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Study of the Losses in Fluid Machinery with the Help of Entropy

In the current design process of turbomachinery the use of CFD methods is state of the art. With CFD calculations we are able to predict the performance characteristics of the machines. In most of the cases the machines are rated based on their performance alone. A detailed evaluation of the losses involved often is not conducted, mainly because there is no established method to analyze the location and mechanisms of loss production. This leads to the fact that the loss mechanisms for some turbo machines are not known in detail, although they are very important to completely understand the operation principle of the machines and have a huge influence on their performance. If the location and quantity of losses were known, it would be possible to perform a selective optimization of the machine. The question is just how to calculate and localize the losses and evaluate them with CFD. In his thesis Kock introduces a method, to identify losses in CFD. His method is based on the entropy production rates in turbulent flow fields. In this paper the method is applied on hydraulic fluid machinery and two different machine types are discussed in detail. Those are a side channel pump and an inducer. The locations of the losses are detected and the size of losses will be evaluated by applying the method of Kock.

INTRODUCTION

In all fluid machinery there exist different kind of losses. We have to differentiate between internal losses and external losses. The external losses are, for example, losses in bearings, gears and shaft seals. Those losses are not included in the CFD calculation whereas the internal losses are considered by CFD. Among the latter are shock losses and friction losses. The different types of internal losses can be summarized in dissipation. The numerical simulation offers the opportunity to calculate the flow in the machines spatially and temporally dependent. Thus the flow in the machines can be observed three dimensionally at an arbitrary point in time. The calculated quantities are the fields of pressure, temperature and velocity. Derived quantities like pressure coefficient and efficiency can be calculated directly during post processing. To identify the different internal losses Herwig and Kock [START_REF] Kock | Local entropy production in turbulent shear flows: a high-reynolds number model with wall functions[END_REF][START_REF] Kock | Entropy production calculation for turbulent shear flows and their implementation in cfd codes[END_REF][START_REF] Herwig | Direct and indirect methods of calculating entropy generation rates in turbulent convective heat transfer problems[END_REF] proposed a direct method based on the evaluation of entropy production in turbulent flow fields. The advantage of the method is that it can be applied to a CFD simulation in a pure postprocessing step. The content of the present paper is the application of this method to two examples of hydraulic turbomachinery, a side channel pump and an inducer. For those two types of machines numerical investigations are conducted. To assess the quality of the numerical results they are compared to available experimental data. Eventually a detailed analysis of the losses based on the numerical data is performed and the influence of the turbulence model is examined.

METHODS

With the help of CFD it is possible to calculate the timedependent flow field in all kind of turbomachinery. The governing equations that are solved to describe the flow are the equations of conservation of mass, conservation of momentum and conservation of energy. The basis of the energy equation calculated in CFD is the first law of thermodynamics. Herwig and Kock use the production of entropy as a direct parameter for the efficiency of a technical system [START_REF] Herwig | Direct and indirect methods of calculating entropy generation rates in turbulent convective heat transfer problems[END_REF]. In the transport equation of entropy heat transfer and pressure drop are linked to one quantity. They describe two methods to calculate the entropy production in the context of a CFD simulation process. In this paper the so called direct method will be considered. One main feature of the direct method is that the entropy is treated as a postprocessing quantity. In the cases of hydraulic fluid machinery, the fluid is commonly regarded as incompressible and the heat transfer is negligibly. Therefore the energy equation is not calculated.

The specific entropy s is a state variable that, according to the second law of thermodynamics, grows in every real and thus irreversible technical process. Its transport or balance equation is given in the literature (e.g. [START_REF] Spurk | Fluid Mechanics[END_REF] or [START_REF] Schlichting | Grenzschichttheorie[END_REF]) and can be written as follows:

ρ δs δt + u • δs δx + v • δs δy + w • δs δz = -div q T + Φ T + Φ θ T 2 (1) 
The first term on the right-hand side of equation ( 1) describes the reversible heat transfer div q T = divλ T grad T . This term is not important for the calculation of the losses. The function Φ

T describes the irreversible part produced by friction, and Φ θ T 2 = -q T 2 grad T the irreversible part produced by heat transfer. This means that in those two terms describing the irreversible part of entropy production all losses that occur in a machine by friction and heat transfer are included. As mentioned before, the heat transfer is negligible for the pumps under examination.

The terms Φ T andq T 2 grad T are always greater than zero because in an adiabatic system with q = 0 the entropy cannot decrease. In industrial applications of CFD analysis of turbomachinery usually the time-averaged Navier-Stokes (RANS) equations are solved. Denoting the time averaged quantities by an overbar, the time-averaged version of the transport equation for entropy, as shown in [START_REF] Kock | Local entropy production in turbulent shear flows: a high-reynolds number model with wall functions[END_REF], can be written in the following form:

ρ δ s δt + ū • δ s δx + v • δ s δy + w • δ s δz = -div q T -ρ δu s δx + δv s δy + δw s δz + Φ T + Φ θ T 2 (2) 
Important for our studies is the term of entropy production caused by dissipation Φ T . This term is composed as follows:

Φ T = Ṡ D pr o + ṠD pr o (3) 
The first term on the right-hand side of equation ( 3) stands for the entropy production by viscous or direct dissipation. It can be calculated directly in the CFD postprocessing procedure by using the following equation:

Ṡ D pr o = µ T 2 •       ∂ ū ∂ x 2 + ∂ v ∂ y 2 + ∂ w ∂z 2      + ∂ v ∂ x + ∂ ū ∂ y 2 + ∂ w ∂ y + ∂ v ∂z 2 + ∂ ū ∂z + ∂ w ∂ x 2 (4)
The second term on the right-hand side of equation ( 3) describes the entropy production by turbulent dissipation which is also called indirect dissipation. It can be expressed as follows:

ṠD pr o = µ T 2 •       ∂u ∂ x 2 + ∂v ∂ y 2 + ∂w ∂z 2      + ∂v ∂ x + ∂u ∂ y 2 + ∂w ∂ y + ∂v ∂z 2 + ∂u ∂z + ∂w ∂ x 2 (5) 
This expression can't be computed directly, because the fluctuating quantities are not available in the CFD solution based on the RANS equations. To circumvent this problem the following model equation is proposed by Kock [START_REF] Kock | Local entropy production in turbulent shear flows: a high-reynolds number model with wall functions[END_REF][START_REF] Kock | Entropy production calculation for turbulent shear flows and their implementation in cfd codes[END_REF]:

ṠD pr o = ρ T (6) 
It uses the dissipation rate of turbulent kinetic energy which is provided by the turbulence model and is readily available during postprocessing.

We have to consider that within this approach errors are introduced by the turbulence model itself which -as its name implies -is just a model and by the approximation involved in the formulation of model equation [START_REF] Kock | Bestimmung der lokalen Entropieproduktion in turbulenten Strömungen und deren Nutzung zur Bewertung konvektiver Transportprozesse[END_REF].

Following Kock [6] the entropy production rates caused by viscous and turbulent effects (equations ( 4)-( 6)) are connected to the viscous and turbulent dissipation respectively through the relations:

Φ D = T Ṡ D pr o (7) Φ D = T ṠD pr o (8)
Finally the dissipation portions Φ D and Φ D can be used to calculate the corresponding power losses by integrating over the volume of interest:

P D = V Φ D dV = V T Ṡ D pr o dV (9) 
P D = V Φ D dV = V T ṠD pr o dV (10) 
The calculation of the turbulent dissipation depends on the turbulence model. In the case of the side channel pump three different turbulence models, the k-model, the k-ω and the k-ω-SST model are used and their influence on the turbulent dissipation is shown. In the case of the inducer only the k-ω-SST model is utilized. For the remainder of the current paper we refer to the three applied models as k-, k-ω and SST respectively.

As will be seen later the viscous dissipation is small compared to the turbulent dissipation in the case of the examined machines. Hence to investigate the loss mechanisms and locations of loss production it is helpful to visualize the spatial distribution of turbulent dissipation inside of the machine. For this purpose we introduce the dimensionless loss coefficient ζ D . The loss coefficient is defined in the following equation:

ζ D = Φ D • d a ω 2 • ρ • V (11)
The loss coefficient depends on the volume flow rate V , the outer diameter of the impeller d a , the angular velocity ω and the turbulent dissipation Φ D . It can therefore be used to compare different operation points and machines.

APPLICATION 1: SIDE CHANNEL PUMP

Numerical set-up

In Figure 1 the simulation model of the side channel pump is depicted. It consists of three computational domains. Those are the inlet tube colored in grey, the impeller colored in red and the side channel including the outlet tube colored in grey.

The domains are discretized with hexahedral multiblock grids that were created using ANSYS ICEM CFD. The computations are performed with the commercial CFD code ANSYS CFX 14.5. Between the inlet tube and the impeller and between the impeller and the side channel transient rotor-stator interfaces are used (Figure 1). At the inflow the average total pressure is prescribed. The outlet boundary condition is realized as a velocity opening to prevent walls in the outlet caused by backflow of the fluid, which is generated by the strong swirl in the outlet tube of the pump. The default algorithm of velocitypressure coupling, implemented in CFX, is applied. We use a time step of 0.0001 s to simulate the pump at a speed of 1500 min -1 . For each operation point at least two full impeller turns are simulated to ensure periodic converged solutions. Pressure, momentum and velocities have to be time averaged over the pulsation length due to the characteristic pulsations of side channel pumps. The pulsation length is calculated as 360/z. To evaluate the influence of the turbulence model on the losses, the numerical calculations are carried out with three different turbulence models as already mentioned above. The influence of the turbulence model on the efficiency is larger as can be seen in figure 3. The best efficiency is calculated with the k-ω-SST model. Compared to the lowest efficiency that is calculated with the k-model there is a difference of about 2 %. In the measured efficiency mechanical losses of the bearings and the sealing are included. Because these external losses cannot be considered in the CFD simulations the measured efficiency curve lies below the numerically calculated points. 

Dissipation Power and loss analysis

The occurring losses will be examined with the help of the dissipation power. As already discussed we have to distinguish between the power losses due to viscous dissipation (P D ) and the losses due to turbulent dissipation (P D ). Figure 4 shows the dissipation power loss, averaged over one pressure pulsation, for the side channel domain (index SK) and the impeller domain (index LR) measured in watt. The viscous dissipation power is a lot smaller in all operation points than the turbulent dissipation power. Their trend is the same. The analytically undetermined losses (inlet shock of the main and the circulating flow, friction and gap losses) decrease with increasing volume flow rate. Shock and gap losses are included in the dissipation power of the impeller, that decreases with increasing volume flow. The viscous and turbulent dissipation power in the side channel increase slightly. The losses in the side channel are mainly friction losses. Those increase with increasing volume flow rate and and the associated higher flow velocities in the side channel. The losses in the inlet tube are small and are neglected in the figure. The isosurface is especially developed in the outlet and in the inlet region (no. 3 in figure 5). In those regions the losses are large. They are induced by eddies, as can be seen from the vectors and streamlines on the section planes. In the left view the plane is located at an outer radius. At this radius the fluid exits from the impeller into the side channel with small values of ζ D . Only at the blade surfaces and between the impeller and side channel walls friction losses can be clearly recognized (no. 2 in figure 5). At the middle and lower radii illustrated in the two subsequent views, the fluid enters into the impeller with notable shock losses at the blade edges. These are indicated with no. 1 in figure 5. Inside the impeller regions with higher losses are situated. Due to the large difference between flow angle and blade angle flow separation occurs inside the impeller resulting in the development of vortices.

Those are responsible for the increase of losses. Figure 6 depicts the turbulent dissipation power in the impeller, figure 7 shows the turbulent dissipation power in the side channel. For the impeller as well as for the side channel the k-model predicts the highest dissipation power. The smallest losses are obtained when using the k-ω-SST model. This behavior is consistent to the efficiency characteristics of the pump obtained with the three different turbulence models and shown in figure 3. In general, the losses in the impeller decrease with increasing volume flow rate and the losses in the side channel increase with increasing volume flow rate. This is valid for all volume flows and turbulence models except for the simulation at overload with the k-model. While the losses in the impeller coincide quite well in case of the simulations using the k-ω and the k-model, the losses in the side channel agree better for the k-ω and k-ω-SST model. Using the kmodel results by far in the highest losses in this region. To Figure 10 shows the distribution of the loss coefficient on a plane in the middle of the gap between impeller and casing for all three turbulence models. The maximum loss coefficients found on this plane are substantially higher than in the middle of the impeller. Compared to figure 9 with a maximum loss coefficient of 30, values up to ζ D = 100 can be found here.

The distribution of the loss coefficient again is quite similar for all the considered cases. In the regions of high velocities and thus high friction the highest values of loss coefficient can be observed. Figure 8 depicts the loss coefficient in the 8). Higher losses occur in the annular gap near the interrupter. In this region higher velocities are caused by the large pressure gradient between suction-und discharge side of the pump (see no. 2 in figure 8).

From figure 11 it can be seen that independently of the used turbulence model there exist higher losses in the inlet and outlet regions while the overall distribution of the loss coefficient again looks roughly similar in all cases. In these regions the circulation of flow is not fully developed. Slightly increased losses can also be observed at the rotation axis of the circulating flow in the blade passages. The k-and k-ω model predict regions with somewhat higher losses compared to the result obtained using the k-ω-SST model.

At the wall of the side channel, shown in figure 12, we observe the largest differences between the turbulence models with respect to the calculated loss coefficient. Application of the k-model yields considerably higher losses compared to the other models. While for the k-ω and the k-ω-SST model large values of the loss coefficient are found only in the inlet region the k-model indicates high losses approximately along the first 45°of the side channel. In contrary to the other models the k-model predicts an additional region of higher losses near the outlet.

APPLICATION 2: INDUCER

Numerical set-up

As a second test case we consider a simple three-bladed helical inducer with axial hub shape under non-cavitating conditions. Steady state simulations of a periodical segment containing one blade passage of the inducer are performed using the commercial CFD code ANSYS CFX 15.0. Figure 13 shows the simulation setup consisting of three domains that represent the inlet pipe (blue), the inducer (grey) and the outlet pipe (blue). All domains are discretized with hexahedral elements only. To generate the grid for the inflow domain that includes the hub nose we used the software ANSYS ICEM The grids for the blade passage and the outlet domain were generated using ANSYS TurboGrid. To include the tip clearance losses in our numerical investigation we placed 25 cells in the gap between blade tip and shroud. The rotating domain containing the inducer is connected to the stationary inflow and outflow domains with frozen rotor interfaces. At the inlet boundary we prescribe the total pressure, at the outlet the mass flow is specified. We simulate five different volume flows at a speed of 3000 min -1 . As mentioned before we only use the k-ω-SST turbulence model for this case. Figures 14 and15 show the simulated data points in comparison to experimental results obtained at the test facilities of the TU Kaiserslautern. While a very good agreement exists for the pressure coefficient the numerically calculated efficiencies are throughout higher than the measured ones due to the mechanical losses that are not included in the CFD simulations. Especially under over-load conditions the efficiency is overpredicted by CFD. Figure 16 progression of the power losses as sums over all the simulation domains within the simulated operation range. While the power losses caused by viscous dissipation remain nearly constant a notable increase of the losses caused by turbulent dissipation occurs towards part-load. Like in the previous case of the side channel pump (see figure 4) the losses due to viscous dissipation are substantially smaller than the losses Figure 17 shows an isosurface for ζ D = 0.2 and contours of the loss coefficient on cross sections of the blade passage at three axial stations for the simulation at the BEP. It should be noted that the color levels of the contour plots are scaled logarithmically to simultaneously cover the full range of loss coefficient and emphasize the significant regions. The cut section on the left is located close to the leading edge, the cut section on the right at the trailing edge and the third approximately halfway between the the two of them. As expected the largest losses occur at the outer diameters of the inducer blade and in the tip clearance where flow velocities and friction reach the highest values. The greatest losses can be observed at the blade tip close to the leading edge where the typical backflow vortex (no. 1 in figure 17) is generated. As can be seen from the isosurface in figure 17 As already stated the loss coefficient increases with diameter and is especially high near the blade tip and along the shroud on the suction side of the blade. On the mid plane higher values of loss coefficient can be detected near the walls at the hub, blade and shroud that disturb the uniform distribution of loss coefficient in the core region. This indicates turbulent interaction of secondary flows with the core flow, causing an increase in losses. At the trailing edge position the core region containing small values of loss coefficient is further reduced and higher values can be found all over the hub and the blades.

DISCUSSION

In the first application, the side channel pump, we investigate the influence of the turbulence model on the predicted losses and their distributions. We can note that the occurrence of losses can be reasonably explained by all three turbulence models under examination. The higher losses in the impeller are due to the fact that the gap is included in this simulation domain and the complex flow pattern inside the impeller blade passages. Near walls the k-model predicts, in general, higher values of loss coefficient than the other two models. The spatial distribution of the losses and the tendency of dissipation power to increase and decrease with changed operation conditions can be physically justified and qualitatively measured. As already indicated the absolute values of the local losses depend highly on the assumptions made by the turbulence model used. Therefore no statements regarding the correctness of the quantitative losses can be made. However the method applied in this paper can be understood as a simple tool to understand loss production processes and locate the regions that are critical for the development and improvement of turbomachinery by using CFD simulations.

Our second application deals with the flow through an inducer. We could observe similar trends of the power losses within the investigated operation range. The power losses caused by viscous dissipation are comparable and equally small for the side channel pump as well as for the inducer whereas the losses due to turbulent dissipation are lower in the case of the latter. This smaller amount of turbulent dissipation explains the better (but still low) efficiency of the inducer compared to the efficiency of the side channel pump. By visualization of the losses with the help of the loss coefficient we could identify and localize the flow features that are responsible for a large portion of dissipation. Furthermore the development of the distribution of the loss coefficient inside the blade passages could be observed with this postprocessing method. The insights gained into the structure of the losses can help to better understand the mechanisms involved in loss production and improve the design of the machines.

Concluding we can state that a qualitative analysis of the losses in turbomachinery can be performed with the simple postprocessing procedure demonstrated in the current work. The ability to detect critical flow regions regarding the production of losses creates the opportunity to selectively optimize existing geometry. However it should be remarked that the quantitative balance of powers could not be shown with the current method for the cases under examination. This issue needs further investigation and is part of our current research work. 
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