

  energies-15-05134




energies-15-05134







Energies 2022, 15(14), 5134; doi:10.3390/en15145134




Article



Towards an Accurate Aerodynamic Performance Analysis Methodology of Cross-Flow Fans



Rania M. Himeur 1[image: Orcid], Sofiane Khelladi 2[image: Orcid], Mohamed Abdessamed Ait Chikh 1[image: Orcid], Hamid Reza Vanaei 2[image: Orcid], Idir Belaidi 1[image: Orcid] and Farid Bakir 2,*[image: Orcid]





1



LEMI, Faculty of Technology, University M’Hamed Bougara of Boumerdes, Boumerdes 35000, Algeria






2



Arts et Metiers Institute of Technology, CNAM, LIFSE, HESAM University, 75013 Paris, France









*



Correspondence: farid.bakir@ensam.eu







Academic Editor: Chirag Trivedi



Received: 27 May 2022 / Accepted: 12 July 2022 / Published: 14 July 2022



Abstract

:

Cross-flow fans (CFFs) have become increasingly popular in recent years. This is due to their use in several domains such as air conditioning and aircraft propulsion. They also show their utility in the ventilation system of hybrid electric cars. Their high efficiency and performance significantly rely on the design parameters. Up to now, there is no general approach that predicts the CFFs’ performance. This work describes a new methodology that helps deduce the performance of CFFs in turbomachinery, using both analytical modeling and experimental data. Two different loss models are detailed and compared to determine the performance–pressure curves of this type of fan. The efficiency evaluation is achieved by realizing a multidisciplinary study, computational fluid dynamics (CFD) simulations, and an optimization algorithm combined to explore the internal flow field and obtain additional information about the eccentric vortex, to finally obtain the ultimate formulation of the Eck/Laing CFF efficiency, which is validated by the experimental results with good agreement. This approach can be an efficient tool to speed up the cross-flow fans’ design cycle and to predict their global performance.
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1. Introduction


The cross-flow fan (CFF), also known as the transverse or tangential fan, was initially invented by Paul Mortier in 1892 [1]. The work was based on the design of a rotating impeller with forward curved blades and a surrounding housing. The air glides tangentially to the blades at the suction and the discharge regions, by penetrating the cross-section between the two stages of the rotor. Due to its low noise and small size, the CFF has been a great candidate for domestic use. Shih et al. [2] attempted to predict the CFF performance when the latter is used in split-type air conditioners; they replicated the internal flow field in a 2D simulation and extracted the similitude laws. The CFF is also known to be used for cold storage and wind curtains. Endoh et al. [3] studied in their paper the thermal ambient conditions in the commuter trains in Japan by using CFFs in the ceiling. They explained how the wind generated by the CFF causes the air circulation between the cabins and, hence, the satisfaction of passengers in the hot season. They stipulated that its use beside the cooling units is important for both thermal comfort and energy conservation.



CFFs are also popular in the aeronautic field, and several studies proved the lift gain and the aircraft propulsion when CFFs are combined with airfoils. Gossett [4] explained in his work the vertical thrust that the CFF offers and how it can be mounted in a VTOL aircraft wing to help the take-off and the landing, especially when its shape is convenient for the wing profile. In the same way, Dang and Bushnell [5] reviewed in their paper different configurations of the fan embedded in the plane wing and explained its ability to control the air flow and distribute the aircraft propulsion; they also discussed the flow regions inside the machine and described the losses and the energy transfer. In 2019, Mazumder et al. [6] studied the flow field of an aircraft wing in which a CFF was embedded near the leading edge; they used the sliding mesh method to achieve 2D simulations using ANSYS Fluent, and they carried out single-parameter variation studies in order to determine the best CFF configuration that provides the maximum lift gain. Beside all these areas of use, the tangential fan is considered as the best cooling machine used in the ventilation system for the batteries in hybrid electric cars.



The problem of the high efficiency and performance of different types of fans is still a major concern in turbomachinery [7,8]. Owing to the CFF’s utility, scientists have propelled to the forefront investigations of performance characteristics. Nonetheless, the literature has not performed an explicit approach that aims to predict the performance of CFFs and provides the ability to design them according to the required specifications. There are numerous research studies, based on theoretical approaches, experimental investigations, or numerical simulations, that have focused on the improvement of the CFFs’ performance [9,10,11,12]; they analyzed either the aerodynamic characteristics or the fans’ design. Moreover, many works demonstrated that the global performance of the CFF is highly related to the power and the position of the vortex formed within the rotor. Zhang et al. [13] studied the relation between the size and the position of the internal vortex with the global performance.



In the same way, several researchers attempted to describe the flow field within the fan. Expressing the potential flow field using Laplace’s equation, Coester [14] was the first scientist who tried to give a mathematical approach to the streamlines within the impeller; unfortunately, the solution of his equation gave a series of conclusions that refuted the experience. Furthermore, Ikegami and Murata [15] attempted to describe the flow field with more precision and experimental validation. The developed model suggested a potential flow field inside the impeller, with a vortex center that is able to move in the radial and angular directions and an external vortex positioned in the same angular direction with an equal strength and opposite flow direction. The superposition of these hypotheses gave a general theory of the flow field. Undoubtedly, these findings were extremely interesting and fit all types of impellers; however, this leans on the coordinates of the vortex center, an issue that remains unidentified. Besides, other researchers leaned towards the analysis of the casing effect. Lazzarotto et al. [16] evaluated the effect of the Reynolds number over several casing shapes, and they deduced that its design highly influences the global performance. Murata et al. [11] pursued a study showing that each detail of the casing can alter the performance. Yamafuji et al. [17] indicated that the eccentric vortex was dependent on the vortices shed among the impeller blades. Furthermore, the relation between the shed vortex strength and the blade circulation is obtained by measuring the flow [18]. They found that the vorticity should be removed in order to prevent the break-down of the flow. Tanaka et al. [12,19] performed some works to validate the similarity laws, and they found that for a certain blade Reynolds number, the flow viscosity had an impact on the performance curve. Recent studies proved that the aerodynamic profile of the blade considerably influences the performance. Yanyan et al. [20] parameterized the camber line with a Bezier curve and optimized the internal flow field with a 2D simulation under different operating conditions; they found out that the best performance is when the eccentric vortex moves towards the volute tongue.



As those axes of investigation failed to determine precisely the performance of CFFs, a number of scientists have chosen to ignore the air behavior within the fan and focused on the energy loss occurring inside the machine. A series of recent studies has indicated the existence of two well-known loss models in turbomachines in general. Kim et al. [21] analyzed the mean streamline and used loss correlations already proven for other turbomachines such as pumps and compressors, in order to deduce the pressure curves for a given fan design. The second method is the cascade principles, which is a quite popular approach used in the design of axial compressors. Dang and Bushnell [5] briefly mentioned it in their paper in order to determine the CFF performance–pressure curves.



The state-of-the-art indicates that the study of the performance of the CFFs is still in its early stage, and there is still the possibility to develop prediction procedures as well. In this paper, we establish a clear strategy that approaches the characteristics curves of the performance of the CFF and propose a general methodology that aims to design the CFF according to the demanded specifications. We firstly deduce the performance–pressure curves of the cross-flow fan by analyzing the mean streamline, then by using the cascade principles applied to tangential fans. The formulation of the efficiency is still an enigma, and for this reason, we use an optimization algorithm that will lead us to determine a space of solutions of the efficiency expression parameters; we refine this space by exploring the internal flow field with CFD simulations; the details of the eccentric vortex are crucial to find the final expression of the efficiency. The CFF configuration that will be used in our study is the Eck/Laing fan (refer to Figure 1 and Figure 2); this is due to its popularity in Europe. The geometry characteristics of the fan and the experience outputs are well detailed in the work of Porter and Markland [9].



The paper is organized as follows: Section 2 describes the geometry of the studied fan and explains the two loss models in order to apply the most versatile one. Section 3 compares the obtained results from the two loss models and investigates the CFF efficiency by complementing the mathematical correlation with a CFD method and an optimization program. Furthermore, the experimental data collected in the work of Porter and Markland [9] are adopted as a reference for experimental validation purposes. Finally, we conclude about the overall work. Appendix A shows a numerical example that evaluates the head loss of the Eck/Laing CFF by using the cascade principles.




2. Materials and Methods


2.1. CFF Design


The CFF design is the main parameter that controls the fan performance. The Eck/Laing fan rotor incorporates 24 circular arc blades (see Figure 3), and the casing is designed to separate the two flows in the suction and discharge regions (see Figure 1 and Figure 4). The rear wall is installed to guide the through-flow and to stabilize the vortex inside the impeller; it has a logarithmic spiral profile for a better diffusion. On the other hand, the vortex wall was set to allow the vortex mobility before its stabilization.



Many characteristics such as the number of blades, the inlet and outlet blade angles, the blade curvature, and the inlet/outlet rotor radius describe the CFF configuration and affect the machine’s global performance, in addition to the casing geometry. Tuckey explained precisely the role of each component of the CFF in his work [22]. Experiments showed that the changes made in the rotor geometry slightly affect the performance, in comparison with the casing configuration, which significantly impacts the fan’s efficiency.



The passage arcs of the air at the suction and discharge stages (  S  s u c    and   S  d i s   ) are highly affected by the main vortex formed within the rotor, in addition to small vorticities generated near the walls’ edges. Since the vortices have an unknown size and position every time the operating conditions change, it is very challenging to precisely determine the arcs length. For this reason, it was mandatory to put in place a geometrical approximation that best approaches the arcs’ length without taking into account the vortices’ characteristics. It is important to note that the following approximations are used in the streamline analysis and in the cascade principles’ approach as well.



For the Eck/Laing fan, the angles are defined as follows:




	
   θ  r e a r , s u c   = 40 °  ,    θ  v o r , s u c   = 19 °  ,    θ  r e a r , d i s   = 20 °  , and    θ  v o r , d i s   = 34 °  .








Considering the geometrical details shown in Figure 4, we can write:




	
   S  1 , s u c   =  R  o u t    ( π −  θ  r e a r , s u c   −  θ  v o r , s u c   )  ;  



	
   S  2 , s u c   =  R  i n    ( π −  θ  r e a r , s u c   −  θ  v o r , s u c   )  ;  



	
   S  1 , d i s   =  R  i n    ( π −  θ  r e a r , d i s   −  θ  v o r , d i s   )   ;



	
   S  2 , d i s   =  R  o u t    ( π −  θ  r e a r , d i s   −  θ  v o r , d i s   )   .








Besides the casing geometry, one should highlight that the aerodynamic profile of the blades is the basis of the cascade principles. Many parameters should be determined such as the stagger angle ( γ ) and the camber angle (  θ ′  ). Figure 5 depicts each parameter.




2.2. Loss Models


Loss models are known for being a good alternative when it comes to evaluate machines’ performance. Many correlations are established for different turbomachines. The reason why it is possible to apply the loss models (already existing in the literature) to evaluate the CFF performance is based on the fact that CFFs are capable of sharing similarities with other mechanisms. However, an additional study is required to be able to fit the models to the CFF functioning principles.



Even though some tiny vortices are formed in the edges of the suction and discharge arcs, the flow is considered equally distributed, and the velocity triangles should be determined according to each model. As summarized in Equations (1)–(3), both models share similarities in the computation of the Euler head, the total and static pressures, and the pressure and flow coefficients; nevertheless, the losses and the velocities are specific to each model:


     Δ  P  i d   = ρ   (  c  2 θ , s u c    U  i n   −  c  1 θ , s u c    U  o u t   )  +  c  2 θ , d i s    U  o u t   −  c  1 θ , d i s    U  i n    )       



(1)






     Δ  P  t o t   = Δ  P  i d   −  ( Δ  P  l o s s , s u c   + Δ  P  l o s s , d i s   )      



(2)






     Δ  P  s t a t   = Δ  P  t o t   −  1 2  ρ  c  e x i t , d i f  2      



(3)







The flow and pressure coefficients are defined as follows:




	
  ϕ =    c  1 r    S  s u c , o u t     2  U  o u t    R  o u t      ;



	
   ψ  E u l e r   =   Δ  P  i d      1 2  ρ  U  o u t  2     ;



	
   ψ  l o s s   =   Δ  P  l o s s , s u c   + Δ  P  l o s s , d i s      1 2  ρ  U  o u t  2     ;



	
   ψ  t o t   =   Δ  P  t o t      1 2  ρ  U  o u t  2     ;



	
   ψ  s t a t   =   Δ  P  s t a t      1 2  ρ  U  o u t  2     .








As a note,   Δ  P  l o s s     is an unknown parameter that should be thoroughly analyzed.



2.2.1. Streamline Analysis


The loss model using the streamline analysis was firstly proposed by Kim et al. [21]. In fact, the fluid faces many obstacles when circulating trough the apparatus, and the pressure is lost in different forms. The first step should be the determination of the velocity triangles at the two boundaries of each stage (Figure 6). In this model, the air is supposed to flow tangentially to the blades with no deflection at the suction and discharge, meaning that the relative flow angle is equal to the blade angle. The flow angles are considered with their absolute value, and thus, no algebraic angle values are used. The loss models were extracted from the work of Oh et al. [23], where the authors indicated precisely the losses that result in the centrifugal compressor. Consequently, Oh and Chung [24] defined the losses in a centrifugal pump, as well as the formulas were slightly adjusted to fit the CFF design. A brief description, as well as the characteristics of the most important loss models are summarized in Table 1.



It is useful to note that following descriptions also exist for the models:




	
Skin friction loss—first law:    w ¯  =    c  1 , s u c   +  c  2 , s u c   +  w  1 , s u c   + 2  w  m i d , s u c   + 3  w  2 , s u c    8   ;



	
Skin friction loss—second law:    w ¯  =    w  1 , d i s   +  w  m i d , d i s   + 2  w  2 , d i s    4   ;



	
Re-circulation loss:    D f  = 1 −   w  2 , d i s    w  1 , d i s    +   0.75  H  E u l e r   /  U  o u t  2      w  1 , d i s    w  2 , d i s     Z  π ( 1 −   r  i n    r  o u t    )   + 2   r  i n    r  o u t       .









2.2.2. Cascade Principles Applied to Cross-Flow Fans


It is undeniable that the cascade principles marked a significant step in the turbomachines’ history. In fact, the study of cascades is based on the deviation of the flow direction from the blade wall. The gap between the fluid and the blade plays a key role to determine the ideal total pressure, the drag coefficient, and thus, the pressure loss. Hence, the total performance of the stage can be deduced. As a pioneer in this field, Howell developed a mathematical correlation to describe the pressure rise/loss in each stage of a turbomachine. Furthermore, efforts have been made to gather the characteristics of different types of turbomachines into one single curve (see Figure 7), which has been widely used by the industrial community over decades for the definition of blade geometry purposes. Using the cascade principles, the performance of an axial compressor has also been investigated. Howell attested that the global performance is governed by the characteristics of the nominal operating conditions, which are fixed at 80 percent of stalling [25,26]. In the same way, Dang and Bushnell [5] applied those principles to evaluate the performance of a cross-flow fan that was applicable in aircraft propulsion.



Howell referred to the difference between the air and blade angles at the inlet as the incidence angle:   i =  β 1  −  β 1 ′   . He called the difference between the air and blade angles at the outlet “the deviation”   δ =  β 2  −  β 2 ′   . In addition to the deflection, this has been defined as the difference between the inlet and the outlet flow angles:   ϵ =  β 1  −  β 2   . The relative flow angle  β  was considered positive when it was measured against the direction of rotation (U). Meanwhile, the absolute flow angle  α  has a positive sign when it is assessed in accordance with the direction of rotation (see Figure 8 and Figure 9).



One should outline here that the nominal parameters are only dependent on the design of the blade; the nominal deviation   δ *   is an explicit expression in terms of the camber   θ ′   and space-to-chord ratio:


   δ *  = m  θ ′     s l    1 / 2    



(4)







The value of the coefficient (m) and its variation as a function of the stagger angle ( γ ) are shown in Figure 10 [27]. In Figure 11, the nominal deflection and its evolution against the nominal outlet flow angle are shown. Once the nominal deviation (  δ *  ) is computed, the nominal outlet angle (   β 2 *  =  β 2 ′  +  δ 2 *   ) can be calculated; the nominal incidence is then deduced (   i *  =  β 2 *  +  ϵ *  −  β 1 ′   ). Eventually, the required data in the nominal conditions are known, and the off-design cascade curve of each stage is ready to be plotted. Nevertheless, one should accept that using a specific curve for each stage fails to predict the performance with high precision. Obviously, the second stage critically influences the flow throughout the CFF; therefore, the off-design curve of the second stage (Figure 12) is used for both stages, providing a satisfactory level of accuracy.



Frequently, performance characteristics are appraised by assigning a value to the flow rate; however, by using the cascade principles, the flow rate is deduced by assigning a value to the incidence angle i of the first stage. Therefore, Howell fixed the degree of reaction for the stage at 50 percent and determined the radial velocity (in the case of an axial compressor:    α 1  =  β 2    and    β 1  =  α 2   ) as follows:


   c r  =  U  tan  β 1  + tan  β 2     



(5)




with:




	
   β 1  =  β 1 ′  + i  ;



	
   β 2  =  β 1  − ϵ  .








Owing to the inequality of U and   c r   throughout the blade channel in the CFF, this equation challenges the pertinence of its flow rate, or at least causes inappropriate results of the performance. Therefore, we administered a suitable approximation to calculate the radial velocity in the CFF, based on the following equations:


          tan  β  1 , s u c   =   u  1 , s u c    c  1 r , s u c    − tan  α  1 , s u c         tan  β  2 , s u c   =     R  i n    R  o u t     2    u  1 , s u c    c  1 r , s u c    − tan  α  2 , s u c             



(6)







We obtain


  tan  β  1 , s u c   −     R  o u t    R  i n     2  tan  α  2 , s u c   + tan  α  1 , s u c   −     R  o u t    R  i n     2  tan  β  2 , s u c   = 0  



(7)







Then, we suggest that


      tan  β  1 , s u c   −     R  o u t    R  i n     2  tan  α  2 , s u c    ︸   0  +     tan  α  1 , s u c   −     R  o u t    R  i n     2  tan  β  2 , s u c    ︸   0  = 0  



(8)







All of these assumptions are concluded as:


   c  1 r , s u c   =   u 1   tan  β  1 , s u c   +     R  o u t    R  i n     2  tan  β  2 , s u c      



(9)







Seemingly, the new expression of   c  1 r , s u c    revealed a great accuracy of the air flow within the machine, which seems to have good agreement with the global performance.



Following the assumptions and findings so far, it should be mentioned that the angular momentum is kept constant during the rotation; this leads us to assume that    c  2 θ , s u c   =  c  1 θ , d i s    . This relation represents the link between the two stages and, thus, the flow angle (  β  1 , d i s   ), as well as all the remaining angles deduced as follows:


   β  1 , d i s   = arctan    S  1 , s u c    S  2 , d i s    tan  β  2 , s u c     



(10)




where:




	
   i  d i s   =  β  1 , d i s   −  β  1 , d i s  ′   ;



	
   ϵ  d i s   = deflection  (  i  d i s   )    (Figure 12);



	
   β  2 , d i s   =  β  1 , d i s   −  ϵ  d i s    .








The drag coefficient (   C D  =  C  D p   +  C  D a   +  C  D s    ) is a combination of several terms, as highlighted below:




	
  C  D p    is the drag coefficient related to the blade profile, represented in the off-design curve, according to the incidence angle in each stage;



	
  C  D a    corresponds to an additional loss related to the friction in the blade’s annulus, expressed as    C  D a   = 0.20 s /  h b   ;



	
  C  D s    is the drag coefficient, which represents secondary losses, caused by small vortices that surround the blade wall, written as    C  D s   = 0.018  C L 2   .   C L   defines the lift coefficient with the following equation:













	
   C L  = 2  s l    tan  β 1  − tan  β 2    cos  β m     .








The pressure loss could directly be derived from the drag coefficient:


     Δ  P  l o s s , s u c   =  1 2  ρ  w  1 , s u c  2    C  D , s u c    s / l       cos 2   β  1 , s u c      cos 3   β  m , s u c         



(11)






     Δ  P  l o s s , d i s   =  1 2  ρ  w  1 , d i s  2    C  D , d i s    s / l       cos 2   β  1 , d i s      cos 3   β  m , d i s         



(12)







Given the above-mentioned explanations, as well as the included assumptions, almost all features have been taken into consideration. One can note that the ideal pressure rise (  Δ  P  i d    ), the total pressure rise (  Δ  P  t o t    ), and the static pressure rise (  Δ  P  s t a t    ) can be determined for the prospective objectives.



The cascade theory methodology used is presented in the following flowchart (Figure 13):






3. Results and Discussion


3.1. Performance–Pressure Curves’ Prediction


The loss models of the mean streamline and the cascade theory were applied in this study to predict the performance of the CFF. The two approaches were then compared to select the most convenient method that validates the experimental results. To perform an experimental validation, the obtained characteristics results of the performance were compared with the experimental results of Porter and Markland’s work [9] (see Figure 14).



The mean streamline analysis lies on the velocity triangles drawn in Figure 6. The loss correlations cited previously were used to compute the pressure loss. As illustrated in Figure 14, the main streamline analysis shows a good agreement with the experience in medium- and high-flow regions. However, at low flow rates, the curves invalidate the experience.



On the other hand, the prediction of performance using the cascade theory requires firstly deducing the curve of performance specific to the studied fan, as derived from Figure 7 and displayed in Figure 12. According to Howell, the normal operating domain for any machine is usually covered when the variable    ( i −  i *  )  /  ϵ *    is situated between −0.6 and 0.6. In our case, the flow coefficient was computed based on this variable and revealed in Figure 15. In the same way, the incidence angles in the two stages are shown in Figure 16 as a function of the flow coefficient. The obtained results from the cascade theory match the experimental results in all the flow domain with an acceptable error. The cascade theory could be a suitable approach to predict the fan performance features of the CFF.



Furthermore, one should not forget that the efficiency is the most important characteristic that determines whether the machine corresponds to our requirements or not. Experience showed that a part of the energy provided to the fan serves to run the rotating impeller, and thus, the remaining part is absorbed by a generated vortex within the rotor. Scientists proposed a methodology that relies on the vortex power: Dang and Bushnell [5] suggested in their paper a correlation that approximates the efficiency  η , as shown in Equation (13):


   η  t o t   =  η  t h   =   ϕ  ψ  t o t      λ  r o t   +  λ  v o r      



(13)




where   λ  r o t    is the essential power to rotate the impeller and   λ  v o r    is the power absorbed by the vortex, and they are defined as follows:


   λ  r o t   = ϕ  (  ψ  E u l e r   +  ψ  l o s s   )   



(14)






   λ  v o r   =  ψ  E u l e r      k  v o r    r  v o r     R  o u t         c  2 , s u c   +  c  1 , d i s   +  c  2 , d i s     3  U  o u t      3   



(15)







Moreover, owing to the fact that the casing geometry varies from one fan to another and its shape highly affects the fan performance, a correcting coefficient   k  v o r    was added to take into consideration the specific casing geometry. Dang and Bushnell [5] demonstrated that the vortex core can be considered as an ellipse with a fixed size, and they fixed then the   k  v o r    equal to 0.7. These assumptions led the authors to satisfactory results that matched the experimental findings. In our case, we considered that the vortex has a fixed elliptical shape, and   (  R  o u t   −  R  i n   )  , as well as   2 (  R  o u t   −  R  i n   )   are its minor and major radii, respectively. When applying these parameters in the Eck/Laing fan, it must be pointed out that the generated results refuted the experimental findings at low and medium flow rates, as shown in Figure 17. However, as a disadvantage of this method, we should explore the CFF efficiency with more precision and develop a general method to obtain the fan efficiency curve.




3.2. Efficiency Investigation


The main aim of this part of our study is to develop an explicit expression that describes the efficiency of the Eck/Laing CFF. The latter has a different geometry than the one studied in the paper of Dang and Bushnell [5], which is why we should determine the   k  v o r    specific to our case. The experimental data used in this section are the efficiency values collected by Porter and Markland [9], and our purpose is to find the corresponding   k  v o r    to be able to satisfy this equality:    η  e x p   =  η  t h    . To do this and prior to proceeding with the resolution, some simplifications should be made.



By considering    r  v o r   = k  r  v o r    h  b l    , we obtain:


   λ  v o r   =  ψ  E u l e r      k  v o r   k  r  v o r    h  b l     R  o u t         c  2 , s u c   +  c  1 , d i s   +  c  2 , d i s     3  U  o u t      3   



(16)







The issue of finding the coefficients   k  v o r    and   k  r  v o r     for each flow rate is reduced to solving an optimization problem, where the objective function to minimize is the absolute error between the experimental and theoretical efficiencies:   m i n  F = m i n   |   η  e x p    ( ϕ )  −  η  t h    (   k  v o r   , k  r  v o r   , ϕ  )   |   , with   0 <  k  v o r   < 1.5   and   0 < k  r  v o r   < 5  , these two domains permit the vortex to cover up the whole impeller cross-section surface.



Due to its simplicity and efficiency, Particle Swarm Optimization (PSO) is suitable for this kind of optimization problem. PSO is a metaheuristic non-intrusive algorithm that is widely used in engineering, including the turbomachinery domain [28,29,30,31]. In 1995, Eberhart and Kennedy [32] attempted to develop an algorithm that describes the swarm motion of animals, such as bees, birds, or even fishes. Subsequently, this social behavior algorithm turned out to be a relevant tool in optimization. Its idea is to set a population of moving particles. In each iteration “t”, the position of each one is evaluated, and the particles will move toward the individual that has the closest position to the solution. The iterations will stop when the criteria are reached. The particle velocity during the displacement could be expressed as follows:


   V  t + 1   = ω  V t  +  C 1  r a n d  (  x t  − p b e s  t t  )  +  C 2  r a n d  (  x t  − g b e s  t t  )   



(17)




where    x  t + 1   =  x t  +  V  t + 1    ,  ω  is the coefficient of inertia, which can be set to 0.5,   C 1   and   C 2   are the cognitive learning rate and the social learning rate, usually set equal to 2, and   r a n d   is a random number of a uniform distribution chosen between 0 and 1.



The resolution of the optimization problem using the experimental results gave us a space of admissible solutions of different couples of   (  k  v o r   , k  r  v o r   )  , as depicted in Figure 18. Owing to the poor interpretation that can be made by this space of solutions, we put in place a CFD method to refine them.



Numerical Simulation


In order to find a unique couple of   (  k  v o r   , k  r  v o r   )   parameters for each flow rate, a CFD of the CFF was performed using Starccm+. The numerical model of the CFF is identical to the experimental one. The upstream and downstream boundaries of the fan were extended in order to avoid stiff boundary effects; see Figure 19. Mass flow and outlet boundary conditions were applied to the fan inlet and outlet, respectively.



Preliminary results using a steady moving reference frame calculation were not conclusive because they are not physical; the calculation presented difficulties converging towards a stable and unique solution. In order to overcome this inconvenience, an unsteady calculation using a sliding mesh was carried out despite the fact that it was time and resource consuming. The   k − ω   SST turbulence model was used. A preliminary mesh size sensitivity analysis was carried out; see Figure 20—left. It showed that a grid of   2 ×  10 6    polyhedral cells (with five layers at the wall boundary layers) was a good compromise between calculation time and accuracy; see Figure 21. The   y +   parameter on the walls was varied from 0.3 to 70, with 90% of the meshes having a   y + ≤ 15  . A sensitivity analysis of time step is presented in Figure 20—right, and a time step of   10  − 4   s was used to ensure 10 points per blade passage. The simulations were performed for 10 revolutions of the rotor. Finally, a segregated flow solver and second-order space order of accuracy were used, as well as an implicit time solver. The simulation was carried out for different mass flows starting from 0.06 to 0.66 kg/s, for both 1400 rpm and 2250 rpm rotor rotational velocities. The presented instantaneous streamlines were taken at the end of the last rotor revolution.



The data collected from the simulations were projected in a cross-section normal to the longitudinal axis, as shown in Figure 22. The streamlines delimit the re-circulation zone. We noticed that the vortex size became smaller whenever we increased the flow rate, and its center tended to move toward the rotor’s inner periphery. We can notice in Figure 23 and Figure 24 that the angular position of the vortex center is almost equal to   θ  v o r , d i s    (as defined in Figure 4) at low and medium flow rates. However, the center tends to move inside the vortex wall curvature at high flow rates.



To investigate the efficiency, we measured the average vortex radius in each simulation and deduced the value of   k  v o r    each time according to   k  r  v o r    . The most satisfactory finding is that for each case,   k  v o r    is around the same value, as indicated in Figure 25 and Figure 26, which means that   k  v o r    specific to the Eck/Laing geometry is equal to 0.41.



With reference to the above-mentioned results and by considering the great results obtained and shown in Figure 27, we concluded that the efficiency of the Eck/Laing fan can be expressed according to Equation (15), where    k  v o r   = 0.41   and   r  v o r    is defined with CFD analysis. The correlation    r  v o r   = f  ( ϕ )    is shown in Figure 25.



The efficiency correction procedure is presented in the following flowchart (Figure 28):





3.3. Discussion


The performance–pressure curves are of major importance for CFF manufacturers. The results showed that the loss model based on the mean streamline analysis is a good tool to predict them. However, it reveals a lack of precision in low and medium flow rates. On the other hand, the cascade principles showed a good agreement with the experimental results in all the flow domains, which makes the method more accurate to plot the performance–pressure curves for the Eck/Laing fan. Moreover, the efficiency is the most significant characteristic of the CFF, especially when the latter is involved in a cooling system. Its formulation is still a subject of study. Some works such as Dang and Bushnell [21] revealed that it is highly affected by the eccentric vortex power and size, and they established it by considering fixed flow regions inside the CFF. When we applied this theory to the Eck/Laing fan, it seemed that the plotted curve was not corresponding to the practical results. For this purpose, we decided to carry out further research to find the efficiency expression parameters using the experimental data. We put in place an optimization algorithm to determine the space of solutions of the expression parameters of the efficiency, then we explored the internal flow field with a CFD simulation to collect the vortex characteristics, to finally find the unique formulation of the efficiency of the Eck/Laing fan. This methodology is a combination of several studies with multiple aspects. We utilized semi-empirical theories in addition to an optimization procedure and numerical modeling. The outputs of this procedure are of extreme interest, and this approach can be an efficient strategy to predict the cross-flow fan performance.





4. Conclusions


This paper investigated the performance of CFFs using both analytical modeling and experimental data. A numerical methodology was described to predict the CFFs’ performance. To deduce the performance characteristics curves of CFFs, it appeared that the cascade theory validated well with the experimental results compared to that of the loss model. It is worth mentioning that the determination of the fan geometry is a prerequisite step.



Moreover, the literature provides a classical approximation of the CFF’s efficiency, which considers that the generated vortex within the rotor has a fixed center and size. Nonetheless, those characteristics vary and are still unknown so far, especially when the main vortex highly affects the CFF efficiency. The key contribution of this work is to model the efficiency by taking into account the variation of the vortex position and size. To do this, a multidisciplinary study was employed to obtain a general formulation of the efficiency of the Eck/Laing fan, the latter being the most used CFF in Europe. This work relies on experimental data, which were firstly used to obtain a space of solutions of the efficiency parameters using an optimization algorithm (PSO). This space was then refined with CFD simulations to obtain a unique couple of efficiency parameters. The results agreed with the experimental data with high accuracy, as shown in the above figures. To the best of our knowledge, this is the first study to describe precisely the cascade principles applied to cross-flow fans, and such techniques have not previously been employed to formulate the CFF’s efficiency by taking into account the dynamics of the vortex. As a result of those works, we proposed a robust methodology of performance analysis that permits speeding up the design cycle of cross-flow fans. The next step should be to explore the vortex attitude and power to be able to set a general methodology that describes the CFF performance for any available geometry on the market.
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The following abbreviations are used in this manuscript:









	Symbols
	



	A
	air



	c
	absolute velocity



	   C f   
	friction coefficient



	g
	gravity acceleration



	h
	height



	i
	incidence angle



	k
	coefficient



	kr
	radius coefficient



	L
	length



	N
	rotational speed (rpm)



	S
	arc/section



	s/l
	space-to-chord ratio



	U, u
	rotational speed



	w
	relative velocity



	Z
	blades number



	  α  
	absolute flow angle



	   α ′   
	angle defined in Figure 5



	  β  
	relative flow angle



	   β ′   
	blade angle



	  γ  
	stagger angle



	  δ  
	deviation



	   Δ H   
	pressure head



	   Δ P   
	pressure gradient



	  ϵ  
	deflection



	  η  
	efficiency



	  θ  
	angle/angular coordinate



	   θ ′   
	camber angle



	  λ  
	power



	  ρ  
	air density



	  ϕ  
	flow coefficient



	  ψ  
	pressure coefficient



	Superscripts
	



	    *   
	nominal operating conditions



	Subscripts
	



	1
	inlet



	2
	outlet



	bl
	blade



	center
	vortex center



	dif
	diffuser



	dis
	second stage (discharge)



	Euler
	Euler head



	exit
	wind tunnel exit



	id
	ideal



	in
	rotor inner periphery



	loss
	pressure loss/head loss



	m
	average



	mid
	blade midpoint



	out
	rotor outer periphery



	r
	radial component



	rc
	re-circulation



	rot
	rotational



	sf
	skin friction



	stat
	static



	suc
	first stage (suction)



	th
	theoretical



	thr
	throat



	tot
	total



	vol
	volute



	vor
	vortex/vortex wall



	  θ  
	tangential component








Appendix A


This is a numerical example of the calculation of the total pressure and the pressure rise for a given incidence angle, using cascade principles applied in the Eck/Laing CFF. The first thing to begin with is the characteristic angles and the angles at the nominal condition. The camber angle   θ ′   for our blade profile is expressed as:




	
   θ ′  =  β 1 ′  +  β 2 ′  +  α ′   ,








and the stagger angle  γ  is determined as follows:




	
  γ = a c o s     R  o u t   cos  α ′  −  R  i n     c h o r d     











	   β  1 , s u c  ′  = + 52 °  
	   β  2 , s u c  ′  = − 20 °  



	   β  1 , d i s  ′  = + 20 °  
	   β  2 , d i s  ′  = − 50 °  







      θ ′  = 75.65 °       γ = 17.82 °       m =  f 1   ( γ )  = 0.24        δ *  = m  θ ′     s l    1 / 2   = 19.45 °        ϵ *  =  ϵ  d i s  *  =  f 2   (  β  2 , d i s  ′  )  = 42.54 °        i *  =  i  d i s  *  =  ϵ *  +  β  2 , d i s  ′  −  β  1 , d i s  ′  +  δ *  = − 10 °     








m and   ϵ *   are deduced from Figure 10 and Figure 11 respectively.



In the following example, we consider the case where    (  i  i n c   −  i *  )  /  ϵ *  = 0.2  . It is noticeable that the numerical results shown in the table are rounded.
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Table A1. Numerical example of the application of the cascade principles of CFFs.
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	Parameter
	Expression
	Value





	   i  i n c    
	   0.2  ϵ *  +  i *    
	   − 1.48 °   



	   ϵ  s u c    
	   f 3   ( 0.2 )  .  ϵ *    (Figure 12)
	   48.74 °   



	   β  1 , s u c    
	    β 1 ′  +  i  s u c     
	   50.52 °   



	   β  2 , s u c    
	    β 1  −  ϵ  s u c     
	   1.78 °   



	   β  m , s u c    
	   arctan    tan  β 1  + tan  β 2   2     
	   31.9 °   



	   c  1 r , s u c    
	    U  o u t    tan  β  1 , s u c   +   (   R  o u t    R  i n    )  2  tan  β  2 , s u c      
	14.22



	   C  d a    
	   0.02  s  h b     
	0.024



	   C L   
	   2  s l   ( tan  β  1 , s u c   − tan  β  2 , s u c   )  cos  β  m , s u c     
	2.28



	   C  d s    
	   0.018  C L 2    
	0.093



	   C  d  P , s u c     
	   f 4   ( 0.2 )    (Figure 12)
	0.014



	   C  d  s u c     
	   C  d P  + C  d s  + C  d a    
	0.13



	   Δ  P  s u c     
	(   1 2  ρ  w  1 , s u c  2   ) C   d  s u c    s l     cos 2   β  1 , s u c      cos 3   β  m , s u c      
	23.42



	   ψ  l o s s , s u c    
	    Δ  P  s u c     1 / 2 ρ  U  o u t  2     
	0.12



	   β  1 , d i s    
	   arctan    S  1 , s u c    S  2 , d i s    tan  β  2 , s u c      
	   1.69 °   



	   i  d i s    
	    β  1 , d i s   −  β  1 , d i s  ′    
	   − 18.31 °   



	   ϵ  d i s    
	   f 3   (     i  d i s   −  i *    ϵ *    ) (Figure 12)
	   34.47 °   



	   C L   
	   2  s l   ( tan  β  1 , d i s   − tan  β  2 , d i s   )  cos  β  m , d i s     
	1.46



	   C  d s    
	   0.018  C L 2    
	0.038



	   C  d  P , d i s     
	   f 4   (    i  d i s   −  i *    ϵ *   )    (Figure 12)
	0.017



	   C  d  d i s     
	   C  d P  + C  d s  + C  d a    
	0.08



	   Δ  P  d i s     
	(   1 2  ρ  w  1 , s u c  2   ) C   d  d i s    s l     cos 2   β  1 , d i s      cos 3   β  m , d i s      
	13.97



	   ψ  l o s s , d i s    
	    Δ  P  d i s     1 / 2 ρ  U  o u t  2     
	0.07



	   ψ  E u , s u c    
	    (  U  i n    c  2 θ , s u c   −  U  o u t    c  1 θ , s u c   )   1 / 2  U  o u t  2     
	1.15



	   ψ  E u , d i s    
	    (  U  o u t    c  2 θ , d i s   −  U  i n    c  1 θ , d i s   )   1 / 2  U  o u t  2     
	1.73



	   ψ  E u , t o t    
	    ψ  E u , s u c   +  ψ  E u , d i s     
	2.89



	   ψ  l o s s , d i f    
	   0.2     c  2 r , d i s    U  o u t     2    
	0.11



	   ψ  t o t    
	    ψ  E u , t o t   −  ψ  l o s s , s u c   −  ψ  l o s s , d i s   −  ψ  l o s s , d i f     
	2.59



	   ψ  l o s s , e x i t    
	    (  1 2  ρ  c  d u c t  2  )  /  (  1 2  ρ  U  o u t  2  )  =      c  1 r , s u c    S  1 , s u c     h  U  o u t      2    
	2.54



	   ψ  s t a t    
	    ψ  t o t   −  ψ  l o s s , e x i t     
	0.046
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Figure 1. The Eck/Laing CFF design. 
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Figure 2. Eck/Laing CFF CAD. 
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Figure 3. Eck/Laing CFF rotor dimensions. 
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Figure 4. The suction and discharge arcs’ geometrical approximations. 
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Figure 5. The main angles of the aerodynamic profile. 
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Figure 6. Velocity triangles in the two stages of a cross-flow fan using the streamline analysis. 
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Figure 7. Deflections and drag coefficients at other than nominal incidences (see [25,26]). 
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Figure 8. Air direction around blades in cascade. 
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Figure 9. Velocity triangles in the two stages of a cross-flow fan using the cascade principles. 
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Figure 10. Deviation coefficient (m) as a function of the stagger angle ( γ ) [27]. 
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Figure 11. Nominal deflection according to the nominal outlet angle (see [25,26]). 
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Figure 12. Off-design performance of the cascade, specific to the second stage of the Eck/Laing fan. 
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Figure 13. Cascade theory procedure applied in CFFs. 






Figure 13. Cascade theory procedure applied in CFFs.



[image: Energies 15 05134 g013]







[image: Energies 15 05134 g014 550] 





Figure 14. Theoretical pressure curves of the two models compared with the experimental results for 2250 rpm. 






Figure 14. Theoretical pressure curves of the two models compared with the experimental results for 2250 rpm.



[image: Energies 15 05134 g014]







[image: Energies 15 05134 g015 550] 





Figure 15. Computed flow coefficient for each incidence angle. 
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Figure 16. Incidence angles in the two stages. 
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Figure 17. Efficiency prediction considering a constant size of the vortex. 
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Figure 18. Space of admissible solutions of   (  k  v o r   , k  r  v o r   )  . 
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Figure 19. Computational fluid volume of the CFF. 
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Figure 20. Vortex position at   N = 2250   rpm and   Q m = 0.33   m/s. (Left) Mesh sensitivity analysis; (right) time step sensitivity analysis at mesh size   2 ×  10 6   . 
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Figure 21. CFD meshing of the internal volume of the CFF. 
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Figure 22. Streamlines colored by velocity for 2250 rpm using CFD analysis. 
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Figure 23. The vortex center position for different flow rates. 
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Figure 24. Comparison of the vortex angular coordinate with   θ  v o r , d i s    of the Eck/Laing fan. 
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Figure 25. The measured vortex radii and the corresponding   k  v o r   . 
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Figure 26. Physical solution of krvor obtained by CFD placed into the overall space of solutions. 
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Figure 27. Comparison of efficiency considering fixed vortex and variable vortex size. 
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Figure 28. CFF efficiency formulation. 
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Table 1. Description of the loss models using streamline analysis.
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	Model
	Formulation
	Description and Characteristics





	Skin friction loss
	
	Pressure loss due to friction between air, blade wall, and casing inner wall



	First law
	   Δ  H  s f   =   2  C f   g    L b   D  h y d     w 2    
	First stage: pump



	Second law
	   Δ  H  s f   =   2  C f   g     L b  l   D  h y d     w 2    
	Second stage: compressor



	Third law
	   Δ  H  v o l , s f   = 0.35  C  f , v o l     S  v o l    A  t h r      c  e x i t  2   2 g     
	Inner surface of casing tunnel



	Incidence loss
	   Δ  H  i n c   = 0.7   w  1 θ , s u c  2   2 g     
	Chocks between air and blade tip at the entrance of first stage



	Expansion loss
	   Δ  H  e x p   = 0.75     (  c  2 θ , d i s   −  c  t h r   )  2  +  c  2 r , d i s  2    2 g     
	Decompression of the air once it is out of the blades inter-space to the tunnel



	Enlargement loss
	   Δ  H  e n l   =    (  c  t h r   −  c  2 , d i s   )  2   2 g     
	Spread of the fluid vein at the exit of the second stage toward the diffuser



	Re-circulation loss
	   Δ  H  r c   = 8 .  10  − 5     sinh  ( 3.5  α  2 , d i s  3  )   D f 2   U  o u t  2   g    
	Related to the existence of the vortex
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file56.jpg
Stat  —»  ForNo,collect
nes(®)

!

$=¢o

!

For No, compute the.
velocities with the
cascade theory

!

=0+a0

v l

Yes—»

End

duduce krvor and find
Kvor with PSO

A

run CFD simulations
and mesure rvor$)

A

deduce couples of (kvor,
krvor) for each ¢

4

solve: min | new(9) - nexw(d, kvor,
kivor) | with PSO





media/file8.jpg
suction:

\[5\74@/"/__

g I Orr s
) -

")

L

logarithmic
segment





media/file48.jpg
0°

260

240

220

200

180

— Oy of the CFF
B O coner t 1400 pm
© O coner a 2250 M

0.6 08 1





media/file27.png
enter the
geometrical
data

'

compute i*, & and * .
equation (4)

l

plot the off-design
curves

'

I =i0=-0.6 (first
stage)

v

compute flow angles,

Start —

velocity components, ¢ ™

and APloss.
equations (5)-(12)

End

Yes

— i>0.6

o

i=i+Ai

T

Compute y_Euler,
Y_total and Y _rise

T

Deduce idis for the second
stage, velocity components
and APloss

T

> C2r,suc = Clrdis .
compute P1,dis





media/file43.png
Vortex wall

Rear wall

Volute tongue

Impeller

Inlet






media/file12.jpg





media/file14.jpg
ele*

125

0.75

0.5

025

olu
075

L
-0.5

L
-0.25

0
(i—i*)/e*

0.25

0.5

pupis
0.75

0.15

0.125

0.1

0.05

0.025





media/file35.png
100

80

60

M (%)

40

20

*
- *
4 Experience
- ——  Primary prediction
! I ! ! I ! ! I ! ! ! I !
0.2 0.4 0.6 0.8






media/file20.jpg
04

035

03

E 025

02

0.15

0.1

L L

10

20 30
stagger angle (y °)

50





media/file53.png
pegen \\\\\\\\\ \\\ |
| \\\\\\\\\\\\\\ 1
\\\\\\\\\\\\\\\\\\\ |

0 i e






media/file5.png





media/file19.png





media/file45.png
Velocity (mis)
l’Y 20.1:

Velocity (mis)
005568684897 16924 _ 25358 33792 42.0%6

033 kg/s

v
Tx %
Velocity (mis)
0087687 19474 38560 Sassg” 77632 97017

Qm =

e
e\

N 2
>
zx
— Velocity (mis)
1277112005 22733 — 33460 44.189 54917

Qm =0.44 kg/s

|
'y
¥ \’
Vﬂ)r) »
Velocity (mis)
0.26885 11746 23.224 34.70 46.178 57.656

i e/
X —
i =
- ——— Vefocity (mis)
038068 18.898 37415 55.932° 74449 92.966

Qm =0.49 kg/s
l' Iwmy

AR A A Vi)
\ \ \ \\\\\{\‘;% (

,\

- = - 4 '
2z x ;
e velocity (ms)
074588 13825 26903 . 39983 53061 66139

Qm =0.55kg/s

Qm =0.60 kg/s

Qm = 0.66 kg/s






media/file54.jpg
100 T T T T

s0F

60
g
=

40+

®  Experience
3l ——  Primary prediction
~——— Prediction with PSO and CFD
0 . . . .
0 02 04 0.6 08





nav.xhtml


  energies-15-05134


  
    		
      energies-15-05134
    


  




  





media/file11.png





media/file41.png
® mesh size 1 x 10°
% mesh size 2 x 10°
° mesh size 4 x 10°

1

1500

90°
60°
46

</

2100

2

<
WV

20°
40°

>
v
330°

300°

270°

47 48 [mm]

o

® time
* time
time

step 1 x 107 s
step 1 x 107" s
step 1 x 107 s

90°

120°

:
- </

240°

b
>

270°





media/file37.png
&
=2

© A\
&
N B
Olm
Il o
5 8
A2 2R
S & E
28R
[
2 Bs
........ 0o

OOOOOOOOM

NS \\\\\\\\\\\\\ _

Y
g 7

000000008






media/file46.jpg
180

90°

vor, s Of the CFF
O, cener at 1400 rpm
O, comer at 2250 rpm

60°

270°






media/file10.jpg





media/file40.jpg
o mesep1 1075
S 110
o umeqiiio’s






media/file16.jpg





media/file3.png
Suction arc

Blades

Vortex wall

Discharge arc






media/file22.jpg
40

w
=)

Nominal deflection e (degrees)
w
5

3
T

L L L L

10 20 30 40 50
Nominal outlet relative air angle %y, (degrees)





media/file55.png
100

80 -

60 -
S
=

40

4 Experience
0L —  Primary prediction
----- Prediction with PSO and CFD
0 ' — I |
0 0.2 0.4 0.6 0.8





media/file25.png
profile drag coefficient Cp,

(+3) TOnOAAP

Vo Vo V)
N N — — <
S S S S S S
[ ' \\.— ' [ ' [ ' _ ' @\
T -
7
— 7/ n
~——y
\ I.I:I'I:I:I
7/ I:I:I:I:I'I.I 1 O
\\ .I.I.I.I.I 2
.I:I:I'I.I | 5
/ I —
/
~~
/ o
h . ~—
__ , 12 5
// n
/o
“ | S
(D
1 Q
_— \ - N pnu
\ A\ o)
\ 5
\ \
\ V- =
o \ !
\ &) i
\ w O i
\ =
\ 1
]
[ _
I .
(I i
I i i
i ! ] e
i _
1
I
I
/ i
I
/ ] -
_ I\ 1 _ 1 1 1 1 _ 1 1 1 1 _ 1 1 1 _ 1 { 1 p—
-] -] O -] O < |
W <t N @\ —





media/file52.jpg
\\\\\\\\\\\\\\\\ Iz

2707008 2






media/file26.jpg
Start

enter the
geometrical
data

!

compute i*, 5* and e* .
equation (4)

!

plot the off-design
curves

compute flow angles,
velocity components, ¢
and APioss.
equations (5)-(12)

End

A
Yes.

i=i+ai

f

Compute y_Euler,
_total and y_rise

!

Deduce idis for the second
stage, velocity components
and APioss

—

!

————>  Caswc=cuds

compute Br.gs





media/file57.png
Start —p  For No, collect

Nexp(()

For No, compute the
— velocities with the
cascade theory

l

b=0 +Ad

'

- ¢>1

Yes—p

End

!

duduce krvor and find
Kvor with PSO

!

run CFD simulations
and mesure rvor($)

!

deduce couples of (kvor,
krvor) for each ¢

T

solve: min | nexp($) - nexp(¢, kvor,
krvor) | with PSO





media/file34.jpg
n(%)

100

80

60

40

20

-
*  Experience
——  Primary prediction
. . . .
0 02 04 06 08






media/file13.png





media/file31.png
0.8

0.6

0.4

0.2

0.2

0.4

(1gye — 1% )/€*

0.6

0.8





media/file39.png





media/file18.jpg





media/file9.png
suction

arc
main
vortex ~— /
vortex O S rear, suc
or, suc
wall Y bt > —_—
evor, dis ’Z erear dis
rear
wall
/
discharge

arc

= logarithmic

segment





media/file42.jpg
Vortex wall

Volute tongue e

Impelier

Inlet






media/file23.png
Nominal deflection e* (degrees)

10

40 —

10 20 30 40 50

Nominal outlet relative air angle [* . (degrees)





media/file50.jpg
° ki
® T
" ke 170

Kro() = 5.23 ¢~ 8.1 g +5.71

60

40
*
L) = 79.69 ¢ — 123.44 ¢ + 87.03
30
Ew=0dlw SR S
. . . . 5






media/file36.jpg
§o3335as%e2

\\\\\\\\\\\\\\\\\\

F777742 244 4k






media/file15.png
1.25

0.5

0.25

0 |
—0.75

—0.5

Ll
—0.25

0

(i—i*)/e*

101

0.15

10.125

qu

10.05

10.025





media/file28.jpg
2.5

15

0.5

T T T T
experimental total pressure coefficient
experimental pressure rise coeflicient
Prediction using the cascade theory
Prediction using mean streamline analysis






media/file49.png
O

260

240

220

200

180

Gvor, dis of the CFF

= eVor, center at 1400 rpm
® eVor, center at 2250 rpm
® O
o @
@
@
L I L L L I ! L L I L L I L
0.2 04 0.6 0.8






media/file2.jpg
Blades

Vortex wall-

Discharge arc
Rear wall





media/file32.jpg
20

10

-10

i






media/file6.jpg
762mm

12286mm






media/file24.jpg
profile drag coefficient Cop,

2 -
S S
T T

-0.05

T
L
=5

) , |

L
=) =
g a

20+

10
0
-10

(2) uonoayap

incidence angle (i°)





media/file29.png
2.5

1.5

0.5

T T T T T 1 T T
experimental total pressure coefficient
experimental pressure rise coefficient
Prediction using the cascade theory
Prediction using mean streamline analysis






media/file7.png





media/file33.png
20

10

—10

O

1SU.C

O
Ldis

N e - -






media/file44.jpg
Qm=0T6kg/s

G

L,

=

[IEET

(| R th(
| €






media/file47.png
Gvor, dis of the CFF
= eVor, center at 1400 rpm
® eVor, center at 225 O rpm

60°

30°

57

10 20 30 40 150 |6p [mm]

180°

240°

L
(‘ 0°

330°

N

300°

270°





media/file38.jpg





media/file0.png





media/file17.png
52° > 0
-20°< 0

-

200> 0

B,die .
' -52° < 0

2,dis






media/file4.jpg





media/file30.jpg
08

0.6

04

0.2

02

.
04

(=12 >

08





media/file51.png
1{VOI’ & quOI’

Kroo(®) =5.23 > — 8.1 ¢+ 5.711

\4
O

Kryor

I'VOI‘
1(VOI‘

80

70

60

[Ium] JOA 1

40

30

20





media/file21.png
0.4

0.35

0.3

g 0.25

0.2

0.15

01—t

0 10 20 30

stagger angle (y ©)

40

50





