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Abstract  
 

This paper examines the characterization of the carrier fluid in solid-liquid Newtonian suspensions isothermal 
laminar flow in a horizontal pipe. In Food industry, new products are developed and placed on the consumer 
market. Many of them are loaded fluids (suspensions) whose flow poses a certain number of problems for 
researchers. Thus, the current state of knowledge on the hydrodynamics of these Newtonian and Non-Newtonian 
suspensions does not fully understand the problems related to it, especially if the fluid is loaded with "large 
spherical hard particles". Currently problems related mainly to loaded flows made of the spherical hard particles 
of large dimensions (diameter D = 4.4 mm) are complex. The influence of the solid phase made of hard alginate 
spheres on this flow is critical to the rheology of the carrier fluid. And a rheological experimental analysis of 
glucose syrup (carrier fluid) showed a change in the behavior of the mixture related to the law of modification of 
rheology and in the same manner, its hydrodynamics. The study showed that the lateral migration of the particles 
toward the axis of the pipe in the flow, contributed to this change in the law of behavior of this mixture; this 
change of Newtonian rheology of suspensions generates the pseudo Non-Newtonian character(the apparent rheo-
thickening type) observed in the carrier fluid. 
 

Keywords: Behaviour, Rheology, Solid-liquid, Suspensions, Particles and Hydrodynamics. 
 

Nomenclatura  
 

Remono = : Reynolds number calculated on the basis of the viscosity of the carrier fluid 

Reeff =  : Reynolds number calculated using the effective viscosity suspensions 

Cf=  : Laminar friction coefficient monophasic continuous medium 
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Cf = :             Laminar friction coefficient effective biphasic medium 
 

Cf = : Friction coefficient in turbulent single-phase in continuous medium 
 

Cf = : Friction coefficient in turbulent two-phase medium (effective medium);  
 

q = = 2:           Exponent of the formula Quemada (1998) which is the product of  with the intrinsic 

viscosity ;  
L:     Entire length of the vein measurement 

: Mass flow of the carrier fluid;  
Qv:   Volume flow of the carrier fluid 
Tu:   Turbulence rates;  
P:      Pressure;  
 

Velocity of a sphere (m/s);  
 

Ud:    Flow velocity of the mixture;  
R, r:  Radius 
Umax: Maximum velocity; 
D:      Diameter of the pipe; 
Um:   Average velocity; 
z:       Axial distance (or abscissa x along the axis of the tube); 
V :      Total volume; 
Vp:     Volume of the particles; 

:  Volume of the suspending fluid; 

:  Density of the suspending fluid; 

:  Particle density; 
:    Shear rate; 

:   Volume fraction;  

:   Critical volume fraction; 

:    Volume fraction of phase i;  

: Local volume fraction of particle; 

: Volume fraction of maximum stacking of particles;  

: Viscosity of the suspending fluid; 

:  Apparent dynamic viscosity of the mixture (Pas);  
 :     Density; 

 :      Relative viscosity [with ];  
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: Wall shear stress (with ) (Pa);  

 : Shear stress or shear stress, (with ) (Pa); 
 
De:    Deborah number;  
Rep:   Reynolds number of the particles; 
Pehydro: Hydrodynamic Peclet number; 
Re0:    Reynolds number monophasic; 
Re:      Reynolds number; 
Reeff :   Effective Reynolds number calculated using the effective viscosity; 
Rea:     Apparent Reynolds number calculated based on the apparent viscosity; 
 

Introduction 
 

In the food sector, manufacturers offer new products: milk desserts, sauces, soups, ready meals, these products 
often have a single rheological Newtonian behavior or a complex rheological behavior of Non Newtonian type. In 
addition, these fluids are often increasingly laden with solid particles (yogurt with fruit pieces, jams,..) that 
completely alter the hydrodynamics of the carrier fluid. All these fluids or mixtures produced by Agro-food 
industry have complex rheological properties. Knowing these properties is essential to model with precision all 
the phases of a process during which the product will undergo multiple physicochemical transformations during 
the phases of its transport. The mode of transport more or less viscous fluids charged particles or not accentuates 
the residence time and can lead to denaturation of the product in the parietal area (either through dirty wall or by 
burning the pore fluid). In 2005, through a study, Longo has examined the rationale behind the semi empirical 
formulation of a generalized viscoplastic fluid (GVF) model in the light of the Reiner-Rivlin constitutive theory 
and the viscoplastic theory, there by identifying the parameters that control the rheology of granular flow. 
 

He shown that the shear-rate number (N) proves to be among the most significant parameters identified from the 
GVF model. As N → 0 and N →∞, the GVF model can reduce asymptotically to the theoretical stress versus 
shear-rate relations in the macroviscous and grain-inertia regimes, respectively, where the grain concentration (C) 
also plays a major role in the rheology of granular flow. Using available data obtained from the rotating-cylinder 
experiments of neutrally buoyant solid spheres dispersing in an interstitial fluid, the shear stress for granular flow 
in transition between the two regimes proves dependent on N and C in addition to some material constants, such 
as the coefficient of restitution. So he highlighted the insufficiency of data on rotating-cylinder experiments can 
not presently allow the GVF model to predict how a granular flow may behave in the entire range of N; however, 
the analyzed data provide an insight on the interrelation among the relevant dimensionless parameters. 
 

Longo (2005) also worked on sediment transport models. Thus most models of sediment transport are based on 
the hypothesis of a weak interaction between the fluid and the sediment phase, where the main flow is subjected 
to the mass and momentum conservation of the fluid phase, with small corrections due to the presence of the 
sediments. These models usually give a correct answer for conditions where the concentration of sediment is 
really low. In the case of high sediment transport, some models analyze the two subdomains separately, the high 
and the low concentration, and employ different constitutive equations.  
 

In this present model, Longo (2005) has shown that there is a two-phase description of the whole domain. The 
closure of the turbulence and the interaction between the sediments and the fluid introduce approximations, but 
results are consistent with experiments and previous models. 
 

The authors Saintillan Shelley (2013) worked on active suspensions and nonlinear models. Indeed active 
suspensions, such as suspensions of self-propelled micro-organisms and related synthetic micro-swimmers, are 
known to undergo complex dynamics and pattern formation as a result of hydrodynamic interactions. In this 
review, they summarized recent efforts to model these systems using continuum kinetic theories. At first, they 
derived a basic kinetic model for a suspension of self-propelled rod like particles and discuss its stability and 
nonlinear dynamics. They have presented the extensions of this model to analyze the effective rheology of active 
suspensions in external flows, the effect of steric interactions in concentrated systems, and the dynamics of 
chemotactically responsive suspensions in chemical fields.  
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Studies of the hydrodynamic transport of solid particles allowed apprehending the problem of pressure drop in a 
horizontal pipe. This loss is strongly linked to the two-phase flow regime. According to numerous studies 
conducted by different authors, were highlighted four main flow regimes: symmetrical, asymmetrical, and 
circulating bed stationary bed (Chhabra, 1990; Kyokai, 1981. Other studies, also carried out on suspensions "solid 
- liquid", have characterized the pressure drop of a two-phase mixture (liquid and solid spheres rheofluidifying) 
depending on the concentration (Ayukawa, 1969; Ayukawa, 1970; Hoareau, 1996) and (Fagla & al., 2002). 
But to date, the influence of the solid phase flow is still not very well known and yet it is what determines the 
rheology of the mixture and the pressure drop. The factors affecting the transport of slurry were identified. This is 
(Chong, 1971): Particle size, particle concentration, the flow regime of the suspension, the rheological 
characteristics of the carrier fluids, hydraulic diameter and the fluid density ratio - particle.  
Furthermore, by using coarse particles of Carboxymethyl cellulose (CMC) in suspension in a Non-Newtonian 
fluid bearing, the sliding of the particles relative to the carrier fluid has been demonstrated (Antoine and 
Lebouché, 1998). These authors showed that, in a charge flow, the solid phase modifies the shape of the velocity 
profiles: for example, the measured velocity reflects both the braked particles by impact particles / particle and 
particle / wall. The expression of the apparent shears viscosity of the suspensions in hard spheres whereas an 

elementary volume containing a fluid (density
f ) and hard spheres (density ) in purely hydrodynamic 

interactions has been established (Mills et Snabre 1995). To this end, the authors used the expression of the 
averaged velocity field of the volume V to establish the relationship VVV fp ).(.   1 , where and are 
respectively the speed of the volume averaged particle, that of the carrier fluid and particle volume fraction. 
Similar results were obtained by Zarraga et al, (2000). Other authors such as Taghipour, Naoko and Wong (2005) 
investigated the hydrodynamics of a two-dimensional gas–solid fluidized bed reactor were studied experimentally 
and computationally. Computational fluid dynamics (CFD) simulation results from a commercial CFD software 
package, Fluent, were compared to those obtained by experiments conducted in a fluidized bed containing 
spherical glass beads of 250–300µm in diameter. A multifluid Eulerian model incorporating the kinetic theory for 
solid particles was applied in order to simulate the gas–solid flow. Taghipour, Naoko and Wong (2005) have 
shown that the modeling predictions compared reasonably well with experimental bed expansion ratio 
measurements and qualitative gas–solid flow patterns. They demonstrated that pressure drops predicted by the 
simulations were in relatively close agreement with experimental measurements at superficial gas velocities 
higher than the minimum fluidization velocity. 
 
Researchers Murat and Gareth (2012) worked on the interactions between particles magneto-rheological fluids 
with the ferro-magnetic wall. The interaction between magneto-rheological (MR) fluid particles and the walls of 
the device that retain the field-responsive fluid is critical as this interaction provides the means for coupling the 
physical device to the field-controllable properties of the fluid. This interaction is often enhanced in actuators by 
the use of ferro-magnetic walls that generate an attractive force on the particles in the field-on state. The 
aggregation of the particles and the time-dependent evolution in the microstructure is studied in rectilinear, 
expansion and contraction channel geometries. The results obtained allowed help identify methods for improving 
MR actuator design and performance. Other authors such as Dingyi Pan, Nhan Phan-Thien and Boo Cheong 
Khoo (2014) used the dissipative particle dynamics (DPD) method to simulate droplet suspension. They analyzed 
the deformation of a single droplet is first studied to validate the method and a good agreement with previous 
theoretical, numerical and experimental results is obtained. They observed that a larger repulsion force is imposed 
between particles from different droplet to prevent two droplets from coalescing. Shear thinning and non-zero 
normal stress differences are captured in the simulations. These phenomena are related with the mean droplet 
deformation parameter and mean inclination angle. A good agreement is achieved between their zero shear 
viscosity results and previous model/experimental work. A study on hydrodynamic characteristics of the flow of a 
microbubble suspension in a surfactant solution through a pipe has been conducted by Parmar and Majumder 
(2014). They analyzed the microbubbles exhibit excellent gas-dissolution abilities owing to their larger gas–liquid 
interfacial areas and longer residence times compared to conventional larger bubbles.  
 
Hence, it is expected that microbubbles should increase the efficiency of gas–liquid contact devices for various 
applications in chemical and biochemical processes. In most of these applications, it is necessary to understand 
the hydrodynamics, such as the rheology, pressure drop, and friction factor, associated with microbubble flow in 

 p
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devices. Their study investigates the hydrodynamic characteristics of the flow of a microbubble suspension in a 
surfactant solution through a pipe.. A correlation between the intensity factor of interfacial stress and the friction 
factor based on energy loss due to wettability has been developed. The functional form of the correlation appears 
to predict the hydrodynamics satisfactorily for the flow of a microbubble suspension in a pipe. Their study is 
helpful in further understanding multiphase flow for industrial applications. 
 

Other authors such as Chiodi, Claudin and Andreotti (2014) conducted studies on transport. The transport of 
dense particles by a turbulent flow depends on two dimensionless numbers. Depending on the ratio of the shear 
velocity of the flow to the settling velocity of the particles (or the Rouse number), sediment transport takes place 
in a thin layer localized at the surface of the sediment bed (bedload) or over the whole water depth (suspended 
load). They have proposed here a two-phase flow model able to describe both viscous and turbulent shear flows.  
They have shown that particle migration is described as resulting from normal stresses, but is limited by turbulent 
mixing and shear-induced diffusion of particles. Using this framework, they have  theoretically investigated the 
transition between bedload and suspended load. 
 

1. Materials and Methods 
 

1.1 Experimental device and Techniques of measurements 
 

1.1.1 Experimental 
 

The experimental setup shown schematically in Figure (1) is essentially constituted by a test loop and an 
experience vein (5). The assembly consists of a pump unit (2), a tubular graphite exchanger (3), from an upstream 
container (4), a PVC tube (polyvinyl chloride) placed downstream of the tank upstream, a tube de 
polymethylmethacrylate transparent (P M M A), a measurement cell, a bypass line, an electromagnetic flowmeter 
(7) and a downstream container (1). The presence of a phase of solid particles sensitive to mechanical constraints 
determined the choice of the pump unit. The one we used, is powerful enough to allow the flow of highly viscous 
products at rates approaching 12 m3/h (debiting velocity Ud = 4.6 m/s). It is a semi open centrifugal pump wheel 
and helical rotor in order not to degrade the solid phase too fast. The pump outlet, the mixture drawn from the 
downstream tank is pumped into a tubular heat exchanger made of graphite, for regulating the temperature of the 
mixture. The inlet temperature of the suspension in the test stream is kept constant with an accuracy of 0.2 ° C.  
 

Then, the mixture enters an upstream tray for damping pulsations in the flow induced by the pump to homogenize 
the solid-liquid mixture and the temperature. A polyvinyl chloride tube (PVC) with a length of 34.54 diameters 
(1.05 m), and another transparent tube of polymethylmethacrylate (P M M A) with a length of 39.87 diameters 
(either 1.212 m), arranged successively in series and of the same diameter (0.0304 m), allow to obtain the 
dynamic property of the flow. They are followed by the experience of vein is also P M M A. A bypass line 
connected in parallel to the experience of vein connects the output of the upstream tank to the downstream tank. it 
adapts the mixture flow rate to the desired handling conditions without causing the formation of a plug in the 
pipe. On leaving the zone of action, an electromagnetic flow meter (6), consisting of a cylindrical member made 
of Teflon and two platinum electrodes, measuring the real-time rate. A downstream tray, placed at the output of 
the vein of experience and the bypass, is intended to ease the flow of damping the pulsations from the pump unit, 
ensure a minimum load on the pump and introduce phases solid and liquid in the pipe. Pressure taps arranged at 
the entrance and exit of the test vein allow the measurement of the pressure drop with a differential pressure 
sensor. This study focuses on monodisperse suspensions, made of spherical hard particles in the corn syrup 
solution at concentrations of 1%, 3%, 5% 10% and 15% (Fagla & al., 2001). 
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Fig. 1: Scheme of the test loop 

 
 

1.1.2 Technics of measurements 
 

1.1.2.1 Rheometer and rheological measurements 
 

To study the laws of flow and heat transfer of a fluid whatever it is, it is important to know beforehand its 
rheological properties. This knowledge is made by means of a number of rheological measuring devices using 
different methods. We used the rotational viscometer plan cone types (flow between a disc and a cone), is a type 
of rheometer that has similar benefits to those of the figure 2 which we used for the rheological characterization of 
our products. The measuring principle of the device is also based on the approximation of the little gap. 
 

1.1.2.1.1 Operating principle of rotational rheometer plan-cone types 
 

The test substance is trapped between a plate and a cone of revolution, of radius R, whose axis is perpendicular to 
the plate plane and whose apex is located on the plateau (Fig. 2). The angle between the generatrix of the cone 
with the plate is small: it is always less than 5° and can go down to 0.3°. It may impose on the cone a known 
torque M; in this case, it measure then, the corresponding angular velocity  either an angular velocity of 
rotation ; then we can measure the corresponding torque M. 
 

1.1.2.1.2 Rheological measurements 
 

We performed the characterization of thermo rheological tests. The determination of the behavior of the fluid 
requires knowledge of the distribution law of angular velocity and vice versa by placing themselves in the case of 
small gap. We do not know, a priori, how to solve this problem. But we can overcome this difficulty in being 
placed in the case of small gap. We demonstrate and for very small angles cone-plate, ( ), it may be 
considered with a very good approximation that the stress  and the shear rate  are constant throughout the 
occupied space by the sample between the cone and the plate and they are expressed by relations 

(1) 

 and                           (2) 
with corresponding values and .  
By varying M or , it is easy to deduce the flow curve . The rheological characteristics of the studied 
fluids were determined using an imposed stress rheometer. The fluid is placed between a fixed plate and a cone of 
revolution, of radius R, whose axis is perpendicular to the plate plane and whose apex is situated on the tray. We 
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used a stainless steel cone (which has a low coefficient of thermal expansion) of radius R = 0.03 m and angle
 and an acrylic cone of radius 0.03 m to 48,4µm truncation at an angle . All testing was 

carried out with imposed constraint on the rheometer AR 1000 Rheolyst (Texas Instruments AR 1000 model ST-
B) equipped with cone-tool controlled by a PC Elonex 5200 x. The PC is equipped with a control software and 
other software destine to analyze the results. This device allows to creep flow tests and oscillation of 0 à 500 s-1 

( ). By providing the cone, a constant rotational velocity , we get  a steady shear at any point of the 

sample with varying from 0 to 500 s-1 ( ). The results are transmitted to a computer PC which stores and 
are then analyzed (Fig.2). 
 

 
 
Fig. 2 : Diagram of rotational rheometer plane-cone (Fagla & al., 2002) 
 
1.1.3    The used carrier fluid: Glucose syrup 
 

1.1.3.1 Physical properties 
 

Glucose syrup made from wheat, has a density of 1437.1 kg/m
3
; it has a constant viscosity of 24.63 Pa.s at 20 ° C; 

Newtonian fluid is a highly viscous and thermodependent with a thermal conductivity ( ) equal to 0.404 W/ (m. 
° C) (data provided by the manufacturer). Its viscosity being high, we diluted to various concentrations. 
 

1.1.3.2 Preparation of the glucose syrup solution 
 

We diluted glucose syrup in water at 11%, 20% and 35% by volume. The various tests we made allowed us to 
observe that the 89% glucose solution has a high viscosity and does not match the one we are looking at 65% 
while it is too diluted. After several tests, we chose the glucose solution at 80% whose density is 1141.3 kg/m3. 
We added a few drops of formaldehyde solution to 150 liters of glucose solution against bacterial degradation. 
This solution has a Newtonian behavior with a viscosity of up to 0.069 Pa.s. at different temperatures (Fig. 3). 
 

 
 

Fig. 3 : Rheogram glucose syrup at 80% with the evolution of the dynamic viscosity of glucose 
syrup as a function of shear rate at various temperatures. 
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Effects of temperature on the viscosity 
 

The dynamic viscosity of the solution of glucose syrup varies depending on the temperature. It is highly  
thermodependent (Fig.4). 
 

 
 

Fig.4 : Evolution of the dynamic viscosity of the glucose syrup solution as a function of temperature. 
 
1.2 Methods 
 

1. 2.1 The flow regimes suspensions 
 

In the case of solid-liquid suspensions flow in a horizontal cylindrical conduit, there are four flow regimes namely 
suspension symmetric, asymmetric suspension, the circulating bed in suspension and the suspension stationary 
bed and each with its specificity (Fig. 5). Thus, Acrivos and Davis (1985), in their work, have shown that at low 
Reynolds number, the influence of surrounding particles is proportional to the volume fraction of particles. 

 
Fig. 5 : Various suspensions flow regimes 
 

 
1. 2. 2 Established laminar flow of suspensions 

In this case, the relationship between the pressure drop  in the wall shear  stress is given by the following 

expression (1)      : with  
From the expression of debit in the tube and the velocity gradient 
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We get Rabinowitch-Mooney’s equation: 

  (4) 
The law of behavior, after integration, enable us to connect the pressure drop to debit, especially in the case of a 
suspension flowing in the tube: 

 =    (5) 
For Newtonian fluids, the Poiseuille’s equation establishes the relationship between the flow and the pressure 
drop in line. It is in the form: 

    (6) 
By setting the flow velocity and the friction factor respectively by: 

  and   (7) 

Poiseuille's equation gives:   (8) 
For fluids whose behavior is pseudoplastic (i.e Non-Newtonian fluid), the following relationships apply as well to 

liquid as suspensions. Taking the law of behavior  by applying the Rabinowitch-Mooney’s relationship, 
we get: 

    (9) 

hence   (10) 

and    (11)    
These relationships also apply to suspensions, which will enable us, by measuring the pressure drop online access 
to the wall shear stress and define the rheological parameters of the suspension. The coefficient of friction can be 
put in the form: 

          (12) 
where Re’ is the Metzner and Reed generalized Reynolds number. 
 

1.2. 3. Flow of Newtonian fluids in cylindrical pipe 
 

The flows in cylindrical pipe are governed by classical Navier-Stokes’equations. For concentrations below 0.5% 
of particles, we note, in a first step, the relative viscosity is linearly dependent of the volume concentration . And 
then very rapidly, with distance from this linear law and the viscosity increases to infinity as one approaches of a 
volume concentration limit called volume fraction of maximum stacking (Fig. 6). In this case, the particles are 
sufficiently distant from each other so that one can estimate the velocity field of the carrier fluid around each 
particle. The hydrodynamic interactions between particles are negligible for low concentrations. We note that the 

viscosity of the suspending fluid ( ) doesn’t depend neither on the number of Deborah (De) nor how many 
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hydrodynamic Peclet (Pehydrod); in the same way,  does not depend on Brownian character (or not) of the 
particles. The distance over which the flow is disturbed is of the order of the particle. 
 

 
Fig. 6 : Example of viscosity change with the volume fraction. 
 

2. Results and Discussion 
 

2. 1. Study of drop pressure in suspensions isothermal flow 
 

Assuming that the carrier fluid would behave as a non-mixed with particles glucose solution, we represent the 
evolution of the friction coefficient in function of the Reynolds number calculated with the viscosity of the carrier 
fluid and we find that there is no uniqueness of the friction law (Fig. 7).  
To a volume fraction of solid particles (%), evolution is almost in agreement with the master curve (16/Re0) with 
a gap of 0.17%; but increasing the volume fraction is significantly increase the coefficient of friction (Fig.7). The 
introduction of the particles in the flow affects the behavior of the mixture and particularly on the carrier fluid. 
We come to the findings that the Reynolds number calculated from the single-phase viscosity is not a good 
parameter to describe the pressure drop in suspensions of monodisperse particles of hard spheres (Fig. 7). 
 

 
 

Fig. 7: Evolution of the friction coefficient as a function of Reynolds number (Re0) determined by  

the viscosity of the fluid ( ) in laminar and turbulent flow isothermal. 
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2.2. Hypothesis concentration Einstein 
 

For a Newtonian fluid and carrier for weakly loaded suspensions, we made the assumption that the concentration 
of Einstein (1906) that a simple relationship binds the viscosity of the carrier fluid to the viscosity of the mixture 
(fluid-particles) (Fig. 8); Testing laminar flows suspensions were carried out with the Einstein law to verify the 
evolution of the friction coefficient in function of the Reynolds number calculated according to the Einstein law 

(13) is: (13) 
We note that there is a slight improvement but not sufficient; because the suspension is not sufficiently diluted 
( 1% while Einstein's law is valid for a volume fraction ) (Fig. 8). 

 

 
 

Fig. 8 : Evolution of the friction coefficient monodisperse suspensions isothermal Flow  
depending ReEinstein determined using laminar Einstein’s viscosity 
 
2.3. Hypothesis of "effective" medium 
 

We propose to do, now, the hypothesis that the suspension behaves like an effective fluid; that is meaning a 
suspension of hard spheres considered as a continuous medium. Effective viscosity is then determined depending 
on the viscosity of the fluid suspending  the volume fraction of particles and the maximum stack fraction

.This is the Quemada’s law: 

                                                       (14) 
We proceeded to compare the Quemada’s law with the viscosity obtained by Poiseuille's law in the case of the 
flow of suspensions constant debiting velocity of 1.3 m/s. The results showed us a gap of 0.54%. We have shown 

in Figure 9, the changes in the relative viscosity ( ) as a function of the volume fraction of solid particles 
to a flow velocity of 1.3m / s (Fagla & al., 2002). The Quemada’s law is consistent with that of Poiseuille’s one. 
The comparison with experimental data of Quemada’s model (1998) is quite satisfactory and seems to validate the 
approach effective medium. 
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Fig. 9 : Demonstration of the approach effective medium in an isothermal flow suspensions:  
the Quemada’s law is consistent with the viscosity variation by Poiseuille's law (Fagla & al., 2002) 
 

2.4. Pressure drop in isothermal laminar flow suspensions 
 

With the concept of effective viscosity, we show that it is possible to find the general law of laminar friction 
where the effective Reynolds number from equation below is calculated taking into account the effective viscosity

of the mixture. 

                                          (15) 
The experimental results are compared to the theoretical model (Fig. 10). There is one law that governs the curves 
of different volume fractions of solid particles. The consistency of the results is good. We note, however, that the 
transition comes at Reeff.=800 (for all concentrations except 1%). It seems that the transition from laminar to 
turbulent occurs earlier, at an early stage for loaded fluids. We can conclude that the suspensions of particles 
destabilize the flow without inducing a transition on the scale of the overall flow. We note that it is from 2% that 
multiple hydrodynamic interactions are taken into account to describe the viscous dissipation. 
 

 
 

Fig.10: Evolution of the friction coefficient of isothermal suspensions depending on 
  the Reynolds number (Reeff) determined using the effective viscosity in laminar flow.  
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2.5 Demonstration of the non-homogeneous nature of the studied suspensions 
 

2.5.1. Hypothesis of "homogeneous" fluid 
 

We worked with various concentrations (1%, 3%, 5%, 10% and 15%) of spherical particles in monodisperse 
suspensions in the glucose syrup solution doing the hypothesis of the "homogeneous" Fluid. If suspension (two-
phase mixture) behaves as a homogeneous Newtonian fluid equivalent (in the case of a Newtonian fluid carrier), 
one can deduce the apparent viscosity of the suspensions from measurements of debit and pressure drop in a pipe 

flow. The longitudinal pressure gradient ( ) is connected to the wall shear stress by the linear relationship 
(16): 

              (16) 

and  (17) 

with , the apparent viscosity of the mixture. 
 

2.5.2. Determining the relative viscosity and highlighting of the apparent rheo-thickening nature of the 
suspension. 
 

We define the equivalent relative viscosity, 

   (18) 

where is the viscosity of the carrier fluid. 
 

We study the equivalent viscosity suspensions for several volume fractions of particles. The change of viscosity 
depends on the debiting velocity. We find that, regardless of the volume fraction, we observe an almost linear 
dependence between this equivalent viscosity and debiting velocity for each volume fraction and that there is no 
uniqueness of law (Fig.11). The relative viscosity increases with the volume fraction of particles. To a volume 
fraction greater than or equal to 3%, the curves have almost the same inclination; they are then governed by the 
same non-linear law (with the exception of the lowest volume fraction or 1%, for which the relative viscosity is 
close to 1).  
At a low volume fraction ( with slope 1), the law is almost linear and in this case, the apparent viscosity 
can be compared to the viscosity of the carrier fluid (Fig. 11). The mixture behaves like a fluid apparently rheo-
thickening (then Non Newtonian).  

In fact this variation of the relative viscosity  is a consequence of variations in the volume fraction when the 
velocity changes. We consider, at first approximation, that the viscosity remains constant for a volume fraction. 
We obtain a viscosity as a function of the volume fraction. This variation of the volume fraction of particles with 
the flow rate is due to a settling effect, particularly in the areas of singularity (or dead zones) of the installation 
and in the downstream container. Increasing the debiting velocity induces a suspension, causing an increase in the 
effective viscosity of the mixture. We note, from experimentation, that the distribution of particles in the pipe is 
not made uniformly regardless of the value of the volume fraction. This could be the basis of the variation in the 
apparent viscosity of the mixture during the flow. 
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Fig. 11 : Highlighting the apparent thickening rheological nature of the suspension. 
 

3. Conclusion 
 

Experimental analysis conducted on suspensions made of syrup of glucose (Newtonian fluid) and large hard 
alginate spheres (D = 4.4 mm) in isothermal flow in a horizontal pipe produced results that highlight the different 
variations observed about the relative viscosity. This equivalent viscosity of the suspensions varied, 
proportionally to the volume fractions of particles; this is an almost linear dependence between this equivalent 
relative viscosity and the debiting velocity that regardless of the volume fraction of particles. This highlighted the 
non-uniqueness of the law of behavior and also the growth of the relative viscosity with the volume fraction of 
particles. The presence of these particles confirms their influence on the nature of the fluid and their contribution 
to the change in the rheology of the mixture and therefore that of interstitial fluid. This change of the nature of the 
rheology of the mixture fundamentally alters the hydrodynamics of the mixture; the interactions between the 
carrier fluid and the spherical particles are responsible for the inhomogeneity (irregular distribution of particles in 
the pipe) suspensions in an isothermal flow. The radial migration of particles nearby the center line and more 
precisely its part immediately above is the basis of the overall flow change. It is generated by the sedimentation of 
particles and their grouping in the heart of laminar flow. The obtained results showed that a Newtonian fluid 
loaded with particles of large dimensions give Non-Newtonian behavior of suspensions apparent rheo-thickening 
type. It should be noted that a high viscosity tends to decrease as one approaches the wall from the axis of the 
pipe, in most cases studied. This led to obtain a pseudo Non-Newtonian mixture from a single phase Newtonian 
fluid. 
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