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Abstract

:

This paper shows the possibility of the measurement of a temperature field generated by heated fluid from a synthetic jet (SJ) actuator. Digital holographic interferometry (DHI) was the main measuring method used for the experiments. A single-projection DHI was used for the visualization of the temperature field as an average temperature along the optical axis. The DHI results are compared with data obtained from constant current anemometry (CCA) experiments for the validation of the method. Principle of 3D temperature distribution using a tomographic approach is also described in this paper. A single SJ actuator, multiple continual nozzle, and the SJ actuator with two output orifices are used as a testing device for the presented experiments. The experimental configuration can measure high-frequency synthetic jets with the use of a single slow-frame-rate camera. Due to the periodic character of the SJ flow, synchronization between the digital camera, and the external trigger driving the phenomenon is performed. This approach can also distinguish between periodic and random parts of the flow.
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1. Introduction


Heat transfer measurement is a complex discipline that is extended into many scientific and industrial sectors. The problem is solved in many applications, as are, e.g., heat exchangers [1,2], turbines [3,4,5,6], sustainable energy [7,8,9], chemical processes [10,11,12], or (micro) electronics cooling [13,14,15,16]. Especially in micro-electronic coolers, the flow regime is usually laminar, with a very small Reynolds numbers (in the order of 102). Therefore, transfer processes such as mixing and cooling are typically based on gradient diffusion [17,18,19,20]. The heat transfer processes can be enhanced with the actuation of the laminar flow, creating a so-called “quasi-turbulent” flow character [19]. In these cases, a synthetic jet actuator [17,18,19,20,21] or other vortex generators [22,23,24] can be used effectively.



As is known, a synthetic jet (SJ) is generated by the periodic motion of an actuator oscillating diaphragm (for a schematic view, please see Figure 1a). An SJ is synthesized by interactions within a train of vortex rings or counter-rotating vortex pairs in axis-symmetric or two-dimensional geometry; see [25,26]. Vortex rings that are formed at the lip of the orifice (see Figure 1b) move from the actuator orifice with velocity, which must be high enough to prevent their interaction with the suction force in the orifice. These vortexes dissipate, and the SJ has the characteristics of a conventional steady jet downstream from the orifice (approx. 8D [26]). One of the main advantages of an SJ is that the time-mean mass flux of the oscillatory flow in the orifice is zero; therefore, the requirement of a blower and piping for the fluid inlet is eliminated. Even though the time-mean mass flux in the orifice is zero, the momentum of the resultant SJ at a specific distance from the lip is non-zero [25,26,27,28]. To reach the highest efficiency of an SJ, the actuator should work at the resonance frequency [17,18,26,28]. The frequency response of a double-orifice SJ actuator is investigated in [29].



For the SJ investigation, a lot of experimental methods can be used, and it can be divided into two main groups—contact and non-contact. In the case of the contact method, the sensor is placed inside the measured medium, and it affects not only the measured results, but also the phenomenon itself. An example of the contact method for the SJ temperature field measurement is constant current anemometry, based on a change of electrical resistance [30,31]. To prevent the affection from the placed probe, the non-contact method is suitable for use. Non-contact methods that are used to measure temperature distributions can be e.g., the following: the Schlieren method [32], absorption spectroscopy [33], Rayleigh and Raman scattering [34], and methods based on thermal radiation [35].



A very useful non-contact optical technique is holographic interferometry (HI) based on the holography principles discovered by Gabor in 1948, as a lenseless process for image formation by reconstructed wavefronts [37]. The breakthrough of holography was initiated by the development of the laser, providing a powerful source of coherent light at the beginning of the 1960s. The drawback of Gabor’s inline arrangement was addressed by the off-axis technique [38]. Besides the impressive display of three-dimensional scenes exhibiting effects such as depth and parallax, holography has found many applications in the field of synthetic holograms [39,40,41] or holographic data storage [42]. Another application of holography is a measurement technique called holographic interferometry [43,44]. Its early applications ranged from the first measurement of vibration modes [43,44] over deformation measurement [45,46] and contour measurement [47,48], to the determination of refractive index changes [49,50,51]. The wet chemical processing of the holographic recording media with inherent drawbacks has been overcome by capturing a hologram digitally, and even more rapidly after the wide spread discovery of modern cameras by using CCD (charge-coupled device) or CMOS (complementary metal–oxide–semiconductor) [52,53,54]. The most significant impact of digital holography exhibits in digital holographic interferometry (DHI) [55,56,57] and digital holographic microscopy (DHM) [58,59,60,61]. By applying the tomographic approach, DHI enables the measurement of the investigated phenomena not only in 2D [62,63] but also in 3D [64].



DHI as a full-field and very sensitive method for measuring refractive index variations within the measured volume is a very powerful technique for the visualization and measurement of SJ flow. The results of the measurements can be used for the optimization and characterization of the mechatronic parts of the actuator.



This paper provides a comprehensive overview of several experimentally validated DHI approaches and their limits, as they are used for different types of actuators.




2. Digital Holographic Interferometry


Digital holographic interferometry (DHI) is a non-contact, non-invasive, and highly accurate experimental method for measuring quantities that affect the phases of a light wave passing through or reflected from the measured object. It can be used, for example, in the field of mechanical stress and deformation analysis, vibration analysis, or to measure the distribution of the refractive index in a transparent environment, as in case of measuring the temperature field distribution in fluids. This method records the intensity of the interference field as a result of the superposition of the object Uo, and the reference Ur wave (digital hologram). Numerical reconstruction following the record is based on the solution of the free space propagation of an optical wave, and it retrieves the complex field (intensity and phase) of the recorded object wave [54,56,57] from the digital hologram.



In the experiment, at least two holograms hi have to be recorded, where index i = 1 or 2 corresponds to the initial (reference) or state of the object after a change. Holograms are recorded on a digital sensor (CMOS or CCD camera), from which complex waveforms Ui are reconstructed as [54,56,57]:


Ui(x,y)=ℱ−1{h(ξ,η)r*(ξ,η)ejπλd[ξ2+η2]},



(1)




where j=−1, λ is the wavelength of a light (laser), d is the distance of the object from the digital camera, r* is the complex amplitude of the reference wave, ℱ−1 is the inverse Fourier transformation. The symbols ξ,η and x,y stand for the coordinates in a hologram and an image plane, respectively. The solution of Equation (1) is a numerical representation of a complex optical field.



The intensity Ii(x,y) and phase φi(x,y) distributions of the reconstructed wave can be calculated as:


Ii(x,y)=|Ui(x,y)|2,



(2)






φi(x,y)=arctg(Im[Ui(x,y)]Re[Ui(x,y)]).



(3)




The value of the interference phase Δφ modulo 2π (see Equation (3)), which is influenced by the temperature change in the working fluid, can be determined as (see [56]):


Δφ={φ1−φ2if   φ1≥φ2φ1−φ2+2πif   φ1<φ2.



(4)







The relationship between the interference phase and the change of the refractive index in the measured volume is given by the relation:


Δφ(x,y)=2πλ∫L1L2Δn(x,y,z)dz,



(5)




where Δn(x,y,z) denotes the change of refractive index in the measured fluid.



Temperature Field Measurements


Equation (5) defines the relationship between the light phase change of the transmitting wave and the refractive index. The solution of the integral (5) depends on the type of the refractive index distribution temperature field, respectively. The simplest is a two-dimensional (2D) temperature field (e.g., temperature boundary layer measurements). A constant temperature is assumed in the direction of the optical axis. The integral in Equation (5) is simplified to:


Δφ(x,y)=2πλΔn(x,y,z)L.



(6)




where L=L2−L1 is the differential length of the light rays in the measured environment.



Another type of temperature field is a rotationally symmetric field, such as nozzles or flame. The solution of Equation (5) leads to an inverse Abel transformation [56]. To measure general (unsymmetrical) temperature fields, a tomographic approach based on the multi-directional measurement of several different projections has to be applied [64].



However, refractive index change distribution is not a main concern. The temperature T and the refractive index n are related by using the Gladston–Dale and ideal gas equations, as [65]:


T=KpR(n−1),



(7)




where K is the Gladston–Dale constant, p is the air pressure, and R is the universal gas constant (8.3143 J·mol−1·K−1). Putting K = 2.26 × 10−4 m3·kg−1, R = 8.314 J·mol−1·K−1, p = 101.3 kPa, and T = 297 K into Equation (7) yields dn/dT=9×10−4.





3. Experimental Setup


For the DHI experiments, a Twyman–Green interferometer with double sensitivity was used. The principle and schematic arrangement of the temperature field experiment is shown in Figure 2. A single-frequency Nd:YAG laser (line width < 1.5 MHz i.e., coherence length > 200 m) works with a wavelength of 532 nm and a power of 150 mW. The laser beam is split into two beams by a beam splitter BS1 (beam splitter); the first beam is a reference wave, and the second one is the object wave. Both beams are spatially filtered (SF) and collimated (CO). As the object beam passes through the measured area twice (the second pass when the beam is reflected from the mirror M3), the measurement has double sensitivity. The reference and object waves are recombined by another beam splitter BS2, and the resulting interference pattern (digital hologram) is recorded with a 5 Mpx AVT Stingray-F 504 digital camera. The images are transferred to the computer via the Fire Wire B interface, allowing for a 6.5 FPS frame rate. The entire experiment was placed onto a vibration-isolated optical table.



To demonstrate the reliability of the method, a steady temperature field of convective flow of fluid moving up from a system of three orifices was first measured. Secondly, the temperature field under investigation was stimulated by the synthetic jet of fluid.



As the synthetic jet is a non-symmetric (for this prediction, the SJ actuator configuration in Figure 3b is supposed) periodic non-stationary phenomenon, DHI experiments of SJ temperature fields were performed by using a tomographic approach.



To investigate the SJ temperature field, two types of SJ actuators were used. Both of these types consisted of a sealed cavity, an upwardly oriented outlet orifice, and two loudspeakers (ARN-100-10/4) (DD = 94 mm) working in phase, which are used as moving diaphragms. The loudspeakers were fed with 1.5 W power. In-phase working loudspeakers have the same direction of movement, which ensures that the fluid is sucked into the SJ actuator during the first part of the period, and extruded in the second part of the period. The whole process is cyclically repeated. The first type of SJ actuator had a single orifice with a diameter D = 5 mm; the second type had two orifices with a diameter D = 2 mm each; the spacing between axis of these orifices was 7 mm. The working frequencies of the first and of the second actuator were 15 Hz and 8 Hz, respectively. A schematic view of both SJ is visible in Figure 3. Figure 3b shows the details of the output orifice of the second actuator SJ. For the tomographic approach validation (described in Section 4.2), the continual nozzle with three output orifices (with a diameter of 3 mm each) was used (Figure 3c). The distance of the adjacent nozzle axes was 12 mm.



For the purposes of the experiment, it was necessary to heat the exhausted air from the SJ actuators and the continual nozzle, respectively. Heating was provided with a cartridge heater OMEGALUX CIR-10,301/240 V, which was inserted into the actuator cavity (Figure 3a). The heater was equipped with a K-type thermocouple, which was connected to a PID (proportional–integral–derivative) controller to control the temperature setting up to 200 °C. In this case, the PID controller enabled the heater temperature setting to be less than 0.2 K. However, due to a low value of the heat transfer coefficient from the cartridge to the air in the cavity, the temperature of the measured airflow was much lower. In order to avoid convection, which causes background noise in the temperature measurement, the beginning of the measurement was delayed until the system was in temperature balance.



The aim of the measurement was to measure the volumetric temperature distribution. As a consequence, the flow had to be recorded from different projection angles, due to the tomographical approach. The simultaneous measurement of all projections is complicated, and many digital cameras are needed. Still, the resolution of tomographic back-projection depends on the number of projections, and it is practically impossible to employ more than a few cameras.



A steady flow is assumed to be constant in time. Therefore the system of orifices was mounted onto a remote-controlled rotary stand that enabled 360° rotation. After recording the reference hologram, the actuator was rotated over a range of 0°–178°, with a step of 2°. A measurement was performed after each turn. Then, a 3D temperature field was obtained by using the tomographical reconstruction method.



The flow of SJs consists of three main components: mean temperature, periodic, and random parts. Assuming perfect periodical and coherent behavior of the SJs, the periodic part of the flow is supposed to be constant for the corresponding relative time within the period of the SJ. Such an assumption allows for the measurement of the periodic part of SJ at certain relative times, at different time instants. The measurement is then identical to aforementioned steady flow measurement. The actuator was mounted onto a remote controlled rotary stand, and as the stand rotates, holograms at different projections are captured.



System Synchronization


In the case of periodic SJ measurement, it is necessary to synchronize the SJ actuator with the measuring system, respective to the external trigger of the camera, in order to capture the SJ exactly at a defined relative time. Considering the period of the SJ τ, and a relative time t’ = t/τ within one period, synchronization enables the phase maps Δφ(x,y,t) to be captured at the well-defined relative time instances, at different periods of the signal t = t’ + M τ, where M stands for an integer. Assuming the coherence of the phenomenon the phase field, Δφ(x,y,t′+M τ) is supposed to be constant as M increases. This synchronization principle is shown in Figure 4a. The synchronization of the camera with a measured phenomenon brings three advantages. On the one hand, it is the possibility of measuring the entire period with a camera that has a significantly longer frame time. In this particular example, the SJ actuator operates at a frequency of 15 Hz (the period is 67 ms) and 8 Hz (125 ms), respectively. The 5 Mpx camera used was relatively slow; its maximum frame rate at this resolution was about 6 FPS (167 ms). Therefore, at least 300 FPS at a frequency of 15 Hz is required (i.e., 20 samples per period), or 37 samples per period, at a frequency of 8 Hz. Assuming the similarity of the vortexes exhausted from the SJ actuator orifice in every cycle, it is possible to synchronize the trigger of the individual frames on the camera at a particular chosen phase of the SJ period.



Another advantage of synchronization is the improvement of the signal-to-noise ratio, and revealing the random flow fluctuations. Instantaneous temperature distribution can be described by its mean value, periodic component, and fluctuating component. The aim of SJ research is primarily focused to the periodic component. By synchronization, many measurements corresponding to the same phase can be obtained; see Figure 4b. An averaging of measurements from different periods at the same phase of fluid flow from the SJ nozzle emphasizes the periodic component of the signal, while the influence of the random component is eliminated. Consequently, the ratio of the periodic and random signal components can be used as a measure, in order to optimize the actuator parameters.



Last but not least, the synchronization of the camera external trigger with the driver of the SJs enables the three-dimensional temperature field distribution of very fast phenomena to be measured with the use of only one digital camera. The “freeze” of the phenomenon (measuring the SJ at a well-defined relative time at different periods of the phenomenon) allows for the SJ periodic component to be measured at different projections that are necessary for the reconstruction of the 3D temperature field.





4. Results


4.1. Validation of Camera Synchronization and 2D Digital Holographic Interferometry


2D DHI is used for a case of the SJ actuator with one output orifice operating at 15 Hz. The left sides of Figure 5 show the development of temperature fields measured with DHI. In this figure, a non-dimensional temperature T* is defined as T* = (T − Ta)/(T0 − Ta), where T is the temperature of the liquid exhausted from the orifice, Ta is the ambient temperature, and T0 is the average temperature in the SJ actuator.



The figures correspond to different phases during the t/τ cycle, and there is a clear view of the vortex movement from the SJ actuator orifice. In the case of the 2D measurements, phase-shift integration occurs along the entire beam path passing through the measured region; i.e., in the z-axis direction (see Figure 3a). The results represent the average value of the temperature in the z-axis direction. For comparison, the results obtained by using constant current anemometry (CCA) are shown on the right side of Figure 5. As can be seen, the DHI results correspond well to the CCA experiments. There are only small differences that are caused by different measurement conditions (experiments could not be performed simultaneously). This comparison of DHI and CCA temperature profiles, as measured during one SJ cycle, is illustrated in Figure 6. The curves showing the DHI data are again obtained as the average temperature values of the entire measured region, i.e., in the z direction. CCA values were measured in the nozzle axis, i.e., z = 0. The development of the temperature is visible with increased distance from the orifice in different phases of t/τ.




4.2. DHI Validation of the Tomographic Measurement of the 3D Temperature Field by DHI Steady Flow


The measurement of steady flow is not as complex as the measurement of dynamic phenomena, and it can easily reveal weak points of the tomographical approach. Therefore, steady flow was used for the first experimental validation of the method. A non-symmetrical temperature field of heated air flowing out from a three-orifice system was measured (Figure 7a). As a reference, DHI results were compared to well-characterized and traceable CCA (constant current anemometry) measurements. CCA is a one-point method, and therefore, we have selected several representative points within the measured area. CCA measurements were performed along horizontal lines at different heights. The results at different heights (5 mm, 10 mm, 20 mm, and 40 mm) are denoted by the letters A–D, and these are shown in Figure 7b. The distance of the CCA measurement step in the horizontal direction was 1 mm. DHI is the full-field method, so that voxels from the measured temperature distribution corresponding to the position of the measured CCA values were selected. 1D graphs marked A–D present the results obtained by DHI and CCA along the horizontal cuts, with the same position for both types of measurements. The root-mean-square deviation at all of the measured points was calculated to quantify the difference between the results obtained from both methods. The RMS value was 3.8 °C, which can be considered as a measurement match within a range of about 12%. The main contribution to the measured discrepancies in DHI and CCA results is probably the fact that both measurements had to be done separately at different times, due to the invasive features of CCA. Despite the inconsistencies mentioned, the consensus is good, and it can be stated that DHI provides comparable results as the established CCA.




4.3. DHI Measurements of the Dynamic Asymmetrical Temperature Field—Synthetic Jets


In the previous section, it was verified that DHI is a reliable measurement method, and it can be used, e.g., for general (asymmetrical) periodic phenomena. This paragraph presents the results of the measurement of the 3D temperature field of two synthetic jet systems operating at 8 Hz; see Figure 8.



Assuming a periodic phenomenon, the averaging of many phase (or temperature) fields corresponding to the same relative time of the SJ period (see Figure 4), results in the suppression of the signal fluctuation (random) component. The fluctuation component, expressed as a ratio R of a standard deviation of the measured phase sequence to its mean value, is shown in Figure 9.



The value of R is calculated in each pixel (m, n) as:


R(m,n)=1N∑i=1N(Δφi(n,m))2−(Δφ¯(n,m))2/Δφ¯(n,m),



(8)




where Δφ¯(m,n)=1N∑i=1NΔφi(m,n) and N is the number of averaged phases (N = 20 in our case). The fluctuation component of the temperature field described by the standard deviation is less than 17%. For the measurement, it is assumed to be a coherence of the phenomena. The fluctuation map represents the correlation of the temperature distribution between different periods. The fluctuation map for a fully coherent phenomenon would approach zero, while for stochastic temperatures, the field goes to 1.





5. Conclusions


The paper presents the possibilities for using digital holographic interferometry for the measurement of temperature field distribution generated by SJ actuators. A Twyman–Green interferometer with double sensitivity was used. Due to the synchronization between the camera external trigger and the actuator driver (resulting in the “freezing” of the SJ at certain time instants), periodic SJs of high frequencies can be measured with a low-frame-rate digital camera. Two different approaches were introduced: a 2D measurement mode and a 3D mode. The 2D mode enables the measurement of the average temperature along the optical axis, and one measurement projection is sufficient. On the other hand, the 3D temperature field distribution measurement requires measurements from different projections. The 3D measurement is based on the tomographic approach, and data from different projections are captured with the use of only one precisely synchronized camera with the SJ actuator driver.



The DHI experiments and tomography reconstruction experiments are performed on two kinds of SJ actuators: (a) with one emitting orifice, (b) with two emitting orifices.



In the case of 2D digital holographic interferometry, the results are compared with the results of the CCA method.



The temperature field of the fluid generated by the SJ actuator comprises three components, mean, periodic, and random fluctuation. It was measured that ratio of the random fluctuation to the periodic component was less than 17%.



The measurement time strongly depends on the number of projections. When rotating the object, there are a few seconds for the movement, and 2 s, in order to allow the system to mechanically settle down. The time required for capturing a sequence of holograms for one projection is below 2 s. For 90 projections, the total measurement time is approximately 6 min. The time could be decreased by a factor of 2 by using a more robust rotary stage and a camera of higher frame rate.
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Figure 1. (a) Schematic view of the synthetic jet, (b) SJ vortex visualization by smoke wire (experiment by Dancova in [36]). 
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Figure 2. Schematic view of the experiment using a Twyman–Green interferometer with double sensitivity [66]. BS—beam splitter, SF—spatial filter, CO—collimation objective, O—objective, M—mirror, FG—function generator, AMP—amplifier. 






Figure 2. Schematic view of the experiment using a Twyman–Green interferometer with double sensitivity [66]. BS—beam splitter, SF—spatial filter, CO—collimation objective, O—objective, M—mirror, FG—function generator, AMP—amplifier.



[image: Actuators 08 00027 g002]







[image: Actuators 08 00027 g003 550]





Figure 3. Experimental arrangement of the SJ actuators for DHI measurement: (a) Schematic view of the actuator, which consists of a heating cartridge, a pair of loudspeakers, and an orifice (the loudspeakers are not mentioned, and are shown in picture 3(a)) [67], (b) the pair of loudspeakers, and the detailed view of the two output orifices for the second actuator, (c) a detailed view of the steady (continual) nozzle with three output orifices. 
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Figure 4. (a) Due to the synchronization of the camera trigger and the phenomenon, periodic development of SJ with period τ can be captured with a digital camera having a frame period of TCAM at any relative time within the SJ period [67], (b) 2D temperature fields of SJs measured at the same relative time at different periods (M) of the phenomenon. The similarity of the maps proves the coherence of the phenomenon (c); averaged SJ temperature fields from different periods of the phenomenon, see (b). 
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Figure 5. Temperature field of heated SJ over different t/τ. It has to be noted that the CCA is a point measurement, and that the probe was traversed in the plane x–y, i.e., z = 0, with a step of 1 mm. On the other hand, DHI allows for profile measurements in one moment, and profiles are obtained as mean values along the z-axis. 
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Figure 6. Axis temperature development, depending on the distance from the actuator orifice; curves correspond to DHI and triangles to the CCA experiments; the DHI results are obtained as mean values along the z-axis. The CCA results are measured at z = 0. 
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Figure 7. (a) Tomographic reconstruction of the temperature field of steady flow, (b) temperature profiles measured over a distance of 5 mm (A), 10 mm (B), 20 mm (C), and 40 mm (D) from the orifices. 
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Figure 8. A tomographically reconstructed 3D temperature field of SJ, measured over different times. The period of SJ was set to τ = 125 ms. 
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Figure 9. The fluctuation component R, representing the amount of random fluctuations of the SJ. 
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