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Flow Regime Characterisation of an Impinging

Axisymmetric Synthetic Jet

Alan McGuinn®, Rayhaan Farrelly®, Tim Persoons®", Darina B. Murray®

& Department of Mechanical and Manufacturing Engineering, University of Dublin, Trinity College, Dublin 2, Ireland

Abstract — Impinging synthetic jets have excellent potential for energy-efficient local cooling in confined
geometries. For a given geometry, synthetic jet flows are mainly characterised by the Reynolds number and the
ratio of stroke length to a geometric length scale. The flow field of an impinging synthetic jet and the
corresponding surface heat transfer distribution are strongly dependent on the dimensionless stroke length, yet
few studies have investigated the flow field dependence for a wide range of stroke lengths. Therefore, the aim of
this paper is to identify the various flow regimes as a function of stroke length. The experimental approach
combines high speed particle image velocimetry and single point hot wire anemometry, and investigates an
axisymmetric synthetic air jet impinging onto a smooth planar surface for a wide range of stroke length (3 <
Lo/D < 32) and nozzle-to-surface spacing (2 < -H/D < 16). Since the Reynolds number effect is better
understood, most of the presented results are for a single Reynolds number (Re = 1500). Four free synthetic jet
flow morphology regimes are identified based on threshold values for the stroke length Lo/D, which are in good
agreement with previously published findings for an impulsively started jet flow. Furthermore, four impinging
synthetic jet flow regimesare identified based on threshold values for the ratio of normalised stroke length to
nozzle-to-surface spacing (L, - 2D)/H, which are in good agreement with previously published thresholds for

stagnation point heat transfer regimes.
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Nomenclature

L, L

Nu

Pa

Re

cross-sectional area of orifice, m?

speed of sound, m/s

velocity ratio (Ua,g/Uc)

orifice diameter, m

frequency, Hz

Helmholtz resonance frequency, Hz
nozzle-to-surface spacing, m

nozzle pressure loss coefficient
geometric and effective nozzle length, m
synthetic jet stroke length, m

local Nusselt number

acoustic pressure in the synthetic jet cavity, Pa

synthetic jet Reynolds number (= U, D/v)
radius of curvature; m

Strouhal number (f D/Ug)

swirl and shear strength parameter, s
time, s

axial and radial velocity components, m/s
characteristic jet velocity (= f Lg), m/s
synthetic jet cavity volume, m*

orifice plate radius, m

axial and radial coordinates, m

Greek symbols

normalised radius of curvature (= 2R./D)
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) phase angle

y) thermal conductivity of fluid, W/(m K)
r dynamic viscosity, Pa.s
v kinematic viscosity, m%/s
P density, kg/m?
w vorticity, s*
Subscripts
0 stagnation point or characteristic scale for synthetic jet
avg spatial average in orifice cross-section
o orifice centreline
imp conditions in impingement zone

Superscripts

® synthetic jet formation

Abbreviations

PIV Particle Image Velocimetry

1. Introduction

1.1. Impinging synthetic jets for heat transfer applications

A phenomenon first described as an acoustical streaming around orifices was reported by Ingard and
Labate [1] in 1950; this phenomenon has since gone on to be known commonly as the synthetic jet.
Still considered to be a relatively new technology the synthetic jet is considered to have great
potential in many practical applications and has garnered great interest from numerous modern
industries including aeronautics, automotive, manufacturing and electronics, both for purposes of flow

manipulation as well as heat transfer enhancement. While this paper reports mostly on the synthetic
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jet flow evolution prior to impingement upon a horizontal surface, the ultimate interest is with regards

to achieving the type of jet impingement most conducive to heat transfer.

It has been well established that the two most critical parameters required to characterise a synthetic

jet flow are the Reynolds number Re = pUoD/, and the dimensionless stroke length Lo/D. These
characteristic velocity and length scales are defined as L, = f:lff)uavg (t)dt and U = f Lo, where

Uay(t) represents the instantaneous spatially averaged velocity in the orifice and f is the jet frequency.
Much research has been undertaken into what is required to establish a jet flow with numerical and
experimental investigations undertaken by Holman et al. [2] and Utturkar et al. [3] where they both
established a jet formation criterion identifying a minimum dimensionless stroke length as the
determining parameter. Their results were in accordance with the previous findings of Smith and
Swift [4] who found that, for a two dimensional jet, a minimum dimensionless stroke length exists

below which no synthetic jet is formed.

Shuster and Smith [5] undertook a comprehensive investigation of a free synthetic jet flow field for
dimensionless stroke lengths between 1 < Lo/D < 3 and various Reynolds numbers. Much data were
presented detailing the evolution of the jet, however, with a maximum stroke length of Lo/D = 3 this
investigation only documents behaviour for marginally formed jets. A number of other authors
including Glezer [6] and Gharib et al. [7] have presented data on the formation and evolution of
vortex rings at larger stroke lengths; these are concerned exclusively with individual rings rather than
an established flow. Other authors who have presented data on the evolution of the vortex ring include
Valiorgue et al.[8] and Smith and Glezer [9], however only Valiorgue et al. [8] documented its
behaviour upon.impingement and only for an axial spacing of H/D = 2 and stroke length of Lo/D =

8.7.

It has been shown for impinging continuous jets how turbulent mixing of the flow can enhance heat
surface transfer [10]. Since the nature of the synthetic jet flow is highly transient, it is reasonable to
infer that its turbulent characteristics may depend not only on Reynolds number, but also on stroke
length. It has been documented by Li and Zhong [11] and Kercher et al. [12] that the shape of the heat
transfer distribution corresponding to an impinging synthetic jet changes significantly with nozzle to
impingement surface spacing. Controlling the state of the flow upon impingement by changing the
stroke length could be used to enhance heat transfer for a particular application. Valiorgue et al. [8]
presented flow visualisation and heat transfer data which explored the influence of stroke length

relative to nozzle to surface spacing on flow regimes and convective heat transfer mechanisms for an
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impinging synthetic jet but the study was limited to small jet to surface distances. Persoons et al. [13]
have extended these findings for a more comprehensive range of parameters however no flow
measurements were performed. Their study also gives an objective comparison of the stagnation heat
transfer coefficient behaviour of an axisymmetric impinging synthetic jet and correlations and data for

equivalent steady jets from a number of different sources.

Comprehensive reviews of heat transfer to impinging synthetic air jets have been conducted by
Persoons et al. [13], Gillespie et al. [14], Wang et al. [15], Pavlova and Amitay [16], Travnicek and
Tesar [17] amongst others. Campbell et al. [18] conducted a review of heat transfer to an impinging
synthetic jet for a wider range of parameters that included varying the number of jets in a jet array,

various levels of confinement and the addition of cross flow.

Gallas et al. [19] presented an extensive review of numerical investigations that have been conducted
in the area of lumped element modelling of piezoelectric-driven synthetic jet actuators. These findings
have recently been extended by Persoons [20] to include the concept of thermal efficiency as a
coefficient of performance for synthetic jet actuators, and how its frequency dependence affects the
optimal design and operation of synthetic jet coolers. These investigations reveal much about the
potential performance of the synthetic jet, however there is a lack of research which analyses the
behaviour of the impinging flow from its component levels, thus providing a clear basis for the

resulting heat transfer trends.
1.2. Effect of stroke length on the flow field of a free synthetic jet

The two main parameters that characterise a free axisymmetric synthetic jet are the Reynolds number
Re and stroke length Lo/D. It is therefore important to understand how changes in these variables
affect jet formation and subsequent evolution. While Shuster and Smith [5] have shown that Reynolds
number-can have an effect on the coherence and stability of the vortex once formed, there is no
available evidence to suggest that Reynolds number plays a dominant role in the formation and
advection of the vortex. In contrast, it has been established that Strouhal number (Sr = f D/U,) and
thus stroke length, plays a key role in jet formation and also significantly affects the flow field
characteristics, as shown by Zhou et al. [21], Glezer [6], Holman et al. [2], Shuster and Smith [5].
Furthermore, formation criteria for both symmetric and two dimensional jets have been proposed by
Utturkar et al. [3], Holman et al. [2], and validated by both Shuster and Smith [5] and Gallas et al.
[22]. 1t is noteworthy, however, that few authors, with the exception of Cater and Soria [23] and

Crittenden and Glezer [24], have investigated the effects of jet formation much beyond L,/D of 10,
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with neither of these documenting the evolution of an ejection. Some of the most relevant research
pertaining to this field of study has been undertaken by Gharib et al. [7] where it was established that
there exists a universal stroke length Lo/D = 4, also referred to as formation length, for complete
vortex ring formation. Beyond this threshold stroke length no increase in vortex size was noted, with
subsequently ejected fluid forming a trailing jet following the vortex. Results by Gharib et al. [7] were
limited in that they presented data for impulsively started jets which is not directly comparable to the
type of reciprocating flow produced by a synthetic jet. Nevertheless, this finding has significant

implications for the formation and evolution of the synthetic jet.
1.3. Objectives

The aim of this paper is to investigate the dependence on the dimensionless stroke length of the flow
field of an axisymmetric synthetic jet impinging perpendicularly onto a planar surface. Compared to
previous studies of the flow dynamics (most of which were performed with free synthetic jets), this
research covers a wide range of stroke length (3 < L¢/D <32) and nozzle-to-surface spacing (2 < H/D
< 16), which allows identification of the governing flow regimes. Flow regime identification will be
done using time-resolved whole-field and single-point velocity measurements. This paper aims to
provide further confirmation and explanation for the stagnation point heat transfer regimes as

presented by Persoons et al. [13].

2. Experimental approach

2.1. Impinging synthetic jet test facility

The synthetic jet cavity is cylindrical in shape with an internal volume V, = 101.6cm?® (75mm internal
diameter), and a sharp-edged orifice (diameter D = 5mm, L = 10mm long). The orifice plate extends
radially to W = 10D from the jet centreline, providing a high level of flow confinement at small
nozzle-to-surface distances, with W/H ranging between 5 (H/D = 2) to 0.625 (H/D = 16). Figure 1
shows a schematic diagram for illustration. A Visaton FR-8 (8 ohm) loudspeaker drives the jet, and is
powered using a 40W audio amplifier which is supplied with a sinusoidal signal generated by a

National Instruments data acquisition system.

The synthetic jet operational parameters are continuously monitored using a high-pressure

microphone (G.R.A.S. 40BH, 0.5mV/Pa) which measures the acoustic pressure in the cavity p,. This
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reading is used in conjunction with a pressure-velocity calibration model described by Persoons and

O’Donovan [25] to determine the orifice velocity amplitude ||Uay|[:

-1
Pl Il (2% £ (1) (o Ve IRy @)
.l VAL \(f, fo AL’ pa’

where pand a are the density of and speed of sound in the fluid, A and L’ are the cross-sectional area

and effective length of the orifice (L' = L + 24D), and f, is the Helmholtz frequency.

(f, = a/(2nL")(AL'/V.)*? = 210 Hz). K is an empirical constant representing the pressure loss in the
orifice (here: K =1.46 + 0.13 and g = 0.425). The model accurately predicts the jet velocity up to a
geometry-dependent limit frequency which is about 2-3 times the Helmholtz frequency [25]. For

excitation by a sinusoidal waveform, and based on the value of {|U,l| from Eq. (1),

@nH)? U U
LO = I Uavgdt :M and Re:&zp_D fLO :@” avg ” (2)
t=0 ﬂ-f /J /U ﬂ T

This approach allows for adjustment of the synthetic jet operating point in terms of Reynolds number
and stroke length according to Eqg. (2), irrespective of changes in actuator performance. Based on the
standard deviation in the measured cavity pressure and the error propagation method, the estimated

uncertainty in Lo and Re is below 5%, with a confidence level of 95%.

The synthetic jet assembly is attached to a vertical, manually operated traverse. The synthetic jet
impinges onto a surface consisting of a heated copper plate (450x550mm?,5mm thick) approximating
a uniform wall temperature boundary condition as verified in previous studies [13,26]. Heating is
provided usinga 1.1mm thick silicon heater mat which is adhered to the underside of the plate on one
side and insulated on the other. The heater mat is powered using a variable voltage DC power supply

and operated to provide an approximate surface temperature of 60°C.
2.2. Local fluid velocity and temperature measurements

The particle image velocimetry (P1V) system used to measure the flow velocity field employs a twin
cavity Quantronix Darwin Duo high repetition Nd:YLF laser (527nm, 15mJ per pulse at 1000Hz) in
conjunction with a Photron HighSpeedStar 6 CMOS digital camera (1024x1024 pixels, 12 bit per
pixel, 8GB on-board memory) and a Sigma 105mm /2.8 macro lens. A cylindrical lens and spherical

telescope lens pair are used to form a light sheet of about 0.5-1mm thick, aligned perpendicular to the
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orifice exit plane and impingement surface. The optical scaling is 39um per pixel for H/D < 8. A
glycol-water aerosol is used as seeding, with particle diameters between 0.2 and 0.3 um. At the
highest air velocities encountered in this study, the Stokes number of the seeding particles is less than
0.002, thus bias errors due to particle lag are negligible. The particle image diameter is adjusted to
about 2 pixel by defocusing. For each time-averaged flow field, 3118 full resolution frames were

captured at a frame rate of 1024Hz.

A Dantec 55P15 hot wire probe was used to acquire local velocity data in the impingement zone. This
probe has a platinum-plated tungsten wire sensor 5um in diameter and 1.25mm in length with offset
prongs to allow for boundary layer measurements. A constant temperature anemometer bridge
(Dantec 90C10 Streamline™ CTA) was employed to control the wire temperature. As this probe was
operated in a thermal boundary layer it was necessary to calibrate it using a hot wire calibration
facility which allowed for both velocity and temperature calibration over a range of 0.1-15m/s and 20-
70°C. The calibration facility utilises a compressed air line feeding a computer controlled mass flow
controller. The air was heated using an in-line process heater prior to entering a flow conditioner,
from which the heated air exited with a uniform and steady velocity profile through a nozzle at which
the hot wire was calibrated. The hot-wire probe was positioned 0.3mm above the surface of the plate
and displaced by 0.6mm from the centre of the jet. Regression uncertainty across the calibrated
velocity and temperature range has been calculated at less than 1% over the calibration range,
however, the accuracy of the velocity measurement can be adversely affected by flow reversal in the
presence of high turbulence levels and flow oscillations [27]. Nevertheless, the single wire probe is
preferred over more complicated probe designs because of its ability to measure fluid velocity very

close (0.3mm) to the heat flux sensor without causing excessive flow disturbance.

Accurate velocity measurement using a hot-wire anemometer within a thermal boundary layer
requires simultaneous measurement of the local fluid temperature. This was performed using a Dantec
55P31 cold-wire temperature probe which operates as a resistance thermometer with platinum wire
sensor (1um in diameter and 0.4mm in length) in conjunction with a constant current anemometer
bridge (CCA). Once a low overheat (below 1°C) is applied to the probe the current can be adjusted to
provide maximum temperature sensitivity without further heating the wire. At approximately 10m/s
this probe is capable of measuring 1°C temperature fluctuation at up to 2-3kHz. A calibration, which
was linear in nature, was performed on the temperature probe for a range 20-60°C. Based on an

average operational temperature of 40°C regression uncertainty for the temperature probe is
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calculated at 0.02% with a precision limit of 0.05°C. Data for both hot-wire and cold-wire probes

were acquired at 8192Hz.
2.3. Processing and analysis

The PIV vector fields are obtained using LaVision DaVis 7.2 software. A multi-pass cross-correlation
vector calculation was performed with interrogation window size decreasing from 64x64 pixels with
50% window overlap down to 32x32 pixels with 75% window overlap, with window deformation and
Whittaker reconstruction. With this vector processing method and the optical setup described in the
previous section, the estimated uncertainty on the velocity magnitude of a PIV field is about 1-2% in
the high velocity region (i.e., jet core and stagnation zone) yet increases up to 10% or higher in the
low velocity entrainment region. Although advanced methods such as high dynamic velocity range
PIV [28] can further enhance the measurement precision, the level of precision in the high velocity

regions is sufficient for the purpose of characterising flow regimes.

The vorticity averaged over a small area A is determined using an integral technique proposed by

Vollmers [29]:
j!@ﬁdA:jJ(ﬁxU)ﬁdAindf 3)

where A is the boundary of A and fi is the normal unit vector. Using a discretized version of Eq. (3),

the resulting vorticity is a good approximation of w=%(0V/ox—0U/or), where positive and negative

values indicate clockwise and anti-clockwise rotation respectively.

An alternative metric has been proposed by Adrian et al. [30] which was later adopted by LaVision
[31] tovisualise vortical flows and quantify the combined swirling and shearing strength of a vortex
in a flow field. It is formally defined as the negative value of the discriminant of complex eigenvalues
of the local velocity gradient tensor [30], or

1 [au jz (6Vj2 10U oV 68U &V
s=—Z||—| +|—| [+=——-—— (4)
4\ ox or 20X or oOr oOX

For the purpose of comparison of different data sets, s was normalised to a dimensionless quantity
sD/(fUy). The time averaged value of this swirl and shear parameter was chosen for its ability to

localise the position of a vortex within a flow while disregarding much of the weaker turbulent
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vorticity. It proved an effective tool in identifying the trajectory and strength of the synthetic jet

vortex ring, as discussed in Sect. 3.3.

3. Experimental results and discussion

All results discussed in this section were obtained for a single axisymmetric impinging synthetic jet at

Re =1500,4 <H/D <12,3<Ly/D < 32.
3.1. Time-resolved flow field at different stroke length values

Figure 2 shows the instantaneous velocity vector field and vorticity distribution for an orifice to
impingement surface distance H/D = 8 and Re = 1500. The colour magnitude represents
dimensionless vorticity @D/U,. The location of the orifice is indicated by the gap at the top of the
figure. @ indicates the phase angle in the jet cycle with 0° representing the time of zero orifice
velocity prior to the ejection phase. Similarly, maximum ejection and suction occurs at ¢ = 90° and

@ = 270° respectively.

For Lo/D = 3, Fig. 2a shows the formation of a vortex ring immediately in front of the orifice during
the ejection stroke. However, no coherent vortex rings can be seen in the far field. At this small stroke
length (thus high frequency since Lo oc 1/f), there is insufficient time and momentum imparted to the
partially formed vortex ring to allow it fully escape the effects of the subsequent suction stroke
associated with the reciprocating nature of a synthetic jet flow. Although weak vorticity is present, the
far field is devoid of the type of vortex rings associated with classic synthetic jet flow; instead a
diminished, turbulent net flow has been established. This flow comes from a small amount of high
velocity fluid at the front of the partially formed vortex which is indicated by the arrow. Due to the
omnidirectional effect of the suction stroke this fluid reaches a sufficient distance to escape its effect.
The flow that is established is of diminished momentum and lacks the periodicity in the impingement
zone expected of a synthetic jet flow. Similar results presented by Shuster and Smith [5] indicated that
at this stroke length a fully formed synthetic jet was produced. The formation criterion proposed by
Holman et al. [2] suggests that the higher formation threshold in this case can be attributed to a non-
negligible radius of curvature at the orifice edge &= 2R./D. With the present definition of stroke

length and Strouhal number, the criterion by Holman et al. [2] becomes

10
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1 L, 326°@A+e)

= 5
Sr D K7 ©)

where the parameter c is the amplitude ratio of the spatially averaged to the centreline velocity in the
orifice, the exponent p < 1 accounts for flow separation caused by the exit curvature and x represents

the ratio of vortex core radius to the distance between the vortex centres.

For Lo/D = 4, Fig. 2b shows that a coherent vortex is formed at the outer edge of the orifice which
subsequently propagates towards the impingement surface. Three discrete vortex rings at increasing
axial locations are clearly visible in this flow field. Maximum velocity occurs inside the core of the
vortex ring. Once maximum vortex circulation has been achieved it would be expected that any fluid
subsequently ejected would form a slug of fluid, or trailing jet, following the vortex ring, however
none is evident in this case. As the vortex moves farther from the orifice the location of maximum
velocity naturally moves towards the front of the vortex, inferring that the propagation velocity of the
vortex is smaller than the jet velocity U,. At a distance of about 2D from the impingement surface, the
vortices lose coherence and momentum. An accumulation of weak preceding vortices at the surface
are unable to clear the impingement zone prior to the arrival of the next vortex ring, resulting in a low
vorticity level in the stagnation zone. These results indicate that a significant amount of mixing of the
flow occurs before impact and no high velocity core associated with the vortex ring is detectable upon

impingement.

Figure 3 shows the evolution of the flow field as the stroke length is increased to Lo/D = 8. A
significantly larger vortex is formed at this stroke length. While Gharib et al. [7] found that maximum
vortex circulation was achieved at Lo/D = 4.2 for a starting jet, these results indicate that a synthetic
jet achieves maximum circulation at a greater stroke length. At Ly/D = 4, a nominal amount of fluid
which would otherwise contribute to vortex circulation is reingested into the orifice during the suction
stroke. For Lo/D = 8 (Fig. 3), once the primary vortex has been fully formed and propagates away, the
remaining ejected fluid takes the form of a trailing jet. Fig. 3a shows that the location of maximum
fluid velocity occurs closer to the rear of the vortex (as indicated by the arrow), unlike for Lo/D = 3-4
(Fig. 2). This is because the velocity of the fluid in the trailing jet now exceeds the velocity of vortex
propagation. At ¢ = 210° (Fig. 3b), the maximum velocity is now located in the centre of the vortex
ring, while the vortex ring diameter has widened. The trailing jet at this point is less coherent and
appears to undergo a degree of detachment from the primary vortex. At ¢ = 310° (Fig. 3c) the trailing

jet has dissipated, which has also been observed by Gharib et al. [7]. In contrast to smaller stroke

11
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lengths a coherent vortex ring with a significant amount of fluid still present in the core can be seen

impinging on the surface unimpeded by the remnants of preceding ejections.

For Lo/D = 16, Fig. 4 shows that the trailing jet becomes more pronounced while the vortex ring
accounts for a comparatively smaller fraction of the overall ejection. Peak ejection velocity now
occurs long after the vortex ring is formed. Fig. 4a shows that the vortex achieves the same level of
vorticity as for L¢/D = 8 (Fig. 3). This indicates that a universal stroke length for vortex formation
does exist and has been reached in the range 8 < Lo/D < 16. At ¢ = 80° (Fig. 4a), the vortex'is
symmetric and coherent, although the jet has not yet reached peak ejection velocity. At ¢ = 120° (Fig.
4b), the arrow indicates the peak velocity location within the trailing jet, about 1D behind the vortex
centre. Similar to Lo/D = 8 (Fig. 3), the vortex ring spreads radially due to the higher velocity fluid in
the trailing jet. However, at Lo/D = 16 (Fig. 4), the larger amount of fast moving fluid in the trailing
jet cannot be rolled into the vortex ring. This destabilises the vortex, which is first manifested by the
skewed vortex ring in Fig. 4b. By ¢ = 170° (Fig. 4c) the vortex ring has largely broken up, leaving a
turbulent jet of fluid about to impinge upon the surface. The highly turbulent jet is wider than the

vortex and trailing jet observed at smaller stroke lengths.

For Lo/D = 32, Fig. 5 shows a similar.flow field to Lo/D = 16 (Fig. 4), with the vortex being broken up
by the trailing jet during the ejection phase. While no coherent vortex reaches the impingement
surface at these high stroke lengths, vortex roll-up is observed at the periphery of the impact zone

once the jet has impinged on the surface (Fig. 5c), resulting in the observable vortices at 1.5 <r/D < 3.

The reported characteristics have been illustrated here for an orifice-to-surface spacing of H/D = 8 but
a similar behaviour has been observed in a wide range of nozzle-to-surface distances (4 < H/D < 12).
For small distances (H/D < 4), the impingement surface restricts the formation of the vortex and can

significantly affect the flow development [8].
3.2. Influence of stroke length on the free jet flow morphology

Figure 6 shows a schematic illustration of the morphology of formation and evolution of the synthetic

jet flow at different stroke lengths. The four flow morphology regimes are described in Table 1.

For Lo/D < 4 (Figs. 6a and 2a), a vortex with maximum circulation is formed at a dimensionless stroke
length Lo/D = 4 as observed by Gharib et al. [7] for an impulsively starting jet. In these conditions,
maximum ejection velocity occurs half way through vortex formation, and the end of the ejection

phase coincides with the detachment of the vortex. Once formed, the vortex propagates away from the

12
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orifice, gradually losing kinetic energy to turbulence and contracting in diameter. Compared to

impulsively starting jets [7], synthetic jets experience a greater reduction in vortex strength at low
stroke length (Lo/D < 4) since some of the ejected fluid is reingested by the suction stroke, thereby
further reducing the size of the formed vortex and inhibiting its ability to propagate away from the

orifice.

For 4 < Lo/D < 8 (Figs. 6b, 2b, 3), the behaviour of synthetic jets markedly differs from that of
impulsively started jets, where the vortex circulation does not further increase beyond Lo/D > 4 [7]. In
case of a synthetic jet, a trailing jet is formed after the vortex detaches from the orifice. The peak
velocity occurs at the interface between the vortex and trailing jet, which leads to a widening of the
vortex ring as the faster moving fluid adds to the momentum of the vortex, eventually leaving a
weakened lower velocity trailing jet. The stronger vortex maintains coherence longer than those

formed at smaller stroke lengths, which is shown in Fig. 3 for the upper limit Lo/D = 8.

For 8 < Lo/D < 16 (Figs. 6c, 4), vortex formation occupies only a small fraction of the ejection phase
compared with the quantity of fluid ejected in the form of the trailing jet. The peak ejection velocity
occurs after the vortex has detached, leading to an accelerating trailing jet which catches up on the
vortex. This collision (i) increases the vortex circulation which results in a wider vortex ring diameter,
(i) yet it also destabilises the vortex, manifested by a skewing of the vortex ring followed by vigorous
mixing as shown in Fig. 4. Gharib et al. [7] documented this phenomenon in starting jets up to Ly/D <
12. Upon impact of the trailing jet on the vortex, they observed a temporary increases in vortex
circulation before excess vorticity is shed or the vortex disintegrates completely. For Lo/D > 16 (Figs.
6d, 5), the above phenomenon is even more pronounced, leading to complete vortex disintegration by

a highly turbulent trailing jet, as shown in Fig. 5.
3.3. Influence of stroke length on the impinging jet flow regimes

The strength and propagation trajectory of the vortex in an impinging synthetic jet flow depends on a
number of aspects (e.g., jet formation characteristics, interaction with a trailing jet, vortex rollup upon
impingement). The dependence of the free jet flow morphology on stroke length has been shown by
the instantaneous flow field results in Figs. 2-5. Building on those findings, this section further
guantifies vortex strength and trajectory to identify impinging jet flow regimes as a function of stroke

length.

Figure 7 presents distributions of the time-averaged swirl and shear strength s, defined by Eq. (4). The

values are normalised as sD/(fU,) and shown as a colour distribution with contour lines at sD/(fUo) =

13
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0.01, 0.1, 1 and 5. These results are computed from the same time resolved PIV data presented
previously (Figs. 2-5). The grey lines represent time-averaged velocity streamlines, showing the mean
flow direction and recirculation patterns. The measurements are time-averaged over a period of 3
seconds as determined by the on-board memory capacity of the high speed camera. The time-averaged
flow fields are still slightly asymmetric because the synthetic jet flow is sensitive to minor geometric

imperfections (e.g., curvature radius of the orifice edges).

For the smallest stroke length Lo/D = 3 (Fig. 7a) corresponding to free jet flow morphology (a) (Table
1, Fig. 6a), the swirl and shear strength does not extend much beyond the surrounds of the orifice,
although there is a low level mean flow in the direction of the surface. Instantaneous flow fields (Fig.
2a) revealed that this was due to partial re-ingestion of the vortex during the suction stroke. For a
similar synthetic jet at Lo/D = 3, Shuster and Smith [5] observed that the vortex travelled a distance of
3.3D from the orifice. Fig. 7a shows only weak swirl strength at-this axial location, suggesting that the

vortex ring often fails to escape the effects of the suction phase.

For Lo/D =4 (Fig. 7b) corresponding to the free jet flow morphology (b) (Table 1, Fig. 6b), the flow
shows a significant increase in swirl and shear strength which reaches to about 4D from the nozzle,
yet does not reach the impingement surface. As the vortex ring detaches from the orifice the intensity
reduces and the vortex ring narrows, indicating that kinetic energy is being dissipated before a
coherent vortex can impinge. Although not shown here, experimental data for smaller nozzle-to-
surface spacing of H/D =4 confirm that coherent vortices formed at these conditions do reach the
impingement surface. For the same free jet morphology (b) yet higher stroke length Lo/D = 6 (Fig.

7¢),a coherent vortex-does reach the impingement surface at H/D = 8.

For Lo/D =8 (Fig. 7d) corresponding to the free jet flow morphology (c) (Table 1, Fig. 6¢), a more
powerful vortex ring impacts upon the surface. This flow regime is still dominated by successively
impinging vortices, yet a further increase in stroke length beyond Lo/D > 8 sees a transition to a

regime dominated by the trailing jet.

For Lo/D = 16 (Fig. 7e) corresponding to the free jet flow morphology (d) (Table 1, Fig. 6d), the
vortex path widens significantly as it approaches the impingement surface. This is due to the higher
velocity fluid in the trailing jet which impacts upon the vortex. Since there is no net increase in
volume flux between stroke lengths, a widening of the jet is accompanied by a reduction in average

velocity upon impingement. Figures 7e and 7f show that enough kinetic energy remains after
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impingement to form rollup vortices in the wall jet, as indicated by the increase in swirl and shear

strength near the surface up to r/D <5 (see Fig. 5c).

4. Relationship between flow and heat transfer regimes

To evaluate the jet flow upon impingement, the local fluid velocity magnitude Viy, Was recorded
using a hot wire anemometer positioned close to the stagnation point (0.3mm above the surface, and
0.6mm from the jet centreline). As described in the experimental methodology, simultaneous local
fluid temperature data were recorded to correct for operation within a thermal boundary layer.
Because of the close proximity to the surface (0.3mm), this method proved maore accurate than relying

on PIV measurements.

Figure 8a (H/D = 8, Re = 1500) shows that the maximum fluid velocity experienced in the
impingement zone is achieved for Lo/D = 6 (Fig. 7c). The vertical dashed line represents the vortex
formation threshold in this study (Lo = Lo = 2D)..Smaller stroke lengths impart less momentum to the
vortex ring, causing a low velocity diminished impingement. Higher stroke lengths result in a

widening of the flow, causing a reduction in stagnation point velocity.

For a wider range of 2 < H/D < 16, Fig. 8b shows that the stroke length at which maximum

impingement velocity occurs roughly scales with the nozzle-to-surface distance. To visualise this, the
data are plotted by recasting the stroke length in the form used by Persoons et al. [13] to identify heat
transfer regimes, as (Lg = Lo™)/H, where L, represents the jet formation stroke length. Persoons et al.
[13] found the stagnation point heat transfer coefficient data to collapse well for Lo” = 1.5D, however

in the current study a value of L, = 2D provides a better agreement for the flow field results.

As shown in Fig. 8b, the stroke lengths for maximum impingement velocity line up well to (L, -
Lo")/H = 0.5, which is in excellent agreement with the threshold found by Persoons et al. [13] for the
regime where heat transfer is strongly dependent on stroke length and reaches a local maximum. The
capital letters A, B, C, D in Fig. 8b correspond to the four impingement flow regimes identified in this

study, as summarized in Table 2.

The trends presented in Fig. 8b show a remarkable agreement with stagnation point Nusselt number
(Nu,) data presented by Persoons et al. [13], as shown in Fig. 9. To only show the effect of stroke
length, the vertical axis in Fig. 9 depicts Nu, as a Frossling number, removing the effect of Reynolds

number and nozzle-to-surface spacing. The markers represent experimental data obtained in the same
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test facility for a similar range of synthetic jet operating conditions. For clarity, only data for three
H/D values are shown, yet more details are available in Persoons et al. [13]. The solid line in Fig. 9
represents a correlation which is least squares fitted to the experimental data with a coefficient of
determination R? > 0.8 [13]. The letters A-D indicate four heat transfer regimes, identified based on
the data collapsing to this correlation expressed as a function of the ratio of stroke length to nozzle-to-

surface spacing.

Although the regimes in Fig. 9 are determined entirely from stagnation point heat transfer results,
there is a strong similarity in the trends for heat transfer regimes A and B in Fig. 9 and the impinging
jet flow regimes A and B identified in Fig. 8. The division between regimes C and D in Fig. 9 was
proposed by Persoons et al. [13] without information on the flow field. However, combining the
insight from whole-field flow visualisations and local stagnation zone velocity measurements, it

seems appropriate to adjust the regime boundary to that defined-in Table 2.

Figure 10 shows a flow regime map based on PIV data, to further elucidate the impingement flow
regimes. The dashed line indicates the jet formation threshold at L, = L, = 2D. The dash-dotted lines
represents the thresholds between the regimes A through D (see Fig. 8b and Table 2). For instance,
the lowest dash-dotted line represents (L, - Lo™)/H = 0.5. This threshold indicates whether sufficient
impulse is imparted to the fluid for the vortices to reach the impingement surface relatively
undiminished. The square markers (1) below this line correspond to experimental conditions where
swirl and shear strength data showed that the jet possessed insufficient momentum to impact upon the
surface undiminished (e.g., Figs. 2, 7a,b). Regime A identified in this study (Fig. 8) and by Persoons

et al. [13] (Fig. 9) agrees very well with these observations.

The circular markers (O) in Fig. 10 are in good agreement with regime B (see Figs. 8 and 9). In this
regime, a reduction in impingement velocity is accompanied by a widening of the vortex ring,
spreading the impinging fluid over a greater area and effectively reducing fluid velocity near the
stagnation point, as shown in Figs. 3 and 7c¢,d. The horizontal solid line at Lo/D = 8 indicates the
threshold between the (free) jet flow morphology regimes (a,b) and (c,d), as identified in Table 1.

Above this line, the trailing jet affects the stability of the vortex.

The triangular markers (A) in Fig. 10 match the regimes C and D, corresponding to Figs. 4, 5 and
7e,f. In these regimes, the trailing jet dominates the impingement either by disrupting the vortex prior
to impingement (Fig. 4), or by leading with the bulk of fluid in the core while the vortex is pushed to

the periphery (Fig. 5). However, there is some variability in these regimes as demonstrated by the

16



O©CooO~NOOOTA~,WNPE

triangular marker at Lo/D = 12 and H/D = 12 which falls within the bounds of regime B yet exhibits

the characteristics of regimes C and D.

5. Conclusion

Using a combination of high speed particle image velocimetry and single point hot wire anemometry,
this study has identified the flow morphology of a developing synthetic jet flow for a wide range of

dimensionless stroke length (3 < Lo/D < 32) and nozzle-to-surface spacing (2 < H/D < 16).

Four free synthetic jet flow morphology regimes are identified based on threshold values for the stroke
length Lo/D (see Table 1). These limits are in good agreement with findings of Gharib et al. [7] for an
impulsively started jet flow. Beyond a critical stroke length of Lo/D = 8, a trailing jet is formed which
adversely affects the stability of the primary vortex. The influence of the trailing jet increases with
stroke length, and for Lo/D > 16 the vortex rapidly loses coherence and becomes engulfed in a

turbulent unresolved intermittent jet flow.

Furthermore, four impinging synthetic jet flow regimes are identified based on threshold values for the
ratio of stroke length to nozzle-to-surface spacing (Lo - Lo)/H, where the jet formation threshold in
this study is found to be L = Lo"” =2D. Threshold values of (L, - Lo)/H = 0.5, 1 and 2 delineate the
four impinging jet regimes identified here (see Table 2). The time-averaged swirl and shear strength
parameter sD/(fU,), where s is defined by Eq. (4), has proven useful in identifying the impinging

synthetic jet flow regimes.

These regimes are in‘good agreement with the stagnation point heat transfer regimes presented by
Persoons et al. [13], although no flow field information was used by Persoons et al. [13] in

establishing their thresholds.

The results indicate that a high degree of variability in the flow field for an impinging synthetic jet is
achievable by changing the dimensionless stroke length. Consequently, for any given Reynolds
number and nozzle-to-surface spacing, different impinging jet flow regimes and corresponding heat
transfer regimes can be achieved and potentially optimised by adjusting the stroke length. This

confers a greater degree of control for synthetic jets than is present for steady jets.
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List of Tables

Table 1. Free synthetic jet flow morphology regimes as a function of stroke length (see Fig. 6).

Regime  Stroke length Corresponding Description
threshold figures
Lo < Lo® (=2D) No jet formed below the formation threshold stroke
length™.
@ L/D<Ly/D<4 Fig. 2ab Monotonous increase in vortex strength with stroke length
up to a maximum at Lo/D = 4.
(b) 4<Ly/D<8 Fig. 3 Additional ejected fluid (beyond Lo/D.= 4) forms a trailing
jet following the vortex, resulting in a wider vortex core.
(© 8<Ly/D<16 Fig. 4 Maximum ejection velocity occurs in the trailing jet,
which destabilises the preceding vortex and results in
increased flow mixing.
(d) L,/D > 16 Fig. 5 The flow is.dominated by the trailing jet which overtakes

the vortex, resulting in a highly turbulent intermittent jet
flow.

™ The formation threshold value L,"/D = 2 found in this study is higher than the limit proposed by e.g. Holman
et al. [2], which may be attributed to minor geometric differences (e.g., a rounded orifice edge, see Eq. (4)).

Table 2. Impinging synthetic jet flow regimes as a function of stroke length (see Fig. 8).

Regime  Stroke length
threshold

Corresponding
figures

Description

Lo < Lo (= 2D)

No jet formed below the formation threshold stroke
length™.

A 0< (Lo~ LMH< Fig. 7a,b Diminishing impingement due to insufficient fluid
0.5 momentum near the surface.
B 05<(Lo-L"/H<  Fig. 7cd Optimal impingement for maximum stagnation point
1 velocity.
C 1<(Lo-LYYH<2 Fig.7e Radial spreading/widening of the jet causing reduction in
time-averaged velocity approaching the stagnation point.
D (Lo- Le"YH > 2 Fig. 7f Regime dominated by the trailing jet.

™ The formation threshold value L,"/D = 2 found in this study is higher than the limit proposed by e.g. Holman
et al. [2], which may be attributed to minor geometric differences (e.g., a rounded orifice edge, see Eq. (4)).
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List of Figure Captions
Fig. 1. Schematic diagram of the impinging synthetic jet facility.

Fig. 2. Instantaneous flow field (H/D = 8, Re = 1500) showing the distribution of vorticity «D/U, and
velocity vectors, with the arrow indicating the location of highest velocity magnitude. (a) L¢/D = 3 (at

0= 140°), (b) Lo/D = 4 (at ¢ = 100°)

Fig. 3. Instantaneous flow field (H/D = 8, Re = 1500) at Lo/D = 8 showing the distribution of vorticity
wD/U, and velocity vectors, with the arrow indicating the location of highest velocity magnitude. (a)

@ =140°, (b) ¢ =210°, (C) ¢ = 310°.

Fig. 4. Instantaneous flow field (H/D = 8, Re = 1500) at Lo/D = 16 showing the distribution of
vorticity wD/U, and velocity vectors, with the arrow indicating the location of highest velocity

magnitude. (a) ¢ = 80°, (b) ¢ =120°, (c) ¢ = 170°.

Fig. 5. Instantaneous flow field (H/D =8, Re = 1500) at Lo/D = 32 showing the distribution of
vorticity wD/U, and velocity vectors, with the arrow indicating the location of highest velocity

magnitude. () ¢ = 70°, (b) @=90°, (C) ¢ =130°.

Fig. 6. Flow morphology of vortex formation and evolution at various stroke lengths (a) Lo/D < 4, (b)

4<Lo/D<8,(c)8<Ly/D <16, (d) Lo/D > 16 (see Table 1).

Fig. 7. Distributions of the time-averaged swirl and shear strength sD/(fUg) (Eg. (4)) and velocity
streamlines for H/D = 8, Re = 1500. (a) Lo/D = 3, (b) Lo/D =4, (c) L¢/D =6, (d) Lo/D =8, (e) Ly/D =
16, (f) Lo/D = 32.

Fig. 8. Near stagnation point impingement velocity Vin,/U, measured using a hot-wire anemometer
probe at 0.3mm (0.06D) above the impingement surface and r/D = 0.12; (a) H/D = 8, Re = 1500, (b) 2
< H/D < 16, Re = 1500. Capital letters A, B, C, D correspond to four impinging jet flow regimes in
Table 2. Markers represent H/D = 2 (<), 3 (>), 4 (%), 6 (A), 8 (V), 10 (X), 12 (OJ), 16 (O).

Fig. 9. Dependence of stagnation point Nusselt number Nuo/(Re™Pr"f(H)) on stroke length (L, -
Lo®)/H (where Lo® = 1.5D [13]) for 4 < H/D < 12, Re = 1500. Capital letters A, B, C, D represent four
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heat transfer regimes identified by Persoons et al. [13], which are in close agreement with the

corresponding regimes in Table 2.

Fig. 10. Flow regime map for the axisymmetric impinging synthetic jet, as identified from PIV flow
field data (Re = 1500, H/D =4, 8, 12, and Lo/D = 3, 4, 6, 8, 12, 16, 18). Markers represent flow fields
matching regime A (), regime B (O), and regimes C and D (A). Dash-dotted lines represent the
thresholds between regimes A-D (see Table 2). The horizontal dashed line is the jet formation

threshold (Lo = Lo = 2D).
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Regime  Stroke length Corresponding Description
threshold figures
Lo < Ly (=2D) No jet formed below the formation threshold stroke
length™.
(a) L/ID<LyD<4 Fig.2ab Monotonous increase in vortex strength with stroke length
up to a maximum at Ly/D = 4.
(b) 4<L,/D<8 Fig. 3 Additional ejected fluid (beyond Lo/D = 4) forms a trailing
jet following the vortex, resulting in a wider vortex core.
(©) 8<Ly/D<16 Fig. 4 Maximum ejection velocity occurs in the trailing jet,
which destabilises the preceding vortex and results in
increased flow mixing.
(d) Ly/D>16 Fig. 5 The flow is dominated by the trailing jet which overtakes

the vortex, resulting in a highly turbulent intermittent jet
flow.

" The formation threshold value Ly"’/D = 2 found in this study is higher than the limit proposed by e.g. Holman

et al. [2], which may be attributed to minor geometric differences (e.g., a rounded orifice edge, see Eq. (4)).



Regime Stroke length Corresponding  Description
threshold figures
Lo < Ly” (=2D) No jet formed below the formation threshold stroke
length™".
A 0<(Ly-L"YH < Fig. 7a,b Diminishing impingement due to insufficient fluid
0.5 momentum near the surface.
B 0.5<(Ly-L"YH<  Fig. Tcd Optimal impingement for maximum stagnation point
1 velocity.
C 1<(Lo-L"YH<2  Fig. 7Te Radial spreading/widening of the jet causing reduction in
time-averaged velocity approaching the stagnation point.
D (Lo - Lo")/H > 2 Fig. 7t Regime dominated by the trailing jet.

" The formation threshold value Lo"’/D = 2 found in this study is higher than the limit proposed by e.g. Holman

et al. [2], which may be attributed to minor geometric differences (e.g., a rounded orifice edge, see Eq. (4)).



Highlights

An impinging synthetic jet flow strongly dependent on the stroke length.

e High speed particle image velocimetry is combined with near-wall hot wire anemometry.
e The stroke length to nozzle diameter ratio (Lo/D) determines the free jet flow morphology.
e The stroke length to surface distance ratio (Lo/H) determines the impinging flow regime.

o Four impinging jet flow regimes found to agree well with heat transfer regimes.





