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Experimental investigation on pump-intake-elbow systems using refraction index matching and TR-SPIV
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Intake elbow components to centrifugal pumps cause additional losses and secondary flows, hence non-rotational velocity profiles at the pump intake. As a result the impeller vanes experience permanent changes of the intake flow angle and with it transient flow conditions in the blade channels.

This paper presents the results of a project, experimentally investigating the consequences of nonrotational inflow to leading edge flow conditions of a centrifugal pump. Therefore two pump-intake-elbow systems are compared, by only altering the intake elbow geometry: a common single bended 90 • elbow and a numerically optimized elbow. In addition the same measurements are carried out at the reference system consisting of the same pump with straigth intake tube.

The experiments are performed, using time resolved stereoscopic PIV on a full acrylic pump with refractions index matched (RIM) working fluid. This allows transient investigations of the flow field simultaneously for all blade leading edges. Special focus is translated to the applied optical measurements inside the operating impeller.

INTRODUCTION

Requirements to small construction sizes most of the times lead to short inflow pipes and consequently to distorted intake profile to turbo machines. Moreover for many industrial applications the fluid needs to be transported continuously in one direction, sometimes even in line. For centrifugal pumps this leads to pump-elbow-systems, most of the times with compact intake elbow tubes upstream the pump.

Usually for pump-intake-elbow systems the demands for high efficiency and low cavitation affinity are tried to be fulfilled by optimizing each system component (intake elbow and pump) separately. Common elbow geometries are the result of an optimization regarding low friction coefficients, to increase the elbow efficiency and decrease the risk of cavitation for downstream components.

Simply summing up the component efficiencies of the pump-intake-elbow system and neglecting any interaction, would lead to good system efficiencies.

The design for efficient impellers however, assumes a rotational symmetric inlet velocity profile which cannot be delivered by common and/or friction coefficient optimized intake elbows. Consequently for a realistic system consideration additional losses have to be taken into account.

A 90 • bended tube rather delivers a shifted, not rotational symmetric main flow profile and generates Dean vortex like structures as secondary flow at the elbow outlet [START_REF] Dean | Note on the motion of fluid in a curved pipe[END_REF].

Many early investigations on the downstream velocity profiles of single bended tubes have been carried out, e.g. by Nippert [START_REF] Nippert | Über den Strömungsverlust in gekrümmten Kanälen[END_REF] and Weske [START_REF] Weske | Experimental investigation of velocity distributions downstream of single duct bends[END_REF]. They show dependencies of the elbow flow phenomena mainly on the Reynolds number and the bend characterizing ration δ E = r elbow /D -1 (radius of the elbow curvature divided by elbow tube diameter).

Studies on the interaction between upstream elbow component and centrifugal pump are comparatively more complex to execute, due to the difficulty of determining the distorted flow profile between elbow and pump in an assembled setup.

Siekmann and Schröter [START_REF] Siekmann | Auswirkung ungleichmäßiger Zuströmung auf spezi-fisch schnelläufige Kreiselpumpen der Wasserversorgung und Entsorgung[END_REF] investigated the effects of distorted inflow conditions to characteristics on a diagonal centrifugal pumps impeller (n q = 100 [min -1 ]), including swirl and deformations at the inflow and/or partial blockings. Moreover the compared the impacts of a common elbow to a straight intake tube. The velocity profiles between pump and upstream component were determined using LDV. They could show that the efficiency is mainly affected by the meridian main flow profile or an artificial counter swirl. Moreover the authors concluded that distortions at the intake profile lead to additional shock losses.

Thamsen [START_REF] Thamsen | Experimentelle Untersuchung über die Auswirkungen von Zuströmstörungen auf das Betriebsverhalten von Tiefbrunnenpumpen[END_REF] carried out experiments on radial, diagonal and axial deep well pumps (n q = 40 -215 [min -1 ]) with intake disturbances. The inflow characteristics were determined by up scaled Reynolds similar models in air. He asserts losses in pressure head and efficiency and increased fluctuations in the power consumption. Furthermore Thamsen noticed a shift

List of Symbols

A [m 2 ] Area λ [-] Power number a, r, , ϕ [-]
Cylindircal coord. (axial, radial circumf.) Jäger [START_REF] Jäger | Experimentelle Untersuchungen zum Einfluß von Zulaufstörungen auf das Betriebsverhalten von Kreiselpumpen einfacher Geometrie[END_REF] investigated radial pumps , regular and without shroud (n q = 20 -60 [min -1 ]), with non-rotational symmetric meridian inflow and suppressed secondary flow swirl. The intake profile was measured by LDV. Like the other authors before him, he showed an increased cavitation risk, a reduction of the pressure head and loss in efficiency, especially for higher n q values.

λ P IV [nm] Wavelengh PIV laser light 532nm c [m/s] Absolut velocity ν [m 2 /s] Kinematic viscosity D [m] Diameter ρ [kg/m 3 ] Density l [m] Length τ P [s] Particle relaxation time n [s -1 ] Rotational speed φ [-] Flow number n i [-] Refraction index ψ [-] Pressure number nq [min -1 ] Specific speed ω [s -1 ] Angular velocity (ω = 2πn) r Elbow [m] Radius elbow curvature ζ [-] friction factor (ζ = ∆ptot/(ρ/2 • c 2 m )) P [-] Pressure measurement
The same results of deterioration of the pump characteristic, Roth-Kliem [START_REF] Roth-Kliem | Experimentelle und nu-merische Untersuchung zum Einfluss von Einbaubedingungen auf das Betriebs-und Kavitationsverhalten von Kreiselpumpen[END_REF] examined in her study on a pump-intakeelbow system with different distances between elbow and impeller as well the combination with a butterfly valve at the elbow intake.

Summarized the consequences of a non-rotational symmetric intake velocity profile to centrifugal pumps are additional losses, especially shock losses at the leading edges. Moreover the distorted inflow conditions lead to an increased risk of cavitation, which is not considered in the NPSH value. This paper presents the results of a project, investigating the consequences of non-rotational symmetric inflow to leading edge flow conditions of a centrifugal pump. Therefore two pump-intake-elbow systems are compared experimentally, by only altering the intake elbow geometry: a common single bended 90 • elbow and a numerically optimized elbow.

The elbow optimization is performed regarding a rotational symmetric main flow velocity profile without secondary flows at the outlet and a low friction coefficient, to improved system efficiency.

Furthermore the impeller characteristics in the elbow systems are compared to an impeller in an ideal system with a straight intake tube.

METHODS

The results aim to visualize and quantify the flow at all leading edges and inlet area of all blade channels simultaneously, while determining the pump and system characteristics. Therefore time resolved stereoscopic particle image velocimetry (TR-PIV) combined with refraction index matching (RIM) techniques are use, to sufficiently resolve appearing flow phenomena in time and space.

Experimental Setup

The experimental setup is built as a common cycle test rig for fluid machines and illustrated in figure 1. (compare figure 10,2→3) ensures a fully developed turbulent tube profile to the elbow. Moreover this tube includes an acrylic section for optical access, to check this profile at the elbow inlet and deliver boundary conditions for the numerical models.

The investigated system contains of exchangeable elbows, invariable impeller and pump casing. Since the focus is translated to the effects of distorted inflow conditions, any nonrotations interactions from downstream should be avoided. Consequently a simple cylinder with a diameter of D 3 = 3•D 2 is chosen as impeller casing. A detailed sketch of the device under test (DUT) including all pressure measuring points is shown in figure 2.
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The radial impeller is designed to Gülich [START_REF] Gülich | Kreiselpumpen -Handbuch für Entwicklung, Anlagenplanung und Betrieb[END_REF] with five cylindrical, two circle arch blades. The specific rotational speed is n q = 79 [min -1 ] and the specific diameter D q = 1.4 [-]. The design is used to achieve a radial impeller with proportionally large width b 2 to allow measurement planes in different levels parallel to the hub. The impeller's meridian geometry is illustrated in figure 3. 
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System Declarations

For the continuation of the paper the following definitions are chosen: 

Measurement Technics

As mentioned before, TR-PIV is used to detect the vecocity components in all three directions. The measurement planes parallel to the hub resolve an area of A ROI = 0.45D Four planes are positioned equally spaced inside the blade channel (see figure 3, M 1-4 ) and one measuring the intake profile to the impeller respectivly outlet profile of the elbow (M 0 ). An addtional meridian planes is installed along the elbow meridian orientation and resolved equally (see figure 4). To realize the almost distortion free complex optical access to the measurement planes (cf. figures 3, 5), RIM fluid to PMMA is applied. Using water or air as working fluid leads to larger areas of total reflection (critical incidence angle for total reflection e.g. for water-acrylic glass: c = 60.6 • ) and refraction while observing the targeted RIO. Moreover the distortions would need to be dewarped for each record separately since the accurate positions of the blades can hardly be predicted for transient measurements.

In literature many detailed studies for different types of refraction matching fluids for acrylic glass can be found (e.g. [START_REF] Wiederseiner | Refractive-index and density matching in concentrated particle sus-pensions: a review[END_REF], [START_REF] Uzol | Unobstructed particle image velocimetry measurements within an axial turbo-pump using liquid and blades with matched refractive indices[END_REF]). The ideal solution would be to achieve the refraction index of acrylic glass and obtain the fluid properties of water as well. However the necessary compositions of fluids fulfilling these requirements are difficult to handle (hazardous and/or unstable in case of contact with air and/or light, e.g. NaI, ZnI, NaSCN, NH 4 SCN or KSCN), in particular for the larger experimental setup like presented in this paper (fluid capacity around 130 liter).

The RIM for this paper is implemented by using the mineral oil Shell Gravex 917. Its optical and rheological properties are determined in pre studies and summarized in table 2. By controlling the fluid temperature (see heat exchanger and K 1, 2 in figure 1) and respecting the critical incidence angle c at the interface between acrylic glass and oil in the experimental setup design (see figure 2) an almost distortionfree map (except the perspective distortions due to the stereo PIV setup) can be achieved (see figure 7, the showed oil is a first test oil with a refraction index deviation of ∆n i ∼ 1% at a temperature of 24 • C). The drawback of using this non-harmful, stable and comparably cost efficient oil, is the decrease of the Reynolds number due to the higher kinematic viscosity ν Oil :

Table 2. RIM fluid

Re = D 2 • u 2 ν Oil ≈ 16000 [-] (1) 
De = c m,(-1) ν Oil D 3 -1 r elbow [-] (2) 
For seeding silver hollow coated glass spheres are used (d P = 15µm, ρ P = 1.6 g/cm 3 ). Here the relaxation time τ P (particle tendency to attain velocity of the fluid) improves by applying the RIM oil's higher viscosity [START_REF] Raffel | Particle image velocimetry: a practical guide[END_REF].

τ P = ρ P ν F luid • ρ F luid [s] (3) 

Intake Elbow

The common elbow and finally selected geometry of the best optimization individual are shown in a meridian section in figure 9. For this paper the optimization will only be summarized.

The elbow is optimized in steady mode and detached from the pump elbow system. However its goal functions are formulated regarding systems efficiency: Since this paper is only focusing on the flow phenomena and their impact, cavitation effects and corresponding goal functions are not regarded.

In a second step additional transfer functions, which are adjusted to each optimization run, are applied to derive the expected system efficiency ηSys from the goal funcfunction values. These transfer function are developed from selected elbow individuals, which are simulated fully transient and assembled in the entire pump elbow system. The selection demand for these elbows is a complete and preferably uniform distribution of their goal function values in the sample space of the optimization. More details about the optimization can be found in previous publications [START_REF] Sieber | Evolutionary optimization of a pump inlet elbow[END_REF][START_REF] Sieber | Optimization of pump intake elbow systems[END_REF].
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RESULTS AND DISCUSSION

All shown results, including the optimization, are produced at the flow rate of the best point for the impeller in system A: φ BP, A = 0.11. Moreover this chapter refers to the previus published paper of this work [START_REF] Mittag | Experimental and numerical investigation on centrifugal pumps under non-rotational symmetric inflow conditions[END_REF].

Characteristic Curve

As a consequence of the distorted intake profiles the characteristic curves shown in figure 10 result for system and impeller.

Hereby the following non dimensional definitions are use: The slightly lower pressure head ψ for system B is explained by the larger losses due to the more complex elbow geometry. However concering the pressure head of the impellers only, system B is better than system A. The greatest difference is detected for the power consumption λ. Here an improvement of around 10% is measured. Finally the effiency η shown an improvement for system B and impeller B, while the system mainly benefits of the improved impeller characteristics. Furthermore needs to be mentioned that best point is slightly shifted (figure 10, black circles). The improvement can still be found comparing the operation points at constant flow number φ or pressure number ψ. Overall the more uniform intake profile of system B achives around 50% of the possible improvement potitial by comparing to the configuration with perfect intake conditions (C). 
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Intake Profiles at M 0

Figure 11 shows the main flow velocity profiles in measurement plane M 0 . As discussed in the previous publication [START_REF] Mittag | Experimental and numerical investigation on centrifugal pumps under non-rotational symmetric inflow conditions[END_REF] the secondary flow is a order of magnitude smaller than the main flow velocity and has less impact on the flow behavior in the impeller.

The elbow component losses are characterized by the friction factor ζ:

ζ Elbow, A = 0.5 [-] ζ Elbow, B = 0.67 [-] (5) 
As expected, for the common elbow (system A) a crescentshaped maximum of the flow rate forms at its outside curvature, corresponding to elbow orientation. For system B the rotational symmetry is considerably improved, but not completely accomplished. Pre studies have shown that it is possible to further improve this rotational symmetry, however at the expense of the elbow's pressure loss hence the system's pressure head and efficiency.

As described, the discussed elbow geometry considers the demand for a low pressure loss as well. Yet, due to the more complex geometry of the improved elbow (additional curvatures, increase of the elbow length and surface) more losses are cause.

PIV Results

Figure 12 shows the PIV results of the normalized volume flow distribution m inside the impeller (measurement planes M 1 , M 3 and M 4 , see figure 3).

The crescent-shaped of the intake profile (see figure 11) is transported recognizably in the blade channels for system A. Significant partial and over load regions develop, dependent on the elbow orientation. In the measure plane M 4 the velocities are reduced due to the expected stagnation point at the hub. Here new secondary flow structures appear, trying to compensate the local partial and over load regimes in the impeller.

Furthermore the flow almost separates at the over load shroud side, visualized in plane M 1 . Here the flow is not capable to follow the shroud radius and starts separating, due to increased mass flow rate and consequently larger axial velocities at the elbow outside curvature.

Overall the same effects can be detected for the system B with improved elbow, but in considerably declined existence also compared the measurements for system C.

For system A and B the distibution of c m seems symmtric to the y/D 2 = 0 plane so also symmetric the elbow orientation. Further investigations need to be carried out, to determin if the relatively small deflection of the choosen impeller blade design affects that the evolving structures are not transproted further with the impeller rotation but symmetric to y/D 2 = 0.

Since the plane is orientated along the elbow meridian cut as well, the local partial and overload regions are visualized clearly. Moreover the plotted streamlines show secondary flow like behavior close to the hub, trying to compensate partial and overload region, especially for system A.

To receive more detailed information on the evolving secondary/compensating flow structures close to the hub the streamlines of the relative velocity are plotted in figure 14. The visualizations show an eccentric stagnation point. Analog to the already described phenomena, here the asymmetry is amplified developed for system A as well. The shift of the flow rate maximum to the outer curvature seems to interact with the rotation of the impeller and finally results in the position of the stagnation point. Again the shift of the stagnation point is distinct for system A and reduced for system B.

The result of the compensating secondary flow and/or the shift of the stagnation point are significant deviations of the intake flow angle consequently strong incidence angle ∆β 1 at the leading edge.

∆β 1 = β Blade, 1 -β F luid, 1 (6) 
Here figure 15 shows the incidence angle ∆β 1 for the measurement plane M 4 close to the hub. Phase averaging is used to correct the results of fluctuations due to impeller rotation. The appearing incidence angles reach up to ∆β 1 > 50 deg. This significantly will affect the impeller torque (compare Euler equation [START_REF] Mittag | Experimental and numerical investigation on centrifugal pumps under non-rotational symmetric inflow conditions[END_REF]), hence the system efficiency η, as the characteristic curves show (see figure 10). 

CONCLUSION

By using PIV combined with RIM the impact of non-rotational symmetric intake profiles to the flow in an impeller of pumpintake-elbow systems could be visualized and quantified. System A, consisting of a common intake elbow and pump, is experimentally compared to system B with improved intake elbow. The elbow improvement is the result of an optimization regarding pump-intake-elbow system efficiency by improving the rotational symmetry of the elbow outflow and respecting the pressure loss of the elbow simultaneously. Moreover both systems A and B are compared the ideal system C represented by the pumpe with straight intake tube. All presented results refer the flow at the impeller best point in system A.

As working fluid the haszard-free, comparably well-priced mineral oil Shell Gravex 917 is chosen. The unchanged probe hits the refraction index of acrylic glass by only a small deviation of ∆n i = 0.2% at a temperature of 20.5 • C (water vs. acrylic glass → ∆n i = 12.5%) and is almost transparent. By this incidence angles of an optical path to the refracting edge up to = 87 • can be achieved (at a maximum distorsion of 3 • ). For most applications it should be possible to adapt the geometry, to avoid the critical incidence angles of c > 87 • . One drawback is higher viscosity, hence Reynolds number compared to water (factor 30).

With this method the flow phenomena and their relation to the intake profiles are shown and compared in different planes, parallel to the hub and meridian, inside the impeller. Local partial and over load regions depending on the elbow geometry and its orientation are visualized and quantified. Furthermore appearing secondary flows close to hub, trying to compensate the local partial and over load, are discussed. In particular the incidence angles ∆β 1 between distorted inflow and blade design at the leading edges are regarded in detail.

Even though the more complex geometry of the elbow B causes as expected more losses (→ ζ Elbow, A > ζ Elbow, B , see eq. 5) and slightly decreases the pressure head of the system B, the efficiency of the system is increased since the power consumption λ and efficiency η of the impeller are improved by the more uniform intake profile.

It is known from literature that increased power consumptions λ, like for system A, could be connected to the increased shock losses. This is visualized by the extracted incidence angle ∆β 1 . By comparing both system A and B to a defined ideal setup with straight intake to the impeller, system B shown an improvement in the impeller efficiency of more than 50% to the overall improvment potential (A vs. C).

For practical applications it is shown that for pump intake elbow systems, not only the pressure drop of elbow needs to be considered, but the entire system including the components interaction, in this case the distorted intake profile to the impeller, should be taken into account.
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  Gravex 917 probe properties at 20.5 • C and a wavelength of λ P IV = 532 [nm] Refraction index deviation to acrylic glass ∆ni 0.2% Critical incidence angle for total reflection (avoided) 87 deg Maximal distortion angle (dewarped) 3 deg Density deviation ρ Oil /ρW ater 0.89 Kinematic viscosity deviation ν Oil /νW ater 30
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 415 Figure 15. Phase averaged incidence angle ∆β 1 resulting of the evolving secondary flow at M 4

Table 1 .

 1 System setup declaration

	System A Common intake elbow upstream the pump
	System B By optimization improved intake elbow
		upstream the pump
	System C Straight intake tube upstream the pump
	-1	Elbow intake / DUT inlet
	0	Intake profile to impeller
	1	Blade leading edge
	2	Impeller outlet
	3	Casing outlet / DUT outlet

Table 3 .

 3 Goal functions for the elbow optimization

	Goal function 1 Pressure loss in elbow
	Goal function 2 Rotational symmetric outflow velocity
	profile with no secondary flow