and experimental phenomena analysis.
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1. INTRODUCTION
Pipeline transportation, with so many merits such as energy conservation, high efficiency, and environment-friend type, has been widely used in China at recent decade. More and more materials are transported by pipeline such as ore concentrate, gangue, coal, flyash, and many other granular materials. In recent years, many pipelines have been and will be constructed in China. The most known project in China is the pipeline system that will transport coal from Shenmu to Weinan, which length is 700km. Encouraged by this project, more researchers in China get interested in the pipeline transport technology and many papers were published about hydraulic transport, especially researches on the rheological behavior of slurry.
A lot of computational formulae were built to calculate the rheological parameters. Zhang (1990) introduced mean deviation of the particle size distribution to calculate the plastic viscosity in Bingham model. Wang (2002) obtained a formula to calculate the relative viscosity from the experimental data of tailing mine. Yang Chao (2011) proposed an equation, which used to calculate the plastic viscosity and yield stress of the tail iron mine of Jingchuan in China. The equations mentioned above were only available for the material used in the study and there were many equations available with different materials. The most famous equation is deduced by H. A. Einstein in 1905, which is only available for very dilute suspension. Depending on different assumptions, Batchelor (1972) and D. Bedeaux(1977) improved the quadratic term coefficient of Einstein’s equation to broaden the usable range, but it’s still limited and didn’t reflect the influence of the particles size distribution. Krieger and Dougherty (1959), Chong (1971) considered the influence of the particles size distribution by introducing the maximum volume fraction, which were hard to conform. It’s necessary to obtain an equation that consider the influence of the particle size distribution and is available for different materials, which avoids confirming the maximum volume fraction.

Depended on the results of experiments and conclusions of different researchers, an equation was built to calculate the plastic viscosity of different materials and the calculated data was compared with measured data. At the last, the formation mechanism of the slurry viscosity was analyzed.
2. MATERIALS AND METHOD
To compare the viscosity of different slurries, relative viscosity (
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 is the viscosity of pure fluid) is adopted to eliminate the influence of the liquid’s viscosity. The volume weighted mean diameter of the particles is used. The properties of slurry and experimental conditions from different papers are shown in Tab. 1.
Table 1
Properties of slurries and experimental conditions
	
	liquid
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	Shengli Coal(SLC)
	oil
	32.11
	1465
	55.08

	Shenhua Coal(SHC)
	water
	1
	1465
	134.5

	Huangxian Coal(HXC)
	water
	1
	1465
	48

	coal(AC)[Author]
	water
	1
	1800
	149.6

	Tailing sand(TS)
	water
	1
	2750
	150

	Classified Tailing sand(CS)
	water
	1
	2900
	100.8

	Gold ore Tailing sand(GS)
	water
	1
	2580
	157


3. RESULTS AND DISCUSSION
Many scholars studied the rheological properties of coal and sand. According to their data, the relation between concentration by volume and relative viscosity is shown in Fig.1.
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Fig. 1 The relation between concentration by volume and relative viscosity
a. SLC, SHC, HXC, AC are four kinds of different coal. TS, CS, GS are three kinds of sand.  
b. ▲(Xiong Chu’an,2012), ▼(Chen Liangyong et al,2008), ◄(Sun Chenggong ,1996) , 
►(The author measured). ■(Zhang Shiqi,1990),●(Zheng Bokun,2011),◆ (Hu Hua et al,2003)
From Fig.1, we can find that the relative viscosity increases as the volume concentration rises and there is an inflection point. Before it, the relative viscosity increases slowly with the concentration rising up. But when the concentration is over the inflection point, the relative viscosity grows sharply. The same trend is described by other researchers (Lv Xianjun, 2011), they named this inflection point in their research as critical point. The inflection point is deemed to be a critical point that the relative viscosity shows different regulation with concentration. The volume concentration at this point can be taken as a critical concentration (Ccr). Since the variation trend of the viscosity with the concentration is divided by the critical concentration, a subsection function is the best choice to calculate the viscosity.
When slurry concentration is less than Ccr, relative viscosity can be calculated as follows:
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With the experimental data, the parameter K is calibrated as 1.58 and 1.68 for coal and sand, respectively.
While the concentration of slurry is larger than Ccr , relative viscosity can be calculated as follows:
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In equations (2) and (3), Cv  is the volume concentration of slurry, Ccr is the critical concentration of slurry, n is an index. Both Ccr and n depends on the particle size distribution.( is a parameter which varies for different material, for coal (=136242; for sand (=26099.
To find the relation between Ccr and index n with the volume weighted mean diameter (d), linear fitting method was used to built the function between Ccr and n with d(mm).
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With the linear fitting, the formula was built to calculate the Ccr and n with the weight mean diameter d(mm):
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where d(mm) is volume weight mean diameter. Combining equation (4a,b) with equation (3), we get the formula to calculate the relative viscosity of slurry.
Equation (2), (3) and the properties of materials from the papers are used to calculate the relative viscosity. Comparing the calculated value with the measured value, we find that the predicted results are in good agreement with the experimental values (as shown in Fig. 4).
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Fig. 4 Comparison of the measured results with calculated data
4. THE CRITICAL POINT DISCUSSION 
From above discussion, we can conclude that the relative viscosity increases with the growth of the concentration, which may be determined by the interaction of particles. While the concentration is low, the distance between particles is very large that the collision effect and the binding power are weak, which can be ignored, and the relative viscosity increases slowly with the concentration rising. While the slurry is dense, particles are close to each other that the collision effect and binding power are strong. This interaction is extremely strong while the concentration is close to the maximum volume fraction and this leads to the relative viscosity growth sharply with the concentration increasing.
To investigate the relation between Ccr and Cvm , the equation deduced by Fei (1994) is used to calculate the maximum volume fraction.
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(5)
To estimate the influence of the distance between particles on the viscosity, linear grain concentration is used to indicate the distance between particles. Equation (6) is used to calculate the linear grain concentration.
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(6)
Variables Ccr and Cvm are calculated by equation (4b) and (5), respectively (shown in Tab. 2).
Table. 2
The relation between the critical concentration and the maximum volume fraction
	Materials
	d50 

(μm)
	Ccr(%)
	Cvm(%)
	Ccr/Cvm (%)
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	CS
	60.0
	47
	56
	83.9
	16.63

	GS
	89.0
	43
	62
	69.4
	7.71

	TS
	100.0
	53
	70
	75.7
	10.29

	AC
	149.6
	47.5
	63
	75.4
	10.13


From Tab. 2, it can be found that the ratios between Ccr and Cvm are larger than 69% which means Ccr is close to maximum volume fraction. When concentrations are larger than Ccr, the distance between particles is much less than the diameter of particles that the interaction between particles are very strong, which causes the sharp increase of the viscosity.
The force between particles increases with the distance decrease, which is the main reason for the formation of the critical concentration. From theory of Van Der Walls, the main forces between particles are attractive force and repulsive force. Molecular attraction is the main attractive force which is inversely proportional to the distance between particles. Repulsive force is formed with the overlap of the diffusion layer in the double electrode layer around the particles, which is inversely proportional to the distance between particles. For fine particles (d<0.1mm), at the low concentration, the linear grain concentration is small which means the distance between particles is large. Under this condition, the repulsive force is larger than the attractive force and particles keep the distance from each other. If the slurry is dense, the linear grain concentration is large which indicates the distance between particles is small, and the attractive force will be the dominant force. 
With the interaction variation with the distance between particles, it can be assumed that before the critical concentration, the distance is so large that the repulsive force is dominant and the liquid is the main receptor of the shear deformation. Once the concentration is over the critical concentration that the linear grain concentration is larger than a constant value, the attractive force will be dominant and will lead to the aggregate between particles, which forms the force chain between particles. As the concentration increases, the force chain will be enhanced which results in the sharply increasing of the relative viscosity.
5. CONCLUSIONS
(1) Based on the data from different papers, the law of different materials’ relative viscosity is analyzed and a critical point is discovered, before which the relative viscosity slowly rises, while sharply grows after it. This critical concentration is taken as the boundary to build subsection function to calculate the relative viscosity. The new function is available for different materials (coal and sand) and also takes the particle size into consideration.
(2) The critical concentration in the relative viscosity curve may be related to the formation mechanism of the viscosity with the concentration increase. When the concentration is low, the fluid is the main receptor of the shear deformation so that  only the particles’ effective shear rate increases. While the concentration is larger than the critical concentration, the interaction between the particles is strong so that the friction between particles and flocculent structure lead to the sharply increasing of the relative viscosity.
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