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1. Introduction
Real-time measurement of physical characteristics of multiphase flows is a challenge for oil and gas industry. The devices allowing to measure the viscosity of drilling fluids are required, for example, in the framework of Managed Pressure Drilling technique. The measurements are required to be in-line or on-line, so that immediate action would be taken in emergency cases. The contents of drilling fluids vary, but quite often slurries are used; in the borehole these slurries may be enriched with gas bubbles, solid particles etc. 
Viscometers (better say rheometers, as the fluid under consideration is non-Newtonian and multiphase) exist in several types. The most wide-spread models are based on one of the following concepts: Couette flow, Poiseuille flow, Stokes flow, and sound wave propagation. 
Couette flow
The most straightforward approach to measuring the dependence between shear stress and shear rate is to organize the laminar shear flow with uniform shear rate. This type of fluid flow, also known as Couette flow, takes place in the space between two parallel plates (or cylindrical surfaces), one of which is moving relative to the other. In this case according to Newton’s law of viscosity, the shear stress  is proportional to shear rate (velocity gradient)  and the proportionality factor is (shear) viscosity. In case of Newtonian fluid viscosity is constant and for non-Newtonian fluids its value varies with . In the case of Couette flow the calculation or measurement of shear rate and shear stress is straightforward. For example, in the case of two moving plates the relative velocity is proportional to shear rate and the force applied to the plates in order to drive the flow is proportional to shear stress. Thus the viscosity (or other rheological characteristics) could be determined by the definition. This principle underlies the wide-spread rotational rheometers, which are simple, exist in portable modifications, but are usually off-line and able to measure only “local” characteristics, as they use small amount of fluid.
Poiseuille flow
Poiseuille flow is pressure-induced flow in a long pipe. In the case of Newtonian fluid the flux is proportional to the pressure gradient along the pipe and corresponding velocity profile is parabolic. In the more general case of non-Newtonian power law fluids the velocity profile has form

where  is the axial velocity distribution;  is the pressure gradient along the pipe and  is the pipe radius;  is a behavior index;  is a consistency index (). In this case the dependence between the flux and pressure gradient has a power law form that can be easily derived from the formula above. Thus measuring the flux and pressure gradient one can determine rheological properties of the fluid (M and n). Note that at least two experiments with different pressure gradients and/or fluxes should be considered in order to obtain two unknown characteristics M and n. If the velocity profile is measured, then only one experiment is sufficient as the following formulae are satisfied 

where  are maximum and average fluid velocities respectively. In particular, in the case of Newtonian fluid . Thus, if somehow the velocity profile and pressure gradient are measured, then the rheological properties of the fluid can be calculated. This principle underlies capillary viscometers, orifice rheometers and UVP+PD (Doppler-based Ultrasound Velocity Profiling technique with Pressure Difference measurements). Capillary viscometers are widely used due to the measurements being straightforward, but their main disadvantage is the narrowness of the tube, which is immediately clogged if the solid phase is present. The orifice rheometers, or Marsh funnels are simplest devices for measuring viscosity by observing the time it takes a known volume of liquid to flow from a cone through a short tube. Moreover, they are standardized for use by mud engineers to check the quality of drilling mud. Unfortunately, the standard Marsh funnel are suitable only for off-line measurements.
Stokes flow
Stokes flow is a flow of a viscous fluid around the sphere embedded into the fluid with low Reynolds number (either the viscosity is large, or the sphere is small, or the velocity is slow). In this case the drag force  acting on the sphere of radius  held in a fluid of viscosity  moving with steady velocity  satisfies the so-called Stokes law: . This fact can be used for measurement of the viscosity. In particular, if the particle is falling in the viscous fluid due to gravity, then settling velocity is reached when this frictional force combined with the buoyant force exactly balance the gravitational force .Therefore measuring the settling velocity one can determine the viscosity. This idea is used in falling body and vibrational viscometers. Unfortunately, the measurements are off-line and provide only “local” characteristics, as the falling or vibrating body should be small, otherwise turbulence-like effects may occur.
The analysis of the methods listed above has lead us to the conclusion that the most promising approaches for rheology measurement in the case of multiphase flow are
1. Development of concepts of mechanical devices using Marsh funnel principle for simultaneous measurements of both viscosity and density, which is associated with the reported inefficiency of the Coriolis Flow meter for density measurements in presence of gas bubbles.
1. Evaluation of the possibility and efficiency of video recording with subsequent computer analysis of the image as the particle-tracking velocimetry technique for the multiphase flow.
1. Development of concepts of viscometers suitable for the multiphase flows using the helical flow principle.
Therefore, we concentrated on the development of the mathematical models for these principles, as well as methods of the measurements analysis and device concepts, based on existing models or their modifications.
Section Mechanical devices for viscosity measurement focuses on detailed schemes of proposed mechanical devices and description of their operation. For the device based on helical flow principle analytical models are elaborated on the basis of Couette and Poiseuille flow theories.
Section Development of experimental approaches and computer models for velocity profiling is devoted to the methods of rheology measurement of multiphase flows, which are based on the particle-tracking velocimetry by means of video recording. The algorithm for determining the viscosity of a non-Newtonian fluid, if the velocity profile and the pressure gradient are known, is presented. Within the development of methods for velocity profiling of multiphase flows two computational models to describe the two-phase flow are proposed. The results of experiments for flows with different amount of solid phase, as well as the analysis of particles velocities in the flow are shown.




2. Mechanical devices for viscosity measurement
2.1. The device based on Marsh funnel principle
To determine the viscosity it is necessary to know the flow rate and the corresponding pressure gradient [1]. If we split the flow by adding e.g. a tee to the main tube, allowing the drilling fluid to pour out in a tank, the pressure gradient will be known and equal to the pressure in the pipe, as the outlet pressure is equal to atmospheric pressure. In fact, it uses the principle of Marsh funnel [2], but the outflow is driven not by the liquids own weight, but by the pressure in the pipe.
Figure 2.1 shows a scheme of the measurement of viscosity and density of the multiphase flow including a mechanical device, based on the principle of Marsh funnel.
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Figure 2.1
1 ‑ inlet, 2 ‑ gas separator; 3 ‑ gas meter; 4, 7 ‑ control valve, 5, 8, 11, 20 – pressure-gauge; 6, 10, 13, 21 – electric valve; 9 – flow meter; 12 ‑ compressor, 14 – level transmitter, 15 ‑ tank; 16 ‑ deflation valve; 17, 18 ‑ level sensor; 19 ‑ strain gauge; 22 – data exchange; 23 ‑ computer; 24 ‑ outlet

Separation of gas from the drilling fluid.
The drilling fluid is flown in the inlet 1. The gas-fluid mixture passes through the separator 2, where the gas is separated from the drilling fluid. The separation of gas from oil may be done under the influence of gravity, inertia forces and due to selective wettability of oil. Depending on the method, there exist gravity and a film inertial separation, and gas separators, respectively, can be gravitational, hydrocyclone and louver. The amount of gas is measured by gas meter 3. Gas pressure is controlled in the current section of the pipeline by the control valve 4.
After separation of gas, the drilling fluid moves down the pipeline, while the electric valves 21 and 6 are in the “closed” position. Connection with the main pipeline is provided by a high-pressure sleeve (reinforced rubber hose) to allow the necessary “freedom”.

Measurement of pressure gradient and flow rate of the mixture.
The initial position of the system: electric valve 6, 10, 13, 21 are in the “closed” position, deflation valve 16 is “open”.
The computer 23 gives the signal to collect the fluid. Electric valves 6 and 10 are switched to the “open” position. The fluid is driven from the main pipeline into the collection tank 15. The pressure and flow are tuned by the control valve 7, the pressure is measured by the pressure-gauge 8, the pressure at the outlet of the pipe (at the inlet of the tank) is equal to atmospheric pressure, because the deflation valve 16 is in the “open” position. Flow meter 9 measures the amount of the fluid passing through the current section of the pipeline per unit time. The volume of the fluid in the tank 15 is analyzed by the level transmitter 14. When the fluid level in the tank 15 reaches the desired value, level sensor 17 is activated. The signal is transmitted to the computer 23 and electric valves 6 and 10 are switched to the “closed” position. Weight of the fluid in the tank 15 is determined by the strain gauge 19.

Return of the fluid from the tank 15 to the main pipeline.
The initial position of the system: electric valves 6, 10, 13, 21 and deflation valve 16 are “closed”. The computer 23 gives a signal to return the fluid to the main pipeline. Electric valve 13 is switched to the “open” position. The pressure in the tank 15 is increased using the compressor 12. When the sufficient level of pressure is reached (see pressure gauge 20) the electric valve 21 is switched to the “open” position. The fluid starts to flow out from the tank 15. The level transmitter 14 captures the process of the fluid extrusion. When the desired level is reached the level sensor 18 is activated. The electric valve 21 is switched to the “closed” position. The compressor 12 is turned off and the electric valve 13 is also switched to the “closed” position. The pressure in the tank 15 is managed using deflation valve 16. The computer 23 gives the signal to open the deflation valve 16, and the pressure in the tank 15 starts to decrease to atmospheric pressure.
The data from the pressure gauges, level transmitter, flow meter and strain gauges are transferred to the computer, the viscosity and density of the fluid are determined using the formulae for the Poiseuille law and density respectively.

Determination of the viscosity of the fluid.
Determination of the viscosity of the fluid is based on the Poiseuille law. In steady laminar flow of an incompressible viscous fluid through a circular cylindrical tube the flow rate per second is proportional to the pressure drop per unit length of the tube and the fourth power of the radius and inversely proportional to the coefficient of viscosity.
                                     	                                  	(2.1)
where  and  are pressures at the ends of the pipeline, Pa;
 is volumetric flow rate per second, m³/s;
 is radius of the pipeline, m;
 is diameter of thepipeline, m;
 is the coefficient of dynamic viscosity, Pa · s;
 is pipe length, m.
The pressure gradient corresponds to the difference is pressure measured by pressure gauge 8 and pressure at the inlet of the tank 15, i.e. atmospheric pressure.
The fluid flow rate corresponds to the values measured by the flow meter 9.

Determination of density

                                                  					(2.2)
where  is density of the fluid, kg/m³;
 is mass of the fluid, kg;
 is volume of the fluid, m³.

The fluid mass is determined using the strain gauge 19.
The fluid volume was measured by the level transmitter 14, and it can also be evaluated by the flow meter 9. As the result, the device will measure both density and viscosity.
At the end of the measurement cycle the fluid is pumped out of the reservoir, which is then filled with the next portion, and all the measurements are repeated. The main advantages of the proposed device are its simplicity, repeatability, possibility to measure average characteristics, and thus applicability to multiphase flows. The measurements can be repeated with quite small period (1-5 minutes), which make this device suitable for on-line installation. If such devices are set in a parallel, the frequency of the measurements can be increased.
2.2. The device based on helical flow
The concept and simple analytical model for helical flow  
Another idea is the implementation of helical flow [3], which is accomplished by screw conveyor (see Fig. 2.2). Helical flow is the combination of tangential Couette and axial Poiseuille flows.
[image: ]
Figure 2.2: Helical viscometer (concept)
The major assumption to be made is incompressibility of the fluid, i.e. absence of the gas bubbles. The approach for elimination of bubbles is described below. 
	One way to create the helical flow by means of two concentric cylinders is described in [4]: the inner cylinder rotates at a constant angular velocity under an applied torque and the outer cylinder is stationary, whereas the fluid flow in the axial direction is caused by a pressure gradient. As proved in [4], this method is efficient for a wide rheological range: from simple Newtonian fluids through pseudoplastic fluids to mineral slurries. The advantage of this approach is that simple analytical models for interpretation за measurements can be derived.
	Let us derive analytical formulas for interpretation of the measurements using the helical flow device. Consider stationary flow of Newtonian fluid between two cylinders in the direction of their common axis z (see figure 2.3). The inner cylinder rotates around z with constant angular velocity , while the outer cylinder is fixed. 
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Fig. 2.3: Simplified model for the helical flow.
Let us obtain the distribution of fluid velocities using the Navier-Stokes equation
                                					(2.3)
Assume that the flow is stationary  and the flow across the channel could be neglected (). Then one can seek a solution of the following form
						(2.4)
Calculating the connective terms in the right side of the equation (2.3) one obtains


Substituting the given formula into the Navier-Stokes equation one obtains
                            				(2.5)
where  Assuming that  and taking formula (2.4) into account, one can simplify the system (2.5):
                                     						(2.6)
Though the system (2.6) can be solved analytically, let us introduce another one simplification. Assume that centrifugal accelerations are small . In this case the dependence of the pressure on  can be neglected and the equations (2.6) can be solved separately. The general solution is the following
				(2.7)
Constants A, B, C, D are calculated using the no-slip boundary conditions
 . Thus one obtains 
		(2.8)
Thus the helical flow in the device is approximately described by formulas (2.8). Let us calculate the shear stresses acting on the cylinder 1.
         				(2.9)
Evidently the stresses  are proportional to the torque, acting on the cylinder 1. Therefore if the cylinder rotates with the given angular velocity  and the torque is measured, then the viscosity of the fluid is calculated using formula (2.9). 
The second formula from the equation (2.8) also can be used for calculation of the viscosity. Let us derive the relation between mass flux Q and pressure gradient , using formula (2.8):
                      					(2.10)
One can see from formula (2.10) that the viscosity can be determined by measuring the flux and the pressure gradient.
Thus formulas (2.9), (2.10) shows that the helical flow device provides two independent opportunities for real-time measurement of the viscosity. Therefore the accuracy of the measurements can be significantly improved.

Modified helical flow
We propose the modification of helical flow, which does not necessarily require the rotation of the inner cylinder, because the nature of the flow is provided by the geometry of the tube. Let us consider the screw conveyor with the negligibly small distance between the blades and the tube walls, so that not to account for the leaks. Let us also assume that the radius of the inner shaft does not differ much from the radius of the tube, otherwise the undesirable volume effects may occur (this is the same assumption as in [4]). Without loss of generality we can now consider the flow in the long thin straight tube of rectangular cross-section (see Fig. 2.4), and, consequently, the complex helical flow is reduced to Poiseuille flow.


Figure 2.4. Mathematical model of modified helical flow.
Assuming that the dimensions  and  are much smaller than the effective length , which depends on the geometry of the conveyor, the resulting tube may be considered straight. Let us also place the tube horizontally so that not to account for gravity, which enters the Navier-Stokes equation being multiplied by density, because the evaluation of density is a separate challenging task. This allowance is more or less valid for thin tubes, if we assume that the fluid is not settling rapidly and it was additionally mixed before entering the conveyor. The required pressure drop is assured by the pressure loss due to friction, as in contract to the previous model, the fluid interacts with all four walls of the tube.
The Navier-Stokes equations for the steady laminar flow of the incompressible  non-Newtonian fluid have the form
                                                                                                  (2.11)
which yields to
.
Here  is pressure,  is effective viscosity,  is velocity vector,  is gradient operator,  is Laplace operator, ∙ denotes scalar multiplication. Effective viscosity is determined by the rheological model of the fluid. Let us consider the power law fluid
                                                                                               (2.12)

where  is shear stress,  is shear rate,  is behavior factor  is consistency factor. The shear rate has the form [5]
                                                       (2.13)
under the natural assumption that the components of velocity vector  do not depend on the axial coordinate . Thus, .
Taking into account that the tube is thin, it is commonly assumed that the pressure does not change within the cross-section, and its gradient along the tube is constant. Thus, measuring the pressure difference and dividing it by the effective length , we get the value of the averaged axial pressure gradient . The end effects can also be neglected.
The Navier-Stokes equations yield to the following PDE system
                                                                (2.14)
The boundary conditions are no-slip conditions .
This system is to be solved numerically for a set of pressure gradients and for the set of parameters  and . Using the obtained velocities, the volumetric flow rate is to be calculated as  ( is the cross-sectional area) and compared with the measured flow rate. The data obtained for a series of tests is then subject to reduction, e.g. using Levenberg-Marquardt algorithm, and the values of the rheological parameters  and  will be determined. The procedure can be accelerated by simultaneous analysis of several set-ups and by means of various approximation methods for the PDE system.
The main advantage of this method is that the only measurements required are the pressure drop and flow rate, as the geometry of the effective tube (or tubes for simultaneous analysis) is known. Thus the time elapsed on the parameter determination depends only on the efficiency of the computational scheme. 
The main disadvantage is the possibility of clogs, but it can be overcome by placing the mixing device in front of the viscometer which will both cut the big soil particles and homogenize the flow.
CFD simulation of the flow in prototypic device
Figure 2.5 shows a scheme of the measurement of rheological properties of the multiphase flow including a mechanical device, based on helical flow. The drilling fluid is flown in the inlet 1. The gas-fluid mixture passes through the separator 2, where the gas is separated from the drilling fluid. The amount of gas is measured by gas meter 3. Gas pressure is controlled in the current section of the pipeline by the control valve 4.
[image: Схема Спираль_]
Figure 2.5. Scheme of the device
1 - inlet, 2 - gas separator, 3 - gas meter; 4 – pressure gauge, 5 – flow meter, 6 – helical channel, 7 - pressure gauge; 8 - control valve, 9 - outlet. 

After the separator the drilling fluid enters the helical channel, and the flow rate, the pressure at the inlet and pressure at the outlet of the channel are monitored. When the fluid flows through the helical channel, pressure drop occurs, which is possible to be measured by the standard pressure gauges.
Figure 2.6 shows a 3D model of the helical channel designed in CAD SolidWorks.
[image: Вискозиметр_Flow]
Figure 2.6. Helical channel
Figures 2.7 and 2.8 show the hydrodynamic modeling of fluid flow in the helical channel, carried out in the calculation module “Flow Simulation” integrated in CAD SolidWorks. Figure 2.7 shows the result for highly viscous fluid, i.e. oil with viscosity 0.02 Pa*sec. The pressure drop at the mass flow of 3 kg / sec is 14 kPa.
[image: 1_1]
Figure 2.7. The result of the simulation of oil flow

Figure 2.8 shows the simulation result for water (viscosity 0.001 Pa*sec) with the mass flow rate of 3 kg / sec. In this case the pressure drop is equal to 10 kPa.
[image: 1_2_вода]
                                          Figure 2.8. The result of the simulation of water flow

The data from the gauges and the flow meter are then transferred to the computer, where Navier-Stokes equations, which describe a time-dependent formulation of the laws of conservation of mass, momentum and energy, are solved and, thus, the viscosity of the fluid is determined.
To increase the accuracy of the calculations, an additional helical channel of different length with a pressure gauge can be installed (see Fig. 2.9).
[image: Схема Спираль_2_]
Figure 2.9. Modification of the device scheme
1 - gas separator, 2 – pressure gauge, 3 – flow meter, 4 – helical channel, 5 – pressure gauge, 6 – helical channel, 7 – pressure gauge, 8 – control valve, 9 – outlet.
The advantage of device based on helical flow is that it allows straight-forward measurement of the rheological properties of the fluid. Also it can be applied to both Newtonian and non-Newtonian fluids. Thus, usage of the device with rails allows to simplify the calibration procedure and significantly improves the accuracy and reliability of the measurements. One of the disadvantages, which cannot be neglected, is that for correct Couette flow relatively narrow gaps are required, and this may lead to clogs caused by solid phase. This problem is solved if the emulsifier is used before the fluid enters the device.
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3. Development of experimental approaches and computer models for velocity profiling
3.1. Analytical model for interpretation of the results of velocity profiling
One of the promising approaches to viscosity real-time measurement, which is investigated in the framework of this project, is velocity profiling or velocimetry (the measurement of fluid velocity profile) combined with pressure difference measurements. We propose to use particle-tracking velocimetry [1], i.e measure the velocity profile by means of a set of cameras. This is natural due to the presence of solid and gas inclusions in the fluid under consideration. In the present subsection simple analytical formulas for calibration of the results obtained using velocity profiling are derived.
Let us simulate the multiphase flow by the equivalent single-phase fluid with rheological properties depending on the concentration of inclusion. This dependence is to be found from numerical and physical experiments. The formulas required for interpretation of the results of experiments are derived in the present subsection. Consider the flow of the fluid in a narrow channel with constant width w under the action of body force g directed along the flow. The dynamics of the fluid is described by Navier-Stokes equation
				(3.1)
where p is the pressure,  is a deviator of the stress tensor,  is the fluid density. Let us assume that the channel width w is much less than the characteristic length of the fluid flow in the channel’s plane. This allows one to neglect the flow across the width and to consider the pressure constant through the width. In the case of stationary flow the left side of the given equation also vanishes. Let us also assume that the pressure is constant in the direction of the flow x (the flow is driven by the body force only). The pressure is constant, for example, in the case of the flow in periodic domain (see the next subsection for more details). Then the equation of motion (3.1) reduces to the following simple form
						(3.2)
Solving the equation (3.2) using symmetry condition , where y=0 corresponds to the center of the channel, one obtains
						(3.3)
Note that the profile of shear stresses is linear for any fluid rheology. In practice, it is commonly assumed that the fluid rheology is described by the power law. In the given case it has the form
							(3.4)
where M and n are called the consistency index and the behavior index, respectively. For a Newtonian fluid (n=1),  is the dynamic viscosity; for a perfectly plastic fluid (n=0), M= is the shear strength. Substituting the constitutive relation (3.4) into (3.3) one obtains the ordinary differential equation with respect to velocity .

						(3.5)
Solving the given equation with no-slip boundary conditions  one obtains the following velocity profile:
				(3.6)
Calculating maximum and average fluid velocities one obtains
				(3.7)
Note that the ratio  depends on dimensionless behavior index n only, i.e.
							(3.8)
For example, in the case of Newtonian fluid n=1, ; for perfectly plastic fluid n=0, . From (3.6), it is clear that for a Newtonian fluid, the profile is parabolic. Hence, as far as simulations of a suspension movement lead to the velocity profile, which is parabolic to an accepted accuracy, the considered suspension may be assumed Newtonian. In this case, the equation for the average velocity (3.7), may serve to find the effective viscosity of the suspension. If the profile is strongly non-parabolic, then M and n can be calculated by matching (2.7) with the dependence of  on g obtained using computer simulations.
Thus formulas (3.7), (3.8) allow to calculate the rheological properties of the suspension, if the velocity profile is known for physical experiments or computer simulations.
3.2. Development of computational models for simulation of multiphase flows
The flow of Newtonian fluid containing rigid particles in a channel of constant width is considered. The channel is simulated by a square computational domain with periodic boundary conditions in the direction of the flow and rigid walls in the orthogonal direction. The flow is driven by the constant body force acting along the flow. As explained in the previous subsection, this statement is equivalent to the flow under constant pressure gradient, while the implementation of the body force is notably simpler. The initial conditions correspond to the Poiseuille flow of a single Newtonian fluid. As the presence of the inclusions changes the rheological properties of the suspension (increases the viscosity) the initial parabolic velocity profile is decaying until the steady-state regime is reached. The velocity profile in the steady-state regime is used for estimating the rheological properties of the suspension. The problem is solved using two numerical methods, notably particle dynamics [1-3] and smoothed particle hydrodynamics [4, 5]. Detailed description of the simulation techniques is given below.
Particle Dynamics method
In the framework of particle dynamics method [1-3], the fluid is represented by the set of interacting particles (material points). Classical Newtonian equations of motion for the particles are solved numerically. In the present paper leap-frog integration scheme [2] is used. Inter particle interactions are described by spline potential [3]. The force acting between particles i and j is calculated using the following formula:

						(3.9)


where  is a cut-off radius, a is an equilibrium distance between particles, f is a force constant, . Inclusions are simulated as follows. Every proppant particle is represented as a set of rigidly connected smaller particles as it is shown in figure 3.1. Thus each inclusion is a rigid body with two translational and one rotational degrees of freedom.
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Fig. 3.1: Multisphere representation of an inclusion. Three particles in the middle
are used for visualization of particle orientation.
The distance between the nearest particles for the outer circle is equal to the equilibrium distance a between fluid particles. The distance between inner and outer circles is also equal to a. These particles interacts with fluid particles via the forces defined by formula (3.9). Note that the interactions with fluid cause both translation and rotation of inclusions. Thus the equations of motion of particle i have the form
		(2.10)
where is the mass of an inclusion;   is the angle describing the orientation for i-th inclusion;  is the set of indices for the particles representing the inclusion i;  is the moment of inertia with respect to the center of mass; g is the body force driving the flow.
The approach for simulation of inclusion described above is similar to the so-called multisphere approach [6, 7], widely used in the framework of Discrete Element Method [8]. Usually the multisphere approach is applied for description of interactions between non-spherical particles of complex shape. Though the inclusions in the present report are spherical, the multisphere approach is still computationally more efficient than the straightforward approach, when the inclusion are represented by large spheres. The better efficiency of multisphere method is explained as follows. In PD simulations, evaluation of forces employs dividing the computational domain is divided into cells with the size equal to the cut-off radius [3]. It serves for considering only the particles in neighboring cells instead of taking into account all particles in the computational domain. The multisphere approach uses the cells with the size equal to cut-off distance for the fluid particles. Thus execution times for systems with and without inclusions are almost identical. The execution time decreases with concentration of inclusions, because the inclusions are represented only by the particles on the surface. Thus the total number of particles used in simulation decreases. At the same time if the inclusions are represented by large spheres, then the computational cell size is equal to the radius of the sphere plus the cut-off radius for particle-fluid interactions. In the latter case the cell size is much larger and hence the cell contains larger number of fluid particles. Therefore the execution time is greater. The solution of test problems has shown that the multisphere approach is almost one order faster for R/a =3, where R is a radius of an inclusion. Thus the multisphere approach is useful for simulation of particles of significantly different sizes.
The flow in a narrow channel with constant width is simulated as follows. The square computational domain is considered. The rigid walls are simulated using two rows of fixed fluid particles. Periodic boundary conditions [2] are applied in the direction of the flow. As the work done by shear stresses causes heating of the fluid, the generated heat should be extracted from the system. The Berendsen thermostat [9] is used for this purpose. The thermostat is applied to the narrow stripe of the fluid near the left boundary of the computational domain. The width of the stripe is 5a. In this case the heated fluid leaving the domain to the right is cooled down by the thermostat after crossing the periodic boundary. The thermostat algorithm is the following. The velocity profile is calculated. For this purpose the domain is divided into stripes with the width equal to acut. The stream velocity for the stripe is equal to the average velocity of the particles inside the stripe. For the application of Berendsen thermostat the stream velocities are subtracted from the particle velocities. The remaining “thermal” velocities are multiplied by the following scaling coefficient:
				(3.11)
where  is a desired value of the thermal kinetic energy of the fluid;  is the stream velocity at the point, where the i-th particle is located. As a result, the heat generated by the shear flow is removed from the system and the viscosity of the fluid is constant.
Smoothed Particles Hydrodynamics
The second method used in the present paper for simulation of multiphase flow is Smoothed Particles Hydrodynamics (SPH) [4, 5]. Similarly to particle dynamics, the fluid is represented by a set of interacting particles. The motion of the particles is governed by the following equations
			(3.12)
where  are, respectively, the pressure and the density at the point, where the particle i is located;  is a viscous term;  is a weighting or kernel function [4]. The weighting function  has a compact support, vanishing for , where  is a smoothing length identical to the cut-off radius used in the particle dynamics method. In the following calculations, Lucy weighting function is used [4]:
			(3.13)
The following constitutive relations, proposed by Monaghan [4], for the pressure and the viscous term are used

		(3.14)
where is an equilibrium fluid density;  are parameters of the model; a is a characteristic size of the particle;  is the speed of sound. In the paper [4] it is shown that the equation of state for pressure in form (3.14) guarantees low compressibility of the fluid. In contrast to particle dynamics, where viscosity arises naturally as a result of stochastic motion, in SPH the viscosity is introduced explicitly as the key parameter of  the model. Additionally the following purely repulsive core potential is used for preventing the formation of artificial structures in the fluid [5]:
				(3.15)
where  is a cut-off radius for the core potential. Interactions between inclusions, as well as between inclusions and fluid particles are described by using formula (3.9). For inclusion-inclusion interactions the forces are truncated at , hence the interactions are purely repulsive.
In the simulations discussed below, the following boundary conditions are used. A square computational domain is considered. Its rigid walls are simulated using two rows of fixed fluid particles. Periodic boundary conditions are applied in the direction of the flow. The standard implementation of periodic boundary conditions is employed [2].
Simulation of the influence of inclusions on fluid flow in the channel
Consider PD and SPH simulations of the multiphase flow in the channel under the action of body force. A square computational domain under periodic boundary conditions in the direction of the flow and rigid walls in the orthogonal direction is considered. The initial conditions are as follows. In both cases the fluid particles initially form a perfect square lattice with nearest neighbor distances equal to a0. Inclusions are either set randomly (for c<0.45) with uniform spatial distribution or form perfect square lattice (for c>0.45). The volumetric concentration of inclusions is
						(3.16)
where w is the size of the computational domain;  is the total number of inclusions. Concentrations in the range [0;0.3] are considered. The boundary conditions are described above. In the case of PD simulations, the initial velocities of the fluid particles and inclusions are set in accordance with the velocity profile given by formula (2.6) for n=1. The uniformly distributed random velocities are added to achieve liquid state of the system. The particles are mixing rapidly and no additional preparations are required (see figure 3.2).

[image: D:\PROjECTS\2013 Weatherford\viscometer\reports\ICS.png]
[image: D:\PROjECTS\2013 HYDROFRAC\reports\PD_ISCs_0.45_0.6.png]
Fig. 3.2: The distribution of fluid and inclusions after 50 time steps of particle dynamics simulation. Concentrations are 0.15, 0.3, 0.45, 0.6.

In the case of SPH, the creation of initial configuration is not so straightforward. The fluid described by equation of state (3.14) is nearly incompressible. Therefore the computational domain should be completely filled by the particles. Otherwise the system would contain artificial voids, similar to gas bubbles. Complicated meshing strategies could be used in order to create uniform distribution of particles in the computational domain. However in the present paper, instead of using meshing algorithms, the following equilibration procedure is used. Inclusions are randomly distributed in the computational domain. The remaining space is filled by fluid particles forming perfect square lattice. Evidently in this case some voids are formed around the inclusions. In order to remove the voids the system is compressed by multiplying equilibrium density  by 0.8. After that, the density is slowly increased until the pressure in the system reaches the value of 0.01 K, where K is the bulk modulus of the fluid. In the course of this procedure the fluid particles and inclusions move in accordance with the equations of motion described above. The resulting distribution of particles after equilibration is shown in figure 3.3.
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Fig. 3.3: The distribution of smoothed (fluid) particles and inclusions after equilibration. Concentrations are0.15, 0.3, 0.45, 0.6.

One can see that the computational domain is completely filled by the particles and no significant artifacts are present. After the equilibration particle velocities are set in accordance with parabolic velocity profile corresponding to the Poiseuille flow. 
The influence of the concentration of inclusions on the rheology of the suspension is investigated as follows. Computer simulations of the flow described above are carried out using particle dynamics and smoothed particles hydrodynamics. The following values of parameters are used in the framework of the both methods
			(3.17)

where are the fluid and inclusion densities, respectively; N is an approximate number of particles;  is the number of time steps used for temporal averaging of the results. The specific values of the parameters used in particle dynamics simulations are:
		(3.18)
where  is the time step;  is the period of small vibrations for Lennard-Jones oscillator. In SPH simulations, the parameters are set as follows:
			(3.19)

In the both cases the velocity of the center of mass of all particles inside the computational domain is calculated during the simulation. Note that in a steady-state regime this velocity is identical to average profile velocity. A typical behavior of the velocity in PD and SPH simulations is shown in figure 3.4.
[image: D:\статьи и рукописи\2013_APM_09.05.2013\vmean_evolution.png]
Fig. 3.4: The evolution of the center of mass velocity for SPH (left) and PD (right) at concentrations of inclusions 0.15, 0.3.

On can see that the velocity decreases until the steady-state is reached. Note that in the steady-state regime the average velocity is still fluctuating because of rearrangements of the inclusions. The rearrangements occur, because the inclusions closer to the center of the channel have larger velocities than those closer to the walls. Let us check if the suspension shows non-Newtonian behavior in the range of inclusions considered in the present report. As shown above, it can be done via the analysis of the velocity profile in the steady-state regime. Consider velocity profiles at different proppant concentrations. The profile is calculated as follows. The computational domain is divided into equal layers parallel to the direction of the flow. The average velocity of particles in each layer is calculated. The resulting values are additionally time averaged. The profiles obtained in computer simulations using PD and SPH methods are shown in figure 3.5.
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Fig. 3.5: Velocity profiles at different proppant concentrations obtained using PD (left) and SPH (right). Dashed lines are parabolas with the same maximum value as the results of simulations.
One can see from figure 3.5 that the deviation of the velocity profiles form parabolic shape are relatively small. The deviations are caused by statistical fluctuations and non-uniform distribution of proppant particles in the computational domain. In particular, the latter reason leads to slightly non-symmetric velocity profile (see the graph corresponding to PD results with c=0.3). Therefore for proppant concentrations in the range [0;0.3] the suspension can be considered as a Newtonian fluid. Note that the highest concentration c=0.3 considered in the present report is outside the range [0.02;0.25], corresponding to semi-dilute suspensions. However it should be taken into account that in two dimensions, the critical concentration () is higher than in three dimensions (~0.64-0.74). The value 0.64 corresponds to so-called Random Close-Packed lattice, while0.74 corresponds to Face Centered Cubic. Therefore the range of concentrations corresponding to semi-dilute suspensions in 2D is wider than in3D.Thus once non-Newtonian effects are negligible, one can calculate the effective viscosity of the suspension by using formula (3.7). Note that the density of the suspension in formula (3.7) should be calculated as follows
.						(3.20)
Note that density of the suspension depends on the proppant concentration. In computer simulations the body force was renormalized so that  does not depend on the proppant concentration. In this case the only parameter in formula (3.7) depending on the proppant concentration is the average velocity . This value is obtained in computer simulations. Viscosity of the suspension, calculated for different proppant concentrations and the results of simulationsare shown in figure 3.6.
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Fig. 3.6: The dependence of relative viscosity on concentration of the inclusions obtained 
using SPH and PD. 
Every point on the plot is the mean of 5 simulations with different initial proppant distributions. The bars on the plot show the dispersion of the results (average value plus/minus standard deviation). The data is approximated using the model proposed in paper [11]
. 							(3.21)
where A=0.78 is the fitting constant. One can see from figure 6 that the difference between the results of PD and SPH simulations is of order of dispersion of PD results. For concentrations of the inclusions higher than 0.15, the obtained values of the suspension viscosity are higher than the value predicted by the Einstein formula [10]. Therefore at these concentrations the hydrodynamic interactions between proppant particles, neglected in Einstein's derivation, are significant.
Conclusions
In the present subsection two computational models, based on particle dynamics and smoothed particles hydrodynamics methods, for simulation of rheological properties for multiphase flows were developed. Theoretical rationale for modeling was proposed. The influence of inclusions on the flow in a narrow channel was simulated for concentrations on the range [0; 0.6]. Steady-state Poiseuille-like flow was considered. Velocity profiles were obtained by the both methods. The simulations show that the profiles are parabolic for proppant concentrations in the range [0; 0.3]. Thus in this range, the suspension can be considered as semi-dilute, i.e. the viscosity of the suspension nonlinearly depends on the concentration, while non-Newtonian effects are negligible. It was established that the results of PD and SPH simulations agree to the accuracy of standard deviation. The dependence of the effective viscosity of the suspension on proppant concentration was obtained. For c<0.15, the dependence is close to the Einstein formula, while for c>0.15, the dependence is non-linear and may be approximated by simple empirical formula proposed in paper [11].
In further work, analytical and computational models of multiphase flows, developed in the present subsection, will compliment physical experiments. In particular, computer simulations will be used for calculation of the exact distribution function for inclusions velocities. Relations between the distribution function and rheological properties of the multiphase system will be derived. The given relations will be used for interpretation of measurements, based on velocity profiling.
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3.3. Development of experimental approaches for velocity profiling
One of the promising approaches to viscosity real-time measurement, which is investigated in the framework of this project, is velocimetry (the measurement of fluid velocity profile) combined with pressure difference measurements. We propose to use particle-tracking velocimetry, i.e measure the velocity profile by means of a set of cameras. This is natural due to the presence of solid and gas inclusions in the fluid under consideration. A series of experimental measurements of the particles velocities in the three-phase and two-phase flow with the video recording and the subsequent analysis of the video on the PC was carried out.
The scheme of elementary experimental setup, created in the Department “Theoretical Mechanics”, SPbPU is shown in Fig. 3.7.
[image: ]
Figure 3.7. Scheme of the experiment.
1. Lighting; 2. glass vessel; 3. multi-phase flow; 4. video recorder (camera); 
5. image transfer to the PC; 6. image processing and analysis.
Video recording was accomplished with the 
1) camera Canon 5D MARK II, the recording was made in FULL HD 1920x1080.
2) High Speed Video Camera Fastec HiSpec 1 which captures images at up to 506 frames per second (1280 x 1024). Examples of shooting modes:
506 f/s — 1280 х 1024
1008 f/s — 1280 х 512
2312 f/s — 480 х 480
112183 f/s — 144 х 2
Dedolight and Raylab portable light kits were used for lighting. Processing of the obtained video was done in Vegas Pro 11.0, for the analysis of the particles motion in the flow software Tema Motion MOTSSII TEMA starter was used.
Experimental setup. Series 1.
The liquid was contained in an open free standing glass vessel with a diameter of 12 cm. Solid phase was represented by soil. Experiments were carried out with the addition 5% and 10% of solids into liquid. Gas bubbles and the flow itself were generated in the same way as in aquarium filters, i.e. by airlift, using bubbles from an air pump rising in a tube to create flow. The tube was placed close to the lower back part of the vessel not to interfere with the recording. In the most cases vortex flow was generated with occasional straight sectors in the upward direction.
Two videos showing the flow (solid phase 5%) are enclosed to the report. The first video shows a vortex flow. Along with a stream in the foreground moving from left to right, we can observe the flow from right to left in the background. This effect indicates the possibility of video recording of the flow in the whole volume with a sufficiently powerful light. The second video shows the flow at higher speed in one direction.
Fig. 3.8 shows a fragment of the image analysis of the first video, i.e. the possibility of measuring the velocities in the case of complex motion trajectories. Two fixed points are selected as references (point 1, point 2). The motion of the three particles (point 3, point 4, point 5) is investigated and their position, velocity and acceleration are defined. Fig. 3.9 shows photographs of the flow at times t = 0, 100, 200 ms.



[image: ]Particles whose motion is investigated
Reference particles

Figure 3.8. Photo of the flow, t=0.
[image: ][image: ][image: ]
Figure 3.9. Photos of the flow, t=0, 100, 200 ms.
As an example of the analysis of the particles motion, Figures 3.10 show the dependence of the particle velocity on time (point 3 – yellow, point 4 – blue, point 5 – green).
[image: ]
Figure 3.10. The dependence of the particles velocity on time.
Experimental setup. Series 2.
Flow created in the transparent hose with a diameter of 12 mm. Solid phase was represented by clay. Experiments were carried out with the addition 5% and 10% of solids into liquid. Vertical and horizontal flow was created. Fig. 3.11 shows photographs of the a) water flow, b) water with 5% of solids. For image the particles-markers were added to the flow. The motion of the four particles-markers is investigated (Fig. 3.12).
[image: ]                         [image: ]
Figure 3.11.  a) water flow, b) water with 5% of solids
[image: ]
Figure 3.12. Marking particles
As an example of the analysis of the particles motion, Figures 3.13 and 3.14 show the dependence of the particle velocity on time 
[image: ]
Figure 3.13. The dependence of the particles velocity on time. Water flow, the average speed 0.14m/s

[image: ]
Figure 3.14. The dependence of the particles velocity on time. Water with 5% of solids flow, the average speed 0.25m/s 
These elementary experiments show that it is possible in principle to measure the distribution of particles velocity in the volume and the velocity profile in the channel, which is necessary to determine the rheological properties of the flow; this method is suitable for flows with unknown rheology. Further it is planned to focus on particles velocities distribution in the volume and thus obtain the velocity profile. Once the velocity profile and pressure gradient along the flow are known, the rheological properties of the fluid are restored accurately. In addition, special particles (flow tracers) can be seeded in the fluid in the case of problems with implementation of the above mentioned technique, e.g. if natural inhomogeneities are not big enough to provide an adequate response.

4. Conclusions and future work
Investigation on three main approaches to determine the rheological properties of the multiphase flow is presented in the final report.
1. The device based on Marsh funnel principle
2. The device based on helical flow
3. Development of computer models and experimental approaches for velocity profiling
Section Mechanical devices for viscosity measurement shows detailed schemes of mechanical devices, and a description of their work. For device based on helical flow analytical models are elaborated on the basis of tangential Couette and axial Poiseuille flows. An algorithm for calculating the viscosity of the flow based on data recorded by sensors is presented.
A computational model of the device, based on analytical models is considered. The computational model is implemented in SolidWorks and tested for fluids with different viscosities. Finalization of computer models for multiphase flow is planned.
For correct work of both devices it is proposed to separate the gas from the main flow and carry out individual measurements of the rheological properties of the gas phase and of the three-phase mixture (liquid, oil, solid phase). The question of how to use the data to the interpretation of the rheological properties of the four-phase flow requires further research.
Section Development of experimental approaches and computer models for velocity profiling is devoted to the methods of rheology measurement of multiphase flows, which are based on the particle-tracking velocimetry by means of video recording. The algorithm for determining the viscosity of a non-Newtonian fluid, if the velocity profile and the pressure gradient are known, is presented. 
Within the development of methods for velocity profiling of multiphase flows two computational models to describe the two-phase flow are proposed. The dependence of the viscosity of the mixture on the concentration of solid inclusions is obtained. Also in this section the results of experiments for flows with different amount of solid phase, as well as the analysis of particles velocities in the flow are shown. Video recording experiments showed that it is possible to capture satisfactory data at the velocity of up to 1 m / s and to analyze the flow rates with different solids content using the particle-markers.

Future work 
1. Сreation of a laboratory facility at which it will be possible to create a four-phase flows close to real conditions and to fulfill various measurement algorithms.
2.  Making a program that will:
analyze more efficiently and in greater volume flow information and create accurate velocity profiles;
analyze the correlation between consecutive images, which will provide information not only on the flow rate, but also on its structure.
3. Further development of computer models of multiphase flows, which will be used later to verify the operation of the devices. In particular, computer modeling can be obtained by the exact function of the velocity distribution of inclusions which is impossible in experiment (even at laboratory). As a result, the procedure of interpretation of measurements of the velocity profile based on computer modeling will be proposed and tried out.
4. Development of sensors that are able capture the change of flow rate and its composition.
5. Further development of computational models of the device, based on the creation of a helical flow. Carrying out computer experiments on multiphase flows. Writing a program based on the algorithm for calculating the viscosity of the flow.
6. Development of methodology to interpret the rheological properties of the four-phase flow on the basis of the available data on the viscosity of the gas phase and three-phase mixture (liquid, oil, solid phase).
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