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Abstract

:

In this paper, synthetic jet actuators (SJAs) with three different orifice shapes (circular, square, and slot) with the same cross-section area were investigated. The SJA efficiency and the synthetic jet (SJ) Reynolds number were calculated based on the time-mean reaction force measurement. The momentum velocity was measured with hot-wire anemometry and additionally, the sound pressure level (SPL) was measured. The efficiency was equal maximally to 5.3% for each orifice shape, but the square orifice characterized the higher Reynolds number. The compared centerline (axial) velocities and the radial velocity profile at a distance of 112 mm were similar for each orifice type. The SPL measurement results were surprisingly constant in relation to each other. The square orifice generates the lowest SPL, approximately 2.8dB lower than the circular orifice, and approximately 4.2dB lower than the slot orifice, at each investigated real power. Finally, the differences to other papers and limitations of the approach to comparing orifices presented in the present paper were indicated.
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1. Introduction


The synthetic jet actuator (SJA) is a simple device consisting of only three parts: cavity, the orifice or nozzle (one or many), and the movable or deformable element. The modifications of shape, the number, or the dimension of cavity or orifice may significantly change the parameters of the generated synthetic jet (SJ). A specific case may limit the ability to change these parameters or oblige their specific shape or type [1,2,3]. The use of more than one movable or deformable element is also possible and beneficial [3,4], but this can cause a significant increase in the actuator size especially in the case of mechanics and acoustic actuators, and limit their applicability. The modification of SJA cavity dimensions [5] and shape [6] both have an impact on the produced SJ, but the modification of the orifice is much easier and more important in terms of SJA application and design than the other two possibilities. The modification and increasing of the SJA parameters are important, especially for their application. The SJA can be used for enhanced heat transfer [7,8,9], mixing [10,11,12], or broadly defined active flow control [13,14,15].



Chaudhari et al. [16] investigated how the orifice shape impacts the heat transfer from an impinging SJ. Authors investigate SJAs with a slot orifice with different aspect ratios and hydraulic diameters, and SJAs with different orifice shapes. The comparison of Nusselt numbers for different orifice types shows that the square orifice gives a maximum heat transfer coefficient for the axial distance x/d > 5, where x is the orifice-wall distance and d is the hydraulic diameter of the orifice. The slot (rectangular) orifice was better for smaller axial distances, x/d < 5. The circular orifice generates the lowest heat transfer coefficient. This phenomenon was explained in [17], where the topology of SJ generated by SJAs with the slot and the circular orifice were compared. The impact of orifice shape on the heat transfer coefficient was also investigated by Mangate and Chaudhari [18] for oval and diamond shapes. However, these shapes of the orifice did not give better results than the rectangular and square orifices. The other authors investigated not only the impact of shape on SJ parameters but also the number of orifices [19,20,21].



The change of orifice dimension is also significant. The aspect ratio [16] in the case of the rectangular orifice and the diameter [22] in the case of the circular orifice are as important as its shape. Jani et al. [22] showed that there exists an optimal diameter for which the velocity of SJ is maximal, the method of determination of which was presented by Kordík and Trávníček [23]. However, Jani et al. [22] also investigated orifices with the walls inclined at different angles. In other words, they changed the orifices into nozzles with different tapering. The parameters of SJs, the Reynolds number and the mass flow rate, were dependent on the nozzle angle, but the effect of orifice geometry in synthetic jets was not clear.



Kordík and Trávníček [24] investigated SJAs with five different types of nozzle. They designed nozzles by adding other plates with profiled nozzles and measured the time-mean reaction force generated by each SJA. The results were related to the reference nozzle (the sharp-edged nozzle— essentially a circular orifice). The actuators with all tested nozzle types generated higher time-mean reaction forces than the actuator with the sharp-edged nozzle. This means that for these nozzles, the SJ velocity, the Reynolds number [25], and the energetic efficiency [26] were also higher. The replacement of the orifice with the nozzle may also be more practical; for example, for noise reduction chevron nozzles are used [27,28], although the effect can also be obtained for chevron orifices [29].



The orifice with oscillating cross-section area [30,31], the virtual orifice [32], or using the confinement effect [33,34] are the other methods of changing the SJ parameters by the change of the orifice. However, the authors of this paper decided to choose the simpler and more basic method of orifice modification. The circular, square, and slot orifices were tested and the parameters of SJ and SJA were compared. As a comparative criterion, the cross-section area of the orifice was chosen, and the orifice length was equal to a characteristic dimension for a suitable shape of the orifice.



The main scope of the present paper was determining the impact of the orifice cross-section shape on the SJ parameters and checking whether the cross-sectional area can be a comparative criterion for the orifice. The search for a parameter that can be used as a base parameter is especially important during research because it allows excluding its influence on the obtained results. In our opinion, the hydraulic diameter (the most used) is not the best benchmark for SJA. The hydraulic diameter should be used for flows with low dynamics. However, Persoons and O’Donovan [35] provided a correlation between the pressure loss coefficient for steady flow through the short orifice and pressure loss coefficient for the SJ, and the use of hydraulic orifices is justified but we will try to show that it is the criterion of the same orifice cross-section area which is more suitable. Additionally, the noises generated by actuators with different orifice shapes were measured.




2. Materials and Methods


In the paper, three different orifice shapes were investigated–circular, square, and slot (the most often studied shapes of orifices). The cross-section area of orifices was similar, and the geometric parameters were presented in Table 1. Although it is customary to compare orifices with the same hydraulics diameters [16,18,36], the authors of this paper believe that it is the cross-sectional area and not the hydraulic diameter that may have a decisive influence on the flow parameters. The SJ is a quick-changing phenomenon and the viscous forces between the fluid and the orifice walls may be less important than flow damping due to a changes in cross-section. The orifice height was equal to a diameter in the case of the circular orifice, as a side length in the case of the square orifice, and as a width in the case of slot orifice. Most often, the orifice height is less than the orifice diameter, and this case can be treated as borderline between the short and long orifices.



The orifices were printed from PETG (polyethylene terephthalate glycol-modified) using 3D technology. The thickness of the wall of the orifice was 2 mm. The actuator body was made of PMMA and loudspeaker STX M.18.200.8.MCX was used. The diameter of the actuator cavity was 150 mm, and the height was 20 mm.



The SJA was supplied with a sinusoidal signal generator by a Rigol GD4162 and amplified by an AUNA CD-708 amplifier. The current and voltage drops were measured with Keithley 2701 instruments (6.5 digits, 22-bits) with a 7706 all-in-one I/O module. The current was measured as a voltage drop on a reference resistor (1 Ω, ±0.01%).



The velocity was measured with a hot-wire anemometer (HWA). The two-wire constant temperature anemometer (CTA) probe connected to the ATU 08 bridge was used. The first wire used for velocity measurements was calibrated in the range of 0.3–49 m/s and the second wire was used for the temperature measurements. The CTA probe was mounted on a 3D manipulator with ±0.02 mm positioning accuracy.



The sampling rate was 2000 samples per one SJA operation period. The velocity was calculated based on 100 cycles for each single measurement. For example, for a SJA fed with a frequency 40 Hz the sampling frequency was 80,000 S/s and the total number of samples was 8,000,000.



The energetic efficiency, Reynolds number, and stroke length were calculated using the method proposed by Gil [25,37] and Gil and Smyk [26]. For this reason, the time-mean reaction force of SJA was measured with precision balance RADWAG WTC2000. The resolution of this device was 0.01 g and the range was 2000 g.



The SPL measurements were made with a Testo 816-1 equipped with a 1/2” micro-phone. The equipment was compiled with the requirements of the IEC 61672-1 Class 2 standard. Its measuring range was 35-100 dB (A) in a frequency of 20–8000 Hz. The back-ground SPL of the environment was confirmed to be at least 10 dB lower than the SPL generated by the SJA. Type A frequency weighting was applied to the SPL measurements (SPL (A)). The SPL measurements performed according to the ISO 3746:2010 [38].



A Honeywell HPB200W2DA-B barometer was used for the atmospheric pressure measurement. The accuracy of measurement was ±40 Pa. The air temperature during measurements was in the range of 19–21.5 °C.



LabVIEW software with the NI-USB-6211 card was used to all devices control. The photo of some part of the measurement stand and its scheme was presented in Figure 1 and the accuracy of measured values is presented in Table 2.



Data Reduction


The energetic efficiency, Reynolds number, and stroke length were calculated using the time-mean reaction force as [25,26,37]:


  η =  1  2 P        F 3    A · ρ      



(1)






  Re =  l ν     F  A · ρ      



(2)




and


  L =  1  2 f      F  A · ρ      



(3)




where f is the frequency of loudspeaker diaphragm oscillation (Hz), F is the time-mean reaction force (N), A is the cross-section area of the orifice (m2), ρ is the air density calculated from the ideal gas formula (kg/m3), l is characteristic dimension (m), ν is the kinematic viscosity of fluid (mm2/s), and the real power is calculated as:


  P = E I · cos φ  



(4)




where E is effective voltage (V), I is effective current (A) and cos φ  is the power factor.



However, the authors want to compare the orifices with the same cross-section area and not with the same hydraulic diameter. For this reason, it was decided to use the equivalent diameter as the characteristic dimension (see Table 1):


   d ′  =   4  A π     



(5)







The velocity measurements were made as momentum velocity measurements for one hundred cycles. The data were then averaged to one representative cycle. The momentum velocity was calculated from [39] as:


   U  rms   =    1 T  ∫  (   u c 2   )  d τ    



(6)




where T is a period of oscillation, T = 1/f (s), uc is the instantaneous velocity at the orifice axis (m/s), τ is a time (s).



During the velocity measurements the parameter r was recognized as the distance between the geometric center of the orifice cross-section area and the wall (Figure 2). As a parameter, x was recognized as the distance from the orifice end to the measurement point.





3. Results and Discussion


3.1. Time-Mean Reaction Force Measurements


In Figure 3a, the Reynolds number for different orifice types as a function of frequency are shown. The course of the charts is very similar and it is only for f > 50 Hz that the value of the Reynolds number begins to differ significantly. The Reynolds numbers of SJAs with circular and square orifices are the same. Based on Reynolds numbers, the characteristic frequency of SJs can be designed as f = 44 Hz for the circular and the square orifice at Reynolds numbers equal to 13,174 and 13,219 respectively, and f = 54 Hz at Reynolds number 13213 for the slot orifice. It can be assumed that the Reynolds number calculated for the equivalent diameter is independent of the orifice shape at the resonant frequency. This is confirmed by the dependence presented in Figure 3b.



In Figure 4 the dimensionless stroke length was presented. This parameter is used as a formation criterion of SJ. It must be noted, that in this case the equivalent diameter was used [40], the hydraulic diameter [41], or another parameter e.g., slot width [5,42]. The formation criterion was fulfilled in the whole measuring range. This issue is described in more detail in [34]. Milanovic and Zaman [43] defined the formation criterion as L/d > 0.4. In this case, the diameter d can be understood as hydraulic diameter dh. Because d’ ≥ dh then L/d ≥ L/d’ ≥ 0.4. Thus, the criterion is fulfilled. The dimensionless stroke length for the slot orifice is smaller than for other orifices. Generally, the higher the power, the higher the difference, and at the P = 5 W the dimensionless stroke length for the slot orifice is about 18% smaller than for the circular or rectangular orifice.



In Figure 5 the energetic efficiency of an SJA as a function of frequency at real power P = 3 W (Figure 5a) and as a function of real power at a resonant frequency (Figure 5b) were presented. The resonant frequency of the SJA designated based on efficiency is the same as in the case of the Reynolds number. The maximum efficiency was the same for each orifice and was equal to 5.3%. The increase of real power does not increase the energetic efficiency of the SJA (Figure 5b). That this course of efficiency charts as a function of real power is typical and it can be observed in many papers for different actuator types [8,26,29,34]. The electrical efficiency function of the SJA was independent of the orifice shape.



The Reynolds number (Figure 3), the dimensionless stroke length (Figure 4), and the efficiency (Figure 5) are similar and independent of the orifice shape for frequency f < 60. The dimensionless stroke length as a function of real power (Figure 4b) for the slot orifice also differs from other cases. This may be due to a fact that the Equations (1)–(3) have been checked and confirmed only for axisymmetric, circular orifices. However, these differences are not particularly significant because the SJA operates mainly at resonant frequencies. However, this is an area that should be additionally investigated with the use of velocity measurement.




3.2. Impact of the Hydraulic Diameter on Results


The choosing of equivalent diameter as a characteristic dimension had an impact on the presented results. The Reynolds number is directly proportional to the characteristic dimensions and a dimensionless stroke length is inversely proportional to the square of the characteristic diameter. The time-mean reaction force method of the energetic efficiency calculation is independent of the characteristic diameter. The percentage changes of Reynolds number and dimensionless stroke length when considering the hydraulic diameter are shown in Table 3.



The choice of the equivalent diameter instead of the hydraulic diameter causes an increase of Reynolds number in the case of the square and slot orifice and a decrease of dimensionless stroke length. The dimensionless stroke length is used generally only for the formation criterion validation. However, Gil [25] showed that the formation criterion is met if the SJA generates the time-mean reaction force higher than zero and this criterion can be used by the reaction force measurement. In the case of the calculation of stroke length based on the velocity measurements, the difference between dimensionless stroke length calculated for the hydraulic diameter and for the equivalent diameter will be not so large as values presented in Table 3 (the stroke length will be independent of the chosen characteristic diameter), and the formation criterion formed by Holman et al. [44] or Milanovic and Zaman [43] can be easily modified to account for the equivalent diameter.



The changes in the values of the Reynolds number may seem more controversial. The Reynolds number is the ratio between the internal and viscous force and is used for the flow classification and in the scaling of different-sized flows. This dimensionless number was used initially only for flows in pipes and for this reason, it is customary to use the hydraulic diameter for its calculation. However, it is not the rule and, for example, Smith and Glezer [45] applied the width of the slot orifice. Additionally, in the case of SJ, the diameter of the orifice (hydraulic or equivalent) is equal to or higher than the orifice height. For this reason, the viscous forces between the orifice walls and the fluid are less important than the shape of the orifice (viscous forces in the fluid). For example, Miró et al. [17] showed that the SJ generated by an actuator with a circular orifice is less turbulent than the SJ generated by an actuator with a slot orifice. There are more differences in the topology of the SJ generated by different orifice shapes [5].



The SJA had a similar energetic efficiency at the resonant frequency and the real power (Figure 5b) and it can suggest that the flow conditions were also similar. It must be noted that the calculations of SJ and SJA parameters based on the time-mean force reaction measurements are independent of the orifice shape [26], in contrast to the velocity calculation method.



Taking all the above facts into account, one would expect the Reynolds number for all orifice types to be similar as well. For the hydraulic diameter, that is not true. However, in the case of the equivalent diameter, this is. For this reason, we believe that the equivalent diameter is better suited to calculate parameters when comparing actuators with orifices of different shapes than the hydraulic diameter.




3.3. The Centerline Velocity Measurements


The centerline exit (x = r = 0 mm) momentum velocity as a function of the frequency and the real power of SJA is presented in Figure 6. The course of the velocity charts (Figure 6a) is similar to the Reynolds number charts (Figure 3). This confirms the correctness and compatibility of the methods used because these values are directly proportional to each other—Figure 3 has been drawn from a time-mean force measurement and Figure 6 from hot-wire velocity measurement. Additionally, note that the velocity measured at the center of the cross-section area is representative and can be used to calculate the mean velocity value [40,46].



The centerline momentum velocity of SJ as a function of real power was similar for each type of orifice. However, the velocity for the slot orifice was higher than others, especially at small real power, P < 2 W. The centerline momentum velocity for slot orifice was even 12.5% higher at P = 0.1 W than the velocity for circular orifice. At P > 2W difference between velocity for slot and square orifice was circle 2% and it is the value equal to measurement uncertainties. The minimal difference between the velocity for slot and circular orifice was 3.6%.




3.4. Axial and Radial Velocity Profiles


Figure 7 presents the axial profile of SJ centerline (r = 0 mm) momentum velocity at a characteristic frequency and P = 3 W. The profiles for all orifice types were similar.



In the range 10 < x < 50, the highest values were obtained for the slot orifice and the lowest for circular orifice, but in the range 150 < x < 400 the highest values were obtained for square orifice and the lowest for slot orifice. The maximum difference between the individual values was 30%. This chart of axial distribution of centerline momentum velocity is typical [39,47,48].



Figure 8 presents the radial velocity profile at a characteristic frequency, the real power P = 3 W, and x/d’ = 5. The velocity radial profile at x/d’ = 5 was similar for each type of orifice. The highest value was obtained for the square orifice and the velocity value was about 4% higher in this case than for the circular and slot orifices. This distance x/d’ = 5 (about 112 mm) was indicated as the most advantageous in heat in heat exchange by Gil et al. [39]. Bhapkar et al. [49] obtained the highest average Nusselt number for x/d’ = 3 (about 36 mm), and in [50] this distance was specified as x/dh = 10. Nevertheless, the degree of similarity of the profiles is still surprising.




3.5. SPL Measurements


Figure 9 presents the SPL for different SJA real powers at a characteristic frequency. The SPL was measured at P = 0.02; 0.05; 0.1; 0.2; 0.5; 1; 1.2; 1.5; 2; 2.5; 3; 3.5; 4; 5 W. However, the SPL at P < 1 W was lower than 46 dB for all orifice type. According to ISO 3746:2010 [38], the measured SPL should be 10 dB higher than the noise background level, which was 36 dB. With that in mind, only the measurements at P > 1.5 W can be considered compliant with the standard. However, the authors decided to extend the presented range of measurement data because it shows the same trend.



The SPL was the lowest for the square orifice at all SJA powers. It is important that difference of the SPL for different orifice shapes was relatively constant. The SPL for the square orifice was about 5.7 ± 0.3% (2.8 ± 0.2 dB) lower than the SPL for the circular orifice and about 7.9 ± 0.7% (4.2 ± 0.5 dB) lower than the SPL for the slot orifice. The SPL for the slot orifice was higher about 2.7 ± 0.8% (1.4 ± 0.4 dB) than the SPL for the circular orifice.



The SPL for different orifice types can also be compared for different frequencies [51]. For this reason, the SPL as a function of SJA frequency at P = 3 W is presented in Figure 10. Similarly, at the resonant frequency the lowest SPL was observed for the square orifice. This relationship was maintained in the entire studied frequency range. The slot orifice generated higher SPL than the circle orifice across the entire frequency range, except for frequencies close to 100 Hz.



Bhapkar et al. [51] studied the SPL generated by SJAs with circular, elliptical, square, and elliptical orifices. The results presented in their work were not so clear-cut. The SPL generated by an actuator with a different orifice shape was strongly dependent on the frequency and on the basis of measurements presented by Bhapkar et al. In [51] it is impossible to clearly assess which orifice generated less noise. In the case of the research presented in this paper, however, it is unequivocally possible.



Additionally, Bhapkar et al. [51] showed that the higher the orifice, the greater the SPL. According to these studies, the shorter the orifice (in our case slot), the lower the noise level generated. This relationship is not maintained in the case of the presented measurements. It must therefore be concluded that it is the shape of the orifice that is decisive regarding the SPL and not the orifice.




3.6. Differences from Other Studies


The equivalent diameter is used also in other papers [51]. However, there are a few differences between this article and the most common approach to SJ investigation. Firstly, as a characteristic diameter of SJA, the equivalent diameter was used. Similar to diameter in the case of the circular orifice or the width in the case of slot orifice, it is a dimension parameter. The dimensionless parameter, which is not mentioned in the paper but could be used as a characteristic parameter, is the aspect ratio. However, the aspect ratio for circular and square orifices is equal to AR = 1, and in the case of the slot orifice is AR = 0.25. As such, this parameter, and the others mentioned, also prevents the tested nozzles from being considered similar.



Secondly, the orifice height is different for each orifice and is equal to the diameter/side/width in the case of the circular/square/slot orifice. Normally the orifice height is the same for each actuator. It is also a characteristic parameter and affects the parameters of the generated SJ, as for example the Reynolds number, the SJ velocity and the SJA efficiency [47,52], or the SPL [51]. However, these dependencies were not found during this research. This is probably due to the fact that the orifice was short—not higher than the characteristic dimension of the orifice shape.



The different shape of the orifice makes the topology of generated SJ significantly different [17,53,54]. For this reason, depending on the application, the selected nozzle may perform better or worse. For example, the square and rectangular nozzle are more favorable in cooling applications [16] or in some applications of active flow control [13].



Despite these three fundamental differences, which seem to preclude comparison of these orifices, the obtained results were surprisingly similar. However, keep in mind that these orifices have the same cross-section area and the ratio of the basic design dimension to the orifice height is an equal one. The use of equivalent diameter allowed for the unification of the results and made the results independent of the orifice shape. This can allow better investigation into how other actuator dimensions affect the SJ parameters or how the SJ topology affects, for example, heat exchange. This idea could also be applied to the measurements performed and published, as it fits in with the geometric parameters used in articles. Of course, the presented data do not include the impact of the SJ topology, which has a significant impact on the application of SJA, for example, in the heat transfer [16,17,18,36].



The consistency of results in the case of the SPL measurements is also worth emphasizing. However, this stability may not be maintained for a larger range of real power, as in [29]. These results are also difficult to compare to others because of the differences that have already been mentioned and the small number of articles dealing with the study of noise generated by the SJA. Performing the tests in accordance with the standard [38] will enable the comparison of results in the future.





4. Conclusions


In the paper, SJAs with three different orifices were investigated. The circular, square, and slot orifices had the same cross-section area, and the orifice height was equal to the characteristic size for a given type of orifice, respectively the diameter, the side, and the width.



Although the orifices do not meet the basic criteria of similarity as the same hydraulic diameter or the aspect ratio, the basic characteristics of the SJ were similar for each type of orifice. Among the most important should be mentioned: the Reynolds number and the centerline momentum velocity at the characteristic velocity, and the energetic efficiency in a function of the real power. The similarity concerns both the course of the graphs and the obtained values. The differences caused by considering the equivalent diameter to calculate the Reynolds number were also discussed.



The SPL was measured for each type of orifice at different real power. In the entire studied range, the lowest noise was generated by the actuator with the square orifice, and then by the actuator with the circular orifice. The greatest noise was generated by the actuator with the slot orifice, even though the slot orifice had the smallest height and SPL is positively correlated with height [51]. We have thus shown that the shape of the nozzle is more important in terms of the generated noise than the orifice height.



In the end, the differences in the selection method of the orifice parameters in this paper and others were discussed. Due to the similarity of the results this method of the parameters selection seems good for initial orifice selection. It can be the basis for further differentiation and determining how changing geometric parameters affects the specified values when comparing orifices with different shapes.
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Figure 1. Photo of some parts of the measurements stand (a) and its scheme (b). 
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Figure 2. The location of parameter of r on the orifice cross-section area (a) and the photo of printed orifices (b). 
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Figure 3. Reynolds number of SJ as a function of frequency at real power P = 3 W (a) and as a function of real power at a resonant frequency (b). 
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Figure 4. Dimensionless stroke length of SJ as a function of frequency at real power P = 3 W (a) and as a function of real power at a resonant frequency (b). 






Figure 4. Dimensionless stroke length of SJ as a function of frequency at real power P = 3 W (a) and as a function of real power at a resonant frequency (b).



[image: Applsci 11 04600 g004]







[image: Applsci 11 04600 g005 550] 





Figure 5. The energetic efficiency of SJA as a function of frequency at real power P = 3 W (a) and as a function of real power at a resonant frequency (b). 
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Figure 6. The centerline momentum velocity of SJ as a function of frequency at real power P = 3 W (a) and as a function of real power at a characteristic frequency (b) at x = 0 mm, and r = 0 mm. 
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Figure 7. The centerline, axial profile of SJ centerline momentum velocity of SJ at a characteristic frequency, P = 3 W, r = 0 mm. 
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Figure 8. The radial profile of momentum velocity of SJ at a characteristic frequency, P = 3 W, x/d’ = 5. 
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Figure 9. The SPL for different SJA real power at a characteristic frequency. 
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Figure 10. The SPL as a function of SJA frequency at P = 3 W. 
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Table 1. Parameters of orifices for different shapes.
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	Orifice Type
	Characteristic Dimension of Orifice [mm]
	Hydraulics Diameter, dh [mm]
	Equivalent Diameter, d’ [mm]
	Orifice Height, t [mm]
	The Cross-Section Area of the Orifice, A [mm2]





	circular
	d = 22.4
	22.4
	22.4
	22.4
	394



	square
	a = b = 20
	20
	22.57
	20
	400



	slot
	a = 10

b = 40
	16
	22.57
	10
	400
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Table 2. Measurement uncertainties.






Table 2. Measurement uncertainties.










	Name
	Relative Accuracy
	Absolute Accuracy





	Power, P
	±2%
	



	Force, F
	
	±1 mN



	Velocity, u (calibration accuracy)
	±2% (2.6–49 m/s)
	±0.1 m/s (<2.6 m/s)



	Efficiency, η
	
	±0.2%



	SPL
	
	±1.4 dB
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Table 3. Change of parameters for the hydraulic diameter.
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	Orifice Type
	Reynolds Number
	Dimensionless Stroke Length





	circular
	0%
	0%



	square
	−11.39%
	+25.44%



	slot
	−29.11%
	+96%
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