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Effect of pump size and non-Newtonian rheology on the hydrodynamic behavior of centrifugal volute pumps

Introduction

Despite their operational advantages and widespread use in many processes engineering, there are still many issues regarding the selection and operation of centrifugal pumps, especially since the operating conditions differ from the tested ones. Many on-site experiments discovered some phenomena that were never observed in model tests [START_REF] Li | Flow Similarity in the Rotor-Stator Interaction Affected Region in Prototype and Model Francis Pump-Turbines in Generating Mode[END_REF]. Before manufacturing and operating a pump, generally, small-scale model tests with water are used to estimate its actual performance. However, the actual operating conditions are not similar to those in the laboratory. In some cases, the fluid encountered in the industry is a mixture of two immiscible liquids forming an emulsion. A typical example is the pumps used in the petroleum industries, chemical processes, or wastewater treatment. In this engineering process, water is produced together with oil, causing the formation of oil-water emulsions. Nevertheless, depending on the fluid's viscosity, emulsion reduces the performance of the centrifugal pump [START_REF] Barrios | Brazil field experience of ESP performance with viscous emulsions and high gas using multi-vane pump MVP and high power ESPs[END_REF][START_REF] Sayed | Effects of crude oil-water emulsions at various water-cut on the performance of the centrifugal pump[END_REF][START_REF] Banjar | CFD simulations of oil viscosity and emulsion effects on ESP stage performance[END_REF][START_REF] Natan | A novel criterion based on slip ratio to assess the flow behavior of W/O emulsions within centrifugal pumps[END_REF], and the understanding of its fundamental characteristics is necessary to study its effect on pump performance. The most critical aspect of emulsion's rheology is its viscosity behavior. It is characterized by a wide range of viscosity higher than that of a single-phase fluid [START_REF] Banjar | Experiments and emulsion rheology modeling in an electric submersible pump[END_REF][START_REF] Zhu | A new mechanistic model for oil-water emulsion rheology and boosting pressure prediction in electrical submersible pumps ESP[END_REF] and a complex non-Newtonian rheological behavior. Its viscosity depends essentially on temperature, shear stress, morphology, and stability, governed by the droplet size of the dispersed phase along with the presence of a surfactant [START_REF] Schmitt | Centrifugal Pumps as Extractors[END_REF][START_REF] Morales | Droplet formation through centrifugal pumps for oil-in-water dispersions[END_REF][START_REF] Marcilli Perissinotto | Experimental analysis on the behavior of water drops dispersed in oil within a centrifugal pump impeller[END_REF]. Recently, there has been a significant breakthrough in the performance analysis of centrifugal pumps, allowing us to understand their operation when handling fluids with different rheological characteristics. Some of the key characteristics commonly studied are impeller exit angle and slip factor. The blade outlet angle directly affects the internal flow field and performance of the centrifugal pump [START_REF] Ding | The influence of blade outlet angle on the performance of centrifugal pump with high specific speed[END_REF]. As the slip factor is a measure of the fluid slip in the impeller discharge, it is thus an important design parameter for deciding the correct impeller diameter of centrifugal pumps [START_REF] Li | Effects of flow rate and viscosity on slip factor of centrifugal pump handling viscous oils[END_REF]. Several sets of slip factor correlations have been proposed over the years and are divided into three main approaches [START_REF] Abdolahnejad | Experimental and numerical investigation of slip factor reduction in centrifugal slurry pump[END_REF]. The semi-analytical approach is based on the number and the exit angle of the blades. As an example, we find the correlations proposed by Stodola and Wiesner. The experimental correlations implement the direct measurement of the slip factor from the velocity profile at the exit of the impeller () or based on changes in flow rates. The third approach uses Computational Fluid Dynamics (CFD) which also uses the velocity profile obtained at the impeller outlet to calculate the slip between the fluid path and the blade curvature or to feed the theoretical head formula with CFD data. Currently, many studies have focused on studying the slip factor to determine the performance of centrifugal pumps handling highly viscous fluids. However, studies on the effect of non-Newtonian rheology and multiphase flow on slippage in centrifugal volute pumps are very scarce.

Unfortunately, the pump performance degradation is not only depending on the pumped fluid rheology. Because of the pump size, each pump can respond differently to viscous dissipation or other losses that affect its performance. Similar performance degradation is not expected since the fluid rheology depends on the geometry and the local shear stress. Also, the structure of the non-Newtonian flow can differ according to the pump's dimensions even if the geometry remains the same. The present work is a numerical investigation of the scaling phenomenon in a centrifugal volute pump when handling non-Newtonian emulsions. The main objective is to analyze whether the performance degradation when handling non-Newtonian fluids is size dependent, and give an in-depth analysis of the internal flow behavior in a real and scaled-down pump. Moreover, to study the rheological behavior and pump size effects on the slip factor by mean of CFD. Although two-phase by nature, the emulsions were modeled here as a single-phase fluid. This modeling implies to assume the homogeneity of the fluid, and to neglect specific interactions. The numerical simulations were performed using a RANS approach for turbulence modeling and have been carried out using the open-source software OpenFOAM. CFD models were validated against experimental data for water, considering both steady and unsteady approaches. Simulations of the flow fields within the centrifugal pump handling emulsions at different water cuts were performed under steady-state conditions. The emulsions considered in this study consist of two-phase mixtures of sunflower oil and water at different water cuts (WC). These emulsions exhibit shear thinning behavior and were modeled by the Cross and Carreau laws whose parameters were determined experimentally under a shear rate ranging from 1 s -1 to 3000 s -1 [START_REF] Juan | Study of an ESP's performance handling liquid-liquid flow and unstable O-W emulsions Part I : Experimental[END_REF]. The numerical results showed that the pump size influences the rheological behavior of non-Newtonian fluids. The performance degradation, which results in reduced head, pump efficiency, and a diminution of the flow rate at the BEP (Best Efficiency Point) compared to pumping water alone, is complex and highly depends on the fluid viscosity and its rheology. The small pump appears to be more sensitive to the viscosity of the fluid. In particular, the non-Newtonian behavior leads to a greater reduction in performance for the small size pump characterized by lower values of the specific speed.

Computational model and research method 2.1 Pumps model and fluid properties

To predict the effect of pump size on performance degradation when pumping a non-Newtonian fluid and on slip factor behavior, three-dimensional CFD simulations were performed in two geometrically similar centrifugal pumps. The pumps consist of a semi-open impeller with five backward curved blades and a volute casing. The scaled model (SM) has a scale factor of µ = 1/5 that is applied to all parts of the pump. This scaling factor was chosen to achieve a design scale dimension while maintaining the same flow regime (similar Reynolds range and close specific speeds). The main geometric dimensions of the model pump (NS32) are summarized in Table 1 In this study, three different emulsions were considered, corresponding to the emulsions experimentally studied by Valdes [START_REF] Juan | Study of an ESP's performance handling liquid-liquid flow and unstable O-W emulsions Part I : Experimental[END_REF]. The flow system consisted of two-phase mixtures of sunflower oil and water at different water cuts : a pseudo-stable W/O emulsion (WC < 20%), a pseudo-stable concentrated W/O emulsion (phase inversion), and a multi-regime emulsion with high water fractions (WC > 40%). The rheological properties of these mixtures were measured experimentally under a shear rate ranging from 1 s -1 to 3000 s -1 and were fitted to the Cross (Equation ( 1)) and Carreau (Equation ( 2)) models. Although two-phase in nature, the emulsions were modeled in this case as a single-phase fluid, having a pseudoplastic behavior (model parameters are presented in Table 3). 

µ ef f -µ ∞ µ 0 -µ ∞ = [1 + (k c γ) nc ] -1 (1) 
µ eff -µ ∞ µ 0 -µ ∞ = 1 + (λ t γ) 2 ncar -1 2 (2) 

Computational model

The numerical simulation is conducted using the open-source library OpenFOAM v1906 which uses a finite volume method (FVM) to discretize the fluid equations. The centrifugal pumps models include four domains : the inlet pipe, the impeller, the volute, and the outlet pipe as shown in Figure 1 (a).

Physical Model Specification

This study assumes that the flow within the centrifugal pump is single-phase, incompressible, isothermal, viscous, and turbulent. The SIMPLE algorithm was used to solve the mass and momentum equations (Equation (3) and Equation (4) respectively).

∂ ∂t (ρ) + ∇ • (ρu) = 0 (3) 
∂ ∂t (ρu) + ∇ • (ρu ⊗ u) = g + ∇ • (τ ) -∇ • (ρR) (4) 
(τ ) is the averaged stress tensor and R is the Reynolds stress tensor. The k-ϵ model given by Equation ( 5)

and Equation ( 6) (k : turbulent kinetic energy and ϵ : dissipation rate) was adopted to model the Reynolds stress terms in RAN S equations. The MRF technique which is a steady-state approximation was used to model the rotating field. The effects of rotational motion are reproduced by source terms in the fluid equations and the information between the rotating region (impeller) and the static region (volute and the rest of the pump geometry) is transferred through an arbitrary mesh interface (AM I). The inlet velocity and outlet static pressure of 0 P a are used as the boundary conditions. For the wall boundary condition, no-slip is applied on the wall surfaces.

D Dt (ρk) = ∇ • (ρD k ∇k) + P -ρϵ (5) 
D Dt (ρϵ) = ∇ • (ρD c ∇ϵ) + C 1 ϵ k P + C 3 2 3 k∇ • u -C 2 ρ ϵ 2 k (6) v t = C µ k 2 ϵ (7)

Setup and validation of the numerical model

Because of the complex flow passage in the centrifugal pump, an unstructured mesh was generated (Figure 1 (b) and (c)). Two types of mesh elements were considered : polyhedrons and prisms consisting of approximately 4 million cells in total. Hexahedral elements were used in the inlet and outlet pipes, and polyhedral elements were used for the impeller and volute. A structured mesh was employed for the rotating impeller boundary layer to capture the flow details near the boundaries of the flow domain. This led to an average of y+ < 5 and a direct resolution of the viscous sublayer of the inner region. A grid independence check was conducted by evaluating four different mesh sizes. The reference parameter chosen is the pump head conveying water at the best efficiency point. The simulations were considered mesh independent when the relative head difference between two successive meshes don't exceed 1%. A detailed analysis of the mesh dependency was conducted in a previous study. The numerical model in both steady and unsteady regime considering water as the working fluid has been validated with the experimental data. The authors are invited to refer to article [START_REF] Achour | Numerical Assessment of the Hydrodynamic Behavior of a Volute Centrifugal Pump Handling Emulsion[END_REF] for more information on the validation of the numerical model.

Slip factor

The slip factor reflects the mismatch between the angle at which the fluid leaves the impeller and the angle of the blade. Slip is a very important phenomenon that occurs especially in radial impellers and is valuable in determining the accurate estimation of impeller-fluid energy transfer, head rise, and velocity triangles at the impeller exit. Because the flow does not precisely follow the blade curve, the angle of the fluid streamline is slightly smaller than the blade angle, as shown in Figure 2. Many correlations have been proposed to estimate this factor, but in most cases the proposed formula does not take into account the effect of flow rate, viscosity, and impeller geometry. In this study, the slip coefficient based on the velocity triangles given by Equation ( 8) is used.

σ ∆ = ∆V u2 U 2 = W u2 -W u2∞ U 2 (8) 
where ∆V u2 is the slip fluid velocity at impeller outlet in circumferential direction and U 2 = ωD 2 /2 the impeller tip speed. Based on the correlation proposed by Li (), the tangential component of the relative velocity in infinite number of blade W 2∞ is determined from the 1D uniform ideal flow, and given by Equation ( 9) while W 2 is determined from CFD.

W u2∞ = v r200 tan β 2b = Q η V A 2 ψ 2 tan β 2b ( 9 
)
η V is the volumetric efficiency determined using Equation [START_REF] Marcilli Perissinotto | Experimental analysis on the behavior of water drops dispersed in oil within a centrifugal pump impeller[END_REF], where N s is the specific speed of the pump in US Units.

η v = 1 1 + 0.68N -2/3 s -0.07 (10) 
A 2 = πD 2 b 2 and ψ 2 = 1-ZS u2 /πD 2 stands for the impeller exit area and the blade blockage coefficient respectively. S u2 is the tangential exit blade thickness. Thus the final expression of the slip factor is given by Equation [START_REF] Ding | The influence of blade outlet angle on the performance of centrifugal pump with high specific speed[END_REF].

σ ∆ = W u2 u 2 - Q η V A 2 ψ 2 tan β 2b u 2 (11)
3 Results and discussion

Overall pump performance

Figure 3 shows the performance of the two pumps, described by the normalized head relative to the best efficiency point (a-b) and the efficiency (c-d) as a function of the flow rate. First, it is important to point out the progressive deterioration of the performance of both pumps when the oil fraction increases. The performance degradation is governed by the lower Newtonian plateau, because centrifugal pumps generate high shear rates so that the viscosity of emulsions approaches this plateau. As a result, degradation increases with oil concentration. These results have already been observed and explained in a previous study for the real pump [START_REF] Achour | Numerical Assessment of the Hydrodynamic Behavior of a Volute Centrifugal Pump Handling Emulsion[END_REF]. Regarding the performance degradation of the small size pump, the same behavior is observed. Another interesting point to discuss is the head degradation observed at low flow (Q = 0.15Q boe ) (almost the shut-off point). Theoretically, at zero flow rate, the pump develops the same head regardless of the fluid according to the Euler equation. From the results obtained, we observe that the head of the small pump is identical for all the fluids, but the real pump develops different heads for each fluid. This phenomenon is already observed by Valdes et al [START_REF] Juan | Comparative analysis of an electrical submersible pump's performance handling viscous newtonian and non-newtonian fluids through experimental and cfd approaches[END_REF] in an ESP when the pumped fluid has a non-Newtonian rheology. The author explained these results by phenomena such as secondary flow regions, a decrease in the relative outlet flow angle or incidence losses related to the fluid rheology. In this study, we can attribute these results to the different phenomena cited previously but additionally highlight the effect of pump size.

The comparison between the head degradation of both pumps handling the same emulsion clearly shows the effect of pump size on the emulsion behavior and performance degradation (Figure 4). The scaleddown model shows a higher performance degradation than the real model, and this is for all emulsions.

There is also an increase of degradation with the increase of flow rate in both pumps. The effect of pump size on the head and efficiency curves are dependent on the type of emulsion and thus on the viscosity of the working fluid. As the lower viscosity limit increases, the degradation in the small size pump becomes more significant. This can be attributed to the reciprocal effect of different pump losses and changes in emulsion viscosity which will be discussed in the next section. The internal flow is analyzed in the next section in order to help drawing conclusion. 

First step toward loss characterization

Prediction of centrifugal pump performance has traditionally been based on theoretical analysis of hydraulic losses, which are appropriate for particular pumps and where, in most cases, the fluid viscosity remains unchanged. With the development of CFD tools, the analysis of the internal flow field becomes accessible, and the characterization of the losses can be developed by extracting several parameters for their calculation. This allows a fast and accurate prediction of the pump performance depending on the fluid rheology. In this section, a quantitative and qualitative study based on CFD results is performed respectively for the slip factor and skin friction coefficient, and for the secondary losses. Such a study is a first step in the characterization of the different losses in a centrifugal pump as a function of the fluid rheology and the pump size.

The slip factor extracted for the two pumps using the previous method (Equation [START_REF] Ding | The influence of blade outlet angle on the performance of centrifugal pump with high specific speed[END_REF]) is shown in Figure 5 versus flow rate. The different parameters appearing in this equation are extracted from the CFD results, at the impeller exit i.e. by taking the average of the parameters on the periphery of the impeller exit. The slip factor proposed by Wiesner [START_REF] Fj Wiesner | A review of slip factors for centrifugal impellers[END_REF] and given by the Equation ( 12) is drawn on the graph for comparison.

σ = √ sin β 2∞ Z 0.7 (12) 
The slip factor of a conventional closed impeller corresponds well to the value of the Wiesner formula [START_REF] Choi | Performance and internal flow characteristics of a very low specific speed centrifugal pump[END_REF], which is constant in the same pump for all fluids and flow rates. Furthermore, the Wiesner slip factor is constant for all geometrically similar centrifugal pumps since the relative design exit angle is the same. However, Figure 5 shows that the slip factor is highly dependent on pump size and fluid viscosity, along with flow rate for the specific pump considered in this paper. Both centrifugal pumps have a larger slip factor than the Wiesner formula and decreases with increasing fluid viscosity and flow rate. Furthermore, by comparing the slip factor of the small size pump and large pump, we notice that the slip factor of water is higher for the scaled-down pump, but the value decreases when handling a non-Newtonian fluid. In addition, the slip factors for the smaller pump size are more dependent on viscosity variation. The shape of the graphs is almost similar for both pumps and the slope of the slip factor becomes flat at high flow rates. As the fluid viscosity increases, the slip factor approaches the Wiesner slip factor. Another point to highlight is that the slip coefficient obtained for the 40o60w emulsion is higher than that of water between the 0.4Q bep and 0.9Q bep flow rates in the large size pump. The high slip factor values obtained at low flow rates may be attributed to vortex and recirculation zones in the inter-blade space of the impeller. A vortex increases the curvature of the flow streamlines, producing a strong slip effect at the impeller discharge and an increased slip factor as noticed in previous study ( [START_REF] Li | Effects of flow rate and viscosity on slip factor of centrifugal pump handling viscous oils[END_REF]). From the values of the obtained slip factor, which depends on the pump size and fluid viscosity, it is evident that the relative tangential velocity is strongly influenced by the pump size and the viscosity of the fluid. Figure 6 shows the variations of the absolute relative velocity calculated at the impeller outlet R/R 2 = 1 for both pumps. The effect of fluid rheology and flow rate is more pronounced for the small size pump (SM).

In the light of these results, we can conclude that slippage is greater in large pumps when handling a non-Newtonian fluid than in small pumps, i.e., the difference between the theoretical head (H th ) and the theoretical head for an infinite blade number (H th∞ ) is lower in the small pump than in the large pump. However, the performance curves observed in section 3.1 show that the degradation is larger in the scaled-down model than in the real model. Given that the slip factor calculated in this study takes into account secondary losses and mismatch losses, this leads to the conclusion that the performance degradation is more dominated by the remaining losses, such as the friction losses, which will be more significant in the small size pump. In order to investigate the effect of pump size on the internal flow structure of non-Newtonian fluids, the relative velocity distribution and streamlines in the mid-span surface of the impeller and volute of both pumps and for all fluids are presented in Figures 7 to 9. The impeller passage flow is expressed by relative velocity profiles and the volute passage flow is expressed by absolute velocity profiles. Figure 7 shows the relative velocity and streamlines in the large pump and the small size pump at partial flow (Q/Q 0 = 0.5). A vortex area appears near the pressure side of the impeller blades in contact with the volute tongue in both pumps. The size of this vortex decreases as the volume fraction of the oil phase of the emulsions increases. Nevertheless, a uniform flow is observed in the inter-blade passages away from the volute tongue. In addition, this vortex is larger in the scaled-down model than in the large pump when handling water and is smaller when handling emulsions, and develops in the opposite direction to the impeller rotation. These vortex areas in the impeller cause a sharp decrease in the relative velocity at the impeller outlet. As a result, the theoretical head decreases significantly due to the decrease in absolute tangential velocity at the impeller outlet. This suggests that the secondary losses will be smaller in a small-size pump than in a large pump when handling non Newtonian fluid. This observation supports the results obtained previously, where higher slippage is observed in the large pump when handling non Newtonian fluid. At the design flow rate (Figure 8), the entire flow direction in the impeller passageway deflects toward the pressure side of the blades relative to the suction side of the blades. The velocity profile has a low velocity near the pressure side of the blades and a high velocity near the suction side at the impeller inlet. However, moving toward the exit of the impeller, the velocity profile has a high velocity near the pressure side and a low velocity near the suction side. The overall flow field in the scaled-down pump is asymmetrical to the impeller axis for water and 40o60w emulsion and becomes symmetrical as the volume fraction of oil increases (increasing viscosity as well), while flow field within the large pump is relatively symmetrical to the impeller axis for all fluids. A notable feature recognized in these figures is the presence of vortex zones near the volute tongue of the large pump that develops and moves toward the volute divergent as the fluid viscosity increases. For the scaled-down model, a small vortex zone appears in the volute divergent for 70o30w emulsion only. In Figure 9, the flow profile becomes asymmetric to the axis of rotation of the impeller for all fluids. A large recirculation zone appears in the divergent part of the volute and decreases as the oil volume fraction increases. In comparison to the real pump, the scaled-down model shows uniform flow in the impeller for all fluids, but the relative velocity increases with increasing oil volume fraction. Vortex and recirculation zone appears at the volute tongue for water and 40o60w emulsion only. These vortex and dead zones contribute to hydraulic losses by causing the fluid to lose kinetic energy. It can be noted that the relative velocities at the impeller inlet are almost identical for all fluids in the same pump, and increase with increasing flow. As a result, impact losses become smaller and friction losses more influential as the flow rate increases. As mentioned earlier, the small pump generates higher shear rates than the large pump. This means that the viscosity of the emulsions will be lower in the scaled-down model than in the large pump, depending on their shear thinning behavior. Effectively, this expectation is observed in Figure 10, which shows the profile of the effective viscosity of the 80o20w emulsion in the two pumps for different flow rate. All the emulsions studied have a lower viscosity in the scaled-down model due to the high shear rate generated by the pump. Another result to note is that in both pumps, the increase of the flow rate does not induce significant variations of emulsions viscosity in the impeller. However, it involves viscosity variations in the volute. This leads to the conclusion that the shear rate in the rotating region is dominated by rotational speed and is less sensitive to changes in flow rate. Since the viscosity in the scaled-down pump is lower than in the large pump, we can expect that the frictional losses are less significant in this small pump. Nevertheless, we have seen in section 3.1 that regardless of the flow rate, the performance of the reduced model degrades more than the real model for the same fluid. Moreover, the slippage becomes less significant in the small pump when handling emulsions. Therefore, an analysis of viscosity variation in the pumps wall and friction coefficient values is necessary to further investigate the results.

0.5 Q bep Q bep 1.2 Q bep NS32 Scaled model
For both pumps, it was noted that the 40o60w emulsion shows a very well-defined shear-thinning tendency, and at high shear rates, the viscosity change is minimal. Since both pumps generate high shear rates, this emulsion will have almost similar viscosity values at the walls of both pumps. On average, the effective viscosity of the 60o40w emulsion is 1.08 10 -5 m 2 /s 2 at the walls of the reduced model and 1.11 10 -5 m 2 /s 2 at the walls of the real model. Same observation for the 70o30w emulsion, the viscosity drops sharply to values of the Newtonian lower plateau at medium shear rates. The average viscosities values of this emulsion reach 3.16 10 -5 m 2 /s 2 in the walls of the reduced model and 3.17 The averaged skin friction factors applied to the different emulsions by the wet surfaces of impeller and volute are shown in Figure 11 versus flow rate. These skin factors are extracted from CFD results and defined by Equations ( 13) and ( 14) for impeller and volute respectively :

f i = τwi 0.5ρu 2 2 (13) f v = τwv 0.5ρu 2 2 (14)
τwi and τwv are the averaged shear stress on wet surface of the impeller and volute respectively. ρ is the fluid density and u 2 the impeller tip speed. Regardless of pump size, the influence of flow rate on the skin friction coefficient differs between the impeller and the volute. In both pumps, friction losses in the impeller are higher prior to design flow and become more influential in the volute at higher flow rates. The skin friction factors increase with increasing oil phase volume fraction, which is consistent with increasing fluid viscosity. Comparing the skin friction for the two pumps, the magnitudes of f i and f v are almost twice as high in the small pump than in the large pump. However, the skin friction coefficient of water in both parts (impeller and volute) is almost similar in both pumps over the entire flow range.

Generally a higher viscosity in the impeller and volute results in a higher skin friction factor. In centrifugal pumps, the shear rate generated at the walls is very high so that the emulsions viscosity approaches the Newtonian lower plateau. Thus, the fluid viscosity will have almost the same impact on skin friction coefficient in both pumps. The friction losses caused by the shear force on the wall surfaces are proportional to the skin friction coefficient which depends on the Reynolds number (i.e flow regime). However, the flow in the impeller is not fully developed in most of the regimes inside the impeller [START_REF] Thanapandi | Performance prediction and loss analysis of low specific speed submersible pumps[END_REF]. So that the impeller rotational speed and passage curvature affect the value of skin friction coefficient. Although the CFD losses are not exact predictions since the skin friction coefficient (cf) was assumed to be constant and equal to its average along all impeller and volute walls, it was shown that friction losses are higher in a small size pump than in a large one, which explains the increased head degradation obtained previously despite the lower slippage.

Conclusion

In this study, the effects of pump size on pump performance degradation when handling non-Newtonian emulsions were investigated numerically. The internal flow was then analyzed in order to compare qualitatively the different losses within the NS32 pump and a 1/5 reduced model of the same pump. Comparing the performance of the two pumps when conveying three different emulsions modeled as a singlephase non-Newtonian fluid, the following conclusions can be made :

• In the small size pump, larger recirculation zones in the inter-blade space are observed when handling water at a low flow rate, contributing to more irregular velocity profiles at the impeller outlet, and resulting in an increase in slip factor compared with the large pump. In contrast, for emulsions, smaller recirculation zones appear in the inter-blade space, leading to a decrease in slip factor. • The mechanical shearing in small-scale pumps is higher than that of large-scale pumps. Even though the emulsions are subjected to a high shear rate and have a lower viscosity due to their shear-thinning behavior in the small pump, the skin friction coefficient is more significant in the small size pump.

• The performance degradation in a small size pump is higher than those of a large size pump. The small size pump has been shown to result in reduced slippage when handling fluids with shear thinning behavior. However, it leads to an increase in frictional losses which is reflected in an increased performance degradation.
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 22 in the walls of the real model. In contrast, the 80o20w emulsion exhibits minimal viscosity variations at low shear rates, with a slight tendency toward shear thinning at very high shear rates. The effective viscosity averages 3.45 10 -5 m 2 /s 2 and 4.29 10 -5 m 2 /s 2 in the walls of the reduced model and the real model, respectively.
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 1 and the nominal operating conditions of both pumps in Table2. Main geometric parameters of the designed pump

	Inlet	Outlet	Inlet	Outlet	Inlet	Outlet	Number	Blade
	diameter	diameter	blade width	blade width	blade angle	blade angle	of	thickness
	(mm)	(mm)	(mm)	(mm)	( • )	( • )	blades	(mm)
	150	408.4	85.9	42	70	63	5	8
			Characteristic	NS32	SM		
			Nominal Head (m)	49	10.63		
			Rotational speed (rpm)	1470	3450		
			Nominal Flowrate (m 3 /h)	590	7.5		
			Specific Speed	32	26		
			Re=R 2 2 ω/ν	3.93 10 6 6.02 10 5		

Table 2 -

 2 NS32 nominal operating conditions

Table 3 -

 3 Rheological characteristics of the studied emulsions k c and n c are the Cross time and Cross rate constant, respectively. λ t and n car are the relaxation time and the power index, respectively. ν 0 and ν inf are the viscosity for zero shear rate and very high shear rate.