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Abstract

For applications requiring high local heat transfer rates, recent research has shown that impinging synthetic jets perform comparably to continuous jets, yet without needing external mass flow input. In spite of recent attention, the understanding of synthetic jet heat transfer mechanisms remains incomplete. The heat transfer performance strongly depends on flow conditions (e.g. Reynolds number, stroke length), geometric parameters (e.g. jet-to-surface distance, orifice shape). Furthermore, vortex trains of adjacent synthetic jets can interact to establish flow vectoring and significant heat transfer enhancements. Most parameters (stroke length, jet-to-surface distance, phase lag between adjacent jets) have a highly non-monotonic influence on heat transfer performance. 

Accurate whole-field turbulence and flow measurements are crucial to understanding the heat transfer mechanisms, thereby enabling optimal design of synthetic jet based heat transfer applications. Particle image velocimetry (PIV) is the preferred technique, using state of the art adaptive multi-grid correlation with window deformation. However, the dynamic range of the conventional PIV approach is too limited to accurately resolve both high velocities near the orifice and low turbulence intensities in the wall jet region. 

This paper applies a simple and robust technique based on multiple pulse separation (MPS) double-frame imaging. For the impinging jet flows under investigation, the MPS-PIV technique increases the dynamic velocity range by more than an order of magnitude compared to a conventional multi-grid PIV measurement. The technique is validated on a steady jet test case against LDV measurements. 


The paper describes some advances in synthetic jet heat transfer by comparing turbulence intensity distributions and local heat transfer rates. In this configuration with a wide velocity range, MPS PIV enables whole-field measurements without sacrificing resolution in the low velocity regions (i.e. wall jet and entrainment regions) which are crucial to understand the governing heat transfer mechanisms.


1. Introduction

1.1. Heat transfer to impinging synthetic jets

An impinging synthetic jet can achieve high local heat transfer rates comparable to a continuous jet, yet without net mass inflow. Synthetic jets are zero net mass flux pulsatile flows, consisting of a train of vortices typically formed by periodic ejection and suction of fluid across an orifice. Synthetic jets have been studied extensively for applications in active flow control (Glezer and Amitay 2002). When impinging onto a heated surface, the pulsatile nature promotes entrainment, mixing and break-up of the thermal boundary layers. 
An unconfined axisymmetric synthetic jet flow is characterised by two parameters: the dimensionless stroke length L0/D and the Reynolds number Re(=(U0D/(, where D is a characteristic length scale of the orifice (defined as slot width in Fig. 1), 
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, U0(=(2fL0 and U(t) is the mean orifice velocity. The stroke length L0/D is inversely proportional to a Strouhal number, L0/D(=(½(f(D/U0)-1. An impinging jet is further characterised by the jet-to-surface spacing H/D.
A number of studies of the flow field of free (i.e. unconfined) synthetic jets (e.g. Shuster and Smith 2007) have confirmed that L0/D and Re are the proper scaling parameters for the flow. This finding has been verified by Valiorgue et al. (2009) for an impinging synthetic jet at small jet-to-surface spacing (H/D = 2). For a round synthetic jet, a minimum stroke length of approximately L0/D(>(0.5 is required to generate a vortex which detaches from the orifice and moves far enough to avoid re-entrainment during the suction phase (Holman et al. 2005). 
Depending on the flow conditions and the level of confinement, a synthetic jet is prone to adverse recirculation which limits its heat transfer performance (Valiorgue et al. 2009). In practical applications a forced cross-flow is required to supply fresh fluid. Persoons et al. (2009) have shown that the vectoring effect of adjacent interacting synthetic jets (Smith and Glezer 2005) remains present for impinging jet configurations. The vectoring jets induce a cross-flow, thus eliminating the need for external cross-flow forcing, as well as increasing the overall heat transfer performance by nearly 100% compared to non-interacting jets.
For an impinging synthetic jet using a slot orifice, Gillespie et al. (2006) determined that the maximum average heat transfer is obtained for 0.8(<(H/L0(<(3.2. In the far field (H >> L0), the velocity has decayed too much. In the near field (H << L0), fluid is recirculated into the jet cavity, decreasing the heat transfer performance. For an impinging round synthetic jet at H/D(=(9.5, Pavlova and Amitay (2006) present velocity and turbulence intensity distributions for 0.8(<(L0/D(<(5.3 and 280(<(Re(<(1480. Maximum heat transfer occurs for 1.3(<(H/L0(<(8.5 (0.12(<( L0/H (<(0.77).
Using PIV on a round synthetic jet at H = 2D from the surface, Valiorgue et al. (2009) find a critical stroke length of L0/H ( 2.5, marking two different flow regimes. At low L0/H (H >> L0), the vortices develop and lose strength before impingement. At high L0/H (H << L0), the flow tends to an intermittent on/off flow resulting in a time-averaged recirculation vortex. At low L0/H, the stagnation heat transfer rate increases with L0. At high L0/H, it becomes independent of L0 and can be approximated by Nu0(=(1.75(Re0.32Pr0.4 (1(<(L0/D(<(22, 1000(<(Re(<(4300, H/D = 2, Pr(=(0.71).

These studies (Gillespie et al. 2006, Pavlova and Amitay 2006, Valiorgue et al. 2009) demonstrate the potential of synthetic jets for convective cooling. However, the understanding still falls short of that available for steady jets. The fluid dynamics of free synthetic jets have been studied extensively for flow control applications (Smith and Glezer 2005, Shuster and Smith 2007), however the flow characteristics of impinging synthetic jets are not well known. The presence of an impingement surface significantly alters the flow patterns for synthetic jets (Persoons et al. 2009).
1.2. Dynamic velocity range of PIV
To improve the understanding of the heat transfer mechanisms, accurate whole-field turbulence and flow measurements are needed. Particle image velocimetry (PIV) is the preferred technique for this application. However the dynamic velocity range of PIV is challenged by the high ratio of maximum velocity near the orifice to low velocity in the outer regions and near the wall. In practical conditions, this remains true even using state of the art vector evaluation methods.

The dynamic velocity range DRV is defined as the ratio of maximum to minimum resolvable velocity, or 
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 where (V and (s are minimum resolvable velocity and particle displacement, respectively (
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, where M is the pixel resolution and ( is the pulse separation time). The value of (s is determined by the overall displacement uncertainty and bias error. The following terminology is used here: ‘accuracy’ and ‘error’ refer to the systematic bias or deviation between measured and true value, whereas ‘precision’ and ‘uncertainty’ refer to the repeatability of the measurement, typically denoted random error or rms uncertainty.
As PIV evaluation methods have evolved over time, the dynamic velocity range has gradually increased. Initially, Keane and Adrian (1990) proposed the quarter window rule (smax < ¼dI) to avoid excessive loss of correlation strength, yielding 
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. For single-pass correlation, Raffel et al. (1998) and Westerweel (1997) review the dependence of (s on a number of parameters (e.g. particle displacement, particle density and diameter, interrogation window size, image background noise, digitization and quantization, velocity gradients). 
Using discrete window shifting, Westerweel et al. (1997) predict a threefold reduction in displacement uncertainty compared to single-pass correlation, thereby increasing DRV by reducing (s. Based on validation results of grid-generated turbulence in a water channel, a typical displacement uncertainty of 0.04 pixel is obtained, compared to 0.095 pixel without shifting. The discrete shifting technique has since been improved to continuous subpixel shifting.
Scarano and Riethmuller (1999) describe an iterative window deformation method with progressive grid refinement, denoted ‘multi-grid’. Simulation results using noiseless artificial images show a tenfold reduction in uncertainty compared to single-pass correlation (Scarano and Riethmuller 2000), to uncertainty values of 10-3 pixel. Multi-grid PIV partly decouples the maximum displacement and interrogation window size, since the quarter rule (Keane and Adrian 1990) only applies to the first (coarse) grid, not to subsequent passes on finer grids. From an initial window size kgdI to a final size dI (kg > 1), the dynamic range becomes 
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. Compared to single-pass correlation for the same final window size dI, DRV increases by the ratio of the grid refinement factor (2 ( kg ( 4) and the reduction in displacement uncertainty (
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Most studies mention uncertainty values based on simulation results using ideal artificial images. In realistic laboratory conditions, image noise and velocity gradients typically yield uncertainty values of the order of 0.1 pixel (Stanislas et al. 2005). As such, a realistic dynamic velocity range for multi-grid PIV (kg = 4, dI = 16 pixel) is about DRV ( 160:1.
Although increasing the pulse separation to enhance the dynamic range is generally not recommended, some studies have presented satisfactory results when the increase is applied locally (Fincham and Delerce 2000, Hain and Kähler 2007, Pereira et al. 2004). These studies show significant improvement in DRV compared to conventional multi-grid PIV, at least in specific cases. However, these multiframe techniques have a limited applicability (e.g. low speed flows). Furthermore they are proposed as alternatives to multi-grid algorithms developed for conventional double-frame imaging. As such they cannot benefit from advances in this field. These shortcomings are avoided by the methodology in this paper, which is based on multiple pulse separation double-frame imaging (see Section 2.3).
1.3. Objectives

This paper uses a novel technique to increase the dynamic velocity range of PIV, with the purpose of obtaining more accurate whole-field turbulence intensity measurements in impinging synthetic jet flows, thereby enabling a further understanding of the governing heat transfer mechanisms.
2. Methodology

2.1. Impinging synthetic jet test facility

Figure 1 depicts the impinging synthetic jet actuator with a pair of adjacent slot orifices (D(=(1.65(mm, aspect ratio ( = 27:1, L = 10(mm, s = 3D). Each actuator is driven by a loudspeaker at the same amplitude and frequency f, yet with an adjustable phase difference (.
	
[image: image7]
Fig. 1  Nomenclature for a pair of impinging synthetic jets


A microphone (G.R.A.S.(40BH, 0.5(mV/Pa) measures the cavity pressure. A calibration model relating cavity pressure and jet velocity (Persoons and O’Donovan 2007) is used to set the operating point of the jet (in terms of L0/D and Re) as a function of the actuator frequency and amplitude:
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where ( and a are the density and speed of sound of the fluid, U* and p* denote the orifice velocity and cavity pressure amplitudes, Vc is the cavity volume, A and L’ are the cross-sectional area and effective length of the orifice (L’ = L + 2(D), and f0 is the Helmholtz frequency (f0(=(a/(2(L’) (AL’/Vc)1/2). K is an empirical constant representing the fluidic damping in the orifice. For the slot orifice (Fig. 1), K = 1.809 and ( = 2.55. The model accurately predicts the jet velocity U* up to the Helmholtz frequency (Persoons and O’Donovan 2007), and the Reynolds number and stroke length are determined based on this velocity prediction.
2.2. Local heat transfer measurements

The bottom of the rectangular channel test section (300 by 110 mm in y and z direction) consists of an ohmically heated foil (AISI(316, ts(=(12.5((m thick), sufficiently thin to approximate a constant heat flux boundary condition. The foil is tensioned between two thick copper electrodes. The bottom of the foil is painted matte black. A FLIR ThermoVisionTM A40M thermal imaging camera measures the temperature distribution T on the bottom, with a spatial resolution of 0.4(mm/pixel. 

The local convective heat flux q is determined from the electrical power input qohm, corrected for (i) non-uniform heating, (ii) radiation heat loss qrad from top and bottom, (iii) convection heat loss qcnv,b from bottom, and (iv) heat spreading qcnd due to lateral conduction within the foil:
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where cohm is a local correction for non-uniform heating power due to non-ideal electrical contact between foil and electrodes, and the lateral conduction correction is given by qcnd(=(ksts(2T. 
The uncertainty in the convective heat transfer coefficient h(=(q/(T(((Tjet) is given by:
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where (q/q is around 7% and (Tjet(( 0.1((C. The value of (T (( 0.2((C) results from uncertainty in the infrared camera measurement and the properties of foil and surroundings. A determining factor in the overall uncertainty (h is the temperature difference T(((Tjet. The minimum local value is around 3((C, resulting in an maximum uncertainty of ((h/h)0(=(10%. In adverse conditions, recirculation yields local T(((Tjet values below 2((C, thereby increasing the uncertainty ((h/h)0 to 20%. Measurements with excessive uncertainty (>(20%) are omitted from the results.

2.3. Multiple pulse separation (MPS) PIV
a) Basics of the MPS PIV
The multiple pulse separation (MPS) technique is described in detail by Persoons and O’Donovan (in review) and is only briefly introduced here. Consider a flow field with a wide range in velocity magnitude (e.g. a jet or wake flow), where Umax and Umin represent two characteristic scales in the high and low velocity regions. As the ratio Umax/Umin approaches the dynamic range DRV, the vector quality in the low velocity region deteriorates. For this reason multi-frame correlation was first proposed (Fincham and Delerce 2000, Hain and Kähler 2007, Pereira et al. 2004). By locally applying a larger pulse separation k(( (only in the low velocity region), the local minimum measurable velocity reduces (
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The increase in dynamic range is proportional to the applied pulse separation multiplier k(, which is determined by the optimality criterion described below (see Eq. (7)). Whereas multi-frame techniques (Hain and Kähler 2007, Pereira et al. 2004) acquire single-frame image sequences, multi pulse separation PIV acquires double-frame images {…, [t, t + k(,1(], [t + (t, t + (t + k(,2(], …} with N different pulse separation values k(,i( (i = 1…N) at a fixed frame rate 1/(t. As shown schematically in Fig. 2b, each set of double-frame images [I(0), I((i)] acquired at pulse separation (i = k(,i( is processed using conventional multi-grid algorithms (represented by the ‘xcorr’ operator in Fig. 2a,b, and results in a displacement field 
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In PIV, the peak ratio Q is a measure of the correlation strength of a displacement vector (Keane and Adrian 1990). To estimate the local precision, the displacement magnitude |s| is compared to the minimum resolvable displacement (s. As a precision measure, 1 − (s/|s| varies between unity for |s| >> (s, over zero for |s| = (s to −( as |s| ( 0. The weighted peak ratio Q’ is defined as a measure of local vector quality, which combines correlation strength and precision:

	
[image: image14.wmf]1

||

s

QQ

s

s

æö

¢

=-

ç÷

èø


	(5)


The pulse separation optimality criterion is based on the local maximum of Q’. At each point (x, y), the local maximum of 
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 determines the local optimum pulse separation. The approach assumes that (s does not vary within the field of view, which is true for realistic conditions (Persoons and O’Donovan, in review). The value of (s is a model parameter; good results are obtained for 0.05 < (s < 0.2 pixel. A ‘selector’ operator (see Fig. 2b) is defined based on the maximum Q’ value:

	for any variable ai((i): 
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The optimal pulse separation, displacement and velocity fields are determined as
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Based on Eq. (7), each optimal vector is selected from a unique measurement corresponding to the local maximum max(Q’). Figure 2 depicts a schematic flowchart.
	(a)
[image: image18]
(b)
[image: image19]
Fig. 2  Flowchart for (a) conventional double-frame PIV and (b) multiple pulse separation (MPS) PIV with optimal pulse separation criterion defined by Eq. (7)


The choice of the N pulse separation multipliers k(,i (i = 1…N) is arbitrary. The smallest pulse separation ( (note k(,1 = 1) limits the loss of correlation in the high velocity region, e.g. based on the quarter window rule (Keane and Adrian 1990). The greatest multiplier k(,N can be determined in a similar way for the low velocity region, e.g. as k(,N = Umax/Umin. The value of N is arbitrary, yet causes a proportional increase in acquisition time. Typically N = 2 or 3 yields good results.
Compared to conventional PIV, the maximum increase in dynamic velocity range is 
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  (see Eq. (4)), where 
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 since the optimality criterion does not necessarily select the largest applied pulse separation. Rewriting Eq. (4), the actual dynamic velocity range for MPS PIV is given by:
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where (opt follows from Eq. (7). Depending on the flow conditions and the value of the minimum resolvable displacement (s, the dynamic velocity range can increase by more than one order of magnitude compared to conventional multi-grid PIV (Persoons and O’Donovan, in review).
b) Hardware, acquisition and processing
The PIV system comprises a New(Wave Solo-II Nd:YAG twin cavity laser (30(mJ, 15(Hz) and a PCO Sensicam thermo-electrically cooled CCD camera (1280(((1024(px2, 12(bit) with 28(mm lens. The image magnification is 1:4.1 (M(=(54((m/px). A glycol-water aerosol is used as seeding, with particle diameters between 0.2 and 0.3((m. The particle image diameter dp is adjusted to 2(pixel by defocusing slightly. Customised optics are used to generate a 0.3(mm thick light sheet in the {x,(y} plane defined in Fig. 1. The camera is mounted perpendicular to the sheet. A narrow band pass filter is used with fluorescent paint on the channel floor and ceiling to maximise the signal-to-noise ratio near the wall. The PIV recording is phase-locked with the actuator driving signal. 

For each phase, 16 double-frame recordings are acquired and ensemble averaged. To apply the multiple pulse separation technique, the system automatically acquires a succession of several pulse separation times (/(min(=({1, 2, 5, 10, 20, 50}. As such, the dynamic velocity range DRV can potentially increase by a maximum of 50x. The velocity fields are processed with LaVision’s DaVis(7.2.2 software, using adaptive multi-grid cross-correlation with three-point Gaussian peak estimation, continuous window shifting and deformation, using a decreasing interrogation window size from 64(((64 px2 to 32(((32(px2 at 50% window overlap. The MPS technique is applied after processing all velocity fields, as a post-processing step in Matlab.
3. Experimental results

3.1. Validating MPS PIV on a steady jet 
To provide a quantifiable validation of the proposed MPS technique, a comparison is made between conventional PIV results, MPS PIV and LDV measurements as a reference. A well-known test case is defined based on a stationary impinging round jet, as shown in Fig. 3. The jet nozzle diameter D = 5 mm, and the nozzle-to-plate distance H = 4D. Experiments are performed at a fixed Reynolds number of Re = 8000, based on D and the mean velocity in the jet orifice (Um = 24 m/s).
	
[image: image24]
Fig. 3  Description of the stationary impinging jet test case


Figure 3 identifies four regions: (i) the free jet with a decaying potential core and surrounding shear layer, (ii) the stagnation region, (iii) the wall jet and (iv) the entrainment region. Each features a different characteristic velocity, making this an interesting test case for MPS PIV.
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Fig. 4  Comparison of (a,c,e) conventional PIV and (b,d,f) MPS PIV results against LDV measurements (circular markers): profiles of (a,b) time-averaged axial velocity U(r)/Um, (c,d) axial turbulence intensity u’(r)/Um and (e,f) radial turbulence intensity v’(x)/Um.


Within the context of heat transfer research, the flow field of a steady impinging jet has been extensively studied. Fitzgerald and Garimella (1998) present velocity distributions measured using laser-Doppler velocimetry in a similar geometry, albeit for Re = 8500 and an orifice length of 1D. Their results show a good qualitative agreement to the MPS PIV results in Fig. 4(b,d,f).
The LDV system used as reference measurement comprises a 500 mW Ar+ laser and dual beam Dantec optics with 488 and 514 nm wavelengths used to measure axial (x) and radial (r) velocity components. Bragg cell frequency shifting is applied to both components. The system is operated in backscattering mode to facilitate measurement close to the surfaces. The measurement volumes are about 0.12 mm in diameter and 1.6 mm long, with the long axis aligned in the out-of-plane direction. The same glycol-water aerosol is used as seeding. The velocity data are evaluated using a Dantec burst spectrum analyser, type BSA F50. Velocity weighting and statistics are performed using Matlab. Inverse velocity magnitude weighting is applied to reduce high velocity bias errors. 
Figure 4 presents profiles of mean flow and turbulence intensity obtained using conventional (left) and MPS PIV (right) in this impinging jet flow. All MPS PIV results are obtained using seven pulse separation values with multipliers k(,i between 1 and 100, with (s = 0.2 pixel. The circular markers represent LDV measurements. The extent of the jet core and outer shear layer is indicated by thin lines in Fig. 4(a-d). All velocities are normalised to the mean jet velocity Um.

The time-averaged velocity profiles (Fig. 4a,b) show a good agreement between conventional PIV, MPS PIV and the LDV measurements. However significant differences are shown in the turbulence intensity plots (Fig. 4c-f). As shown in Fig. 4c, the conventional PIV approach only agrees with the LDV measurements in the jet core region. Already in the outer shear layer (r/D ( 1), conventional PIV overpredicts the turbulence intensity by more than a factor of two. In the entrainment region, conventional PIV falsely predicts a high turbulence level since the displacement magnitude reduces to the minimum resolvable level (s, resulting in artificially high rms velocity fluctuations. In Fig. 4e, profiles intersecting the wall jet region show a similar overprediction of radial turbulence intensity. In the low velocity entrainment region, LDV measurements confirm negligible turbulence intensity values, contrary to the conventional PIV results.

Conversely for MPS PIV, Fig. 4d shows a very good agreement in the outer shear layer, although an overprediction of turbulence intensity remains present in the jet core. Figure 4f shows a much better agreement in the wall jet region for MPS PIV compared to conventional PIV. The profile is smooth and accurate in terms of turbulence magnitude and location of the peak. For the far field entrainment region, the MPS PIV results confirm the low turbulence level measured with LDV.
3.2. Interacting impinging synthetic jets

a) Mean flow field

Figure 5 shows PIV results applying the MPS technique described in Sect. 2.3, using two pulse separation values ((=((min and 8(min. The results show two interacting impinging synthetic jets, at four values of the phase difference (top to bottom: ( = 0(, 60(, 120(, 180(). Figures 5a-d show the time-averaged streamlines and velocity magnitude. Figures 5e-h show the wall-normal fluctuating velocity magnitude, since O’Donovan and Murray (2007) have shown that u’ is related to the local heat transfer coefficient in continuous impinging jets. As the jets are driven progressively out of phase, the jet flow and the stagnation point on the impingement surface shift to the left. This is similar to the vectoring effect for a pair of free synthetic jets (Smith and Glezer 2005), where the vectoring direction is toward the jet leading in phase (i.e. actuator #2, on the left in Fig. 1). Although the jet operating point is identical to Smith and Glezer (2005) (L0 = 29D, Re = 600), the flow patterns at large phase difference are quite different, due to the confinement effect of the impingement surface. Unlike for free jets, the flow does not attach to the top wall for large ( values.
b) Local heat transfer and turbulence intensity
Figures 6a-d show the corresponding local heat transfer coefficient profiles along the y-axis, for the conditions in Fig. 5. As the phase difference ( increases, the heat transfer profile generally increases and shifts to the left, following the jet vectoring. However there is only a partial agreement with the flow patterns in Fig. 5a-d. The heat transfer profile becomes increasingly asymmetric, with higher heat transfer for y(<(0 compared to y(>(0 as ( increases. The peak heat transfer coefficient remains close to the centre (e.g. Fig. 6c: ymax ((0 for ((=(120() and does not follow the stagnation point (e.g. Fig. 5c: ystag((((3.5D for ((=(120().
For steady impinging jets the local heat transfer coefficient is correlated to the wall-normal velocity fluctuation u’ (O’Donovan and Murray 2007). When examining only the near-wall region, u’ (Fig. 5e-h) behaves differently from the mean flow (Fig. 5a-d). Firstly, the near-wall fluctuation intensity is quite uniform along y for in-phase jets (Fig. 5e: ((=(0(), which agrees with the uniform heat transfer profile (Fig. 6a). As ( increases, the near-wall fluctuation intensity drops, yet an off-centre maximum appears. Interestingly, for ((=(60( (Fig. 5f), the peak fluctuation first shifts to the right. For higher values ((=(120(, 180( (Fig. 5g,h), the peak shifts to the left corresponding to the jet vectoring side. This behaviour is mirrored to some extent in the heat transfer profiles (Fig. 6b-d), showing an initial increase for y(>(0 (((=(60() and a subsequent increase for y(<(0 (((((120().
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Fig. 5  Flow field for interacting impinging synthetic jets for L0=29D, Re=600, H=24D: (a-d) time-averaged streamlines and velocity magnitude (U2+V2)1/2/U0, (e-h) fluctuating wall-normal velocity magnitude u’/U0, at four inter-jet phase differences (a,e) ( = 0(, (b,f) ( = 60(, (c,g) ( = 120(, (d,h) ( = 180(
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Fig. 6  Local surface heat transfer coefficient, for identical conditions as Fig. 5


c) Effect of MPS PIV on turbulence intensity measurements
For a selected operating point Fig. 7 compares conventional PIV results (Fig. 7a) with a single pulse separation (((=((min) to MPS PIV results (Fig. 7b) with two pulse separation values (((=((min and 8(min). Both use identical multi-grid correlation algorithms and settings described above. Due to the enhanced resolution in the low velocity range, MDF PIV captures the low turbulence levels in the entrainment and wall jet region (on the right in Fig. 7b) much better than the conventional PIV approach. This behaviour is similar to the validation results for a steady jet flow discussed in Sect. 3.1, which also showed a systematic overprediction of turbulence intensity for conventional PIV in flow configurations with a wide velocity range.
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(b)

Fig. 7  Effect of applying the multi pulse separation technique (a: conventional PIV, b: MPS PIV) on the fluctuating wall-normal velocity magnitude u’/U0 for L0(=(29D, Re(=(600, H(=(24D at ((=(120(


4. Discussion and conclusion

This study has experimentally investigated the convective cooling performance of two adjacent interacting impinging synthetic jets. Infrared thermography and particle image velocimetry have been used to determine the surface heat transfer distribution and the flow field, respectively. 
A multiple pulse separation (MPS) PIV technique has increased the dynamic velocity range compared to the conventional PIV approach. The MPS technique is applied in a post-processing step, and poses no restrictions to using advanced vector evaluation methods such as multi-grid correlation with window deformation. The technique has been validated against LDV measurements in a steady impinging jet configuration. 

A single operating point is considered for a pair of adjacent impinging synthetic jets (L0/D = 29, Re = 600, H/D = 24). Although these conditions are similar to Smith and Glezer (2005), the mean flow patterns differ significantly from those of a free jet, due to the presence of the impingement surface.

As the jets are driven progressively out of phase, the flow is vectored towards the phase-leading jet, resulting in an asymmetric flow and turbulence field. However a different behaviour is noted for the mean flow and fluctuation intensity. This helps to explain the heat transfer behaviour, which correlates reasonably well to the wall-normal turbulence intensity u’, close to the surface. 
At a small phase difference (60((<(((<(120(), the vectoring effect enhances the heat transfer as the induced cross-flow draws in fresh air, yet the vortical flow still impinges the surface quite strongly. This is demonstrated by the high fluctuation intensity near the centre. At a large phase difference (120((<(((<(180(), the heat transfer rate tends to decrease since the vortices travel further and dissipate more before impingement, although the resulting cross-flow may be stronger. An optimal phase difference of roughly ((((120( can be identified, although this value depends on the jet-to-surface spacing H (Persoons et al. 2009).
In this study of synthetic jet heat transfer, MPS PIV has increased the dynamic velocity range and thus the accuracy of the turbulence intensity measurements in low velocity regions (wall jet and entrainment region) while still allowing a whole-field measurement.
Nomenclature
	(
	orifice aspect ratio
	(
	kinematic viscosity, m2/s

	D
	orifice characteristic length (slot width), m
	q
	heat flux, W/m2

	dI
	(final) interrogation window size, pixel
	Re
	Reynolds number (Re = U0D/()

	dp
	particle image diameter, pixel
	s
	separation distance between orifice centres, m

	(
	phase difference between synthetic jets, (
	(V, (s
	minimum resolvable velocity and displacement, m/s and pixel

	f
	synthetic jet actuation frequency, Hz
	T
	heated foil surface temperature, (C

	H
	orifice to surface spacing, m
	(
	pulse separation time, s

	h
	heat transfer coefficient, W/(m2K)
	U, V
	axial and tangential velocity, m/s

	kg
	grid size refinement factor (= ratio of initial to final window size)
	Um
	mean orifice velocity for steady jet, m/s

	L
	orifice length, m
	U0
	characteristic orifice velocity for synthetic jet (see Sect. 1.1), m/s

	L0
	synthetic jet stroke length (see Sect. 1.1), m
	u’, v’
	axial and tangential rms velocity fluctuation, m/s

	M
	pixel resolution, m/pixel
	x, y
	axial and tangential coordinates, m
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