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The purpose of the present study addresses to identify and compare different coherent flow patterns within the side channel of a regenerative flow pump (RFP). Common Average (CA) approaches, as well as the hidden beauty (Aubry [1991]) of a Proper Orthogonal Decomposition (POD) are applied on multiple 2D planes spanning over the third dimension for a single Operating Point. By comparing the strongest patterns for different measurement planes in terms of structure and energy, it is possible to gain new insights into the complex flow dynamics within the side channel, enabling to uncover the interplay of different planes and therefore the derivation of the 3D character of the flow dynamics. Multiple planes along the height of the side channel of the pump are discussed.

INTRODUCTION

Regenerative flow pumps (RFP) are characterized by very high specific pressure heads and low specific flow rates. As such, they cover a special field of application, which to date has been rarely documented in public literature. They are self-priming and their working principle is "quasi multistage". Since their efficiency is relatively low compared to the more common axial or radial types, advanced optimization strategies are of utmost importance for the development of such pumps. As the basic working principle of the machine is based on multiple interactions between side channel and impeller per single revolution, regenerative pumps generate periodical, highly complex flow fields (see Fig. 1a). These complex flow fields led to various theories regarding the working principle of the machine. A review of the theories was made by [START_REF] Senoo | A comparison of regenerative-pump theories supported by new performance data[END_REF] who concluded that the two main theories (momentum vs. circulation) are compatible. [START_REF] Grabow | Übersicht über die theorien zur klärung der strömung in seitenkanalmaschinen[END_REF] gave a detailed overview and discussion of both theories as well, however stating that although the circulation theory neglects drag and shear stress effects, it is widely accepted and gives better results for performance predictions as well as the general geometric configuration of a RFP. It has to be mentioned, that neither Senoo nor Grabow had yet access to CFD-results, nor modern flow field visualization techniques. Nowadays, with modern techniques being available, the momentum theory is regarded as the more flexible and precise one. Therefore recent approaches focused on improving the momentum theory [START_REF] Song | A modified theory for the flow mechanism in a regenerative flow pump[END_REF], [START_REF] Meakhail | An improved theory for regenerative pump performance[END_REF], [START_REF] Yoo | Improved momentum exchange theory for incompressible regenerative turbomachines[END_REF]). However, there was an ongoing demand for comprehensive experimental data. [START_REF] Quail | Design optimisation of a regenerative pump using numerical and experimental techniques[END_REF] concluded, that substantial efficiency and performance improvement would be attained with a better understanding of the flow field in the regenerative pump. Recently, [START_REF] Böhle | Evaluation of the flow inside a side channel pump by the application of an analytical model and cfd[END_REF] stated, that "the composition of a side channel pump is simple, but the flow inside this machine is very complex and all details have not been understood until now". [START_REF] Hollenberg | An investigation of regenerative blowers and pumps[END_REF] said, that to understand RFP, "the most fruitful approach is therefore from overall performance data on specific units and corresponding flow visualization studies. [START_REF] Quail | Study of a regenerative pump using numerical and experimental techniques[END_REF] sum it up : "There is a need for significant developments in instrumentation technology and novel approaches which enable detailed data to be acquired over large regions at higher accuracy, (particularly for flow in the current study), but at a reasonable cost." To understand the complex flow phenomena within a RFP and to provide the demanded data, the side channel of a generic model (see Figure 2) is examined by means of 2D-3C High-Speed Stereo Particle Image Velocimetry (2D-3C HS SPIV).

Figure 2. CAD Model of the regenerative flow pump

The model has been specifically designed with focus on full optical accessibility in order to obtain the desired flow information. The RFP is integrated in a common pump test rig equipped with multiple common measurement systems to gather data, such as torque, volume flow, pressure rise, temperature and speed. This common setup enables the RFP to be run at every operating point possible along the characteristic curve of the machine. First approaches [START_REF] Mattern | Investigations in a side channel pump using high speed stereo particle image velocimetry[END_REF][START_REF] Mattern | Flow characteristics beyond time and phase a modal analysis of the patterns in a regenerative pump[END_REF]) on analyzing the measured flow fields showed that common methods such as temporal and/or spatial averaging oversimplify the fluid structures thus rendering a proper interpretation of the results difficult (Later on Figure 5 shows these limitations, as in the averaged flow field any dynamics suggested by the instantaneous field is smoothed out). Combined approaches like phase averaging (Fig. 1b) are more beneficial, however depending on a specific frequency. To overcome the above mentioned shortcomings, POD has been used to decompose the raw data into modal patterns superimposed to the mean flow (e.g. see Fig. 7 right hand side). This approach provides a new insights into the complex flow development within the machine.

EXPERIMENTAL SETUP

A double flow impeller with 24 blades on each side and a diameter of 200 mm is covered by an acrylic casing with the side channel integrated. The machine is running at a speed of 500 rpm. The common layout of the test rig allows full control over the flow regime and therefore the operation point (OP) of the machine. Flow direction through the machine, field of view and the chosen coordinate system are indicated in Figure 3 ax defines the axial coordinate, while r and θ are the radial and circumferential coordinates, respectively. Note that in-and outlet are separated by a stripper (hatched area), with its center being used as the origin for the θ coordinate. The rotation axis defines the origin for r, while the axial tip of the blades defines the origin for ax. The light sheet of the laser enters the acrylic casing from the left and illuminates the area marked in red. At its widest point, the measured area covers approxi-mately 70°, starting from θ = 190°up to θ = 260°, all with respect to the stripper. Within this regime, the flow is considered developed, as influences of both, inand outlet should be minimal. Even though not shown in the present work, it is worth to note, that all PIV experiments were simultaneously monitored with more common methods as well, all synced to the same time signal. Pressure probes were installed to take the static wall pressure near the in-and outlet of the machine. Additionally, torque, as well as rotational speed and angular position of the impeller were measured. Although the whole measurement campaign covered six different operating points for three different impeller designs and for five different measurement planes along the height of the side channel, this paper is focusing on the 24 blade impeller and a single operating point in mild overload to illustrate the axial development of the flow, taking all five measurement planes into account as can be seen in Figure 4. In addition, the simplified transport mecha- nism of the machine, described by an axial interaction between the flow in the side channel and the blades of the impeller (secondary flow) is shown in red as well.

The SPIV System at hand consists of two Photron SA4 and a Quantronix Darwin Duo, set up in a standard forward/backward scattered configuration, with an angle of 65°between both cameras and a distance of 340 mm between the cameras and the light sheet. The flow is captured at 2000 fps with a resolution of 1 megapixel. More details of the experimental setup can be found in [START_REF] Mattern | Investigations in a side channel pump using high speed stereo particle image velocimetry[END_REF]).

Post Processing

For PIV Analysis PIVTEC's PIVview (V3.5.9.1) is used. Common methods of dewarping and disparity correction are applied. The cross correlation has an interrogation area of 16x16 pixels and an overlap of 50%. A strict dynamic mean filter of 2*mean velocity ± 1*standard deviation leads to a small amount of around 0.5% invalid vectors, which could nearly all be replaced by their second highest correlation peaks. Separation time (pulse distance) between the two pulses is 100 µs. During 1.4 seconds of measurement, N = 2771 velocity maps for an area of 110x50 mm each containing around 3000 three component vectors are captured. Further post-processing and analysis of the velocity data was done using MAT-LAB.

AVERAGED FLOW FIELDS

To understand the axial flow development, Figure 5 is introduced. In-plane velocities are given by planar Although the mathematical definition of the positive direction is counter-clockwise, out of comprehensibility, θ is defined in rotating direction of the impeller (ω), therefore clockwise. The axial out-of-plane velocity is given as contour plot, with the colorbar indicating the levels. Zero crossing of the contour variable is indicated by a dotted magenta line. All components are normalized by the average side channel velocity c k = V /A sidechannel , according to the current volume flow and therefore operating point shown together with the characteristic curve in the lower left corner (as all planes were measured for the same operating point, they were normalize with the same factor as well). The present plane is illustrated in the upper left corner. The outer limits of the side channel are indicated by thick black arcs. To clarify the positions within the flow field, geometrically characteristic points along the circumference, as well as the radius are given by dotted gray lines for distinct θ and r i . It is clearly visible that the measured area does not cover the whole side channel and changed from plane to plane. This is a common problem of SPIV and the corresponding challenging optical access. Due to the complexity of the flow, missing areas are spared instead of extrapolated, as this would be too speculative. It is observable, that the in-plane components in the 2mm plane are more or less following the curvature of the side channel. For every plane more distant to the impeller, the streamlines are more and more bend to the inner side wall. Additionally, the profile along the radius for planes near the impeller is slower at the inner wall and increases up to the outer wall. For upper planes, in-plane magnitude increases, while the profile gets more homogeneous. For the axial component it is visible that the zero crossing is moving towards the inner side wall for more distant planes. Regarding the flow development along the side channel, the contour lines still follow the curvature considerably better than the in-plane components. To compare quantitatively, radial splines are extracted at θ = 225 for c ax and c u and shown in Figure 6. For the back-flow into the impeller, magnitudes of the normalized axial component (c ax ) are sorted according to the corresponding height of the plane. and are similar in trend. As already observed, the zero crossing moves from outer to inner radius with increasing plane height (channel width 0.75 → 0.6). Besides being significantly steeper in general, the splines do not share a distinct trend or order after the zero crossing, therefore out-flow of the impeller, anymore. Generally, planes [2/6/10mm] are very similar in trend and magnitude, with only planes [14/18mm] showing clear differences. The circumferential component (c u ) shows also varying behavior: Regarding only the radial development, planes [2/6/10mm] share more or less the same tendency, with their magnitude differing more distinct than in case of c ax . For big radii they start to overlap. Planes [14/18mm] are switched, regarding a monotonic order and show tendencies of a profile of a developed flow along the circumference. Along the height of the side channel one can observe an increase of the circumferential velocity up to 1.3 times the mean channel velocity in case of plane 14 mm. At the 18mm plane velocities start to decrease again. This is reasonable, as it is the closest plane to the upper wall. With the the in-plane components being nearly one order of magnitude higher than the axial velocities, the volume flow seems to dominate the flow direction for this OP. All planes have a small velocity gradient for a wide span along r, except the steep gradients at the inner and outer rim. However, with this being said, there's not much more information to extract from the time averaged data. One can get a basic idea about the flow structure, but per definition, time averaging levels out the dynamics. To identify those dynamics, a more decent way of analyzing the same pool of data is necessary.

COHERENT FLUCTUATIONS

As already shown in [START_REF] Mattern | Flow characteristics beyond time and phase a modal analysis of the patterns in a regenerative pump[END_REF], a common way to identify dynamics is to do phase averaging (exemplary shown in Figure 1b). Here it is done in steps of 1.5°, dividing the angular distance of 15°between two blade into 10 phase averaged results consisting of only ∼ 280 flow fields (therefore only 10% of the available data pool of ∼ 2800 flow fields). The axial component reveals pattern-like structures, which are obviously somewhat related to the underlying blades of the impeller. On the other hand, as the in-plane components already have been identified as the predominant ones, the phase averaged in-plane velocities only differ slightly from the ones of the 

c i := c i (θ, r) + c i (θ, r, t) + c i (θ, r, t) (1) 
As stated in Pechloff and [START_REF] Alexander | Small disturbance navier-stokes method: Efficient tool for predicting unsteady air loads[END_REF] and [START_REF] Oberleithner | Three-dimensional coherent structures in a swirling jet undergoing vortex breakdown: stability analysis and empirical mode construction[END_REF], due to the fact that the phase average depends on a chosen periodic quantity (here: phase angle) it can also be expressed as:

c i (θ, r) = c i (θ, r) + c i (θ, r, t). (2) 
Combining ( 1) and (2) this leaves the coherent fluctuations c i (here: for each blade position):

c i = c i (θ, r) -c i (θ, r) (3) 
This combined approach is shown in Figure 7a (7b will be introduced later on). Now that the predominant average flow is suppressed, the working principle of the machine is uncovered. While the impeller is rotating, the fluid has to evade the blade by streaming into the side channel in axial direction (warm colors), as well in-plane in radial direction. In addition, there's also an in-plane flow visible from the pressure side (warm colors) to the suction side (cool colors) above each blade channel. Furthermore, a flow over the blades from pressure-to suction side in circumferential direction becomes obvious. Due to the nature of the flow, complex vortices at the outer diameter, as well as near the hub can be assumed. Taken the upper planes into account as well, it shows, that those vortices become more obvious (10mm), however disappearing again when close to the upper side channel wall (18mm). Note that while the in-plane velocities stay within the same order of magnitude, the axial components differ drastically with the values of the 18mm plane being nearly one order of magnitude lower than the 2mm plane.

Intermediate Conclusions

Common approaches are indeed capable to uncover some salient patterns and corresponding dynamics from flow fields. Time averaging reveals the underlying secondary flow: The high positive axial velocities at the outer rim on the pressure side of the blade can be explained, as the fluid is blocked by the casing. Consequently, it cannot be transported furthermore along the radius and therefore has to evade upwards into the side channel. From there on, it starts to decelerate in axial direction (see Figure 6a) up until the upper wall, where it is deflected in direction of the hub again. Finally it enters the blade channel again near the hub. This defines the secondary flow (as sketched in Figure 4). Phase averaging refines the flow field even further: Blade related structures can be identified. It becomes obvious that the flow itself is quite complex and that in addition to the secondary flow there are further periodic flow mechanism within the machine, which are hard to identify. This is especially the case for the more distant planes. A huge disadvantage is the necessity of additional information: For each PIV result, the exact angular position of the impeller has to be known. Therefore the PIV System as well as the rotary encoder have to be in sync, both with a sufficient high enough measurement frequency (at least the 2000 Hz from the PIV System) and no temporal deviation. Another limitation is the reduced size of the data pool: with only being able to use 10% of the available data to do a phase average there remain considerable amounts of noise. Furthermore, as phase averaging is only suitable for periodic phenomena, it is necessary to assume a characteristic frequency. In case of fluid machinery the blade passing frequency is sufficient in most of the cases. However, by doing so only periodical phenomena with this distinct frequency can be observed, where all other frequencies are smeared out by definition (see [START_REF] Aubry | On the hidden beauty of the proper orthogonal decomposition[END_REF] and [START_REF] Berkooz | The proper orthogonal decomposition in the analysis of turbulent flows[END_REF] for details of this method). Another more flexible approach to understand the complex flow situation furthermore is the POD, as illustrated below. This method advances beaond the above-discussed limitations of a characteristic frequency, and takes the full data pool into account.

POD RESULTS

The analysis of the POD results for each plane can be split into two steps. First, the modal structures and their energy contributions to the flow are investigated: 2771 discrete velocity fields per measurement result in the same amount of POD modes. Subsequently, the weighting coefficients are calculated and their time dependent behavior is investigated.

Modal Analyses

To streamlines for the in-plane and as contour plot for the out-of-plane component. The first two modes, as well as Mode 3 and 4, reveal very similar flow patterns. Both pairs show blade related flow structures in plane and out-of-plane. Modes 3&4 represent the first harmonics of Modes 1&2. They reveal twice as many, but accordingly thinner patterns. As a Mode is generated from all measured flow fields at once, the position of the impeller (and therefore the blades), cannot be drawn. In addition, modal patterns are to be compared qualitatively, so no quantitative values are given (However, quantification can be determined from the reconstructed coefficients).

For the first five Modes these coefficients are given with Figure 9 for a small period of 50 time-steps (the first 50 PIV snapshots). It is important to understand that directions in modal patterns are depending on the sign of the coefficient. Therefore a negative coefficient switches all directions in a given modal flow pattern plot. A distinct difference between Mode 1 and 2 is the fact, that the structures are shifted by a certain angle in flow direction. This 90°-phase shift becomes more obvious from the reconstructed coefficient of the respective modes (Fig. 9). The coefficient oscillation of Modes 1&2 reveals the blade passing frequency of 200 Hz. The 90°-phase shift at identical frequency is verified by the circular shape of the corresponding Lissajous figure of Modes 1&2 (Figure 10a). The rather small spread indicates quasi-constant amplitudes of both coefficients (Fig. 9). This 90°-phase shift can also be observed for Modes 3&4 (Fig. 10b).

The amplitude fluctuation now is clearly wider, leading to a more disturbed characteristic. The reason for that is the variation in amplitude as it can be seen in Figure 9. The mentioned harmonic characteristic of Modes 3&4 with respect to Modes 1&2 is verified by the doubled frequency in coefficient oscillation in Figure 9, as well as through the Lemniscate shape of the Lissajous figure of Modes 2&3 shown in Figure 10c. This means, that also the second strongest Mode pair is related to the same dynamic phenomenon. The energy distribution for Nevertheless they show the blade related patterns at a doubled frequency (first harmonics) and therefore are not to be neglected completely. Mode 5 (Fig. 8e) already contains only about 1% of the total energy. This Mode is added as the strongest of all low-energy bearing Modes, showing no structures obviously related to any parameter of the machine, as well as no distinct oscillation of the coefficient (unlike Modes 1-4) as shown in Figure 9. However, as the circular shape of Figure 10d suggests, oscillating machine related information still exist (here: Modes 6&7), but as the modal energies asymptotically approach a constant value, higher modes only make a low contribution to the total dynamic energy. This indicates, that the influence of noise and turbulence increases. 

Plane Comparison

According to the above explained scheme, the [10/18mm] planes are analyzed as well. If one compares the strongest Modes 1&2 of the 2mm and 10mm planes with their respective combined approach results shown in Figure 7 the similarity is obvious. One has to keep in mind that all POD Modes (7b) were purely generated out of the raw PIV vector fields. No additional information, such as angular position of the impeller, or rotational speed was necessary. This is unlike the combined approach (7a), were both information were mandatory. To further understand the physical meaning of the shown modal structures, the retransformation to the temporal domain has to be analyzed. It explains the similarity between Modes 1 and 2. By alternating between the two shifted structures with blade passing frequency, the visible blade structures and vortex systems in either modes are moved through the temporal domain, following the blades. It indicates the driving force behind mass transportation between side channel and impeller. This explains the similarity between the strong Modes and their respective combined approach. If an average flow field is subtracted from phase results (thus the combined approach), the coherent dynamic structure of the flow reveals. POD on the other hand extracts the dynamic of the flow and sorts flow patterns according to their energy contribution to the total dynamic energy. As for example Modes 1&2 for the 2mm plane contribute already approximately 20% to the dynamic flow energy, it has to have a visible influence on the phase average results. This is also the case for the higher planes. Even though the energy contribution of the strongest Modes 1&2 for the 10mm plane to the total energy is already significantly lower (combined only about ∼ 8%; see Figure 12) compared to the 2mm plane, they stand out clearly above the following Modes regarding their energy. Additionally, they also show difference in energy for the first two Modes is not visible anymore (Fig. 15) and neither is their phase dependency (Fig. 16a). Besides Mode 1, which stands out a little, related structure. Additionally, there is also no obvious phase relationship between the first two Modes, shown as the rather random distribution in Figure 16a. However, by taking a closer look at the coefficients of Modes 3&4 in Figure 18, a blade related oscillation can be assumed (Note that the shown time period is extended to 200 time-steps to take the fluctuation of Mode 1 into account as well). The 90°-phase shift can be assumed as well in Figure 16b (The appearance of a filled circle, instead of being ring-shaped like the Figures from the planes before can be explained by the strong fluctuation of the amplitude again). Therefore, despite being dominant in energy, it can be suggested that the same dynamic phenomenon as already seen in the other planes is the driving force behind Modes 3&4.

CONCLUSION

The understanding of the highly unsteady and complex flow structure within a regenerative pump is crucial for further formulating the energy exchange between the impeller and the fluid. Even high-speed stereo PIV measurements analyzed in a classic approach provide only limited information on the complex three dimensional swirl flows within the machine. The interacting flow patterns, which are the driving force behind the momentum exchange and therefore the working principle of the machine, are concealed by the highly energetic main flow. A simple subtraction of the average flow field from the instantaneous flow field gives a first impression of the vortex structures in game. However, without filtering the results are noisy and can even be misleading in case of sudden random disturbances in the flow field. By using additional information such as angular positions to do phase averaging, it is possible to switch the point of view from the fixed laboratory system to the rotating blade related system furthermore revealing blade related patterns. However, as mentioned before, phase averaging limits the possibility to discover phenomena to preset frequencies. With the POD approach this limitation is lifted. Once the predominant average flow field is subtracted, the POD method massively adds to a simpler description of the flow within the machine. Particularly, the entire flow scenario can be approximated in good accuracy with only a few modes of salient flow patterns, making it an excellent tool for filtering random noise. Therefore, it is now possible to focus on those structures and, in an upcoming approach, to identify the parameters of the machine generating those specific flow structures.

A deeper investigation of those phenomena goes beyond the scope of the present paper and is the content of upcoming projects. However, a short example shall be given: The full power of POD is revealed when trying to interpret the first Mode for the 18mm plane. The extended time period of 500 time-steps in Figure 18 shows that the coefficient of Mode 1 actually is oscillating, but with a frequency of ∼ 16Hz, which as much lower than the blade passing frequency of 200 Hz. The pattern itself (Fig. 17) shows smooth, partly homogeneous structures. In combination with its coefficient, the underlying phenomenon can be interpreted: The fluid is oscillating in main flow direction with a frequency of 8.3Hz. This frequency is the rotary frequency of the machine at 500 rpm. Therefore, the underlying phenomena is rather related to the impeller itself than the blades. Common approaches would not have been able to uncover this.
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