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Slurry is a mixture of solids and liquid. A sludge denotes a mud or a concentrated slurry having a considerable amount of fine 

material that imparts high viscosity. Solids transport in multiphase systems is organised under the umbrella of “flow assurance”. 

Unlike issues such as waxes and hydrates, solids transport has received relatively little interest to date; this is especially true for 

solids transport in high-viscosity fluids. Operators are likely to face sand production problems at some time during crude oil 

production from a reservoir. Sand deposited on the bottom of the pipe will restrict production capacity and incur additional 

pressure losses. Unblocking a pipeline is not easy and a very expensive exercise. The understanding of sand behaviour/transport of 

sand in a single or multiphase pipeline and the ability to predict accumulation are vitally important to the oil and gas producing 

companies to design and operate a pipeline without the formation of sand beds. Four different flow conditions can be encountered in 

a horizontal or nearly horizontal pipeline. These are homogeneous flow, heterogeneous flow, intermediate regime, and saltation 

regime. Depending upon the size distribution of solids, slurry concentration, and interaction between solids and liquid, the slurry 

may have Newtonian or non-Newtonian flow properties. Production of slurry (Oil/ Sand) requires heating the reservoir to several 

degrees of magnitude to reduce the viscosity of the slurry. Characterization of viscosity property of this fluid is necessary for the 

designing and optimization of recovery methods. Laboratory investigation was conducted to determine the effect of sand 

characteristics on oil viscosity. Different variables were tested, all variables except grain size, grain concentration were kept 

constant during the experiments. To achieve the targets mentioned above, preliminary experiments were conducted to determine 

characterization of sand and oil. The main results of this study showed that sand grain size have a measurable effect on oil viscosity. 

Another observation was that there is a point of the sand concentration has significant effect on oil’s viscosity. Which agrees with 

published correlations related to suspension particle. 
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INTRODUCTION  

 

Nature of Slurry  

 

Slurry is a mixture of solids and liquid. A sludge denotes a mud 

or a concentrated slurry having a considerable amount of fine 

material that imparts high viscosity. Typical examples of 

slurries are the solid-liquid mixtures encountered in mineral 

processing plants and dredged material from waterways and 

dams. Most of the slurries are made up with water. However, 

industrial paints, rocket fuel, coal-oil mixture, and coal-

methanol slurries are made up with liquids other than water. 

Pipelines transporting liquids such as oil, water and sand can 

be operated at any velocity up to their design limits. In most 

slurry applications, a certain minimum velocity needs to be 

maintained, to keep solids from settling out in horizontal 

sections of the pipe. The velocity below which particles tend to 

settle out and form a deposit in the pipe is called the deposition 

velocity. The pipe diameter should be selected such that the 

velocity in the pipeline is maintained above the deposition 

velocity over the operating range of flow rates. Depending 

upon the velocity of flow, pipe diameter, fluid properties, and 

solids size distribution and characteristics, four different flow 

Conditions can be encountered in a horizontal or nearly 
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horizontal pipeline: 

 

1. Homogeneous Flow: Homogeneous flow implies that the 

solid particles are uniformly distributed across the pipeline 

cross section. Homogeneous flow, or a close approximation to 

it, is encountered in slurries of high concentrations and fine 

particle sizes. Slurries exhibiting homogeneous flow properties 

do not tend to settle and form a deposit under flowing 

conditions. Typical examples of homogeneous slurries are 

sewage sludge, coal-water fuel, clays, drilling mud, paper pulp, 

titanic, fine limestone (cement kiln feed slurry), thorium oxide, 

and many other finely ground materials. 

2. Heterogeneous Flow: In heterogeneous flow conditions, 

there is a pronounced concentration gradient across the pipeline 

cross section. Slurries at low concentration with rapidly settling 

(coarse particles) solids generally exhibit heterogeneous flow. 

Typical examples are sand and gravel slurries, coarse coal 

slurries, and coarse tailings slurries. 

3. Intermediate Regime: This type of flow occurs when some 

of the particles are homogeneously distributed while others are 

heterogeneously distributed. Most industrial applications 

involve wide range of particle sizes. Intermediate regime of 

flow is expected with transportation of tailings slurry from 

mineral processing plants and transportation of coal water 

slurries. 

4. Saltation Regime: The fluid turbulence may not be 

sufficient to keep fast settling particles in suspension. The 

particles travel by discontinuous jumps or roll along a sliding 

or stationary bed on the pipe bottom. This type of flow will 

occur with coarse sand and gravel slurries. 

 

Rheology  

 

In the presence of sand the slurry flow properties are governed 

by its rheology. Slurries that do not contain particles smaller 

than 35 µm or that are at low concentrations exhibit 

heterogeneous flow behavior. Heterogeneous flow properties 

are not governed by slurry rheology. 

Rheology is the relationship between the shear stress and the 

corresponding rate of shear in a slurry under laminar-flow 

conditions. The friction loss in a pipeline depends upon the 

rheology of the slurry in homogeneous and intermediate flow 

regimes. In the case of pure liquids, the shear stress is directly 

proportional to the rate of shear in laminar flow. The 

proportionality constant is called the viscosity of the liquid. 

This type of flow behavior is called Newtonian. Liquids 

containing long-chain polymers and finely ground solids 

exhibit a nonlinear relationship between shear stress and the 

rate of shear under laminar-flow conditions. Such slurries are 

said to exhibit non-Newtonian flow properties. Depending 

upon the size distribution of solids, slurry concentration, and 

interaction between solids and liquid, the slurry may have 

Newtonian or non-Newtonian flow properties. Slurries 

containing non-flocculated particles generally exhibit 

Newtonian flow behavior. Non-Newtonian flow behavior is 

generally encountered with flocculated suspensions. Some  

 

 

 

 

slurries require a certain minimum stress before flow starts. For 

example, Fresh concrete does not flow over a chute until a 

certain slope is exceeded. The slurry is said to possess a yield 

stress which must be exceeded to initiate flow. The rheology of 

a Newtonian fluid is expressed by its viscosity, which is the 

ratio of shear stress to the corresponding rate of shear. Two or 

more parameters are needed to describe the rheological 

properties of a non-Newtonian liquid. Bingham plastic, pseudo 

plastic, and yield pseudo plastic models are generally used to 

describe the flow behavior of slurries. The relationships 

between the shear stress and shear rate for these rheological 

models are as follows: 

Newtonian: 

 
Bingham plastic: 

                     
Pseudo plastic: 

             
Yield pseudo plastic: 

                   

Where shear stress, lbf/ft2 (Pa) 

           Yield stress, lbf/ft2 (Pa) 

              Rate of shear (velocity gradient), 1/s 

             µ Newtonian viscosity, lbf_s/ft2 (Pa_s) 

             n flow behavior index 

             K consistency index, lbf_sn/ft2 (Pa_sn) 

Sand production 
 

Sand is often produced from the near well reservoir zone 

together with oil and water. The sand is a large problem due to 

erosion and enhanced corrosion. It may as well form beds in 

the bottom of horizontal wells and transport pipelines. This 

may have a negative effect on production. Field observations 

reported in the literature indicate volumetric concentration of 

sand in oil pipe systems varies from 1% to 40 % (Yan, W. 

(2010). Production of oil with sand is a kind of slurry which 

requires heating the reservoir to several degrees of magnitude 

to reduce the viscosity. Characterization of viscosity property 

of this fluid is necessary for the designing and optimization of 

recovery methods. 

The sand problems become more serious where the sand is 

removed before pumping the oil. The old technology depends 

on the removal of sand in the well itself to minimize the sand in 

pipelines. That is what is denominated sand exclusion systems. 

Therefore, the characteristic yield of old sand removal 

technologies was not good enough to cope with the sand 

production problem. Sand deposited on the bottom of the pipe 

will restrict the production capacity and incur additional 

pressure losses. Unblocking a pipeline is not easy and a very 

expensive exercise. For that reason, major oil and gas 



 

 

 

 

 
 

Figure 1: Brookfield Viscometer model diagram 

 

 

 
 

Figure 2: Mechanical vibrator. 

 

 

companies are concentrated on sand management. It refers to 

transport together oil, gas and sand in long distance pipelines. 

Solids transport in multiphase systems is organized under the 

umbrella of “flow assurance”. Unlike issues such as waxes and 

hydrates, solids transport has received relatively little interest 

to date; this is especially true for solids transport in high-

viscosity fluids. 

 

Work objective  

 

The complex flow behavior of suspensions is caused by 

interaction between solid particle and dispersing medium, the 

interaction between suspended solid particles, particle size 

distribution and particle shape. Understanding the effects of 

these parameters on slurry viscosity is important to develop the 

slurry treating processes. To predict slurry viscosity of heavy  
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oil, Experimental work was performed to determine the effect 

of sand characteristics on heavy oil viscosity. Different 

variables were tested, all variables except sand size, sand 

concentration were kept constant during the experiments. In 

addition to above mentioned objective Preliminary experiments 

have been conducted to determine characterization of pure sand 

and pure oil. 

 

 

METHODOLOGY 

 

Experimental Work  

 

The experimental efforts were divided into three sections. Each 

one was carried to investigate a specific parameter to help 

further understand the complexity of the heavy oil and sand 

issues. 

 

Viscosity 

The viscosity was measured using Brookfield Viscometer with 

0–100 rpm range and viscosity accuracy and repeatability of ± 

1% and 0.2% of full scale range in use respectively, the 

apparatus is shown in Figure 1. 
Figure 1 
Sand Sieving for determination of particle size 

 

The principle of sieving is to pass sand sample through a set of 

sieves of known mesh sizes. The sieves were arranged in 

descending mesh diameters. The sieves were mechanically 

vibrated using vibrator shown in Figure 2 for a fixed period of 

time. Finally the desired sand size was obtained for the 

experiment.  

 

Concentration and size of sand tests  

 

Sand concentration effect on heavy oil‟s viscosity were done 

using CYL 1000 oil (steam engine type oil with density = 920 

kg/m3), water bath, and sand concentrations of 1%, 15%, and 

25% volume fraction (Figure 3). The sand (density 2650 

kg/m3) had a median diameter of 144 µm. Sand diameter effect 

on heavy oil‟s viscosity were conducted using CYL 1000 oil, 

water bath, and different sand diameters (90, 150, 212, 500, 

and 710 µm).  

 

RESULTS AND DISCUSSION 

 

Effect of temperature on viscosity 

 

The temperature effect on CYL1000 viscosity was examined 

from 2 °C; 5 °C up to 50 °C with an increment of 5 °C using 

apparatus  shown in figure 3. The resulted graph is shown in 

Figure 4. The temperature effect is related to the inverse of 

viscosity. Hence, as the temperature of the oil increases, the 

viscosity decreases. Also the range of viscosities to be studied 

in upcoming study for the 1 inch heavy oil rig so the  
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Figure 3: sample inside water bath (cooling/heating). 

 

Temperature vs. Viscosity
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Figure 4: Temperature effect on the viscosity 

 

 

temperatures required to achieve 1000 cP, 3500cP, and 10000 

cP are around 40 °C, 23 °C, and 13 °C respectively. 

 

Sand sieve analysis 

 

The ranges of sand size were obtained by sieving. Samples of 

different sand grains are shown in Figure 5 while Figure 6 is 

illustrating the distribution of the sand sample. 

                     

Sand concentration effect on heavy oil’s viscosity 

 

The sample was mixed to known amount of sand, a sample of 

25% sand concentration by volume is shown in Figure 7. By 

varying the concentration of the sand in the sample and 

maintaining the temperature at 25 °C, the sand concentration 

effects are found in Figure 8. Based on the graph, the sand 

concentration has significant effect on oil‟s viscosity, which 

agrees with Yuan (1999); the viscosity of the oil increases as 

the sand concentration increases. This is also in agreement with 

correlations related to suspension particle (Table 1).it is clear 

from the table that the experimental value in agreement with 

calculate value at low sand concentration up to 15 percent 

while there is some deviation  at 25 % percent because of the 

gravitational force of sand .However, due to the gravitational 

separation between the sand and oil, the viscosity decreases 

with respect to time as more sand particle deposited at the 

bottom of the beaker. Therefore, further investigation was 

performed to determine the fluid behaviour (Newtonian or non-

Newtonian). The result was obtained using the infinite sea 

configuration and power law (or Ostwald de Waele) model 

(Chhabra et al., 1999). The power law model is described by 

two parameters in the following equation: 

 

n
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Figure 5 Samples of different sand grains 

 

 
Figure 6 Sand size distribution. 

 

 

 
Figure 7 oil sample with sand 

concentration of 25% by volume 

 

 

Where K is the consistency coefficient in units of Pa.sn and n is 

the power exponent. This equation describes Newtonian 

behaviour when n = 1, pseudoplastic (shear-thinning) 

behaviour when n < 1 or dilatant (shear-thickening) behaviour 

when n > 1. Figure 9 list the result between different sand 

concentrations. 
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Table 1. Examined correlations of suspension particles against acquired data. 

 

Vol. 

Fraction 

(Φ) 

Viscosity 

(cP) 

Einstien, 

Φ < 1% 

Thomas 

(1965), 

1% < Φ < 

20% 

Thomas 

(1965), Φ 

> 20% 

Metzner 

(1985), 

Φm =0.62 

Krieger and 

Dougherty 

(1959)  

Maron-

Pierce 

empirical 

equation  

Quemada 

et al. 

(1985)  

0 3160 3160 3160 3169 0 3160 3160 3160 3160 

0.01 3075 3239 3243 3253 1202 3241 3255 3309 3218 

0.15 5510 4345 5199 5164 5878 4855 5202 7275 4224 

0.25 13465 5135 7505 7668 10055 7034 7903 16948 5262 
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Figure 8 Sand concentration effect on the viscosity 
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Figure 9. Power law model results for different sand concentrations 
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Table 2. Viscosity of CYL1000 at different sand diameters for 15% sand. 

 

Sand Diameter (µm) 90 150 212 500 710 

Viscosity (cP) 4799 4493 4313 4769 4415 

 

 

 
Figure 10 Viscosity vs. sand diameters (T= 25 °C, 15% by volume) at t = 0 min 

 

 

Consistent with previous researchers (Yan and Masliyah, 1993; 

Yuan, 1999; Adeyinka et al., 2009), as the sand concentration 

increases in the sample, the fluid mixture tends to behave more 

as non-Newtonian fluid (shear-thinning behaviour). As the 

above figure shows at 25 °C, the n values for pure oil, sand-oil 

mixture of 1%, 15%, and 25% by volume were 0.9922, 0.9866, 

0.8472, and 0.8952 respectively. The determination coefficient 

for the presented results using the model didn‟t drop below 

0.98. 

 

 

Sand diameter effect on heavy oil’s viscosity 

 

The viscosity effect of different sand diameters at constant 

temperature and concentration (25 °C and 15% by volume) are 

presented in Table 2. The data were, at first, collected to 

examine the spontaneous effect of each individual sand 

diameter on viscosity. However, the inconsistency of the effect 

was observed in the results. It is believed that due to the mixing 

procedure involved in the experiment, a steady state status was 

not achieved and therefore exerted a lot of fluctuations which 

contributed severely on the data (Figure 10). Therefore, the 

viscosity of different sand diameters was examined against 

time (Figure 11). It was found that more time is required to 

reach the state for smaller grain size. The viscosity might even 

increase for fine particles before reaching the steady state 

condition. As was previously expected, the viscosity of the 

mixture decreased as more time was allowed for separation. 

However, it‟s well noted that the rate of separation differs with 

the grain size; the smaller grains needed longer time to separate 

than larger grains to reach the same viscosity (Figure 12).     

 

Conclusion 

  

- The experimental work were done by three steps (Viscometer 

work, Sand Sieving analysis and Sand Concentration/size 

effect) to help further understand the complexity of the heavy 

oil issues. 

- Sieve analysis of sand was done; also average sand diameter 

was determined Cumulative curves were used to represent the 

sieving data. The results findings were consistent with results 

reported by Company. 

- The temperature effect on CYL1000 viscosity was examined 

for rang of temperature, as the temperature of the oil increases, 

the viscosity decreases. 

- As sand concentration increases in the sample, the fluid 

mixture tends to behave more as non-Newtonian fluid (shear-

thinning behaviour). 

- Sand concentration has significant effect on oil‟s viscosity. 

The viscosity of the oil increases as the sand concentration 

increases, which agrees with correlations related to suspension 

particle. 
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Figure 11 Viscosity vs. time for different sand diameters (T= 25 °C, 15% by volume) 

 

 

 

 
 

Figure 12 Viscosity vs. sand diameters (T= 25 °C, 15% by volume) 

 

 

- Viscosity increase for fine particles, the smaller grains needed 

longer time to separate than larger grains before reaching the 

steady state condition. 
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