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This paper presents an original CFD analysis of the operation of a supersonic ejector.

. Results clearly demonstrates that a good predictions of the entrainment rate, even over a wide range of operating conditions, do not necessarily mean a good prediction of the local flow features. This issue is shown through the results obtained for two turbulence models, and also raises the problem of their assessment.

In addition, an analysis based on the sonic line location in order to locate the choking cross section is proposed in this paper. Based on this approach, this parameter allowed to propose an explanation of such disparities between good predictions of overall performances and significant discrepancies of local flow parameters.

Introduction

The problems of global warming, climate changes and ozone depletion, in conjunction with the increasing use of air-conditioning systems in the southern but also in the northern regions, stimulate new research in refrigeration systems. An interesting research path for moderate temperature refrigeration and for air-conditioning is the use of vapor-jet refrigeration systems, because they are simple, and they can be activated by low grade energy sources such as wastes and thermal solar collectors (Fig. 1(a)). These systems rely mostly on a simple mechanical device called an ejector. In the cycle represented figure 1(a), the ejector operates as a compressor in a classical vapor-compression cycle. A typical ejector geometry is depicted figure 1(b). A primary flow at high total pressure and temperature, coming from the boiler, is discharged into the ejector through the primary nozzle. The resulting supersonic jet involves the entrainment of a secondary stream, coming from the evaporator. Depending on operating conditions, the secondary flow may reach also critical conditions due to an area stretching between the primary jet core and the ejector walls.

The matching secondary mass flow rate is then maximum since sonic speed is reached. In this case the total mass flow rate crossing the ejector is also maximum because the primary flow is also choked (Fig. 4). Those operating conditions are called "on-design" and rely on the occurrence of a critical cross section for the secondary stream. This physical reasoning was the basis of the theory of Munday and Bagster [START_REF] Munday | A new theory applied to steam jet refrigeration[END_REF]. If conditions are not favorable, the secondary stream may remain subsonic and its mass flow rate is then strongly dependant on the back pressure (Fig. 4) imposed by the condenser conditions; those conditions are called "off-design". A slight increase in this back pressure, resulting from an increase of the ambient temperature, could involve a large decrease of the secondary mass flow rate (Fig. 4) and thus significant decrease of the cooling effect. Consequently, once the hot and cold sources temperatures are known with the cooling capacity, the most important parameter is the entrainment rate ω of the ejector, which is defined as the ratio of the secondary mass flow rate over the primary mass flow rate (Fig. 4).

Judging from recent studies [START_REF] Bartosiewicz | Cfd-experiments integration in the evaluation of six turbulence models for supersonic ejector modeling[END_REF][START_REF] Bartosiewicz | Numerical and experimental investigations on supersonic ejectors[END_REF][START_REF] Bartosiewicz | Numerical assessment of ejector operation for refrigeration applications based on cfd[END_REF][START_REF] Rusly | Cfd analysis of ejector in a combined ejector cooling system[END_REF][START_REF] Sriveerakul | Performance prediction of steam ejector using computational fluid dynamics: Part 1. validation of the cfd results[END_REF][START_REF] Sriveerakul | Performance prediction of steam ejector using computational fluid dynamics: Part 2. flow structure of a steam ejector influenced by operating pressures and geometries[END_REF][START_REF] Pianthong | Investigation and improvement of ejector refrigeration system using computational fluid dynamics technique[END_REF], computational fluid dynamics becomes a usual tool to investigate and predict ejectors global operation, understand the complex local flow physics and its link with the overall performances, in order to perform better design of this device or the cycle. However, in a previous paper [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF], authors pointed out some shortcomings usually done by using the CFD approach. Particularly, the issue of turbulence modeling on the prediction of the ejector operation was investigated. It was demonstrated that significant discrepancies could appear between the classical kand the kωsst models when the primary pressure is decreased. In addition, at high pressures, when the agreement between both models was perfect in terms of entrainment rate, it was raised that the local flow features inside the ejector could be completely different, qualitatively and quantitatively. As the secondary mass flow rate and then the entrainment rate depends primarily on its critical cross section for given conditions [START_REF] Munday | A new theory applied to steam jet refrigeration[END_REF], it is believed that the investigation of the effective area location could help to understand this behavior. In their article Sriveerakul et al. [START_REF] Sriveerakul | Performance prediction of steam ejector using computational fluid dynamics: Part 2. flow structure of a steam ejector influenced by operating pressures and geometries[END_REF] claimed the difficulty to locate this section even with the on the location of the critical coss-section.

CFD model, Validation

The choice of air as the working fluid is very useful because it avoids biased results due to a two-phase aspect. In addition, future works will consist of flow visualizations which often require an open access, which is easier with air. The flow in the air-ejector is governed by the ideal gas compressible steady-state axisymmetric form of the viscous fluid flow conservation equations. For variable density flows, the Favre averaged Navier-Stokes (FANS) equations are more suitable and will be used in this work. The total energy equation including viscous dissipation is also included and coupled to the set with the perfect gas law. The thermodynamics and transport properties for air are held constant; their influence was not found to be significant during previous tests.

From the experimental point of view, the stand and the ejector have been designed to be a "CFD-grade" experiment. This requires special care to have a simple stand with a special focus on the geometrical and boundary conditions in order to be able to match those applied in the CFD model. In this regard, the ejector geometry has been built with a stagnation chamber at the secondary inlet allowing to have stagnation conditions and an axisymmetric flow at this inlet to match the CFD model conditions. Figure 2(a) represents a 3D view of the experimental ejector geometry with a part of the suction line, the stagnation chamber and the core of the ejector. Figure 2(b) depicts the main dimension of the ejector where the geometry characteristics such as the distance between the primary nozzle and the inlet of the mixing chamber is kept constant to ∆L = 3D * , d * = 3.3mm, d = 4.5mm, D * = 7.6mm. The total length of the ejector is 22.5mm. The axisymmetric computational domain (Fig. 3) includes the ejector from the secondary annular inlet where the flow comes out of the stagnation chamber. In addition, inlet total pressure and temperature are measured at a location where dynamics effects are negligible juste before the ejector inlet in a larger cross section pipe. The secondary inlet (suction) is taken from ambient conditions at atmospheric pressure. However the pressure difference between the stagnation chamber and the suction cross section is measured to take into account pressure losses along the suction line, because a long pipe is required in order to have a fully developed flow to accurately measure the secondary mass flow rate [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF]. Indeed, mass flow rates are measured through a diaphragm technique according ISO 5167 rules. At the outlet, the pressure is measured beyond a diffuser to filter out dynamic effects. The static pressure is then evaluated at the ejector outlet and set in the CFD model. Few iterations are then required to match the same total pressure obtained in experiment. This set of equations is solved by a control volume approach in the CFD commercial package FLUENT 6.2. Although the steady state is desired, the unsteady term is conserved since from a numerical point of view, governing equations are solved with a time marching technique. This allows to keep equations parabolic-hyperbolic for every Mach number.

The system is also time-preconditioned in order to overcome the problem of numerical stiffness at low-mach numbers. The convection term is discretized with a flux splitting method in order to capture shock accurately (second order upwind), while the diffusive term uses a central difference discretization.

The coupled system is then solved by a block Gauss-Seidel method with an algebraic multigrid acceleration algorithm. Details concerning the mesh con-vergence study or numerical accuracy can be found in the first part of the current paper [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF]. The chosen computational grid size was 25820 cells.

In the previous paper [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF], a full validation procedure has been performed to The kmodel uses the Sarkar formulation , which is applied over the whole computational domain, while the kωsst uses the Wilcox formulation depending on the local flow conditions; both formulation and details can be found in [START_REF] Bartosiewicz | Cfd-experiments integration in the evaluation of six turbulence models for supersonic ejector modeling[END_REF][START_REF] Bartosiewicz | Numerical and experimental investigations on supersonic ejectors[END_REF]. This validation was done for the whole range of ejector operations (on-design, off-design) and for different driving pressures: P 0 1 = 3bar, P 0 1 = 4bar, P 0 1 = 5bar and P 0 1 = 6bar. More details about the geometry, boundary conditions and convergence can be found in [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF]. Figure 5 depicts the results for P 0 1 = 4bar and P 0 1 = 6bar. For the highest pressure, the agreement between both models is almost perfect over the range of operation (Fig.

5(b)

). On the contrary, for P 0 1 = 4bar, the two models provide significant differences in terms of entrainment rate for both the on-design and off-design conditions (Fig. 5(a)). However, even though both models provide same results (Fig. The next section is devoted to provide an explanation and attempts to find a key parameter which could justify those similar results.

3 CFD analysis of the ejector operation relied, this key parameter could be the critical cross section and its location where the ejector becomes choked. From the inviscid point of view, a duct is said to be choked when the Mach number reaches the unity over a whole cross section. At this point, the information cannot travel back through this section
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and the mass flow rate does not depend any more on the downstream pressure.

For a viscous flow, the phenomenon is the same but the Mach number cannot reach the unity over the whole section due to the occurrence of a boundary layer involved by the non-slip condition at walls. From this idea, it is believed that knowing the sonic line location where M = 1 along the ejector, it could help to find the location of this critical cross section and check whether or not both turbulence models are in agreement for this parameter. Indeed, when plotting the sonic line location along the ejector, this line should reach some maxima, matching points where the distance between this line and a wall is minimum. Therefore at those points, the supersonic part of the flow fills the largest part of the given cross section. However, for those same conditions, the ejector can be considered to be choked for the kωsst model: the sonic line is very close to the upper wall where it reaches a maximum (Fig. 7(a)). This can be easily confirmed because when the back pressure is further decreased (Fig. 7(b-c)), the sonic line location is changing only downstream of this maximum for the k -ω -sst. Thus the axial location of this maximum can be considered as the location of the critical cross section. This also means that the secondary mass flow rate is built upstream this section. If the back pressure is decreased to P b = 1.25bar, the k-predicts choking conditions but farther downstream than k -ω -sst, at the entrance of the diffuser (Fig. 7(b)). In this case it is clear that the prediction of the critical cross section location is very different according to the turbulence model.

However, it would be easy to think that a longer sub-critical area (obtained for k-) could promote a higher entrainment rate. Indeed, as a result of energy exchange between both streams, the total pressure of the secondary flow tends to increase with length, which would induce a higher critical mass flow rate for a given critical section. On the other hand, wall friction tend to dissipate a part of the energy, levelling the total pressure increase and then the critical mass flow rate. This two effect are in competition and further quantitative analysis should be performed to clear out this issue providing entrainment rate depends also on primary mass flow rate and on the effective critical section. In this case, the secondary stream would not have a sufficient total pressure to flow against the adverse pressure gradient imposed by the back pressure.

On the other hand, the wall treatment at walls which is different according both models could involve such differences. Indeed a classical wall function approach is used for the kmodel while a one-dimensional low Reynolds model smoothly matches the fully turbulent core flow. However a more detailed study focussed on the off-design operation should be performed to solve this issue. In addition, flow-field visualizations would be useful to identify such structures.

Conclusion

This paper was mainly devoted to a numerical analysis of CFD-experiments results presented in [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF]. In this paper, two turbulence models were assessed in terms of predictions of the operation curve of a supersonic ejector. For this purpose, a new test rig was built with the focus of CFD-experiment integration. The required conditions for a good integration is a very good matching between modeling and experiments in terms of geometry and boundary condi-tions. The obtained results were better than those which can be usually found in literature and demonstrated the relative superiority of the kmodel.

However, the question relative to the choice of the turbulence model is not yet fully solved and understood. Indeed, it was demonstrated that the relative performance of both tested models is strongly dependant of the primary pressure and the operation mode (on-design, off-design). At high primary pressures, the problem is even more complex since both models predict the same ejector performance while providing very different local flow features. This indicates that validations based on the entrainment rate is not sufficient for a correct assessment. In addition, these results also raise the issue on the link between a good prediction of the ejector operation (entrainment rate) and a good prediction of the local flow physics. The former point is important in terms of cycle operation, but the latter issue is very important for the understanding and improvement of the ejector itself. In this paper, the analysis of the sonic line location together with the Mach number field and operation curve was proposed as a key parameter to understand the link between local flow features and the entrainment rate. Furthermore, this parameter allowed to locate the position of the critical section where the ejector becomes choked. This method has never been proposed in previous CFD studies. 
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  evaluate the widely used kmodel and the kωsst model which is supposed to include more physics. Both models are expressed in their classical version with published constants. The only correction is for the term taking into account the compressibility effects due to vortex stretching phenomena.

  5(b)), the link with local flow dynamics inside the ejector is not straightforward. Figure 6 illustrates the centerline Mach number for on-design conditions in the case of P 0 1 = 4bar and P 0 1 = 6bar. From this plot, it is clear for both primary pressures that the expansion-shock cells structures are qualitatively and quantitatively different in the supersonic jet from the primary nozzle exit. The first cells are obviously more dissipated in the case of the kand the average Mach number is significantly larger in the mixing section for the kωsst model. However, in terms of entrainment rate both models provide exactly the same results along the whole range of operating condition. This observation raises some doubts concerning the link between the prediction of the local flow dynamics and the global ejector performance.

3. 1

 1 On-design operation: location of the sonic line as a key parameterAs noted in the previous section, even though both models predict the same entrainment rate over the whole on-design conditions, local flow features such as the Mach number may significantly differ. This clearly demonstrates that global measurements are not enough to assess a given turbulence model. This also contradicts a strong belief among the researchers linking a good prediction of the local flow physics to a good prediction of the ejector overall performances. This statement allows to understand why one-dimensional models, providing a poor description of the local flow dynamics, may provide relatively good results at on-design conditions. This reasoning means that despite different local flow structures, both models provide a same key parameter involving a same entrainment rate. From the theory on which Munday and Bagster[START_REF] Munday | A new theory applied to steam jet refrigeration[END_REF] 

Figure 7

 7 Figure 7 illustrates the evolution of the Mach number field and the sonic line location in the case P 0 1 = 4bar for three decreasing back pressures (Fig. 7(ac)) around the critical point. The results are also depicted for both turbulence models. For each figure, the upper-half Mach number field represents results for the kωsst model, while the results for the kare shown in the lower half Mach number field. The solid line overlapped in each field represents the sonic line where M = 1. For each condition, the matching back pressure is depicted by a single dot on the operation curve (lower left plots, Fig. 7(a-c)) and the sonic line location is plotted in more details along the mixing chamber on the lower right plots, the upper wall being represented by a solid line.

  figure 7(a). Multiple critical sections can be then observed in such ejectors giving conclusions more difficult: to our knowledge, this point has never been raised in literature.

Figure 8

 8 Figure 8 illustrates the same choking process for P 0 1 = 6bar. In this case, the first shock is weaker than in the case P 0 1 = 4bar, because the Mach number behind the shock remain supersonic (no sonic line). At the critical point (Fig. 8(a)), the secondary maximum mass flow rate is reached, but the ejector is not choked: the sonic lines are not very close to the wall, and the entrainment rate is still sensitive to the back pressure. When the pressure is slightly decreased to P b = 1.65bar (Fig. 8(b)), the sonic lines location is significantly changedto reach a maximum value closer to the wall. In addition, this maximum is roughly located at the same axial position and its value is very similar for both models. This means the critical section location predicted by the k -

Figure 1 .

 1 Figure 1. A supersonic ejector in a solar air-conditioning cycle (a). A typical ejector geometry (b)

Figure 2 .Figure 5 .

 25 Figure 2. A 3D view of the ejector geometry with a secondary chamber to make the flow axisymmetric (a). Main ejector dimensions (b)

Figure 6 .Figure 7 .Figure 8 .Figure 9 .

 6789 Figure 6. Centerline Mach number at one on-design condition for P 0 1 = 4bar (a) and P 0 1 = 6bar (b)
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and kωsst models is in good agreement. This is confirmed at P b = 1.5bar where the sonic line location upstream those maximum remains unchanged.

Beyond this point, other critical sections can be observed near the end of the mixing section as it was the case for P 0 1 = 4bar. Consequently, for P 0 1 = 6bar, both models predict a similar cross section location and also a similar effective area value, providing the same entrainment rate even though the local flow parameters are very different. This feature was not observed for P 0 1 = 4bar

where the kand kωsst models predicted different results.

Off-design operation

The previous paper [START_REF] Hemidi | Experimental and numerical analysis of the operation curve of a supersonic ejector. single-phase and two-phase operation[END_REF] showed that the different behavior according to the turbulence model at off-design conditions is more sensitive to the back pres-