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Abstract

:

A wave rotor optimizes the use of energy resources by enhancing thermodynamic cycles, and further optimization of wave rotor geometry is emerging as an attractive research area. Among the geometric features, the stagger angle of channels lacks sufficient study in spite of its important effects. To address this question, this work developed and applied the velocity triangle models to modify the basic geometry of wave rotors for different stagger angles, and investigated the flow fields with two-dimensional numerical methods. Results showed that: (1) different stagger angles worked out similar unsteady pressure wave systems and kept nearly constant compression and expansion ratios of the wave rotor; (2) increased stagger angle made the inlet and outlet flows turn toward the axial direction, which was beneficial to compact and light-weighted integration of the wave rotor to a gas turbine; (3) increased stagger angle made the wave rotor consume more shaft power, but even the maximum shaft power was small. This work revealed a critical mechanism how the velocity variation across an unsteady pressure wave produced rim work in a staggered channel, and made a recommendation to comprehensive optimization of wave rotor geometry for better integration in a gas turbine and acceptable shaft power consumption.
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1. Introduction


A wave rotor is a typical type of unsteady flow devices where one fluid stream compresses another fluid stream with unsteady pressure waves. Its application involves gas turbine topping cycles [1], internal combustion engine supercharging [2], and refrigeration units [3,4]. The special mechanism of energy transfer via unsteady pressure waves promises advantages such as lower rotational speed than equivalent turbomachines, self-cooling capacity, compactness, robustness, and fast response to transient operations [1]. With those advantages, the wave rotor enhances thermodynamic cycles with higher overall pressure ratios and higher peak temperatures, and thus, optimizes the use of energy resources. A wave-rotor-topped gas turbine increased the specific power by 25.1% and reduced the specific fuel consumption by 20.1% in thermodynamic analyses [5]. A successfully marketed wave rotor, Comprex® [6], was applied to diesel engines of the Mazda company in the 1980s, and a new version named Hyprex® [1,7] has been in the research and design process in Switzerland in recent years. The previous design and application support the feasibility of wave rotors, and draw attention to further optimizations.



Typical optimization is based on the geometry of the wave rotor. The basic geometry of a wave rotor consists of rotor and stator parts, as shown in Figure 1. The three-dimensional geometry and flow field is usually unwrapped in a two-dimensional view, as shown in Figure 2. The basic configuration of the rotor is a drum with a loop of uniform straight channels. The flows in the channels are driven by unsteady pressure waves, including shock waves and expansion waves. As a four-port wave rotor, there are a pair of high-pressure inlet and outlet ports and a pair of low-pressure inlet and outlet ports in the stator plates (Figure 1). Two fluid streams enter and exit the wave rotor through the four ports. One stream at high temperature expands, and provides the work to compress the other stream at low temperature. This configuration in Figure 1 and Figure 2 is known as the through-flow (TF) configuration.



The conventional geometry of wave rotor channels is straight and axial, but adapted channel geometries are drawing attention recently. Adapt the straight channels, and we have cambered channels, as shown in Figure 3a. Adapt the axial channels, and we have staggered channels, as shown in Figure 3b. In this work, a staggered channel refers to the staggered and straight channel in Figure 3b. The three-dimensional geometry of staggered channels would be skewed, but it is straight in an unwrapped two-dimensional view. A practical geometry would probably combine the cambered and staggered channels as shown in Figure 3c, but dedicated research on either adaption is important.



Cambered channels have gained a lot of attention for research. Pearson [8] and General Electric (GE) company [9] designed and experimentally studied a wave rotor turbine in the 1980s, which indicates the potential of wave rotors to extract shaft power like a turbine. Jagannath et al. [10], Tüchler et al. [11,12,13,14], and Liu et al. [15] recently developed wave rotors with the cambered, or curved, channels. Tüchler et al. experimentally validated that their wave rotors succeeded in power extraction of the rotor [13]. Akbari et al. designed a radial wave rotor with curved channels, which indicated similar ideas of power extraction [16].



On the contrary, research on staggered channels is rare. Only a few publications mentioned wave rotor channels in a staggered shape. Eidelman’s technical note mentioned staggered channels in a study on the gradual-opening phenomenon of wave rotor channels [17]. Welch and Paxson [18] numerically simulated staggered channels as well as cambered channels as they developed quasi-one-dimensional CFD methods for different geometries of wave rotors, although the discussion and results focused on the CFD method validation rather than the flow field properties in the stagger channels. In recent years, the work of Jagannath et al. [10] mentioned geometry models of staggered channels, but did not mention flow-field results of the staggered channels. The works of Tüchler et al. [14] and Liu et al. [15] on channel geometry optimization were on general geometries of cambered and staggered channels, but did not distinguish the effects of a cambered geometry from the effects of a staggered geometry. Therefore, the contribution of the staggered geometry to wave rotor optimization remains unclear.



However, the staggered geometry of channels would have independent effects on the wave rotor according to theories on aerodynamics and turbomachinery. Firstly, a proper stagger angle may arrange the inlet and outlet flow directions toward the axial direction as an adjacent compressor, combustor or turbine component requires. Axial inlet and outlet flow simplifies twisted transition ducts between the wave rotor and adjacent components, and thus reduces the overall length and weight of the engine. In addition, the energy loss of the flow would also be reduced in the simplified transition ducts. Secondly, staggered geometry of rotor channels could possibly affect the shaft power if there were a shock wave in the rotor channels. The mechanism is independent from the cambered geometry, and it takes aerodynamic data to summarize regulations. The potential effects of the staggered channels and the mechanisms are interesting. The mechanism of the staggered channels would be applicable to more complex channel geometry for further optimization of wave rotors with cambered and staggered channels.



There has been no dedicated research on staggered channels of wave rotors in the public domain to the authors’ knowledge. This work makes such an approach. Staggered channels with different stagger angles are compared in a numerical investigation. Result analysis starts with a fundamental analysis on the pressure ratios of wave rotors, and then discusses the inlet and outlet flow directions. The last issue of analysis is the shaft power. Conclusions summarize the regulations in the results and make suggestions to appropriate use of stagger angles in wave rotor optimization.




2. Methodology


2.1. Geometric Modification


As mentioned above, there is no related research on the influence of the staggered channels on the properties of the wave rotor. Therefore, we mainly focus on the effect of the staggered channels on the wave rotor. The two-dimensional staggered geometry model of the wave rotor in this work is as shown in Figure 2 and Figure 4. The following description on the geometry model are the same for either the pair of high-pressure or the pair of low-pressure ports of the wave rotor. As shown in Figure 4a, the axial length L, the width B of a channel, and the y-coordinates of each port are premised. Among the premised geometry conditions, the y-coordinates of ports are solved with analytic models of unsteady pressure waves and one-dimensional CFD method of the flow field in the channels, as our previous publications elucidated [19,20]. The target of this work is to investigate the effects of the stagger angle γ in Figure 4b. The investigated stagger angles γ increasing clockwise from 0° to 30° (including 0°, 10°, 15°, 20°, and 30°).



A staggered case keeps the same axial length L and width B of the channel with the baseline case (γ = 0°), but it takes three steps of geometric modification. The first modification step is on the offset of outlet ports in y-coordinates. As shown in Figure 4, the inlet ports of a staggered case are in the same y-coordinates with the baseline case, while the outlet ports are shifted down. All the y-coordinates of outlet ports share the same offset value:


∆y = L ∙ tanγ



(1)







It obeys the fundamental geometry modification of the staggered channels, and thus intends to keep the pressure wave patterns in the channels.



The second modification step is on the rim velocity U of the rotor. Since the L is kept the same, the side-wall length of a channel increases with the increasing γ. The side-wall length of a channel is the propagation distance of unsteady pressure waves, and it increases as the stagger angle γ increases. In order to keep the pressure wave patterns in the channels, U would be inversely proportional to the propagation distance. Therefore, U should follow the rule:


  U   ∝   cos γ  



(2)







The third modification step is on the inclination angles of the inlet and outlet port sidewalls in parallel with the corresponding velocity vectors. The velocity triangles at inlet (subscript in) and an outlet (subscript out) ports are shown in Figure 5. Here, the absolute velocity C is the inlet/outlet velocity at stator ports, the relative velocity W is the velocity in the reference frame with the rotating channels, and the implicated velocity U of the reference frame is the rim velocity. For each port, α and β represent the absolute and relative velocity vector angles, respectively. For each of the four ports, Wx and Wy are the x-component and the y-component of the relative velocity W, respectively.



The values of Wx at different ports are different, and they are premised for all the four ports in one-dimensional CFD simulation with methods that our previous publications elucidated [19,20]. In other words, a positive stagger angle (γ > 0°) keeps the Wx values the same with the baseline case (γ = 0°). Based on the velocity triangles and premised Wx at different γ, θ is determined as shown in Equation (3) for each of the four ports.


  θ =  tan  − 1     U −  W  x   · tan γ    W  x      



(3)







The selected values of Δy, U and θ at each port are shown in Table 1. Here, the minus sign indicates the opposite direction of motion of the rotor. With the increasing γ, θ gradually decreases at each port.



In all, the geometric modification is calculated based on the following assumptions: (1) the value of rim velocity U for different stagger angles γ is proportional to the cosine of γ; (2) the value of Wx for different stagger angles is the same; (3) the flow direction in a port is parallel to a port sidewall.




2.2. Numerical Model


2.2.1. Numerical Method


In this paper, ANSYS FLUENT 19.2 is used to conduct two-dimensional CFD simulations of wave rotors with different geometries. In Figure 6, models include a rotor and two pair of inlet/outlet stators. Boundary conditions at inlet and outlet ports are defined as pressure inlet and pressure outlet, respectively. In addition, the fluid in the model is defined as an ideal gas. To simulate the periodic movement in the wave rotor, a sliding mesh with constant velocity is used on the rotor, and the rotor/stator interfaces (in Figure 6) are set as periodic boundaries. In order to obtain the accurate numerical results of the flow field and the rotor/stator interface in the wave rotor, double precision and pressure-based solver with k-epsilon turbulence model are used. The turbulence model verification in the wave rotor has been discussed in detail in the previous study [21]. In addition, grids in the clearance are refined considering the effect of clearance leakage. The grid elements of each part in the wave rotor are listed in Table 2.



The numerical model is based on the following assumptions: (1) the fluid is a perfect gas with a constant specific heat; (2) the walls are adiabatic; (3) the flow is two dimensional, which means the radial velocity or the gas centrifugal force is ignored.




2.2.2. Model Validation


To verify the accuracy of the two-dimensional model for the flow field in the rotor, the numerical method is applied to the geometry and boundary conditions in our previous work [20], and the numerical results are compared with the experimental results. The numerical method and grid refinement are the same as mentioned in Section 2.2.1. The details of the experimental setup are described in the previous study [20,22]. For the numerical method and experiments, the circumferential pressure distribution at the rotor/stator interface of each port is shown in Figure 7. Here, p is the static pressure, the Arabic numerals in the subscript correspond to the four ports in Figure 6. Relative y represents the relative position in a port, here, 0 and 100% correspond to the open and closed positions of each port, respectively. It shows that the pressure distribution in the simulation at each port is approximately in good agreement with that in the experiment. Therefore, it proves that this two-dimensional model can simulate the variation of the flow field for formation and propagation process of pressure waves in the wave rotor.






3. Results Analysis


3.1. The Effects of Stagger Angle on Pressure Ratios


The pressure fields in the wave rotors are analyzed first, since they are the basis of the most fundamental performance of a wave rotor: the pressure ratios of compression and expansion. Figure 8 shows the instantaneous non-dimensional pressure (non-p) fields with different stagger angles. Here, the definition of the non-dimensional pressure is the ratio of the static pressure at each port to the total pressure at Port 1. Due to the pressure difference between the rotor and the ports, a series of pressure waves are generated in the rotor to expand or compress the flow. The specific pressure wave distribution is shown in the various lines in Figure 8. Take the baseline case (γ = 0°) in Figure 8a as an example. As a channel opens to Port 4, a left-moving main expansion wave ME is generated in the channel. Then it is reflected off the wall as the right-moving reflected expansion wave RE. After that, a compression wave is generated as the channel closes, and it tends to converge to a shock wave as it propagates in the channel. Port 1 is closed at the arrival of the hammer shock wave HS, and the flow in the channel is stagnated then. When the channel opens to the high-pressure Port 3, a main shock wave MS is triggered into the channel, and then it is reflected as the reflected shock wave RS when the channel opens to Port 2. As Port 3 closes to the channel, a right-moving ending expansion wave EE is generated in the channel, and Port 2 is closed at the arrival of the expansion wave EE. The flow field in the channel is halted, and goes to the next loop then. Comparison among the pressure fields Figure 8a–e shows a common feature for different stagger angles. That is, the front of any moving pressure wave stays perpendicular to the side-walls of the channel, while the propagation velocity of any pressure wave stays parallel to the side-walls of the channel. Moreover, the moving patterns of the unsteady pressure waves match the opening and closing edges of ports at the modified rim velocity for any stagger angle, which further indicates that the unsteady pressure wave systems are similar within the investigated stagger angle range (0° ≤ γ ≤ 30°). It validates the modifications in the geometry model in sub-Section 2.1, especially those modifications on outlet port offset and rim velocity.



As a result, the pressure ratios of compression Π and expansion ε are listed in Table 3, which are approximately equal to 3.0 and 1.19, respectively. It shows that when γ increases from 0° to 30°, the wave rotor basically keeps the compression and expansion pressure ratios, which is an effect of proper modifications of geometry models for different stagger angles.




3.2. The Effects of Stagger Angle on the Direction of Flow at Each Port


The directions of inlet and outlet flows are functions of the stagger angle according to the velocity triangle theory in Equation (3), and they determine the inclination angle θ of the port sidewalls as Table 1 illustrates. Instantaneous streamlines at each port of different γ are shown in Figure 8 above. As Figure 8 shows, the streamline directions in each port tend to follow the sidewalls far away from the rotor. However, the streamlines are bended near the rotor, and this feature is relatively obvious in the cases with larger stagger angles like Figure 8e. In addition, a separation vortex appears when a channel opens at an outlet port, and the separation vortex size increases with the increase in stagger angle. Bended streamlines and separation vortexes indicate that the flow direction does not exactly follow the port sidewalls at the rotor/stator interface. After all, the selected values of θ in Table 1 represent optimization targets of absolute velocity directions. The two-dimensional flow details would lead to deviation of the absolute velocity angle α from the selected inclination angle θ, and here we are investigating if such deviation is acceptable.



3.2.1. Unsteadiness of the Velocity


The flow field in a wave rotor channel is intrinsically unsteady, as is the flow at the rotor/stator interface. In this case, we analyze the unsteadiness in the flow directions at the rotor/stator interface at first. As the unsteadiness is due to similar unsteady pressure waves for different stagger angles, the situation of parameters at γ = 20° is taken as a sample as shown in Figure 9. Each velocity data is the spatial-averaged velocity of the entire rotor/stator interface of a port. Where, x in the subscript represents the axial component of the parameter, y in the subscript represents the tangential component of the parameter, as shown in Figure 5. In Figure 9a,b, axial and tangential velocities oscillate periodically and show different values at different ports. In the time period of 2.5 × 10−4 s in Figure 9a,b, the velocity goes through about five periods at each port and γ. It indicates that the oscillation period of the velocity at each port is the same, and is about 0.5 × 10−4 s. Note that the channel passing period τ = B/U, and its value of this wave rotor is approximately 0.5 × 10−4 s. The oscillation period of the velocity is approximately equal to the channel passing period. It indicates that the rotational movement of the rotor channels leads to the dominant unsteadiness of the velocity. The flow direction is represented by the absolute velocity angle α, and its instantaneous value can be calculated with the instantaneous CFD results of Wx and Wy by the following equation:


  α =  tan  − 1     U −  W  y      W  x      



(4)




Wx and Wy oscillate as shown in Figure 9a,b, so α experiences similar periodical oscillation in the channel-passing period, as illustrated in Figure 9c.




3.2.2. The Effect of Stagger Angle on Absolute Velocity Angle at Each Port


As the period of oscillation in the flow at the rotor/stator interface is known, the time-average and the oscillation amplitude of the absolute velocity angle α is calculated, and thus, the deviation of flow direction can be analyzed. The period of oscillation is divided into 40 physical time steps for sufficient time resolutions of the results in this work, that is, 40 phases are taken as a channel passing period. The time-averaged parameters are obtained by the arithmetic average of parameters within a channel passing period. The time-averaged velocity components of W and α at the rotor/stator interface are listed in Table 4.



The oscillation amplitudes of absolute velocity angle Δα at each port for different γ are calculated and illustrated in Figure 10a. The maximum value of Δα is about 2.7° in all the four ports for all the investigated stagger angles, which is acceptable. Such oscillation amplitude is referenced as uncertainty of flow direction. Figure 10b illustrates the deviation between α and θ at each port. Most data points Figure 10b show positive (α − θ) values, except the data of Port 1 and the data of Port 2 where γ ≤ 10°. As the modification of stagger angle γ tends to decrease the port inclination angle θ (Equation (3)), a positive value of (α − θ) means an insufficient effect of stagger angle modification. The trends are interesting, too. All the data except a fraction of data points of Port 1 where γ ≤ 15° show increasing trends in Figure 10b. It means that the larger stagger angle sustains more serious deviation, which is an ordinary trend of geometric modification.



Moreover, the absolute values of (α − θ) for inlet ports (Port 1 and Port 3) are relatively smaller than those for outlet ports (Port 2 and Port 4), according to the data in Figure 10b. With the reference of Δα, the absolute values of deviation (α − θ) in the inlet ports are even smaller than the corresponding oscillation amplitude Δα, so the deviation is treated as small and negligible. The deviation is larger in the outlet ports, and a possible reason is the separation vortex. As illustrated in Figure 11 and Figure 12, the separation vortex always exists at the outlet port in a period. Here, the time when a channel opens to the port is defined as the start time of a channel passing period τ (t = 0). The separation vortex tends to lift up the adjacent streamlines by reducing the x-velocity. Therefore, α at the outlet port is increased, which fits the increased (α − θ) values of Port 2 or Port 4 in Figure 10b. After all, the streamlines tend to follow the port sidewalls away from the rotor/stator interface according to Figure 8, Figure 11 and Figure 12. The influential region of such deviation is limited close to the rotor/stator interface, and the deviation (α − θ) would not affect the upstream or downstream components of the wave rotor. It further validates the modifications in the geometry model in sub-Section 2.1, especially the modifications on port inclination angles.





3.3. The Effect of Stagger Angle on Shaft Power


3.3.1. Mechanism of Velocity Triangles with Unsteady Pressure Waves


The results above have demonstrated that the velocity vectors are different between an inlet port and the opposite outlet port. Such difference not only turns the flow directions as discussed above, but also induces shaft power of the rotor. A model of velocity triangles is used to analyze the rim work, which reflects the mechanisms of unsteady pressure waves in the wave rotor.



	(1)

	
Velocity triangles of the high-pressure inlet and outlet ports







The velocity results of a pair of inlet and outlet ports determine a quantified velocity triangle model. For the high-pressure Port 3 and outlet Port 2, we are identifying the phenomena that causes the difference in velocity vectors between the high-pressure ports at first. As the pressure wave system in Figure 8 illustrates, only the left-moving shock wave RS propagates between the inlet Port 3 and the outlet Port 2. In other words, the velocity at the inlet Port 3 is in front of the RS, and the velocity at the outlet Port 2 is behind the RS. Figure 13 shows the distribution of the instantaneous local relative velocity in a channel with the shock wave RS. According to the aerodynamic theory, an unsteady shock wave pushes the flow in its propagation direction. In this flow field, the left-moving RS reduces the local relative velocity behind it, as Figure 13 shows.



According to the data of W and α of each port in Table 4, quantitative velocity triangles of the inlet Port 3 and outlet Port 2 are shown in Figure 14. Figure 14a,b both show that the vector of W2 is shorter than the vector of W3 for different stagger angles. It is because the shock wave RS reduces the velocity as mentioned above. In spite of the significant difference in velocity magnitude at inlet and outlet ports, the difference in velocity directions is relatively small. It is because the wave rotor channel is straight and the flow follows the direction of the channel sidewalls. ΔWy in Figure 14 represents the magnitude of vector difference between the tangential relative velocities at outlet (Wy2) and inlet (Wy3). At γ = 30°, ΔWy is large, because the large difference in velocity magnitudes W2 and W3 has such a large tangential component. The direction of ΔWy is the same with the rim velocity U at γ = 30°, which is treated as positive in this work. In the other case of γ = 0°, because the flows are approximately horizontal in the channel, ΔWy magnitude is close to zero, and its direction makes no sense, as Figure 14a shows. In summary, increased stagger angle (γ = 30°) produces a positive ΔWy through the high-pressure inlet and outlet ports, because the shock wave RS reduces the outlet velocity. This mechanism is like the typical mechanism of velocity triangles in a supersonic compressor stage, except that the shock wave in a wave rotor is unsteady.



	(2)

	
Velocity triangles of the low-pressure inlet and outlet ports







The discussion is similar in the low-pressure ports, except that the unsteady pressure wave between these ports is an expansion wave. As shown in Figure 15, only the right-moving expansion wave RE propagates between the low-pressure inlet Port 1 and outlet Port 4. An unsteady expansion wave pulls the flow back from its propagation direction in the aerodynamic theory. In this flow field, the right-moving expansion wave RE reduces the local relatively velocity behind it, as Figure 15 shows.



Note that the outlet Port 4 is in front of RE, and that the inlet Port 1 is behind it, as Figure 15 shows. In this case, the outlet velocity W4 (in front of RE) is higher than the inlet velocity W1 (behind RE), as the velocity triangles show in Figure 16. Moreover, the directions of W at inlet and outlet ports as γ = 0° and 30° both deviate from the sidewall directions of the corresponding γ. In the case of γ = 0°, the velocity direction deviation induces a positive ΔWy. In the case of γ = 30°, the velocity direction deviation angle is approximately the same with the case of γ = 0°, but the inlet and outlet velocity directions are both turned by about 30°. As the vectors of W1 and W4 shows in Figure 16b, the deviation of velocity directions and the increase in velocity magnitude make a small negative ΔWy in the case of γ = 30°.



The velocity triangles work out the values of ΔWy of the high-pressure and the low-pressure ports for different stagger angles. In general, ΔWy for high-pressure ports increases and ΔWy for low-pressure ports decreases as stagger angles increase as shown in Figure 17. It is critical to the rim work.




3.3.2. Effect of Stagger Angle on Shaft Power


	(1)

	
Rim work estimation based on velocity triangles







According to the theories of turbomachinery, the equation of rim work Lu is shown below.


   L  u   = U · Δ  W  y    



(5)







The trends of Lu for high-pressure ports and low-pressure ports are shown in Figure 18. The variation ranges of the two curves in Figure 18 are close to each other, and the variation trends of them are similar to the trends of ΔWy in Figure 17. It shows that ΔWy dominates the trends of Lu, because the variation range of the other factor U is rather small, according to the data in Table 1. Because of a large ΔWy for low-pressure ports at γ = 0° in Figure 17, Lu for low-pressure ports has a high initial value at γ = 0°. As ΔWy significantly decrease with the increase of γ in Figure 17, Lu for low-pressure ports shows a decreasing trend in Figure 18. On the contrary, since ΔWy for high-pressure ports at γ = 0° is approximately zero, Lu for high-pressure ports is close to zero. With increasing γ, Lu for high-pressure ports increases as ΔWy increases.



	(2)

	
Shaft power estimation







The gross shaft power P of the wave rotor is the summation of the products of the mass flow rate and the rim work of the high-pressure and the low-pressure ports, as the following equation shows:


P = mH ∙ Lu,H + mL ∙ Lu,L



(6)







In this work, the mass flow rate of the high-pressure ports is much higher than the mass flow rate of the low-pressure ports, as shown by the ratio of mass flow rates in Figure 19.



The mass flow rate data of the two-dimensional CFD results are scaled so that the low-pressure inlet mass flow rate mL is equal to the corresponding data of the wave rotor with cambered channels in the literature [13]. The shaft power as an effect of the stagger angle is shown in Figure 20. Positive shaft power means that the rotor wall does work on the airflow, that is, the wave rotor consumed the shaft power. The maximum gross shaft power is about 260 W in Figure 20. In regard to the wave rotor with cambered channels in the literature [13], it is able to output about 466 W of shaft power. The maximum gross shaft power consumption in this work is smaller and acceptable. As we introduced with Figure 3c, a practical cambered and staggered channel would compensate for the shaft power consumption due to the staggered channels.



The gross shaft power increases in the range where γ = 0–20° and then slightly decrease at γ = 30°. In addition, the results of shaft power of high-pressure and low-pressure ports are also illustrated in Figure 20, and the variation trends at different γ values are similar to the trends of Lu in Figure 18. Since the slope of the power for high-pressure ports is larger than that of the power for low-pressure ports, the increasing trend of power for high-pressure ports dominates the trend of gross shaft power in the range where γ = 0–20°. As γ increases to 30°, the slope of power for low-pressure ports relatively increases, while the slope of power for high-pressure ports and mass flow rate ratio relatively decreases. As a result, the gross shaft power slightly decreases at γ = 30°.



We can summarize the mechanisms by the effect of the stagger angle on the shaft power. For most stagger angle values, the unsteady pressure waves between the high-pressure and low-pressure ports induce positive ΔWy of the velocity triangles. It works out positive rim work, and thus positive shaft power, which means that the wave rotor consumes shaft power. An increase in stagger angle would increase the ΔWy of the high-pressure ports, but decrease the ΔWy of the low-pressure ports. Such trends make the gross shaft power increase when γ < 20° but decrease a little when γ increases to 30°. We can expect the gross shaft power consumption to decrease further if the stagger angle were even larger than 30°, but it would turn the inlet and outlet flow directions too much and deviate from the axial direction. In all, the stagger angle of 30° produces nearly axial inlet and outlet flows with an acceptable compromise of shaft power consumption, which is recommended for comprehensive optimization of staggered channels of wave rotors.



As mentioned above, the mechanism of the staggered channels is consistent with the typical mechanism of a supersonic compressor stage. Such a mechanism is brought about by the velocity variation across a shock wave or an expansion wave, which is also valid in cambered channels of wave rotor. Therefore, the knowledge of the mechanism of the simple staggered channels will help to design a wave rotor with a more complex shape of cambered and staggered channels.






4. Conclusions


In the present work, the effects of different stagger angles of rotor channels of a wave rotor were investigated for the first time, to the authors’ knowledge, in the public domain. The results have improved the understanding of stagger angles in wave rotor optimization. Conclusions are made:




	(1)

	
Geometric modifications on outlet port coordinates, rim velocity, and port inclination angles were made for different stagger angles based on the velocity triangle model. With such modifications, the unsteady pressure wave system in the wave rotor was kept similar to the baseline case (γ = 0°), and the inlet and outlet flow direction fits the inclination of ports with acceptable deviation. It verified such geometric modifications.




	(2)

	
As the stagger angle increased, the pressure ratios of compression and expansion of the wave rotor was basically kept constant for different stagger angles. It means that the wave rotor would keep stable functions of compression and expansion in the optimization on the stagger angle.




	(3)

	
As the stagger angle increased, the inlet and outlet flow of the wave rotor turned towards the axial direction as the adjacent compressor, combustor, or turbine would require. It was beneficial to compact and light-weight integration of the wave rotor to a gas turbine.




	(4)

	
As the stagger angle increased, the rotor consumed relatively more shaft power in this work. It was a compromise of staggered channels of wave rotors, but the shaft power amount was low and acceptable at any stagger angle.




	(5)

	
A recommendation of stagger angle optimization is the stagger angle of 30°. It produces nearly axial inlet and outlet flows with an acceptable compromise of shaft power consumption. A geometry of cambered and staggered channels would compensate for the shaft power consumption in future work.




	(6)

	
A critical mechanism in this work was the rim work mechanism of straight and staggered channels of the wave rotor. The unsteady pressure wave between an inlet port and the opposite outlet port induced variation in flow velocity. A staggered channel makes the tangential component of the velocity variation produce some rim work. Such a mechanism was like the typical mechanism of rim work in a supersonic compressor stage.
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Nomenclature and Abbreviations




	
Nomenclature

	
Greek Letters




	
C

	
absolute velocity (unit: m/s)

	
α

	
absolute velocity angle (unit: degree)




	
CFD

	
Computational fluid dynamics

	
β

	
relative velocity angle (unit: degree)




	
Lu

	
Rim work (unit: W/kg·s)

	
γ

	
stagger angle (unit: degree)




	
m

	
mass flow rate (unit: kg/s)

	
θ

	
inclination angel (unit: degree)




	
p

	
pressure (unit: Pa)

	
Δ

	
variation




	
P

	
shaft power (unit: W)

	
τ

	
channel passing period




	
t

	
time (unit: s)

	
Π

	
compression pressure ratio




	
U

	
implicated velocity (unit: m/s)

	
ε

	
expansion pressure ratio




	
W

	
relative velocity (unit: m/s)

	

	




	
x

	
axial coordinate (unit: m)

	

	




	
y

	
tangential coordinate (unit: m)

	

	




	
Subscripts

	

	




	
1

	
Port 1

	

	




	
2

	
Port 2

	

	




	
3

	
Port 3

	

	




	
4

	
Port 4

	

	




	
in

	
inlet

	

	




	
out

	
outlet

	

	




	
H

	
High-pressure ports

	

	




	
L

	
Low-pressure ports
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Figure 1. Schematic geometry of a wave rotor. 






Figure 1. Schematic geometry of a wave rotor.
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Figure 2. Schematic of the flow field of a wave rotor. (a) Original three-dimensional; (b) Unwrapped two-dimensional. 
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Figure 3. Schematics of adaptions of wave rotor channel geometry. (a) Cambered; (b) Staggered; (c) Cambered and staggered. 
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Figure 4. Geometry models of a pair of inlet and outlet ports with y-coordinate offset. (a) Baseline (γ = 0°); (b) Staggered (γ > 0°). 
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Figure 5. Velocity triangles of a pair of inlet and outlet ports. 
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Figure 6. Schematic diagram of grid construction (computational solution and grid refinement in the clearance) at γ = 30°. 
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Figure 7. The results of CFD and experiment of ports. (a) Port 1; (b) Port 2; (c) Port 3; (d) Port 4. 
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Figure 8. Distribution of pressure fields, pressure wave system and streamlines at each port with γ. Pressure wave system including the main expansion wave ME, reflected expansion wave RE, hammer shock wave HS, main shock wave MS, reflected shock wave RS, and ending expansion wave EE. (a) γ = 0°; (b) γ = 10°; (c) γ = 15°; (d) γ = 20°; (e) γ = 30°. 
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Figure 9. Variation of spatial-averaged relative velocity and absolute velocity angle of each port at γ = 20°. (a) Relative velocity in axial direction Wx; (b) Relative velocity in tangential direction Wy; (c) Absolute velocity angle α. 
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Figure 10. Oscillation amplitude Δα and deviation between α and θ as functions of γ. (a) Oscillation amplitude Δα; (b) Deviation between α and θ. 
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Figure 11. Variation of the separation vortex at Port 2 in a period at γ = 20°. (a) t = 0; (b) t = 1/4τ; (c) t = 1/2τ; (d) t = 3/4τ; (e) t =τ. 
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Figure 12. Variation of the separation vortex at Port 4 in a period at γ = 20°. (a) t = 0; (b) t = 1/4τ; (c) t = 1/2τ; (d) t = 3/4τ; (e) t =τ. 
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Figure 13. Instantaneous relative velocity distribution in a channel between the high-pressure inlet and outlet ports. 
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Figure 14. Velocity triangles of high-pressure inlet Port 3 and outlet Port 2 for different stagger angles. (a) γ = 0°; (b) γ = 30°. 
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Figure 15. Instantaneous relative velocity distribution in a channel between the low-pressure inlet and outlet ports. 
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Figure 16. Velocity triangles of low-pressure inlet Port 1 and outlet Port 4 for different stagger angles. (a) γ = 0°; (b) γ = 30°. 
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Figure 17. Variation of ΔWy at different γ. 
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Figure 18. Variation of rim work Lu with γ. 
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Figure 19. Variation of mass flow rate m ratio of high-pressure ports to low-pressure ports with γ. 
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Figure 20. Variation of the shaft power with γ. 
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Table 1. Parameters with different γ at each port.
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	γ = 0°
	γ = 10°
	γ = 15°
	γ = 20°
	γ = 30°





	Δy (m)
	0
	0.014
	0.021
	0.029
	0.046



	U (m/s)
	185.8
	183.0
	179.5
	174.6
	169.9



	θ1
	45.9
	40.3
	36.1
	31.2
	17.6



	θ2
	37.2
	30.0
	24.9
	19.3
	4.6



	θ3
	30.1
	22.0
	16.3
	10.2
	−4.3



	θ4
	32.4
	24.2
	19.0
	13.1
	−1.6
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Table 2. Resolution of each part in the wave rotor.
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	Rotor
	Port
	Clearance
	Total Number





	Grid resolution
	731,000
	22,000
	24,600
	777,640
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Table 3. Compression pressure ratio Π and expansion pressure ratio ε with different γ.
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	γ = 0°
	γ = 10°
	γ = 15°
	γ = 20°
	γ = 30°





	Π
	3.018
	3.023
	3.017
	3.015
	3.017



	ε
	1.192
	1.191
	1.192
	1.190
	1.191
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Table 4. Time-averaged velocity components Wx, Wy and absolute velocity angle α of four ports at different γ.
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	γ = 0°
	γ = 10°
	γ = 15°
	γ = 20°
	γ = 30°





	Wx1
	155.9
	156.8
	159.7
	158.0
	158.3



	Wx2
	243.8
	243.0
	239.4
	232.4
	203.5



	Wx3
	310.5
	302.1
	292.0
	280.4
	250.0



	Wx4
	290.3
	282.1
	282.0
	272.7
	268.0



	Wy1
	−28.2
	−53.8
	−72.9
	−87.0
	−111.4



	Wy2
	−7.4
	−45.0
	−64.1
	−84.2
	−116.7



	Wy3
	−5.2
	−60.4
	−89.5
	−119.0
	−171.8



	Wy4
	10.9
	−29.0
	−50.2
	−71.4
	−118.1



	α1
	45.3
	39.5
	33.7
	29.0
	17.4



	α2
	36.2
	29.6
	25.7
	21.3
	12.3



	α3
	30.2
	22.1
	17.1
	11.2
	−2.5



	α4
	34.1
	28.6
	24.6
	20.7
	9.1
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