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Abstract

:

This paper proposes a stage flow parameter analytical model for rapid evaluation of a counter-rotating compressor’s performance for design optimization and its application in the design of a transonic counter-rotating fan. In the first part, the velocity diagram method, considering the influence of flow-path geometry variation for enhancing the accuracy, is used to correlate the aerodynamic parameter between the inlet guide vane (IGV), the upstream rotor (R1), and the downstream CR rotor (R2). A profile loss correlation based on Lieblein’s diffusion factor and a shock loss model from a high-speed fan database are incorporated for predicting the rotor efficiency. In the second part, to verify its effectiveness, the analytical model is used for aiding in the aerodynamic design of a transonic CR fan for indicating the optimized combination of design parameters for good efficiency and a high pressure ratio. According to the analytical model and the simulation results, the final selected samples have higher efficiency, with a moderate pressure ratio (0.949/2.67, 0.890/2.99, and 0.841/2.99 for R = 0.1, 0.5, and 0.9, respectively). Finally, the aerodynamic characteristics of the designed transonic CR fan at a relative rotating speed of N = 1.05~0.8 are calculated by using the CFD software Numeca. Simulations indicate that the designed transonic CR fan has a pressure ratio of 2.76, with an efficiency of 0.8405 at the design point, and the efficiency is maintained above 0.821 with a stall margin of 13.3% for N=1.0. The maximum pressure ratio of this CR fan reaches 3.08 and 3.36 for N = 1.0 and 1.05, respectively. If used to provide thrust, calculations indicate that the thrust of this transonic CR fan is 71.8, 65.9, and 35.8 kN for N = 1.05, 1.0, and 0.8 at the near-choke point for the sea-level condition.
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1. Introduction


The counter-rotating compressor usually has no stator between rotors and has the advantage of reducing the axial length and component weight, which is one of the methods to enhance the thrust-to-weight ratio of an aeroengine. The early research in the 1940s by Lynam and Hawes found that the counter-rotating fan shows improvements in aerodynamic performance [1]. The research by Young also showed the potential aerodynamic performance advantage by indicating that the counter-rotor stage can provide higher pressure rise and increased through-flow capacity [2]. In 1957, Sabel and Sabatiuk reported the design of highly loaded supersonic counter-rotating compressor, consisting of impulse type inlet stage and a shock-in-rotor type second stage, with an objective of 17.7 kg/s, pressure ratio of 6.75, and an efficiency of 0.775 at the design point [3]. Experiments showed that flow blockage occurred in the first rotor and the mass-flow rate only reached 79% of the design value, with an efficiency of 0.733 [4]. In 1972, the counter-rotating concept was introduced into a multi-stage axial compressor by Millar et.al via rotating the case [5]. Measurement of its aerodynamic characteristics indicated that the stall behavior needs improvement [5]. The early studies reflected the technical challenges in aerodynamic design of counter-rotating compressors and indicated that the efficiency and stall characteristics are key points of design, requiring further research.



In the early 2000s, the MIT Gas Turbine Laboratory proposed the high-speed, highly loaded, two-stage counter-rotating compressor with boundary-layer aspiration on the second rotor (aspiration slot at 60% chord, designed to aspirate 1% of the inlet mass flow, from the hub to approximately 80% span) to suppress the flow separation around the shock-impinging point on the suction surface [6,7]. The first stage of this highly loaded counter-rotating fan has an inlet radius ratio of 0.5, work coefficient of 0.34, and a relative Mach number of 1.0~1.5 from hub to tip [8]. The second stage has a lower tip speed (350.5 m/s) and a supersonic inflow of the entire blade (  M a = 1.3 ~ 1.45  , from hub to tip), but with a high work coefficient of 0.5 [8]. The experiment showed that the highly loaded counter-rotating compressor achieved a high total pressure ratio of 2.9, with an efficiency of 89.0% for the design speed [8]. Further unsteady simulations using the Numeca FINE/Turbo software with the non-linear harmonic (NLH) method on this counter-rotating compressor were carried out by Knapke and Turner, and indicated that the boundary-layer aspiration is able to move the shock downstream and reduce the entropy increment, leading to an efficiency gain of 4.2% and a 3% increase of mass flow, compared with the non-aspirated condition [9].



Another development is the research on the contra-fan system of a high bypass ratio aeroengine [10,11,12,13]. Previous related research indicated the advantage of the less swirled flow of the counter-rotating fan, resulting in fewer flow losses in the rest of the engine [13]. In 2013, ONERA collaborated with the DLR and the CIAM, beginning the High Bypass Ratio Rotary Fan Research program, with the objective of developing and integrating an efficient dual-bypass fan system for future ultra-high bypass ratio (BR > 15) aeroengines [13]. The in-house flow solver TRACE was used to calculate this contra-fan aerodynamic characteristics at six different rotating speeds (N = 1.0, 0.95, 0.90, 0.83, 0.70, 0.55) and compared with the experimental results [13].



The influences of blade sweep, inflow distortion, and tip clearance size are researched for clarifying the flow mechanism in the counter-rotating compressor to optimize design. In 2015, Vijayraj and Govardhan researched the influence of axial and tip chord direction sweeping at two sweep angles (20° and 30°) on a large-scale experimental counter-rotating compressor and found that the blade sweep is able to improve the pressure increase and the stall margin of the upstream rotor [14]. In 2016, the numerical simulation research by Liu et al. on a transonic counter-rotating compressor indicated that the circumferential total pressure inlet distortion results in a decrease of the total pressure ratio, efficiency and stall margin of the transonic counter-rotating compressor [15]. In 2017, the numerical research by Mao et al. on the effect of the tip clearance size on the unsteady flow behaviors indicated that the tip leakage flow in the front rotor (R1) will enhance with the increase of the tip clearance size and then result in a larger incidence angle near the tip region of the downstream rotor (R2) [16]. The fast Fourier transform for the static pressure near the blade tip found two other new fluctuating frequency components, caused by the tip leakage flow self-unsteadiness in R1 and R2 [16].



The low-reaction design concept, rotor speed ratio, and circumferential suction groove in the counter-rotating compressor have also been researched, providing methods for counter-rotating compressor design refinement. The low-reaction design concept was applied by Sun et al. to the counter-rotating compressor for enhancing the rotor load coefficient, obtained a significantly increased total pressure ratio [17]. In 2019, numerical calculation by Joshi et al. indicated that the ratio of the rotor speed can influence the low aspect ratio counter-rotating fan performance by affecting the interaction between the blade wake of the upstream rotor and the suction surface flow of the downstream rotor [18]. In 2020, Liang et al. researched the influence of the axial location of the circumferential suction groove on the tip leakage flow [19]. Research indicated that the optimal axial location of suction groove is at around the 20% axial chord and can obtain an 8.4% increment of the stall margin due to the decrease of blade loading below the groove, the reduction of the tip leakage flow angle and the reversed axial momentum flux injected into the main flow passage [19].



In this article, to reveal the optimized combinations of design parameters (rotor load/flow coefficient, rotating speed ratio, IGV pre-swirl angle, flow path geometry, etc.) of the counter-rotating compressor to achieve good aerodynamic characteristics, a counter-rotating (CR) stage flow parameter analytical model, based on the velocity diagram considering the flow-path variation effect, is proposed. For application, it is used to aid the aerodynamic design of a transonic CR fan to rapidly evaluate the influence of design variables for finding the optimized design with good efficiency and an increased pressure ratio. With the calculations of the proposed analytical model, a transonic counter-rotating fan is designed with numerical simulations (RANS method) used to determine its aerodynamic characteristics.




2. Analytical Model to Calculate Counter-Rotating Compressor Stage Parameters


2.1. Aim and Method


This section establishes a practical counter-rotating compressor analytical model, considering the flow-path variation effect, based on a velocity diagram to guide the selection of design variables for good aerodynamic performance. Figure 1 shows the velocity diagram used in the analytical model and Figure 2 shows the meridian view of the blade geometry and the flow path.




2.2. IGV + Upstream Rotor (R1)


The effect of IGV is considered by using the pre-swirl angle     α   1     in this analytical model. The flow coefficient     ϕ   1    , and load coefficient     ψ   1    , of the upstream rotor (R1) of the blade section were selected as the design variables. The flow angle is defined on the stream surface with the radial velocity considered. At the R1 inlet, the axial velocity,     V   z 1    , is calculated by the definition of the flow coefficient   ϕ  . The radial velocity     V   r 1    , is estimated by using the axial velocity and the slope of the local streamline obtained by linear interpolation using the slope at the hub     S   H 1     and the tip     S   T 1    :


    V   r 1   =     U   1 t   L   ⋅   ϕ   1     ⋅     R   E   ⋅     S   T 1   −   S   H 1     +   S   H 1      



(1)







In Equation (1), the term     R   E     is the relative height of the blade section (Figure 2). Then, the tangential velocity     V   t 1    , at the R1 inlet is calculated:


    V   t 1   =      V   z 1   2   +   V   r 1   2      ⋅   sin  ⁡        α   1     180 °   ⋅ π      



(2)







According to the velocity diagram in Figure 1, the relative inlet velocity     W   1    , inflow angle     β   1    , and relative Mach number     M a   r 1    , of the upstream rotor (R1) are ascertained:


    W   1   =    V   z 1   2   +   V   r 1   2   +       V   1 t   −   U   1 t   L   ⋅     1 −     r   H 1    /    r   T 1       ⋅   R   E   +     r   H 1    /    r   T 1           2     



(3)






    β   1   =     tan   − 1    ⁡          V   1 t   −   U   1 t   L   ⋅     1 −     r   H 1    /    r   T 1       ⋅   R   E   +     r   H 1    /    r   T 1          /       V   z 1   2   +   V   r 1   2             



(4)






    M a   r 1   =     W   1    /   k ⋅   R   g   ⋅       T   1    /    1 +     k − 1    /  2   ⋅   M a   1   2             



(5)







According to the definition of the load factor     ψ   1    , the velocity diagram, and Euler’s equation in turbomachinery, the upstream rotor (R1) outlet tangential velocity     V   t 2    , is obtained:


    V   t 2   =       V   t 1     U   1 E   −   ψ   1   ⋅       U   1 t   L       2      /    U   2 E      



(6)







On the other side, applying the continuity equation to the stream-tube (Figure 2), the upstream rotor (R1) outlet axial velocity     V   z 2     is calculated:


    V   z 2   =         T   2       T   1        /        P   2       P   1         ⋅       A   1       A   2       ⋅       1 +     k − 1    /  2   ⋅   M a   2   2         1  /    k − 1             1 +     k − 1    /  2   ⋅   M a   1   2         1  /    k − 1         ⋅   V   z 1    



(7)







In Equation (8), the total temperature ratio       T   2    /    T   1       at the rotor outlet is determined according to the specified rotor load coefficient     ψ   1    :


      T   2       T   1     = 1 +     ψ   1   ⋅       U   1 t   L       2         k  /    k − 1       ⋅   R   g   ⋅   T   1      



(8)







The blade section stream-tube area ratio     A   r _ R 1   =     A   2    /    A   1       is estimated by using the average flow-path area variation and the slope of the flow path at the hub and the tip (Figure 2). In the application of this analytical model, the coordinates of the rotor leading and trailing edge at the shroud and the hub (points     L   1   ,   L   2   ,   L   3   ,   L   4     and     D   1   ,   D   2   ,   D   3   ,   D   4    ) are known. Then, the average through-flow area ratio of the upstream rotor     A   T _ R 1     is ascertained. The blade section stream-tube area ratio     A   r _ R 1     through the upstream rotor is varied along the radial direction and influenced by the hub and the shroud slope. A linear distribution is used to estimate the radial distribution of the stream-tube area ratio     A   r _ R 1    :


    A   r _ R 1     R   =     a ⋅   −   S   T 1     + 1   −   a ⋅   S   H 1   + 1     ⋅ R +     a ⋅   S   H 1     + 1    



(9)







It is assumed that the integration of the stream-tube area ratio     A   r _ R 1     along the relative blade span is equal to the overall averaged area ratio     A   T _ R 1     and the coefficient a in Equation (9) is ascertained:


  a =   2 ⋅     A   T _ R 1   − 1     −   S   T 1   +   S   H 1      



(10)







The rotor outlet Mach number     M a   2     can be directly calculated with the determined rotor outlet velocity     V   2    . The determination of the rotor outlet velocity     V   2     relies on the ascertain of     V   z 2    :


    V   2   =    V   z 2   2   +       V   z 2   ⋅       R   E   ⋅   R   s p l     ⋅     S   T 1   −   S   H 1     +   S   H 1         2   +   V   t 2   2     



(11)







On the other side, with the estimated blade section loss coefficient     ω  -   , the total pressure ratio     π   R 1     of the upstream rotor (R1) is able to be determined according to the method in the compressor aerodynamic design reference [20]:


    π   R 1   =     P   2       P   1     =         T   2       T   1           k  /    k − 1       ⋅   1 −       ω  −  ⋅   1 −       1   1 +   k − 1   2   ⋅         U   1 t   L   ⋅     r   E 2       r   E 1         2    /    k   R   g     T   r 1               k   k − 1          /          P   r 2       P   r 1         i d        



(12)







The term           P   r 2       P   r 1         i d     reflects the influence of radius variation through the blade section on the ideal inlet total pressure [20], and is calculated by:


          P   r 2       P   r 1         i d   =     1 +   k − 1   2   ⋅         U   1 t   L   ⋅     r   E 2       r   E 1         2    /    k   R   g     T   r 1       ⋅   1 −         r   E 1       r   E 2         2           k   k − 1      



(13)







The     T   r 1     in Equations (12) and (13) is the relative total temperature at the inlet location of the blade section. The     r   E 1     and     r   E 2     are the radius of blade section LE and TE, respectively. As indicated by Equation (7), the determination of the rotor outlet axial velocity     V   z 2    , requires the value of the outlet Mach number     M a   2    , and the blade section total pressure ratio       P   2    /    P   1      . According to Equation (12), the calculation of the total pressure ratio       P   2    /    P   1       requires the estimation of the blade section total pressure loss coefficient     ω  -   . However, the estimation method of the blade section total pressure loss coefficient    ω -   , used in this analytical model requires the value of the outlet axial velocity     V   z 2    , itself to determine the relative outflow angle     β   2    . Therefore, it needs iteration calculations to find the blade section outlet axial velocity     V   z 2    .




2.3. Prediction of Loss Coefficient


Considering that this analytical model is used for the main flow, the blade section total pressure loss coefficient     ω  -    is predicted by decomposing it into the profile loss       ω  -    P    , and the shock loss       ω  -    s    :


    ω  -  =     ω  -    P   +     ω  -    s    



(14)







For the profile loss coefficient       ω  -    P    , the Lieblein’s diffusion factor to loss parameter correlation, used by Wennerstrom et al. [21] in the performance prediction of high Mach number transonic rotors, was adopted (Figure 3a). For the shock loss coefficient       ω  -    s    , this analytical model adopts a polynomial fitting function based on several high-speed fan data presented in [22]. The shock loss data from high-speed transonic fans were adopted due to the high-inflow Mach number feature of the counter-rotating compressor. Considering that this analytical model is for preliminary research to determine the optimized value of important design variables, this fitting function can conveniently predict the shock loss coefficient       ω  -    s    , and it only requires one input parameter, i.e., the relative inlet Mach number     M a   r    .



Once the profile loss coefficient       ω  -    P     and shock loss coefficient       ω  -    s     are estimated, the total pressure ratio     π   R 1     of the upstream rotor (R1) can be determined by Equation (12). With the calculated rotor outlet axial velocity     V   z 2     then, the blade outlet flow angle     α   2    , the relative outlet velocity     W   2    , and the relative outlet flow angle     β   2     can be obtained.



In the iteration calculation process to determine the outlet axial velocity     V   z 2    , an initial value is specified to     V   z 2     and then the flow parameters at the blade section outlet location, including the absolute Mach number     M a   2     and the total pressure ratio     π   R 1     are determined by using the velocity diagram in Figure 1 and Equations (7)–(13). Then, the new value of outlet axial velocity     V   z 2     can be determined by Equation (8). Next, this new value of outlet axial velocity     V   z 2     is taken as the initial value and the secant method is used to match the iterations to reach the correct axial velocity     V   z 2    .




2.4. Flow-Path Variation Effect


The next stage is in the flow path from the outlet of the upstream rotor (R1) to the downstream rotor (R2). Due to the variation of the flow-path radius and area is large, the induced flow property variation is significant and needs to be considered.



For the flow in the flow path between blades, it is simplified as an isentropic and adiabatic flow process (    T   3   =   T   2   ,   P   3   =   P   2    ) since the viscous loss generated in the annulus wall boundary layer is negligible. According to Euler’s equation in turbomachinery, the velocity circulation of the stream-tube remains conserved in the flow path among blade rows. Therefore, the tangential velocity     V   t 3    , at the inlet location of the downstream rotor is calculated by:


    V   t 3   =       V   t 2   ⋅   r   E 2      /    r   E 3      



(15)







Next, to determine the inlet axial velocity     V   z 3     of the downstream rotor (R2), the continuity equation is applied to the stream-tube:


  q     M a   3     ⋅       n  →    3   ⋅     a  →    3     − q     M a   2     ⋅       n  →    2   ⋅     a  →    2     ⋅   A   r   = 0  



(16)







The term     n  →    is the unit direction vector of flow and     α  →    is the unit normal direction vector of the cross-section of the stream-tube (Figure 2).     A   r     is the ratio of the stream-tube inlet area to the outlet area, i.e.,    A   r   =     A   2    /    A   1      , which is influenced by the flow-path variation. The stream-tube area ratio is usually non-uniform along the span. Rapid variation of the stream-tube area ratio     A   r     is observed in the near-wall region, due to the change of the flow-path radius and the influence of boundary-layer. Considering that the prediction accuracy of the stream-tube area ratio     A   r     has a remarkable influence on the calculated axial velocity     V   z 3    , an approximation method is proposed to calculate the radial distribution of the stream-tube area ratio     A   r     simply via the geometry parameter of the hub and the tip (Figure 2). The stream-tube area ratio     A   r     radial distribution is approximated by:


    A   r     R   =           Δ A   h   ⋅     A   T   − 1.0   +   A   T   −   A   b     ⋅     1 − 2 R       5     Δ A   h     + 1     +   A   b   ,   R ∈   0 , 0.5             Δ A   t   ⋅     A   T   − 1.0   +   A   T   −   A   b     ⋅     2 R − 1       5     Δ A   t     + 1     +   A   b   ,   R ∈   0.5 , 1.0          



(17)







In the above formula, the parameter     A   T     is the overall cross-section area ratio of the flow path at upstream rotor outlet to the downstream rotor inlet (Figure 4a). The     Δ A   h     and     Δ A   t     are non-uniformity coefficients at the hub and the tip, respectively, defined to consider the variation relative to the averaged flow path area ratio     A   T     (Figure 4a). The non-uniformity coefficients     Δ A   h     and     Δ A   t     are found to be mainly influenced by the slope of the hub     S L   h     and the shroud     S L   s    .



It is assumed that the integration of the stream-tube area ratio     A   r     along the relative blade span is equal to the overall averaged area ratio     A   T    :


    ∫  0   0.5      A   r   L     R     d R +   ∫  0.5   1.0      A   r   U     R     d R =   A   T    



(18)







Then, with the non-uniformity coefficients     Δ A   h     and     Δ A   t     determined from Figure 4b, the bottom value     A   b     is determined:


    A   b   =       Δ A   h   ⋅     A   T   − 1.0   +   A   T         5     Δ A   t     + 1   + 1   +     Δ A   t   ⋅     A   T   − 1.0   +   A   T         5     Δ A   h     + 1   + 1   − 2   A   T       5     Δ A   h     + 1   + 1       5     Δ A   t     + 1   + 1           5     Δ A   h     + 1   + 1   +     5     Δ A   t     + 1   + 1     − 2 ⋅     5     Δ A   h     + 1   + 1       5     Δ A   t     + 1   + 1      



(19)







To find a convenient way to calculate the non-uniformity coefficients     Δ A   h     and     Δ A   t    , the flow in the circular passage at different combinations of shroud and hub angles was simulated to form a simulation database (Figure 4b). With this simulation database, a fitting surface was established (Figure 5). The corresponding calculation formulae for     Δ A   h     and     Δ A   t     are:


    Δ A   h   = − 0.2885 ⋅   S L   h   − 0.2373 ⋅   S L   s   + 10.0911 ⋅       S L   h       2   + 0.1800 ⋅       S L   s       2    



(20)






    Δ A   t   = − 0.3583 ⋅   S L   s   + 0.6189 ⋅   S L   h   + 1.5025 ⋅       S L   s       2   + 6.4979 ⋅       S L   h       2    



(21)







With the non-uniformity coefficients     Δ A   h     and     Δ A   t     estimated by Equations (20) and (21), and the overall averaged area ratio     A   T    , the bottom value     A   b     can be calculated by Equation (19) and the radial distribution of the stream-tube area ratio     A   r     was determined.




2.5. Counter-Rotating Rotor R2


The downstream rotor (R2) is located directly after the upstream rotor and has an opposite rotating direction (Figure 1). The calculation for the flow-path variation effect has ascertained the flow property at the downstream rotor inlet (i.e., total temperature     T   3    , and pressure     P   3    , absolute velocity     V   3    , flow direction     α   3    ). Then, with the specified load coefficient     ψ   2    , and flow coefficient     ϕ   2    , according to the velocity diagram in Figure 1, the aerodynamic parameters at the inlet location of R2 can be calculated with a method similar to that used for R1. The input and output parameters of the proposed analytical model are summarized in Table 1. This analytical model for the counter-rotating compressor stage was programmed for convenient application.





3. Analytical Model Aided the Aerodynamic Design of a Transonic Counter-Rotating Fan Stage


3.1. Introduction of the Design Case


Here, the analytical model proposed in Section 2 was used for aiding in the aerodynamic design of a transonic CR fan. A preliminary analysis, using the proposed analytical model and numerical simulations, has been carried out to determine the R1 rotating speed     N   1    , the shroud radius of R1,     r   s    , and the R1 flow coefficient     φ   1    , etc., of this transonic CR stage (Table 2). The corresponding blade tip tangential velocities of R1 and R2 were 450 and 381 m/s, respectively.



The IGV pre-swirl angle     α   1    , upstream rotor (R1) load coefficient     ψ   1    , R2 relative rotating speed     R N   2     and R2 load coefficient     ψ   2    , were selected as design variables, and the influences of these variables on the aerodynamic performance of this transonic CR fan were studied with the proposed analytical model (Table 2). The diffusion factors (DF) of rotors R1 and R2 were monitored to prevent unreasonable values. The aerodynamic performance of the fan was evaluated by an objective function, combining the total pressure ratio   π  , and the efficiency   η  . The meridian schematic of this transonic CR fan is shown in Figure 6.



Table 3 shows the combination of IGV pre-swirl angle     α   1    , R1 load coefficient     ψ   1    , CR rotor R2 relative rotating speed     R N   2    , and load coefficient     ψ   2    , of the researched samples. The variations of these parameters were set to cover the reasonable range for searching for the optimal parameter combination for good efficiency and a high-pressure ratio. The number of researched samples for each blade section was 108.




3.2. Analytical Model Calculated Results


With the parameter combination of research samples in Table 3, the counter-rotating compressor stage flow parameter analytical model developed in Section 2 was used to calculate the key flow parameters (  M a  ,   β  , and DF) and aerodynamic performance (efficiency   η  , pressure ratio   π  ) of each research sample. Due to the requirement of a stable operation range, the diffusion factor DF of R1 and R2 of the researched samples was limited to 0.55 for the stall margin:


    D F   1     a n d     D F   2   ≤ 0.55  



(22)







To comprehensively evaluate the aerodynamic performance of the samples, the objective function   ν   considered the variation of the total pressure ratio   π   and the efficiency   η   of each design sample relative to the reference point:


  ν =   a   1   ⋅ ( π −   π   R e f .   ) / (   π   M a x   −   π   M i n .   ) +   a   2   ⋅ ( η −   η   R e f .   ) / (   η   M a x   −   η   M i n .   )  



(23)







In Equation (23), the reference sample (    π   R e f .     and     η   R e f .    ) is the valid solution with the diffusion factor (DF) of R1 and R2 closest to the typical value of 0.45, indicated by Ref. in Figure 7, Figure 8 and Figure 9. The subscripts   M a x .   and Min. represent the maximum and minimum values, respectively (Figure 7a). In this objective function, the coefficients     a   1     and     a   2     were both set to 1.0.



Figure 7, Figure 8 and Figure 9 display the analytical model calculated efficiency   η  , diffusion factor (DF), and objective function   ν   versus the pressure ratio   π   of the researched samples, with     D F   1     a n d     D F   2   ≤ 0.55   for relative span R = 0.1, 0.5, and 0.9, respectively. By observing the upper and lower border line in subfigure (a) of Figure 7, Figure 8 and Figure 9, it is found that for samples with very close pressure ratios   π  , the efficiency   η  , can vary by more than 2.0 percentage points, and the pressure ratio also varies in a large range (for example, R = 0.5, pressure ratio   π   from 2.6 to 3.4), indicating a large optimization space and demonstrating the effectiveness of the proposed analytical model in the counter-rotating compressor design.



The final selected samples for guiding the CR rotor blade aerodynamic design were all located on the upper limit line of efficiency and the objective function, marked in Figure 7, Figure 8 and Figure 9. The final selected samples had high efficiency and a moderate pressure ratio (0.949/2.67, 0.890/2.99, and 0.841/2.99, for R = 0.1, 0.5, and 0.9, respectively). The objective function values of the selected samples were 0.464, 0.253, and 0.277 for blade span R = 0.1, 0.5, and 0.9, respectively, which were close to the optimal value (subfigure (c), Figure 7, Figure 8 and Figure 9).




3.3. Numerical Method


The aerodynamic characteristics of the designed transonic CR fan were calculated using the CFD software Numeca. In the simulations, the steady Reynolds-Averaged Navier–Stokes method was used with the finite-volume second-order central scheme and the Spalart–Allmaras (S-A) turbulence model. The Spalart–Allmaras turbulence model was selected for the flow numerical calculation of this CR fan since it has been verified in simulations of a high-speed counter-rotating compressor and Rotor 67 [16,23], and the simulated pressure ratio and efficiency were close to the experimental results. The option Conservative Coupling by Pitchwise Row was used in the simulation. For the inlet boundary condition, the inflow had a uniform property distribution of air, with a total temperature of 288.15 K and a total pressure of 101,325 Pa in the axial direction. For the outlet boundary condition, the radial equilibrium option was used, with static pressure specified at the middle location.



The mesh of each blade had O4H topology consisting of one O-block around the blade and four H-blocks, generated by using the software Numeca AutoGrid5. To determine the suitable mesh size, a grid independency study was carried out (Figure 10). For Grid 1 to Grid 4, the wall cell height was set to 0.003–0.005 mm to yield an average value of y+ on the blade surface below 5, and the expansion ratio was set to 1.15 for increased grid density around the blade surface. The tip clearance of R1 and CR rotor R2 are both set to 0.5 mm. From Figure 10, it can be observed that the CR fan performance at the near-stall point was more sensitive to the mesh size. With the mesh density increase from Grid 1 to Grid 4, the variation of the pressure ratio   π  , efficiency   η  , and mass-flow rate     m  ˙   , gradually became small. The very close aerodynamic parameters of Grid 3 and Grid 4 indicates that the grid independency was reached. Therefore, the aerodynamic characteristic of the designed counter-rotating fan in Section 4 was calculated with Grid 3 for economizing numerical computing time and resources.



For Grid 3, the O-block around each blade had 25 to 29 nodes in the normal direction of the blade surface for capturing the boundary-layer development. The number of stream-wise nodes on the blade suction/pressure surface was in the range of 77 to 125, and the radial node number of each blade was set to 73. The grid number of the entire mesh was   4.892 ×   10   6    . Figure 11 shows Grid 3 used in the simulation at the hub location, with an enlarged view around the R1 leading and trailing edge (R = 0.1).





4. Aerodynamic Characteristic and Flow Analysis of the Transonic Counter-Rotating Fan


4.1. Aerodynamic Characteristic


According to the design parameter values of the selected sample for each blade section, R = 0.1, 0.5, and 0.9 (Figure 7, Figure 8 and Figure 9), the blade design of this transonic counter-rotating fan was achieved using the parametric blade design method [23], used in axial fan and compressor aerodynamic design [23,24], which is able to provide a flexible blade design capability. Figure 12 shows the three-dimensional view of the designed transonic CR fan.



The inlet guide vane (IGV) of this transonic CR fan was fixed and adopted the dual-peak-type IGV with a wide, low-loss incidence range proposed in previous article [25]. From Figure 13, the IGV pre-swirl angle     α   1    , load coefficient   ψ   and flow coefficient   ϕ   of R1 and CR rotor R2 of the final design matched with the analytical model. However, the load coefficient     ψ   2    , of the real designed CR rotor R2 at the near-tip section was 0.394, lower than the design value of 0.450 (R = 0.9, Figure 13c). In the design process, it was observed that a further increment of the aerodynamic load around the R2 tip will cause significant degradation of the efficiency due to the substantial increase of the shock system strength. For the outlet guide vane (OGV), due to the counter-rotating design, the absolute inflow angle     α   3    , was close to the axial direction (30~10° in R = 0.058~0.993), and therefore, a low-solidity OGV was used to turn the flow to the axial direction for low weights.



For the accuracy of this analytical model, by observing Figure 14, it was found that the relative Mach number (a), relative flow angle   β   (b), and the pressure ratio (c) were close to the simulated result, with the relative error   δ   below 5.0% at most locations. However, a significant difference (  δ = 10.4 %  ) of the inflow angle     β   3     at the R2 hub location (R = 0.1) was observed, caused by the lower axial velocity–density ratio due to the strong flow diffusion around the R1 hub region observed in the numerical simulation (Figure 15a).



Regarding efficiency, the analytical model-calculated and numerical simulated efficiency at the R1 outlet were close, with a maximum difference below 3.5 percentage. However, for the downstream counter-rotating rotor (R2), the analytical model overestimated the efficiency at the R2 outlet, with 2.5 percentage for the middle section and 5.1 percentage for the tip section, due to the inaccurate prediction of the CR rotor loss coefficient. Flow analysis indicated that the passage shock of the CR rotor R2 was very close to the inlet shock and at a strong level, forming an   λ  -shock at the suction surface and inducing large boundary-layer separation (Figure 15b). Therefore, the loss coefficient of the CR rotor R2 was much higher than the typical transonic cascade with the same inlet Mach number.



Figure 16 summarizes the numerical calculated aerodynamic characteristics of the CR fan. At the design point, the transonic CR fan had a mass-flow rate of 137.0 kg/s, with an efficiency of 0.8405 and a pressure ratio of 2.76. For the near-stall point, the CR fan had an efficiency of 0.821 and a pressure ratio of 3.08. The stall margin was 13.3% for the design speed (N = 1.0). The peak efficiency of this CR fan was 0.853, 0.881, and 0.876 for relative speeds N = 1.0, 0.9, and 0.8, respectively. Besides, with the increased rotating speed, the maximum pressure ratio of this CR fan reached 3.36 for N = 1.05. Figure 16c shows the mass flow per unit frontal area,       m  ˙   /    A   F      , of this CR fan at typical operation points. For the near-choke point, the mass flow per unit frontal area,       m  ˙   /    A   F     ,   was 159.5, 155.1, and 116.9 kg/(m2⋅s) for   N = 1.05 , 1.0 ,   a n d   0.8  , respectively.




4.2. Calculation of Thrust


Considering that this transonic CR fan may be used for providing thrust, a calculation, according to the method of Saravanamuttoo et al. [26], was carried out to determine the thrust per unit mass flow and the total thrust of this transonic CR fan with a convergent nozzle (estimated efficiency of 0.950) in the sea-level condition (101,325 Pa, 288.15 K, Figure 17). Results show that the thrust per unit mass flow     T  /    m  ˙      was 509.4, 480.9, and 346.2 (N⋅S)/kg for the near-choke points of N = 1.05, 1.0, and 0.8 (Figure 17a), respectively. With the operation point moved to the near-stall point, the thrust per unit mass flow     T  /    m  ˙      increased by about 7.9% to 8.9%, N = 1.05~0.80.



The total thrust was 71.8, 65.9, and 35.8 kN at the near-choke points of N = 1.05, 1.0, and 0.8 (Figure 17b), respectively. The variation of total thrust to rotating speed (in the range of N = 1.05~0.8) was approximately linear, with a slope of 1.8 kN/100 rpm. Besides, the increase of backpressure will lead to a slight enhancement (6.1~7.3%) of total thrust at N = 1.0~1.05, while its influence at partial speeds of N = 0.9 and 0.8 was not obvious due to the contrary effect of the mass-flow rate reduction and the pressure ratio increment.





5. Conclusions


This paper proposed a stage parameter analytical model based on the velocity diagram method for a transonic counter-rotating compressor design. A profile loss correlation based on Lieblein’s diffusion factor and a shock loss model from high-speed fan data was used to predict the rotor blade’s efficiency. The influence of flow-path variation on the axial velocity–density ratio was considered using an approximate model based on a numerical database of stream-tubes with various hub and shroud slopes. The proposed analytical model can rapidly calculate the influence of the IGV pre-swirl angle, the load and flow coefficients of R1, the flow-path geometry, the relative rotating speed of the CR rotor, etc., and point out the optimized sample with high efficiency and a high-pressure ratio.



For application, the proposed analytical model was used for the aerodynamic design of a transonic CR fan. A preliminary analysis, with the analytical model and numerical simulation, was carried out to determine some of the key parameters, i.e., the R1 rotating speed, the hub and shroud flow path, and the axial location of each blade. Then, different research samples with various combinations of the R1 load coefficient     ψ   1    , IGV pre-swirl angle   α  , relative rotating speed     R N   2    , and load coefficient     ψ   2     of R2 were rapidly evaluated by the analytical model for finding the optimal combination. With the CFD software Numeca, the simulation indicated that the designed transonic CR fan had a pressure ratio of 2.76, with an efficiency of 0.8405 at the design point, and the efficiency was maintained above 0.821 with a stall margin of 13.3% for N = 1.0. The maximum pressure ratio of this CR fan reaches 3.08 and 3.36 for N = 1.0 and 1.05, respectively. If used to provide thrust, the transonic CR fan resulted in 71.8, 65.9, and 35.8 kN at the near-choke points of N = 1.05, 1.0, and 0.8, respectively.
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Nomenclature


The following abbreviations were used in this manuscript:



	p
	Static pressure (Pa)



	    m  ˙   
	Mass-flow rate (kg/s)



	i
	Incidence angle



	k
	Specific heat ratio, k = 1.4



	    r   E    
	Radius of blade section (mm)



	  q   M a    
	  q   M a   = M a       2   k + 1     1 +   k − 1   2     M a   2         −     k + 1   2   k − 1          



	    A   r    
	Stream-tube area ratio,     A   r   =     A   s t . t u b   1    /    A   s t . t u b   2      



	C
	Chord (mm)



	  D F  
	Diffusion factor,   D F = 1 −     W   o u t       W   i n     +   (   W   t _ i n   −   W   t _ o u t   )   2 σ   W   i n       for rotor



	Ma
	Mach number



	N
	Rotating speed (rpm)



	P
	Total pressure (Pa)



	R
	Blade relative height



	    R   g    
	Specific gas constant for air,    R   g   = 287.06 J / ( k g · K )  



	T
	Total temperature (K)



	    U   E    
	Blade section tangential velocity (m/s)



	    V   z    
	Absolute axial velocity (m/s)



	    V   r    
	Absolute radial velocity (m/s)



	    V   m    
	Absolute meridian velocity (m/s),     V   m   =        V   z       2   +       V   r       2     



	    β   m    
	Relative flow angle measured from axial direction (degree)



	  δ  
	Relative error



	  π  
	Total pressure ratio,   π =     P   2    /    P   1      



	  η  
	Efficiency,   η =       π       k − 1    /  k     − 1    /        T   2    /    T   1     − 1      



	  σ  
	Solidity,   σ =   c  /  s    



	  ϕ  
	Flow coefficient based on blade tip (LE side) tangential velocity,   ϕ =     V   z    /    U   t   L      



	  ψ  
	Load coefficient based on blade tip (LE side) tangential velocity,   ψ =   Δ h  /        U   t   L       2      



	  Δ h  
	Increment of enthalpy by the rotor section



	CR
	Counter-rotating



	LE
	Leading edge



	TE
	Trailing edge
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Figure 1. Velocity diagram analysis of the counter-rotating stage, with the flow-path variation effect considered. 
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Figure 2. Meridian view of the high-speed counter-rotating stage analytical model. 
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Figure 3. Adopted loss model in the analytical model. (a) Profile loss       ω  -    P    , adapted from the Reference [21]. (b) Shock loss coefficient       ω  -    s     estimation curve, adapted from the Reference [22]. 
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Figure 4. Stream-tube area ratio distribution     A   r     by the simulation and approximation method (a), and the hub and shroud non-uniformity coefficients (    Δ A   h     and     Δ A   t     ) (b). 
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Figure 5. Fitting surface for the averaged hub and shroud non-uniform coefficients     Δ A   h     and     Δ A   t     based on ring canal simulation results. (a) hub non-uniform coef.     Δ A   h     (b) shroud non-uniform coef.     Δ A   t    . 






Figure 5. Fitting surface for the averaged hub and shroud non-uniform coefficients     Δ A   h     and     Δ A   t     based on ring canal simulation results. (a) hub non-uniform coef.     Δ A   h     (b) shroud non-uniform coef.     Δ A   t    .



[image: Aerospace 10 00144 g005]







[image: Aerospace 10 00144 g006 550] 





Figure 6. The schematic of the researched transonic CR fan. 
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Figure 7. The analytical model calculated (a) efficiency   η  , (b) diffusion factor DF, and (c) objective function   ν  , versus the pressure ratio   π   of samples, with     D F   1     a n d     D F   2   ≤ 0.55 , R = 0.1  . 
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Figure 8. The analytical model calculated (a) efficiency   η  , (b) diffusion factor DF, and (c) objective function   ν  , versus the pressure ratio   π   of samples, with     D F   1     a n d     D F   2   ≤ 0.55 , R = 0.5  . 
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Figure 9. The analytical model calculated (a) efficiency   η  , (b) diffusion factor DF, and (c) objective function   ν  , versus the pressure ratio   π   of samples, with     D F   1     a n d     D F   2   ≤ 0.55 , R = 0.9  . 
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Figure 10. The grid independency study (Grid 1 to Grid 4). (a) Mass flow rate     m  ˙    (b) Efficiency   η   (c) pressure ratio   π  . 
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Figure 11. The mesh for the simulation at hub location R = 0.1. 
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Figure 12. Three-dimensional view of the designed transonic CR fan. 
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Figure 13. The IGV pre-swirl angle   α   (a), load and flow coefficients of R1 (b) and R2 (c) of the selected samples calculated by the analytical model and extracted from the numerical simulation at the N = 1.0, design point. 
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Figure 14. The aerodynamic parameters of R1 and R2 from the analytical model and the numerical simulation. (a) Rel. Mach number Ma (b) Relative flow angle   β   (c) Pressure ratio   π   (d,e) Efficiency   η  . 
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Figure 15. The flow field meridian view (a), and blade mid-section (R = 0.5) Mach number contour (b), N = 1.0, design point. 
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Figure 16. The aerodynamic characteristic of the designed transonic counter-rotating fan. (a) Pressure ratio   π   (b) Efficiency   η   (c) Mass-flow rate per front area       m  ˙   /  A    . 
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Figure 17. The thrust per unit mass flow (a), total thrust (b), and mass-flow rate (c) of the transonic CR fan. 
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Table 1. Input and output parameters of the counter-rotating compressor analytical model.
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Input Parameters

	
Symbol






	
IGV outflow property and angle

	
     T   1   ,   P   1   ,   α   1     




	
R1 load and flow coefficients

	
     ψ   1   ,   ϕ   1     




	
R1 rotating speed

	
     N   1     




	
Coordinates of points     L   1   ,   L   2   ,   L   3   ,   L   4    




	
R1 chord length radial distribution

	
     C   1   ( R )   




	
R2 load coefficient

	
     ψ   2     




	
Relative rotating speed of R2 (relative to R1)

	
     R N   2     




	
Coordinates of points     D   1   ,   D   2   ,   D   3   ,   D   4    




	
Downstream rotor (R2) chord length radial distribution

	
     C   2   ( R )   




	
Output Parameters

	
Symbol




	
Relative Mach number and inflow angle of rotors R1 and R2

	
    M a   r 1   ,   β   r 1           M a   r 3   ,   β   r 3    




	
Total pressure ratio of R1 and R2

	
     π   1   ,   π   2     




	
Efficiency of R1 and R2

	
     η   1   ,   η   2     
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Table 2. The specified parameters, design variables, and output parameters of the researched transonic CR fan.
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	Specified Parameters
	Value





	Rotating speed of R1,     N   1    
	8200 rpm



	Shroud radius of R1,     r   s    
	525 mm



	R1 hub to tip ratio at leading edge
	0.40



	R1 flow coefficient for R = 0.1, 0.5, and 0.9,     ϕ   R 1    
	0.330/0.440/0.440



	R1 and R2 chord length radial distribution
	    C   1   ( R )  ,     C   2   ( R )  



	Hub and shroud slope from R1 LE to R2 TE
	0.582, −0.207



	Design variables
	Symbol



	Upstream rotor (R1) load coefficient
	     ψ   1     



	IGV pre-swirl angle
	     α   1     



	CR rotor R2 relative rotating speed
	     R N   2     



	CR rotor R2 load coefficient
	     ψ   2     



	Output parameters
	Symbol



	Relative Mach number and inflow angle of rotors R1 and R2
	    M a   r 1   ,   β   r 1         M a   r 3   ,   β   r 3    



	Diffusion factor of rotors R1 and R2
	    D F   1    ,     D F   2    



	Transonic CR fan total pressure ratio and efficiency
	  π   and   η  
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Table 3. Parameter combination of the research samples.
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	Parameters
	Value





	Blade section relative height,     R   B E    
	0.1, 0.5, 0.9



	IGV pre-swirl angle,     α   1    
	0, 10, 20, 30



	Upstream rotor (R1) load coefficient,     ψ   1    
	0.20, 0.25, 0.30 for R = 0.1; 0.25, 0.30, 0.35 for R = 0.5, 0.9



	CR rotor R2 relative rotating speed,     R N   2    
	0.90, 0.95, 1.0



	CR rotor R2 load coefficient,     ψ   2    
	0.35, 0.40, 0.45



	Research samples for blade section R = 0.1, 0.5, and 0.9
	108
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