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Abstract

To maintain the development of modern technology and its thermally intensive pro

cesses, versatile methods of enhancing localised heat transfer are continually required. 

This need has resulted in an on-going drive to achieve greater levels of heat dissipation 

through the implementation of active and passive cooling technologies. Many of these 

techniques aim to dissipate heat by either supplying the thermally saturated area with 

an ever increasing volume of cooler fluid or by using a form of turbulence enhance

ment to disrupt the thermal boundary layer. One of the most promising technologies 

of this type is the synthetic jet. It has been shown that this technology can provide 

significant levels of heat transfer enhancement without many of the penalties which 

hamper other methods of cooling such as scalability, complexity, power consumption 

and cost. While the synthetic je t’s ability to provide cooling has been documented to 

some degree, a more in-depth investigation into the turbulent mechanisms and their 

influence on heat transfer is required.

A thorough investigation has been undertaken into a synthetic air jet impinging 

perpendicular to a heated surface. Extensive measurements have been performed to 

determine flow characteristics of the impinging jet and the corresponding effects on 

heat transfer from the surface. This investigation pays particular attention to the level 

of fluctuating heat transfer achieved with varying jet parameters.

A comprehensive investigation has been carried out combining detailed local heat 

transfer, velocity and air temperature measurements with high speed flow visualisation 

to examine what effects varying the synthetic the jet operational parameters has on 

the flow structure and resulting heat transfer profile. With respect to synthetic jet 

operational parameters the primary quantities of interest are Reynolds number, jet



dimensionless stroke length and spacing between jet and impingement surface. This 

investigation found that although Reynolds number has a direct bearing on heat trans

fer magnitude, adjusting the dimensionless stroke length can significantly change the 

characteristic of the impinging flow, by increasing or decreasing this parameter it is 

possible to alter the state of jet development upon impingement. In addition, a number 

of different jet flow regimes and impinging heat transfer regimes were identified with 

varying height above the impingement surface. Stagnation point heat transfer corre

lations were developed correlating Nusselt number to axial spacing, Reynolds number 

and dimensionless stroke length.

Further analysis was undertaken on the experimental data using signal decompo

sition to separate out the periodic nature of the synthetic jet flow from the random. 

This process was necessary so as to identify genuine turbulent fluctuation in the var

ious signals rather than the regular oscillatory nature of the synthetic jet flow itself. 

The results of this analysis make it possible to identify under which conditions the jet 

flow degrades from large scale coherent structures to smaller scale turbulent mixing.

Through the use of multiple data acquisition and post processing techniques this 

investigation has clearly shown that heat transfer to an impinging synthetic jet is highly 

dependent on a number of parameters. The careful selection of the dimensionless stroke 

length, Reynolds number and axial spacing in particular can have a great influence on 

the maximum level of heat transfer achievable by the synthetic jet.
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Chapter 1

Introduction

The focus of this research is on the convective heat transfer and flow characteristics 

of an impinging synthetic air jet with a view to applications such as locahsed coohng 

in manufacturing and industrial processes, microelectronics, integrated circuitry and 

in particular microprocessors. Many of these apphcations prove to be challenging 

environments to implement traditional methods of coohng. It is for this reason that 

significant research has been undertaken into the impinging synthetic jet for purposes 

of heat dissipation. The configuration of the synthetic jet is detailed in figure 1.1 and 

operates on a simple principle where a flexible membrane, diaphragm or piston forms 

one side of a partially enclosed chamber. Opposite to the membrane is an opening, 

such as a jet nozzle or orifice plate. An oscillator such as a piezoelectric diaphragm 

or a mechanical or electromagnetic actuator causes the membrane to oscillate in a 

sinusoidal motion; it is this oscillation which periodically forces air into and out of the 

opening which results in the formation of a non-zero mean streamwise pulsating jet in 

front of the orifice known as a synthetic jet. This jet can be directed at heated surfaces 

to enhance heat transfer. Impinging synthetic air jets are a relatively new technology 

and as such have so far had limited use in commercial applications. However, they have 

shown great promise in a number of practical applications ranging from flow control 

through active boundary layer mixing [1], the cooling of a manufacturing process [2], 

the thermal management through forced convection of electronics and in particular 

microprocessors [3].
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Figure 1.1; Schematic diagram detaihng the operational principle of the synthetic jet

It is well established that effective rates of cooling can be achieved using conven

tional steady flow impinging jets [4, 5]. However, it has also been shown that synthetic

air supply system [6, 7, 8]. As highlighted in a review article by Glezer and Anii- 

tay [9], impinging synthetic jets are therefore an extremely promising technology for 

apphcations in electronics cooling. In these, and in other cases, research has been 

conducted specifically with an application in mind but there have also been a number

heat transfer from the impingement surface. Thus, the main variables for synthetic 

jet impingement heat transfer are the dimensionless stroke length, the jet Reynolds 

number and the height of the nozzle above the impingement surface.

1.1 Background

The operation of microprocessors, as with many types of electronics, generates very 

high local heat fluxes. In the past twenty years the cooling requirement for micro

processors has increased dramatically; where at one stage natural convection provided 

sufficient cooling for the most powerful chips, it is now the case that the limiting factor 

in processor power has become the extent to which heat can be dissipated from the 

chip surface [10]. Excessive temperatures have an adverse effect on the performance 

and lifespan of microprocessors to the point that loss of cooling may lead to the sudden

jets can deliver cooling effects of similar magnitude without the need for an external

of fundamental investigations into fluid flow and heat transfer. These have led to the 

identification of several parameters which have signiflcance for the enhancement of
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failure of the chip.

In most cases microprocessor cooling is achieved via an axial fan mounted on a 

large heat sink. Fans are used for their abihty to produce relatively high volume flow 

rate within a confined environment; when combined with a heat sink, which essentially 

spreads the heat produced by the chip over a greater area, this solution has only proven 

adequate to a point for the industry’s cooling needs. In an attempt to keep up with ever 

increasing heat flux densities, heat sinks are being designed larger and manufactured 

out of more expensive materials, the fans used are also larger, noisier and more power- 

hungry; as a result this technology is reaching its practical, operational and economical 

limits. It has reached the stage where some manufacturers are employing extravagant 

and expensive new technologies. Therefore there are a number of motivations for 

using synthetic jets including cooling performance, power consumption, size, noise, 

complexity and cost. Unfortunately, as of yet the maximum heat transfer potential of 

the synthetic jet is unknown. It is for this reason that much research is required to 

characterise and optimise heat transfer to an impinging synthetic air jet.

In recent years with the development of highly advanced flow visualisation tech

niques much of the research into synthetic jets has been focused on the flow charac

teristics; however minimal research has been performed investigating the link between 

fluid flow and heat transfer. The flow characteristics of a synthetic jet are highly com

plex; consequently the heat transferred from a surface subject to such a flow is highly 

variable. Numerous jet conflgurations have been studied and various experimental 

parameters have been established which influence both the fluid flow and the heat 

transfer. Significant research has been conducted into the area of impinging synthetic 

jet heat transfer by, among others, Campbell et al. [11], Mahalingam and Glezer [12], 

Pavlova and Amitay [8] and Travnicek and Tesar [13]. However, this research is limited 

in scope, as few studies have been conducted into fluctuating heat transfer or into the 

relationship between the fluid flow and surface heat transfer. The overall objective of 

the current research is to conduct a fundamental investigation into the heat transfer 

mechanisms for an impinging synthetic air jet.

3



1 . 2 . R e s e a r c h  O b j e c t i v e s

1.2 Research O bjectives

The current research is concerned with a single synthetic air jet impinging normal to a 

flat, heated surface for a range of impingement parameters. Tests have been conducted 

to determine both mean and fluctuating heat transfer distributions in combination 

with local air temperature and velocity measurements. Of particular interest to the 

current investigation is how the stagnation point heat transfer magnitude changes with 

varying jet parameters. A primary goal of this research is to identify the fundamental 

mechanisms relating the various heat transfer regimes to the corresponding synthetic 

jet flow fleld.

One potentially important application of the synthetic jet is the cooling of inte

grated circuitry and microelectronics such as personal computers, amphfiers and power 

supplies. It can prove quite difficult to obtain high levels of heat transfer due to the 

high degree of confinement and elevated ambient temperatures commonly found within 

these devices. It is for this reason that local air temperature measurements have been 

combined with local velocity and surface heat flux measurements. This technique can 

provide a greater understanding as to whether fluid temperature or velocity is the 

primary driving force behind surface heat transfer and how this relationship changes 

with various flow regimes.

Objectives:

• Document and analyse various synthetic jet flow regimes using flow visualisation.

• Use stagnation point and radial heat flux measurements to identify the modes of 

heat transfer which correspond to the respective flow regimes.

• Correlate levels of heat transfer to fluid velocity and temperature using simultaneous 

local measurements.

•  Identify the key mechanisms involved in driving heat transfer to the impinging 

synthetic jet.
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1.3 D im ensionless Num bers

As jets, and flows in general, can have such a broad range of parameters and charac

teristics, groups of dimensionless numbers have been established to help describe the 

state of the flow and allow easy comparison across a broad range of parameters. This 

section describes and defines the main dimensionless numbers relevant to the synthetic 

jet.

1.3.1 N u sselt num ber

The Nusselt number corresponds to a dimensionless temperature gradient at a heated 

surface and is a characteristic of the effectiveness of the convection process.

N u = ~  ( 1 . 1 )
K

where h is the convective heat transfer coefficient, I is the characteristic length 

and k the thermal conductivity of the fluid. For round jets, the characteristic length 

is generally taken to be the exit diameter while for rectangular jets the exit width is 

used. The Nusselt number can provide a good comparison of the level of heat transfer 

achieved across a range of scales and fluids.

1.3.2 R eynolds num ber

I ’he concept of the Reynolds number was originally introduced by George Gabriel 

Stokes in 1851 and can be defined as the ratio of inertia force to viscous force:

^  _  Inertia force pUl 
Viscous force

where p and n  are fluid density and viscosity respectively, U the relative fluid 

velocity and I the characteristic length, which in jets is usually chosen to be the 

diameter of the nozzle. Reynolds number is commonly used to identify whether a flow 

is dominated by viscous forces {Re «  1), inertial forces [Re »  1) or if the two forces

5
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are in equilibrium (i?e «  1). It is also used to identify different flow regimes and the 

onset of turbulence.

1.3.3 Stokes num ber

The Stokes number also introduced by and named after George Gabriel Stokes, pro

vides a description of the characteristic response time of a fluid compared to that of 

a particle suspended in the fluid flow. In other words it gives an idea of the ability 

of the suspended particle to follow the fluid flow and is defined as a ratio of stopping 

distance of a particle to a characteristic dimension of an object:

where r  is the relaxation time of the particle, [/ is the mean flow velocity and 

I is the characteristic length of the object. For S' > >  1 particles will continue in a 

straight line and impact upon the object as the fluid flows around it and for S' < <  1

main relevance of the Stokes number to this study is in its use for the choice of seeding 

particles used in PIV flow visualisation. It is necessary to choose a substance which 

will follow the motion of the fluid closely rather than maintain its own trajectory.

1.3.4 Strouhal num ber

The Strouhal number is a dimensionless parameter used across a broad range of fluid 

mechanics applications, the purpose of which is to provide a description of the oscil

lating mechanisms within a flow. It can be defined as follows:

I (1.3)

particles will follow the path of the fiuid closely as it flows around the object. The

(1.4)

where /  is the primary frequency, commonly that of vortex shedding, I is the 

characteristic length and U is the fluid velocity. In jets the primary application of the
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Strouhal number is to help identify the presence of phenomena such as vortex rollup, 

shedding and pairing. Other experiments involving vortex shedding from a circular 

cylinder in cross flow have shown that the value of S t remains close to 0.21 for a large 

range of Reynolds numbers.

1.3.5 D im ensionless stroke length

The dimensionless stroke length is a relatively new parameter devised to help charac

terise the formation and evolution of pulsatile flows dependent on intermittent fluid 

ejections such as those produced by synthetic jets and pulse jets. The stroke length Lq 

can be defined as the effective length of fluid extruded through the jet orifice during a 

single ejection phase of the ejection cycle and can be calculated by dividing the average 

jet velocity U (as outlined by equation 2.10) by the pulsation frequency / ;

this parameter can subsequently be nondimensionalised by dividing by the di

ameter of the jet exit, D,  thereby giving the value of dimensionless stroke length. 

This value can be seen to be inversely proportional to the Strouhal number, since 

L q/ D  =  ^{fD/U)~^.  The formation and flow characteristics of many intermittent 

jets are highly dependent on this parameter and it has been shown to provide an 

easily comparable and more transparent unit of comparison.

1.3.6 P randtl num ber

The Prandtl number is a nondimensional parameter in flows involving heat conduction 

and is defined as follows;

Pr = ~ = ^  (1.6)
K> K

where u is the kinematic viscosity, k is the thermal diffusivity, Cp the specific heat 

capacity, // is the dynamic viscosity and k the thermal conductivity. It is significant

7
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that unUke other dimensionless numbers such as the Reynolds and Nusselt number, 

the Prandtl number contains neither length nor velocity scales and as such is a fluid 

property and not a flow variable.



Chapter 2

Literature R eview

A comprehensive review of the published literature regarding the formation and struc

ture of free and impinging synthetic jets is presented in this section. Primary factors 

involved in the analysis of synthetic jet flows include vortex formation, Reynolds num

ber, pulsation frequency, dimensionless stroke length, turbulence, flow regimes, jet 

spread, recirculation effects, etc. With so many highly influential factors, analysis of 

the flow structure of an impinging synthetic air jet has proven to be highly complicated. 

However, as synthetic jets have already shown enormous potential for application in 

many disciplines from heat transfer to flow control it is essential that the fundamental 

formation and flow mechanisms are understood in order to ensure maximum potential 

is achieved.

2.1 Continuous Jets

The basis for the formation of any type of jet is the ejection of fluid through a nozzle 

or orifice into another fluid filled domain. The consequential interaction between the 

jet and the fiuid occupying the ejection domain can be controlled so as to suit the 

desired application, be it to provide thrust, heat transfer, fiow control or otherwise. 

The most common type of jet is known as a continuous jet where a stream of constant 

velocity fluid exits a jet nozzle, this type of jet has been the subject of much research 

for many years with some of the most notable research undertaken into heat transfer 

to impinging continuous jets by authors such as Gardon and Akfirat [14] and Liu and

9
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Sullivan [15].

D
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Figure 2.1: Continuous impinging jet

Figure 2.1 shows a schematic of an impinging continuous jet with the three primary 

flow regions. Once a net mass flux has been established the first region formed by the 

jet is the free jet region; this is a region where the jet develops and up to approximately 

1.5 diameters above the impingement surface is largely unaffected by its presence. In 

the centre of the free jet region exists what is known as a potential core; this is a core 

of undiminished velocity and low turbulence intensity and exists for approximately 4 

diameters from the jet exit. Between the potential core and the ambient fluid exists 

a shear layer in which vortex formation, rollup, fluid entrainment and mixing occurs, 

resulting in a relatively high level of turbulence. Shear layer velocity is less than that 

within the potential core and reduces further with the spreading of the jet. At the jet 

centerline, maximum turbulence intensity is experienced at the point where the shear 

layer penetrates to the centreline of the jet; a corresponding decrease in the local 

velocity occurs. Impinging jets also have a region known as a stagnation zone, prior 

to entering this region the axial component of the fluid velocity is very much greater 

than the radial component, however as the flow approaches the surface the velocity 

component normal to the surface begins to decrease while the velocity parallel to the 

surface increases. If the jet impinges upon the surface while the potential core is still in 

existence a true stagnation point in the flow velocity may exist. The flnal region is that 

of the wall jet, where the flow changes direction as it extends beyond the stagnation



2 . 1. C o n t i n u o u s  J e t s

zone and the mean flow continues parallel to  the impingement surface.

2.1.1 Self-Sim ilarity

Figure 2.2 shows the most simplistic schematic of an axisymmetric turbulent jet. For 

a round je t issuing from a nozzle of diameter D,  the potential core, which occupies 

most of the nozzle exit plane, is maintained up to  about x  = AD.  Beyond this, and 

up to a distance of x =  SOD there is a more m oderate change in the shape of the 

velocity profiles as well as other aspects such as entrainm ent and Reynolds stresses ̂  

Further afield once again, a region where the velocity profiles become independent 

of X  (self-similar) is commonly found when suitably scaled. Sherman [16] provides a 

comprehensive explanation of the conditions required to achieve self-similarity in a jet. 

Prom figure 2.2, jets are characterised by the velocity of the domain into which they 

are issuing Ui, with the velocity of the jet profile being Uq{x) and the local width of 

the profile S{x). W ith these parameters, the self-similar form of the velocity profile 

can be expressed as;

U{x,y)  = U, + Uo{x)f\rj]  (2.1)

where rj =  y/S{x).  Using the continuity equation the corresponding expression in 

V  can be found for plane flow;

V [x, y) =  +  v f ' { v ) U o ^  (2.2)

To achieve self-similarity these normalised je t velocity profiles must be fully col

lapsible onto one another. Examples of self-similarity in continuous jets have been 

documented by Hussein et al. [17] and Panchapakesan and Lumley [18].

^Reynolds stresses are the mean forces (per unit area) imposed on the mean flow by turbulent 

fluctuations.
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k------------------- N
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Figure 2.2: Turbulent je t schematic [16]

2.2 Free Synthetic Jet Flow Structure

The synthetic je t was first observed over 60 years ago by Ingard and Labate [19] while 

investigating what at the time was referred to as an acoustical streaming phenomenon 

around orifices; the authors noted tha t three flow regions exist. The first was a laminar 

region of low fluid velocity with a flow direction which was reversible above a certain 

level. A pulsatory medium velocity flow was experienced in the second region, where 

the pulsations were superposed upon actuation signal. The third, high velocity region 

was seen to be only pulsatory, forming jets and vortex rings. These three regions are 

now recognised as essential components in the formation of the synthetic jet. Work 

published by Holman et al. [20] presented a synthetic je t where the formation criterion 

for the je t was proposed and validated. The authors state th a t a vortex escapes or a 

je t is formed only when the Strouhal number is below a critical value; this is detailed 

further in section 2.4.2. Referring to the schematic of a typical synthetic jet shown in 

figure 2.3, during the expulsion part of the cycle fiuid exits the nozzle a t a velocity 

Vj and a vortex ring is formed at the sides of the ejected fluid. Once formation 

conditions have been fully satisfied, sufficient momentum is im parted to the vortex so 

th a t it will convect away from the orifice; repeated oscillations will result in a train  

of high-momentum vortex rings propagating away from the orifice. A turbulent je t is
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synthesised as these vortex rings interact downstream.

X

►  y

cavity

osdllating diaphragm

Figure 2.3: Synthetic jet formation, is boundary layer thickness, h height of orifice, 

He depth of orifice, a vortex radius, Vi jet velocity, Dy  distance between vortices, 

vortex strength and R  orifice edge radius of curvature. [20]

Smith and Swift [21] have shown that the flow structure of synthetic jets has much 

in common with continuous jets, but where continuous jets have a constant exit flow 

velocity synthetic jets have a time-varying, periodic velocity Vj. After exiting the 

nozzle, the structure of both types of jets consists of a potential core and a mixing 

layer; the potential core is the area within the jet flow that due to its high momentum 

resists mixing with the ambient fluid. For continuous jets it is normal to have a very 

low fluctuating velocity within this potential core, however due to the periodic nature 

of the synthetic jet flow this is the region of the jet which experiences the greatest 

velocity fluctuation. With increased distance from the nozzle exit the potential core 

reduces in size due to interaction with the mixing region; for the parameters tested 

by Smith and Swift this continues until the potential core is no longer visible at a 

distance of approximately x  =  5D. Up to this point the flow velocity within the 

potential core is very close to that of the jet exit velocity. As the distance from the 

jet exit is increased farther, interactions between vortices cause the breakdown of the 

once coherent vortices resulting in small scale mixing and high turbulence intensities.

13
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Smith and Swift [22] found that in the far field, synthetic jets bear much resemblance 

to continuous jets in that the self-similar velocity profiles are identical; however the 

study also found that the spread rate and volume flux of synthetic jets are substantially 

greater than that of continuous jets, attributing this to the fact that synthetic jets are 

dominated by vortex pairs which entrain greater amounts of fluid.

2.3 Im pingem ent Synthetic Jet Flow Structure

The impinging jet flow structure for the synthetic jet is more complex than that of the 

free jet. Figure 2.4 shows the schematic of the flow structure. As with continuous jets 

the synthetic jet flow structure can be broken down into the same three regions, how

ever significant differences in substructure exist depending on formation parameters, 

specifically that of stroke length.

Potential 
Core

Am bient
Fluid

Vortex 
Formation 

j Region

I Free Jet
Region

'^Stagnatior 
R egion

W a lU eL  
Region

Figure 2.4: Impinging synthetic jet fiow structure

2.4 Synthetic Jet Formation

An isolated synthetic jet is formed in quiescent fluid as a result of alternating pressure 

fluctuations across an orifice. Fluid is periodically entrained in through the orifice 

upon a negative pressure gradient and expelled once again from the orifice as the



2. 4. S y n t h e t i c  J e t  F o r m a t i o n

pressure is reversed. This pressure oscillation produces a streamwise flux in front of 

the orifice in the form of a train  of vortices, subsequent downstream vortex interaction 

and breakdown form the je t flow itself. The fluid ejection and suction across the orifice 

is such tha t it produces a net mass fiux equal to zero.

The prim ary vortex synonymous with synthetic jets is formed during the momen

tary  ejection phase. The sudden increase in fiow velocity through the orifice causes 

fiow separation at the sharp edge of the orifice resulting in the formation of a vor

tex sheet for orifices of slot geometry, and vortex ring for round geometry either side 

of the main stream  flow. Under normal operating conditions the vortex produced is 

convected away from the surface due to its own self-induced velocity, hence forming 

a time averaged jet. This phenomenon was observed by Ingard and Labate [19] who 

went on to define it as a type of je t flow.

As noted previously, synthetic jets are typically formed by applying a time periodic 

alternating pressure drop across an orifice. In past investigations various methods 

have been employed in producing this effect; mechanically driven pistons were one 

of the first methods employed, being used by Cater and Soria [23], Xu et a l [24], 

Crittenden and Glezer [25], Di Cicca and luso [26] amongst others. Generally driven 

by an electric motor, the use of a piston to form a synthetic jet can prove very simple 

and highly effective as a wide range of stroke lengths and Reynolds numbers can easily 

be achieved. As the piston stroke length is dictated by the length of the crank shaft 

it is easy to m aintain a constant stroke length while Reynolds number can be changed 

by increasing or decreasing the driving frequency of the jet. However, disadvantages 

include the reliability of the electric motor, the relatively large size and complexity of 

the assembly and the requirement to change the crank shaft to  alter the stroke length.

Acoustic speakers are also a common tool in synthetic je t assemblies, having been 

used by many authors including Smith and Swift [21], Holman et al. [20] and Wu et al.

[27]. Others have used custom built electromagnetic actuators such as Gillespie et al.

[28] and Campbell et al. [11], As acoustic speakers are normally capable of producing 

relatively large diaphragm deflections it is possible to  produce a wide range of stroke 

lengths and Reynolds numbers. These param eters are easily controllable by adjusting 

the frequency or amplitude of the driving signal. However, calibration can prove

15
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complex as each acoustic speaker has its own mechanical resonance and impendence, 

also, the use an electromagnetic coil raises the issue of long term  reliability.

The vast m ajority of research undertaken into synthetic jets has made use of piezo

electric actuators. The attractiveness of this type of actuator is a ttribu ted  to  their 

small size, cost, power consumption and performance, making them  perfect for use 

in both the electronics industry for therm al dissipation and aeronautics industry for 

active flow control. As the piezoelectric actuator is a sohd state device it possesses 

excellent reliability. However, a complex calibration similar to th a t required by the 

acoustic speaker is required and diaphragm displacement is highly dependent on op

erating the actuator at its resonant frequency. Consequently, maximum diaphragm 

deflection is substantially less than  th a t produced by either an acoustic speaker or a 

piston, therefore the range of stroke lengths achievable is severely limited . Numerous 

investigations in both fields have implemented piezoelectric actuators including Smith 

and Glezer [29], Mallinson et al. [30], Gomes et al. [1] and Pavlova and Amitay [31].

SJA Diaphragm Mechanical 
Response ,
Helmholtz 
Resonance

Peak SJA
ResponseResonance

fo Frequency Frequencyfn

Figure 2.5: Helmholtz and diaphragm mechanical resonance overall SJA response: a) 

uncoupled case; b) coupled case [32]

Pavlova and Amitay [8] found th a t if a synthetic je t is driven at its natural resonant 

frequency significant performance benefits can be gained with minimal modification; 

similar results by Arik [33], Gomes et al. [32] and McGuinn et al. [34] have confirmed 

this. In a synthetic jet there are two prim ary infiuential sources of resonant frequency, 

the resonant frequency of the diaphragm, fo ,  and th a t of the cavity, fn ', the latter is 

known as the Helmholtz frequency. These are defined as:
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fo  —
1 1

27T  V  MaoCiaD
(2.3)

1
(2.4)

27T Y  ( M a N M a R a d ) C a C  

where Mao and Cao refer to diaphragm acoustic mass^ and diaphragm comphance 

respectively and MaN, ^aBad and Cac are orifice acoustic mass, orifice acoustic radia

tion mass and cavity acoustic compliance respectively. The acoustic mass M  through 

a membrane or orifice, as defined by Cox and D’Antonio [35] can be calculated as 

follows:

MaN =
P t +  2Ar +  \ / —  ( l (2.5)

Where p is fluid density, e material porosity, t thickness, <5 end correction factor, r  

perforation radius, v kinematic viscosity of air and u  angular frequency. A simpler and 

often more useful form of Helmholtz frequency can be calculated using the following 

equation:

where C  is the speed of sound, A  is the orifice area, \4 is the cavity volume and 

leff the effective orifice length (Ze// = lo + 0.85/q)-

The acoustic nonlinearity of an orifice was investigated as far back as 1967 by 

Ingard and Ising [36]. It was these researchers who first identified the relation between 

pressure and velocity amplitudes as being almost linear at sufficiently low pressures 

and as approaching a square law relation at large velocity amplitudes. This square law 

is reflected in equation 2.6 above. A paper was presented by Gomes et al. [1] in which

^The acoustic mass refers to the effect of inertia in an acoustic system, an impeding of the trans

mission of sound through that system.
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the theoretical Helmholtz frequency of a cavity was compared to an experimentally 

measured frequency. Gomes found th a t although the results showed good agreement 

with the inverse square relationship in equation 2.6, Helmholtz theory consistently over 

predicted the frequency of the cavity resonance by approximately 18%. The authors 

also investigated the effect of driving a synthetic je t with uncoupled diaphragm and 

cavity frequencies. It was shown th a t although performance gains were experienced 

at both cavity and diaphragm resonant frequencies, driving the synthetic jet actuator 

at the diaphragm mechanical resonance provides a peak velocity of at least an order 

of magnitude higher than  at the cavity resonance; this is illustrated in figure 2.5. The 

presence of uncoupled resonance for both cavity and diaphragm was present in the 

results of other authors [6, 37, 38], where Gallas et al. [38] went on to use the coupling 

of the resonant frequencies to optimise the performance of the jet.

A number of authors [39, 40, 41] have implemented a technique called Lumped 

Element Modelling (LEM) to simulate synthetic jet frequency response. This tech

nique effectively approximates the synthetic jet and its components as a circuit model 

whereby the energy storage and dissipation mechanisms are represented by their elec

tronic equivalents, i.e. resistors, capacitors and inductors. Gallas et al. [38] presented 

a paper employing this technique to  predict the je t exit velocity. The system was 

split into two parts by separately optimising the cavity volume and the piezoelectric 

diaphragm. It was revealed th a t the frequency response of a synthetic jet actuator is 

consistent with th a t of a damped fourth order coupled oscillator where one oscillator 

is a Helmholtz resonator and the second is the flexible diaphragm; a finding later con

firmed by Gomes et al. [1]. Both papers highlight the fact tha t optimum performance 

can be achieved through coupling between the cavity and the diaphragm mechanical 

resonances; this coupling eff'ect has a constructive effect on the resulting actuator jet 

velocity, as shown in figure 2.5. While the LEM approach has the potential to give 

good insight into the basic dynamic interaction between the materials th a t make up 

the synthetic jet and the predicted fiuidic reaction it may prove somewhat ideahstic. 

Significant validation would be required to test the limitations of this approach. It 

would also prove difficult to ensure all assumptions are achieved over a wide range of 

testing parameters.
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A param etric study was undertaken by Kordik et al. [42] to  model the resonant 

frequency of a synthetic je t actuator. Four models were implemented and compared, 

2 one mass oscillation models, a two mass model with two degrees of freedom and also 

a model based on a solution to the wave equation. Results showed tha t the simpler 

one mass model proved the closest match for the first harmonic of the synthetic jet 

actuator; however two limits were identified for this model. Firstly Hi, which can be 

considered as an expression of the dimensionless cavity depth, must be very small:

n .  =  ^  «  1 (2.7)

where he is the cavity height, Kp is the diaphragm pressure stiffness, Kg is the 

isentropic expansion factor and Pb is the external barometric pressure. The cavity 

mass effect, 0 2 , must also be very small

where M d and are the mass of the diaphragm and the mass of the oscillating 

column of gas in the orifice, Tc and r are the cavity and orifice radii respectively. 

Although the more complex model based on the wave equation did not perform as 

well, the author states th a t it could give better results for the second, and possibly 

even higher resonant frequencies, although further validation of the results is required.

2.4.1 Velocity Calculation

Over the years numerous authors have proposed methods of calculating je t velocity 

and hence Reynolds number for a synthetic jet. Some of these calculations have ranged 

from the simplistic, involving single point centreline velocity measurement [43, 44, 28], 

to the more complex involving the average momentum flow velocity [45, 23]. However 

due to the zero net-mass-flux characteristic of the flow, no definitive calculation has 

been established to date. The most widely used method for calculating Reynolds 

number is based on a “slug-velocity-profile” model which has been used by authors
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such as Smith and Glezer [46], Glezer and Amitay [9], Pavlova and Amitay [8] and 

Gillespie et a l [28]. This slug-velocity model is described by the following equation:

Where Uq is the area averaged jet discharge velocity across the orifice, D  is the 

nozzle diameter and u is the kinematic viscosity. For this particular case Uq is only 

calculated over the duration of ejection:

where Uq is the experimentally measured flow velocity, /  is the frequency of oscil

lation of the actuator, r  =  1 /2 / is the blowing period of the jet and Lq is the distance 

that the slug of fluid travels away from the orifice during the ejection phase of the cycle, 

and is also known as the stroke length. This parameter is often non-dimensionalised 

by dividing by the diameter D to produce a term which is inversely proportional to 

the Strouhal number, since Lq/ D  = ^{fD/Uo)~^. Although the value uo{t) should 

ideally be measured across the profile of the jet to obtain an area averaged value, the 

majority of investigations use the velocity measured at a point on the centreline of 

the jet at or close to the jet exit. While this is often done for practical reasons such 

as geometric constraints due to small diameter orifice or to reduce the complexity of 

analysis, it can lead to substantial error in fiow rate and Reynolds number calculation. 

The deficiency in this model is in the assumption that the flow velocity Uo{t) is uniform 

across the width of the orifice. Smith and Swift [21] argued that because the spatial 

velocity profile can deviate significantly from the assumed slug shape the centreline 

velocity profile Uo(t) is more generally replaced by the spatial-averaged velocity at 

the exit. As mentioned previously this proposal was validated by Nae [47] when the 

author presented numerical results showing that velocity profiles could deviate from 

top-hat distribution for up to 50% of the ejection stroke; a result that was confirmed 

experimentally by both Shuster and Smith [48] and Di Cicca and luso [26].

(2^9)

(2 . 10)
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An alternate method for Reynolds number calculation was proposed by Utturkar et

With A  being the exit area and y the cross-stream coordinate. Utturkar shows that 

the two velocity scales are related hy U = 2Uq since the ejection duration r  =  1 /2 /. 

Hence, equation 2.11 is only calculated over the ejection phase of the jet, whereas 

equation 2.10 is time averaged over the whole cycle; a Reynolds number of twice the 

magnitude for the exact same flow parameters is calculated with equation 2.11.

Yet another method of calculating Reynolds number was used in a paper by Cater 

and Soria [23]. The authors argued that since the flow generation mechanism (di

aphragm or piston) has a constant mean position there is no net mass injected in to 

the system. However, the fact that there is energy transferred to the environment 

resulting in a net momentum flow through the exit plane suggests a velocity should be 

calculated using mean momentum flow. Consequently, Cater and Soria implemented a 

derivation of an equation commonly used in steady flow emanating from axisymmetric 

continuous jets. This equation calculates what is termed the momentum flow velocity:

axisymmetric orifice to calculate a constant, N.  This value describes the ratio of the 

jet centreline velocity to the average velocity, where N  = uq/U,  with uq being the 

instantaneous centreline velocity. Significantly, it was found that N  is higher for an 

axisymmetric orifice than for a two-dimensional slot. When related back to the con

stant for the jet formation criterion where K  < Re / t h i s  suggests that a synthetic 

jet is more likely to be formed at a lower Reynolds number for an axisymmetric orifice 

than for a two dimensional slot. It was found that a value oi K  > 2 and K  > 0.16

al. [49]. The method was defined in terms of a spatial and time-averaged exit velocity 

during the expulsion stroke, Re^ = UD/u  where

(211 )

Utturkar et al. [49] used the same equation for steady flow emanating from an
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was required for the formation of a two dimensional and an axisymmetric synthetic 

jet respectively.

A further method of calculating Reynolds number has been outlined by Glezer and 

Amitay [9] and is based on the impulse imparted, or momentum associated with the 

jet discharge, Rej^ =  Iq/ iiD, where

h  = P [  [  uo^{x, t)dAdt  (2.13)
Jo JA

with p  and / i  representing the fluid density and viscosity, respectively.

A more recent method for the estimation of the flow velocity was developed by 

Persoons and O’Donovan [50]. The method developed is based on the laws of simplified 

gas dynamics, and requires the measurement of internal cavity pressure to estimate 

synthetic jet velocity and actuator deflection. When the equation for conservation of 

momentum is applied at the orifice it is found that

M ô  + Fd { U ) = pA  (2.14)

where Mo is the mass of gas in the orifice, p  is the varying cavity pressure relative to 

the unloaded condition and Fjy{U) represents a damping force where Fd is a function 

of U. Calibration for this method requires a centreline velocity measurement similar 

to that used for equation 2.10, this is required only to characterise an added mass 

coefficient, /3 and a pressure loss coefficient, Kp, for a steady flow through the orifice 

for the specific geometry which is incorporated into the mass of gas in the orifice, Mq, 

and the damping force Fd respectively. As the velocity calculation itself is dependent 

on simplified gas dynamics and on the momentum equation the velocity calculated is 

more similar to that of equation 2.11. Other authors such as Crittenden and Glezer 

[25] and Kercher e t  al. [6] also used pressure measurement based estimates to calculate 

the average velocity of the synthetic jet. In a paper presented by Kercher e t  al. [6] 

a miniature total pressure tube was used to extract the average jet velocity from the 

pressure differential A P, which is the difference between the pressure within the jet
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and the local static pressure. The average jet velocity is therefore given by;

I2AP
" = \j—

There is merit in using either equation 2.11 or 2.10 to calculate synthetic jet 

Reynolds number. Equation 2.11 provides a good idea of the peak velocities and 

the state of the fluid expelled through the orifice during the ejection phase of the 

synthetic je t cycle. This provides a good measure of the maximum fluid velocities 

reached in and near the jet exit, and may better describe quantities im portant when 

discussing aspects of the synthetic je t such as vortex formation, kinetic energy or im

parted impulse. However, equation 2.10 more accurately reflects the time averaged 

mass flux of fluid produced by the synthetic jet. Smith and Glezer [46] argued in 

favour of the use of Uq in comparison with U for a continuous jet. They beheved tha t 

in the far field, the average downstream volume flux is more analogous to a continu

ous jet as this is what controls the im portant je t phenomena. While neither method 

stands out as being more valid, equation 2.11 does lend itself more to far field analysis 

and comparison with continuous jets, whereas equation 2.10 may be more suitable for 

formation analysis and near field evolution. For this work the Reynolds number has 

been calculated using the method as outlined by U tturkar et al. [49] in equation 2.11.

2.4.2 C om putational and A nalytical M odelling for Synthetic  

Jet Form ation

Many numerical investigations have been undertaken for synthetic jets. Wu and 

Leschziner [51] showed th a t large eddy simulation (LES) could be used to realisti

cally capture the flow field of an isolated, turbulent, round, synthetic je t injected from 

a cavity into a quiescent environment. Two different types of meshes and orifice ge

ometries were tested; a deformed and a square cell mesh on a round orifice and a 

square celled mesh on a square orifice. Rather surprisingly it was concluded tha t the 

deformed mesh did not produce the optimum results; a non-circular fiow field near 

the orifice was returned because of the strong deformation of the cells. The authors 

concluded th a t the rather simple solid cell mesh produced the best results as it proved
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adequate a t capturing all essential features of the evolution of the je t when compared 

to experimental data.

Another widely used approach in recent years has been th a t of the unsteady 

Reynolds-averaged Navier-Stokes (RANS) numerical solver. Recently Le Song and 

Prudhomme [52] used a RANS model with steady boundary condition to successfully 

predict the formation of coherent structures in the exit flow field for an impinging 

synthetic jet. The authors found th a t using the unsteady averaging approach previ

ously used by Ha Minh [53] they were able to  reproduce from steady state  boundary 

conditions the coherent vortices produced experimentally by the impinging synthetic 

jet. Nae [54] was one of the first authors to implement a RANS solver on a synthetic 

jet. Work published by Nae [47] used an unsteady compressible RANS model to  anal

yse not only a synthetic je t but also its cavity and surrounding domain. Using these 

parameters Nae found tha t compressibility effects meant it was necessary to apply a 

pressure correction for low Mach numbers to improve convergence and alleviate in

stability problems. Results were compared to both experimental da ta  and numerical 

studies from other papers. Nae showed th a t a simple constant velocity profile is only 

valid for approximately 70% of the nozzle area in suction and less than  50% in the ejec

tion phase; this can have significant implications for velocity and flow rate calculations. 

Similar trends can be seen in figure 2.6 (a) which shows experimental phase locked 

velocity exit profiles presented by Shuster and Smith [48]. These da ta  confirmed what 

had previously been established through the use of numerical modelling by Gallas et 

al. [55] as shown in figure 2.6 (6); significant deviation from the top-hat profile is 

present through most of the suction and ejection phases. Unfortunately, a number of 

other authors including Gomes et al. [1] overlooked the same phenomenon by assum

ing a top-hat like velocity profile for their data. Using an incompressible Navier-Stokes 

solver K otapati et al. [56] undertook a comprehensive investigation where the entire 

domain of a synthetic jet with slot geometry was modelled, including the flow within 

the cavity, through the orifice and into the main flow field. The authors showed th a t 

within the orifice and during both ingestion and expulsion phases there is significant 

deviation from the ideal top-hat velocity profiles, indicating th a t the flow in the slot 

is highly un-developed.
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Figure 2.6: (a) Cross-stream profiles of the streamwise component of the velocity at 

the orifice Lq/D =  3, Rejj^ =  2500 [48] (b) Normalized axial velocity profiles at four 

phases during a cycle for 5  =  8, (Q ) = 45.5, (□) Re = 94, ( —) solution for pipe

flow with an oscillating Ap [55].

As outlined in section 2.4.1, Persoons and O’Donovan [50] used an analytical model 

to estimate synthetic jet velocity and actuator deflection. Their model was derived 

from simplified gas dynamics and used cavity pressure measurements to estimate jet 

velocity for a frequency range which extends from zero up to a frequency limit gov

erned by the geometry of the synthetic jet actuator. Applied to the test case presented 

in their paper the resulting analytical model shows good agreement with experimental 

data and is valid from QHz up to 1.5 times its Helmholtz resonance frequency. Al

though the model was only vahdated for one specific orifice, its generic basis allows 

for pressure based velocity estimation for other synthetic jets, requiring only limited 

calibration.

The idea of a theoretical criterion for synthetic jet formation has been explored 

and validated by Utturkar et al. [49] and Holman et al. [20] using both numeri

cal and experimental investigations. Numerical simulations were performed using an 

extensively vahdated Cartesian grid solver to simulate an unsteady, viscous, incom-
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Figure 2.7; Transition map for vortex rings formed in the synthetic jet: +, laminar; 

o, transitional; *, turbulent.[48]

pressible flow combined with a multigrid algorithm for solving the pressure Poisson 

equation. In common with Nae [47] these simulations were performed both on the 

cavity volume and surrounding domain. The data collected suggested that vortex for

mation is dependent on the dimensionless stroke length (i.e. Strouhal number). These 

data support the formation criterion RejS"^ > K  proposed by Utturkar et al. [49], 

where RejS"^ ~  U/27rfd and the formation constant K  is approximately equal to 1 

and 0.16 for two-dimensional and axisymmetric jets respectively. The dimensionless 

stroke length is related to the formation criterion as follows:

2 /D
(2.16)

These results are in accordance with the previous findings of Smith and Swift [21] 

who found that, for a two dimensional jet, a minimum stroke length of L q = b.5D 

exists below which no synthetic jet is formed. As the dimensionless stroke length is 

increased beyond L q/ D  = 5.5 the jet momentum is increased and so the vortex pair 

escapes the influence of the suction stroke. Similar results were presented in a paper by 

James et al. [57] for jet formation in water, although no stroke lengths were reported 

upon. Shuster and Smith [48] investigated a synthetic jet flow field for much smaller 

dimensionless stroke lengths between 1 < Lq/D < 3 for a round orifice over a range of 

Reynolds numbers. A transition map was presented indicating the state of the vortex
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at various values of stroke length and Reynolds number; this map is shown in figure 

2.7. These results show th a t a synthetic jet can be formed at stroke lengths as small 

as L q =  2D, far below th a t reported by Smith and Swift for an orifice of slot geometry.

A slug flow model used by Holman et al  [20] to identify scaling parameters in 

the jet flow field identified the lowest value of L q/ D  ^  0.5 to be close to the limiting 

synthetic jet formation condition. Although no actual criterion was proposed a similar 

conclusion was arrived at by M ittal et al. [58]. The authors stated  tha t the vortex 

pair must be separated from the orifice edge by a minimum distance before the start 

of the ingestion stroke, a separation distance dependent on jet velocity and vorticity. 

This proved to be a proposal th a t was not strictly accurate. Shuster and Smith [48] 

observed th a t vortex rings were unable to escape the orifice for L q/ D  < 0.6, in which 

case the vortex ring which was formed during the expulsion phase of the actuator cycle 

was subsequently reingested into the orifice during the suction phase of the cycle.

2.4.3 Orifice effects

h

D
Shear Layer

\

(“) Vena Contracta

Figure 2.8: Flow through a constant diameter cylindrical orifice with increasing depth 

(a) Separated flow h / D  < 0.75 (b) Marginally reattached flow h / D  0.75 (c) Fully 

reattached flow h / D  > 0.75 [59]

The characteristics of cylindrical nozzles with sharp upstream  edges have been 

discussed at length by W ard-Smith [59]. Gomes et al. [32] subsequently applied 

the flndings of W ard-Smith to the flow through a synthetic je t orifice. Gomes et al. 

identified two specific effects acting on the flow travelling through the oriflce which are
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of importance in understanding the influence of increasing orifice depth. Firstly, the 

greater the orifice length h, the bigger the damping effect on the flow curvature will be. 

It can be seen in figure 2.8 a) above th a t flow curvature occurs due to the boundary 

layer forming between the je t flow and the orifice walls. This has an acceleration 

effect on the flow up to  the point of minimal effective cross sectional area, which 

in this case is the location of the vena contracta. Figure 2.8 c) indicates th a t due 

to shear action of the slow fluid moving near the wall and the fast moving flow in 

the core, the boundary layer displacement thickness grows w ith length. The result 

of this is a slowdown of the overall flow and hence a reduced area-averaged peak 

velocity. Although a greater nozzle length may provide a more developed flow, it 

will also increase deviation from a top-hat velocity profile. This finding is confirmed 

numerically by results presented by M ittal et al. [58] in which velocity profiles for 

orifices of ho/D = I and ho/D = 3 are compared. Gomes [32] goes on to state th a t a 

compromise exists between the two phenomena presented in figure 2.8 (a) and (c) at 

which an optimum is reached. As such, the minimum orifice length, h required for the 

flow to exit uniformly without the curvature caused by flow separation is ho ~  D /2  and 

the optimal orifice depth would be the summation of the lengths required to achieve 

marginally attached flow (i.e. ho ~  0.75D) plus the required extension to achieve a 

measure of uniform flow ho ~  D /2,  resulting in a to tal orifice depth of around l.2bD  

and is depicted in figure 2.8 (6). The presence of vena contracta were also noted 

by K otapati et al. [56] for simulated flow within an orifice, where for an orifice of 

length 2.6D the high turbulence intensity associated with the boundary layers formed 

on the slot walls caused the boundary layers themselves to separate and form a vena 

contracta at the slot openings. However, in practice vortical structures which are 

ingested into the slot from the internal and external cavity quickly destabilise the 

separated boundary layer.

Experimental investigations in the same study by Gomes et al. [32] showed th a t 

although this ideal orifice length ho ~  1.2bD may well achieve uniform fiow, it is not 

the optimum for the nature of the flow within the synthetic je t orifice. A wide range 

of parameters were tested to ascertain what arrangement of orifice length and cavity 

depth would achieve maximum jet velocity. The authors identified an optimum di-
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mensionless length and depth of ho/d ~  2.1 and Hc/d  0.6 respectively. The cavity 

depth was shown to have a much more significant effect on peak velocity; this was 

attribu ted  to  the decoupling of the Helmholtz and diaphragm resonant frequencies 

as the volume changed. These results broadly agree with numerical da ta  presented 

by Gallas et al. [55], where the author states th a t qualitatively, the flow produced 

remained the same with a doubling of orifice depth from hg/d =  1 to  2. Much like 

Gomes et al. [32], Chaudhari et al. [37] also investigated the effect on jet velocity of 

varying the cavity and orifice dimensions. Tests were conducted across a wide range of 

frequencies at constant input voltage; this setup meant the je t performance was highly 

dependent on natural resonant frequencies. This study used varying orifice diameter, 

effectively changing ho/d, it is therefore hard to interpret the effect of this dimension- 

less param eter as consequently Hc/d  changes proportionally. Inadvertently, what the 

investigation does is confirm the previous findings of constructive coupling, as it was 

shown th a t as the orifice diameter and cavity depth are increased the cavity resonance 

is pushed further up the frequency range and away from th a t of the diaphragm.

2.4.4 N ear Field E volution

In the near field the defining difference between steady jets and synthetic jets is the na

ture of the flow. A continuous je t by its own definition produces a constant, continuous 

flow issuing from an orifice or nozzle; the result of this is a uniform velocity field low in 

turbulent fluctuation. The synthetic je t provides a contrasting flow fleld, in large part 

because of its inherent pulsatile nature which gives rise to velocity fluctuations which 

are commonly larger than the mean velocity. Synthetic jets are also highly dependent 

on the formation and subsequent advection of discrete vortices formed at the periphery 

of the orifice, consequently the near field of a synthetic jet can only be analysed once 

a net mass flow has been established. Much literature has been published regarding 

both vortex formation and the proceeding flow fleld. Smith and Glezer [46] undertook 

a comprehensive investigation into the formation and evolution of a synthetic je t in 

which they reported on the celerity (or propagation velocity) of a vortex pair.
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(a) (b)

Figure 2.9: (a) Variation of vortex pair celerity with time, (b) Individually normalised 

vortex pair trajectories, where tp is the time corresponding to the passage of the 

velocity peak on the jet centerline during the passage of the vortex pair at a given 

measurement station and T  = 2r [46]

Results show that the vortex propagation and subsequent degradation to turbu

lence is highly influenced by the suction phase of the jet. Smith and Glezer present 

data from a synthetic jet with increasing impulse (1400 < R e < 30000) and dimen- 

sionless stroke length 5.3 < Lq/ D  < 25 which shows the mean trajectory of vortex 

pairs at a fixed actuation frequency {WAQHz).  It was found that, regardless of im

pulse magnitude, the resulting trajectories are very similar and are comprised of three 

distinct domains characterized by changes in slope (or celerity); this can be seen in
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figure 2.9 (6). Similar trends were observed in research published by Xu et al. [24]. 

Significantly, Xu et al. noted that beyond t / T  >0 .1  the vortex core is consistently 

located downstream of the centerhne velocity peak. This indicates that for the param

eters tested, the self-induced velocity of the vortex pair is greater than the convective 

velocity of the fluid itself. Unfortunately Xu et al. only presented data for one param

eter of lOOHz (unknown Re and L q/D),  but the detachment of the vortex pair from 

the trailing jet has been reported previously by Gharib et al. [60] for discrete, constant 

velocity impulses rather than repeated oscillations. Prom figure 2.9 (a) it can be seen 

that at approximately t / T  ~  0.6 the vortex pair begins to slow down, it is at this 

point that the flow begins to undergo a transition to turbulence; these results can be 

correlated with the data presented in figure 2.9 {h) where the existence of three distinct 

streamwise domains are shown. The first domain corresponds to the formation of the 

vortex pairs and their laminar advection away from the orifice. As the flow progresses 

in the streamwise direction the transition to turbulence corresponds to the change in 

slope. Finally, the emergence of the turbulent jet can be seen as the slope changes 

once again. This third domain corresponds to t / T  0.9 in figure 2.9 (a), where the 

vortex pair speeds up once more until it loses its phase coherence and becomes part 

of the mean jet flow. It is noted that the sudden reduction in velocity and transition 

to turbulence at t / T  ~  0.6 starts immediately after the beginning of the actuator’s 

suction cycle. Smith and Glezer surmised that the transition may be triggered by core 

instabilities associated with the reversal of the streamwise velocity near the exit plane. 

It is worth noting that regardless of the impulse imparted to the jet, no vortices were 

phase locked to the actuator driving frequency much beyond t / T  ~  1.3. Shuster and 

Smith [48] reported on a round jet with much lower dimensionless stroke lengths of 

 ̂ ^  Lq/ D  <?)\ results showed that the mean centreline velocity peaked near z/Lq =  1 

for all stroke lengths and monotonically decreased after this distance. The decay law 

was found to be similar to that of a conventional turbulent jet with U/Ud =  0.46x/D 

for all three stroke lengths, however vdth a faster rate of spread. These results are 

in clear contrast to the findings of Smith and Glezer [46] who reported that for a 

two dimensional jet the mean centerline velocity of the jet increases until it reaches a 

local maximum aX x / h  = 1 and subsequently decays monotonically, which unlike the
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findings of Shuster and Smith is independent of dimensionless stroke length. It can 

be concluded th a t the reason for the very different results may primarily be down to 

the vastly different dimensionless stroke lengths investigated although the effects of 

differing orifice geometry can also not be discounted. Although Shuster and Smith [48] 

report th a t a je t is formed at a stroke length as low as Lq =  1-D it is evident th a t it 

is significantly different to those formed at greater stroke lengths. At such low stroke 

lengths the je t is significantly diminished; this is down to two reasons; (i) a minimum 

stroke length for complete vortex formation is not reached, as a result vortex circu

lation is diminished, (ii) the beginning of the suction stroke occurs before the vortex 

is fully formed and has reached the necessary distance from the orifice; as such it is 

unable to escape the effects of flow reversal and a significant amount of the convection 

fluid is reingested into the orifice. Muller et al. [61] reported th a t for Lq/D  < 3  a 

significant amount of vorticity im parted during the expulsion stroke can be reingested 

during the suction stroke. The authors identified tha t the th rust coefficient in this 

regime is proportional to [ L q/ D y .  For the regime L q/ D  > 3 the th rust was found to 

equal the positive momentum flux at the orifice and was proportional to  {Lq/DY'.

Research undertaken by authors such as Gharib et al. [60] and Rosenfeld et al. [62] 

has looked at the formation of vortex rings generated through impulsively started jets. 

Although this research was not undertaken specifically with synthetic jets in mind, 

it becomes highly relevant in this context as much of the processes such as vortex 

formation, convection and subsequent interaction remain more or less the same. Both 

of the above papers used an impulsively started  piston to  eject a single column of 

fluid from a round orifice, this was done for various velocity profiles. The ejected fluid 

subsequently produced a number of flow formations, depending on stroke length, which 

were studied in depth. While these flow formations are analysed independently of any 

flow reversal experienced by the synthetic je t suction stroke and any preceding flow, 

the flndings themselves define the fundamental principle upon which the synthetic jet 

is founded; vortex formation. Significantly, the paper by Gharib et al. [60] identifies 

a time scale, or formation number, which characterises the formation of vortex rings. 

The time scale is the time beyond which larger rings are not possible; this equates to 

Lo/D  ^  4 for an impulsively started jet.
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Figure 2.10: Visualization of vortex rings for (a) Lq/ D  = 2, (b) Lq/ D  = 3.8 and (c) 

Lo/D = 14.5 [60]

Prior to reaching the hmiting formation number Gharib finds that all discharged 

fluid becomes entrained in the vortex ring, this is evident from figure 2.10 (a) and (6). 

It is noted that as the stroke length increases up to the formation limit, the size and 

circulation of the vortex also increase linearly; this is reflected in data presented in 

figure 2.11 (a). Figure 2.10 (c) depicts the effect on the jet when the stroke length is 

increased beyond the formation number; in this particular case to Lq/ D  =  14.5. The 

author describes this case as a leading vortex ring followed by a trailing jet where 

the shear layer of the trailing jet forms into a series of vortices similar to the Kelvin- 

Helmholtz instability^. Importantly, the size of the vortex in (6) and (c) appear similar. 

It is revealed in figure 2.11 (6) that this is indeed the case and that although total

^Kelvin-Helmholtz instability occurs when velocity shear is present within a continuous fluid, or 

when there is suflicient velocity difi’erence across the interface between two fluids to cause vortex 

rollup in the shear layer.
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circulation continues up the point where the piston stops, the vortex has long since 

reached its maximum circulation. In the case of figure 2.10 (c), once the formation 

of the vortex ring has been completed, the vortex ring appears to separate itself from 

the trailing jet and vorticity is no longer entrained from its shear layer region.

2 4 6
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Formation time, U^'D
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Figure 2.11; Vortex ring circulation as a function of (a) stroke length Lq/ D  and {b) 

formation length for the case Lq/D  = 8 [60]

While this behaviour of detachment of vortex and trailing jet appears to indicate 

that, once formed, the two phenomena should be treated as two completely separate 

regimes, this is not necessarily the case. The authors have documented the behaviour 

of the vortex for a fast-ramp case which more closely resembles the ejection stroke 

of the synthetic jet. In this case it is observed that the trailing jet can indeed catch 

up and interact with the preceding vortex. Gharib et al. noted that as the primary 

vortex in the trailing jet impacted with the primary vortex, merging occurred and the 

circulation level was increased in a step-like manner. However, the excess vorticity was 

subsequently shed and the circulation of the leading vortex returned to that dictated 

by the formation number. More vigorous and frequent mergers between the primary 

vortex and the trailing jet resulted in destruction of the primary vortex. The authors 

concluded that this was due to the inability of the primary vortex to shed a sufficient 

amount of fluid required to maintain its formation number; as such the vortex became 

unstable and destruction ensued.
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Gharib et al. [60] went on to vary the velocity programs further with implemen

tation of exponential, logarithmic and triangle programs. Results showed th a t all 

of these programs only served to delay the formation length of the vortex beyond 

th a t of an impulsive program. A number of other authors explored this topic further 

[62, 63, 64], w ith Rosenfeld et al. [62] undertaking an approach combining both nu

merical and experimental research. Like Gharib et al. all three studies investigated 

the effect of varying the velocity program, employing impulsive, trapezoidal and lin

ear ram p programs. Results presented from all authors confirmed the existence of a 

formation number previously documented by Gharib et al. [60].

0 4 8 12 16 20 24

t*

Figure 2.12: The effect of Reynolds number on the evolution of the total 

circulations for an orifice [62]

Rosenfeld et al. [62] observed th a t there is a small yet noticeable 

to tal circulation as Reynolds number decreases; this is shown in figure 

is a ttributed  to  the dependence of the discharge velocity profile on Re, because the 

boundary layer is thicker due to  the more dominant viscous effects at low Reynolds 

numbers it results in a larger centreline velocity; a consequential increase in total 

circulation is experienced.

Krueger et al. [63] presented d a ta  showing impulse im parted by the various stages 

of the flow formation. The experimental studies showed th a t the forming vortex ring 

contributes proportionally more impulse per unit L q/D  than  th a t for the subsequent 

trailing jet. This leads to the conclusion th a t propulsive quantity is optimised by

and vortex

increase in 

2.12. This
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4

3
Vortex
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starting jets at L q/ D  just after pinch off occurs and before a traihng jet has been 

formed. This finding is at odds with tha t of Muller et al. [61], one of the few studies 

to document the distinction between the prim ary vortex ring and the subsequent 

trailing vorticity for synthetic jets. Muller et al. state th a t with increasing stroke 

length this vorticity does not influence the th rust coefficient scaling for L q/ D  > 3, 

which was found to be proportional to [Lq/D)"^. Krueger et al. go on to  suggest th a t 

this research may be useful in design strategies for pulsed-jet technologies, where the 

primary goal is to  im part momentum to the flow.

Shusser et al. [64] define a theoretical dimensionless vortex ring circulation;

where B  and b are defined using Fraenkel’s [65] second order fornmlae which are 

based on the dimensionless thickness of the ring, e. Comparing this result to data 

computed from Rosenfeld et al. [62] it was observed tha t Tnd remained consistently 

close to theoretical predictions, implying th a t the dimensionless circulation of the ring 

is indeed a universal quantity.

Recently, Shan and Wang [66] studied the direct influence of both Reynolds number 

and stroke length on the flow characteristics produced from a discrete ejection from a 

synthetic jet orifice of round geometry. The authors presented the flow visualisations 

shown in figure 2.13 as part of their results depicting the evolution of vortex rings at 

three different Reynolds numbers for fixed stroke length and phase. Reynolds numbers 

were calculated using conventional jet exit velocity, i?e[/p, as well as a number based 

on the vortex ring circulation, i^epo, and are displayed beside the images. Circulation 

Reynolds number is calculated as follows;
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Figure 2.13: Flow visualizations at different Reynolds numbers, t /T  = 0.25, Lo/D=6.3

N

where Uo{t) is defined as the instantaneous mean velocity at the jet exit, T  = 1/f  

is the cycle duration. The three Reynolds number levels displayed in figure 2.13 

were selected to span the transition map presented by Shuster and Smith [48] from a 

laminar to turbulent flow, ft is evident that although the Reynolds numbers presented 

are quite different, the position of the first vortex ring ejected from the synthetic jet 

nozzle is the same in all three images, albeit the formation of the higher Reynolds 

number vortices appears more unstable. Looking further into the flow fields a distinct 

difference can be seen across them. While the vortex formation and advection appears 

quite uniform at Rer ĵ = 1234.5, with increasing Reynolds number breakdown begins 

to occur until all coherency appears to be lost in the far field at Rer^ =  4938. Shan 

and Wang concluded that the increase in Reynolds number does indeed have a direct 

bearing on vortex ring breakdown and that if the vortex ring formed at the jet exit
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is turbulent, breakdown will occur earlier in the resulting flow. These results confirm 

the findings of Shuster and Smith [48] in this respect.

(a) Lo/ D  =  50.7 (b) Lq/ D  =  6.3

Figure 2.14; Flow visualisations for two different stroke lengths at R cuq =  315.5 [66]

Further investigation by Shan and Wang [66] into the effect of stroke length for 

a fixed Reynolds number was undertaken in the same paper. Figure 2.14 shows flow 

visualisations obtained by the authors. The contrast in the two different types of 

flow produced is clearly evident. While both stroke lengths produce vortices at the 

beginning of the ejection phase, it can be seen that in figure 2.14 (6) for a stroke length 

of Lq/D  =  6.3 the flow field is dominated by the vortex formation and advection with 

good coherence and minimal interaction. The same detachment of the traihng jet from 

the primary vortex observed by Gharib et al. [60] can be seen at 180°, as indicated 

by the arrow. The flow field for the larger stroke length of Lq/D  = 50.7 presented



2 . 4 . S y n t h e t i c  J e t  F o r m a t i o n

in figure 2.14 (a) is almost unrecognisable compared to th a t in (h). Like th a t of the 

shorter stroke length, a vortex is formed at the beginning of the ejection phase, but 

this is where the similarities end. W ith progression through the phases, the flow field 

becomes dominated by the trailing jet, at 180°; the vortex no longer exists as the 

continual acceleration of the trailing je t past the vortex formation length leads to 

impact between the two, and consequential destruction of the leading vortex occurs. 

A significant amount of vorticity manifesting through the Kelvin-Helmholtz instability 

in the trailing jet at 180° is observable, a phenomenon th a t was also noted by Gharib 

et al. [60].

It is thought th a t for a synthetic jet, vortex interaction and viscous dissipation 

alone are not the primary contributors to the degradation of the flow, which results 

ultimately in a developed turbulent jet. While these mechanisms, which are manifested 

in the near field of the synthetic jet, do indeed play a major role in the transition to 

t urbulence, there is some evidence to  suggest th a t a not insignificant amount of velocity 

fluctuation is present prior to the flow exiting the je t orifice. Figure 2.15 shows time 

traces of the centreline streamwise velocity at various points from x  =  —AD, which 

is inside the cavity, to x =  2.89D in front of the orifice, these results were presented 

in a paper by K otapati et al. [56]. Unsurprisingly, turbulent velocity fluctuations 

u'2 /Vj can be seen in front of the jet orifice at x / D  = 2.89 in 2.15 (a). Notably, 

these fluctuations dominate the blowing phase and are almost non-existent in the 

suction phase. While they might commonly be a ttributed  to the natural evolution 

and degradation of the jet one would expect these fluctuations to subside with closer 

proximity to the orifice exit, however this is not the case. Looking at the velocity at 

x / D  = 0 in 2.15 (b) it can be seen th a t the fluctuations do not originate in the near 

fleld of the jet and are in fact present prior to exiting the orifice. The fact th a t the 

fiuctuations are still only present in the blowing phase suggests th a t they originate 

at a stage prior to exiting the orifice. Moving deeper into the je t at 2.15 (c) and (d) 

reveals th a t these fluctuations are also present prior to the fluid entering the orifice. 

Kotapati et al. conclude th a t originally the turbulence is associated with the detached 

shear layers formed during both suction and ejection. However, due to the high levels 

of confinement present within the cavity the vast majority of the fluctuations are
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initiated there, with fluctuations being subsequently convected into the slot during 

the expulsion stroke. Conversely, less turbulence is present during the suction stroke 

as the m ajority of the turbulent fluctuation produced during expulsion has convected 

a sufficient distance from the orifice prior to the beginning of the suction phase so as 

re-entrainment does not occur.
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Figure 2.15: Temporal variations of instantaneous streamwise centreline velocity U2 /Vj

(----- )) phase-averaged streamwise velocity U2 /Vj  (o), and turbulent fluctuation

(—), slot h = 2.6D and orifice exit at x  = 0D-, (a) x / D  = 2.89 (b) x / D  = 0 (c) 

x / D  = - 2  (d) x / D  = - 4 .  [56]

2.4.5 Saddle Point

One of the more significant features observed in the near field of the synthetic jet is 

th a t of the saddle point. The saddle point is caused by the time-periodic directional 

reversal of synthetic je t flow, where alternate blowing and suction strokes lead to a 

time averaged stagnation (saddle) point in the flow.

Figure 2.16 shows the presence of a saddle point, in a phase-averaged streamline 

map of a two-dimensional je t th a t was computed from PIV data. It can be seen tha t 

a stagnation point exists at x /h  = 5, above which point the motion is always directed



2. 4. S y n t h e t i c  J e t  F o r m a t i o n
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Figure 2.16: Phase-averaged streamhne maps from PIV data; ip = 270°, /  =  300Hz, 

Reuo = 300, Lo/D = 29.1 [29]

downstream, while below the flow is directed towards the orifice. Saddle points have 

also been documented by Xu et al. [24] and Di Cicca and luso [26], with the latter 

reporting the existence of a saddle point for an instantaneous velocity vector field at 

x/h = 2. The saddle point only appears during the suction stroke with its position 

being dependent on the instant of the suction phase. The saddle point begins initially 

at the mouth of the orifice, but as suction proceeds, the point moves progressively 

downstream until it completely disappears, and so the cycle starts again. The presence 

of a saddle point in confined flow was reported by McGuinn et al. [67], who found 

that confinement significantly affects the location of the saddle point. As confinement 

is increased the saddle point can be seen to move closer to the orifice exit until it 

becomes undetectable due to the strong recirculation between the plate and orifice. It 

is thought that the maximum distance extended by the saddle point is related to the 

dimensionless stroke length L q/D,  and confinement H /D ,  however there appears to 

be limited research available on the exact nature of the relationship. Smith and Glezer 

[29] reported that it was possible to affect the symmetry of the flow that is transported
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towards the orifice during the suction stroke by extending one edge of the jet orifice in 

the downstream direction. This reduces intake confinement and moves the position of 

the saddle point closer to the orifice. Di Cicca and luso [26] also observed a decaying 

centreline velocity region in the near field; this was found to obey the law 1 /x ”*, for 

m 7̂  1.

2.4.6 Far Field Evolution
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Figure 2.17: (a) Non-dimensionalised and (b) Normalised profiles of axial velocity at 

X  = 60D for jets at Re  =  10'*. Continuous je t (O )) ZNMF jet (□), Gaussian distribu

tion (•••),  Hussein et al. (---- ) [23]

It has been reported by numerous authors th a t the far field of a synthetic jet is 

very similar in many ways to th a t of a continuous turbulent je t [68, 23], this can be 

seen in figure 2.17. Although the shape of the mean velocity profiles is similar to that 

of a continuous je t in the far field, the mean streamwise gradients and magnitudes 

can be significantly different. A study by Cater and Soria [23] presented much data 

comparing the flow field properties of both types of jets. It was dem onstrated that 

a round turbulent synthetic je t has a similar cross stream velocity distribution to 

th a t of a conventional continuous jet. Figure 2.17 (b) shows the same d a ta  as in 

2.17 (a), but normalised by the centerline velocity and the radial coordinate non- 

dimensionalised by the axial location rj = r / { x  — Xo), also known as the similarity
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variable. An identical spread rate was observed up to x  =  30Z), beyond which the 

authors observed a reduction in the spread of the continuous je t while th a t of the 

synthetic jet was maintained; this is reflected in figure 2.17 (6), where the synthetic 

jet velocity profile is shown to remain significantly wider than  th a t of the continuous 

jet. The rate of entrainment for a continuous je t was measured to be = 0.089 which 

taking testing conditions into account, was in reasonable agreement with a study by 

Hussein et al. [17] which obtained a value of =  0.08. This compares w ith the 

spread rate of the synthetic jet, = 0.107, which is over 33% larger. Muller et al. 

[61] reported th a t the rate of entrainm ent for a round synthetic je t was comparable to 

th a t of a conventional axisymmetric jet where

0155( 1 ) '  (2,20)

with Cm being the rate of entrainment. This behaviour differs from th a t found by 

Smith and Glezer [46] where the entrainment for a two dimensional synthetic je t was 

found to have a slope of Q oc significantly greater than th a t of the comparable 

continuous je t which had a slope of Q cx; Dimensional analysis of a synthetic jet 

using the principle of conservation of momentum leads us to expect a linear growth 

of the jet at a rate th a t depends on the jet Reynolds number. Also, a decrease in 

the centreline velocity with x~^ is expected, such th a t for a self-preserving jet the 

relationship for the centreline velocity becomes:

where Su is a decay constant, Uq is the area averaged orifice velocity, Ud is the 

centreline velocity and Xq is a velocity virtual origin^. D ata presented by Smith and 

Glezer [46] showed the evolution of the synthetic je t mean centreline velocity which 

progressed from zero at the orifice exit, to  a maximum as the fiow becomes fully devel-

^The virtual origin is the coordinate at which the jet width goes to zero using the approximated 

relationship.
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oped, and again reduced to zero as it degrades into a fully turbulent flow. It was found 

that this degradation to turbulence occurred at a distance of approximately x  =  25D, 

whereas it would be expected to be much farther downstream for an equivalent con

tinuous jet. In fact a synthetic jet velocity decay rate seven times larger than of a 

conventional jet was observed. This dramatic diff’erence in the rate of decay can be 

attributed to the nature of the flow, the intermittency of the synthetic jet flow means 

that it has a potential core of diminished velocity, unlike its continuous counterparts.
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Figure 2.18: Time-averaged centerline velocity versus downstream distance [22]

Smith and Swift [22] published an article detailing the differences between synthetic 

and continuous jets where numerous parameters were compared. Figure 2.18 depicts 

the mean streamwise evolution of the jet velocities. Although the velocity decay rates 

follow the typical —1/2 power law and not the x~^ as expressed by Cater and Soria 

[23] this may be attributed to the difference in flow produced between two dimensional 

and axisymmetric jets. It is noteworthy that the synthetic jets all begin transition well 

before the continuous jet, as early as x = Ah compared with x = lOh. Smith and Swift 

also measured each velocity profile a distance downstream where the centreline velocity 

Ud is half that of U (continuous jets) or Uq (synthetic jets). The velocity profiles of 

each jet were found to collapse onto a single curve for all cases. It was concluded 

that at these downstream distances the time-averaged features of the jets show little 

or no reflection of how the jets were generated. Smith and Swift also presented data
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Experimenters Jet type Geometry Re Spread rate db/ dx U I D

Cater & Soria [23] SJ round 10^ 0.107 150

Cater & Soria CJ round 10^ 0.092 N / A

Di Cicca & lusso [26] SJ round 1290 -  3400 0.098 23

Smith & Glezer [46] SJ 2D 104 -  489 0.194 5.3 -  25

Smith & Swift [22] SJ 2D 734 -  2200 0 .1 7 4 -0 .2 1 3 1 7 - 2 2

Smith & Swift CJ 2D 2200 0.125 N / A

Smith & Swift forced CJ 2D 2200 0.149 N / A

Table 2.1: Comparisons of spread rates for synthetic and continuous jets as obtained 

from experiments.

comparing the width of the je t versus downstream distance, in accordance with Cater 

and Soria [23]. It was noted th a t the spreading ra te  is larger for synthetic jets than  

for continuous jets, especially for those with large dimensionless stroke length. The 

authors concluded th a t as a result of the unsteady vortex formation at the synthetic 

jet origin the increased growth was due to greater entrainm ent and hence volume flux 

in the near field.

A table of experimentally measured spread rates for synthetic and continuous jets 

are presented in table 2.1. Cater and Soria [23] compared the spread rate of synthetic 

jets to th a t of continuous jets by presenting the evolution of the je t half-width as a 

function of axial distance dbfdx,  where b is the cross stream  half-width of the je t from 

the centre. It was found th a t the synthetic jet had a spread rate of db/dx  ~  0.107, 20% 

higher than  what they observed a continuous je t to  be; it was also noted th a t the spread 

rates for both  jets increased linearly up to x =  30D. Cater and Soria surmised tha t 

the reason th a t synthetic jets spread differently throughout the domain compared to 

equivalent continuous jets is down to structural differences present in the near field, the 

primary one being the differing mean stream wise velocity gradient. Di Cicca and luso 

[26] also present data  for a non-dimensional je t half width, but for a distance limited 

to X = 7D. Two regions, each of which were characterised by an almost constant rate 

of spread were clearly identifiable, with the first region extending up to a; =  3D at 

a db/dx  ~  0.017. The spreading rate for the secondary region was greater at 0.098, 

appeared constant and was almost independent of the Reynolds number. These values
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of jet growth rate seem to be quite similar to the typical value of steady turbulent jets 

{db/dx ~  0.1) and are in good agreement with the results reported by Cater and Soria 

[23] {db/dx = 0.096).
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Figure 2.19: Axial locations for the self-similariy of the half-velocity

Cater and Soria [23], Smith and Swift [22] and Xu et al. [24] have examined 

other aspects of synthetic jets and conventional continuous jets. While Cater and 

Soria compared jets from circular orifices, Smith and Swift compared jets from high- 

aspect-ratio rectangular slots. In all these cases, the authors found self-similar velocity 

profiles in the far field th a t were comparable to continuous jets. The majority of 

authors reported this self-similarity to  exist from x = lOD, however Di Cicca and luso 

[26] reported self-similarity for a distance as close as 4D. Xu et al. found th a t all 

velocity profiles beyond the location of the saddle point at x / D  > 2 coincide with 

each other and agree well with the self-similarity equation U/Umax = exp[—(F/Iq.s)^], 

where Y  and Yq  ̂ are the y coordinate values at which point the velocity is equal to 

the half of the centerline velocity at the same downstream section, i.e. the Y  and 

>0.5 locations where [/o.5 =  U/2\ as in figure 2.19. Agrawal et al. [69] undertook a 

similarity analysis of a planar synthetic jet in which a scahng relationship for self

similarity was developed. The governing equations proved to be much more involved 

for the synthetic je t compared to those of the continuous jet, revealing the difference 

in complexity. The results agreed favourably with previous literature and the authors
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went on to identify th a t the most fundamental characteristic differentiating the two 

types of jets is the inherently larger spreading rate of the synthetic jet. Agrawal et al. 

propose th a t the role of pressure in the self-similar region is negligible, a claim tha t 

has yet to be verified.

2.4 .7  Flow Control

Flow control can mean a number of different things, but as far as the application of 

the synthetic jet is concerned Gomes et al. [1] described it as: “the achievement of 

making a flow behave in a way that it would not ordinarily do so by the application 

o f a m inim um  amount o f energy or effort”. While the application of flow control 

does not have any direct relation to synthetic je t heat transfer, it is im portant to 

recognise th a t much of the research undertaken into the formation and evolution of 

the synthetic jet was m otivated by and completed with the objective of using the 

knowledge obtained to improve its performance in dynamic flow situations. Many 

authors in this field, including Nae [70] and Wu and Leschziner [51], have focused 

on numerical modeUing to capture the resulting synthetic je t flow field, results which 

have contributed significantly to  the understanding of how heat transfer processes 

may be affected by the flow generated. Other authors such as Jabbal and Zhong

[71] documented im portant flow characteristics which went previously unobserved by 

authors investigating heat transfer. It is for this reason tha t, although not directly 

related, it is im portant to review the literature available for synthetic jets in flow 

control apphcations.

There has been much interest particularly by the aerospace industry in the ap

plication of the synthetic je t for the delay and possible prevention of flow separation 

over aerofoils. It is believed th a t significant aerodynamic gains can be achieved in this 

way, and so, much research has been undertaken into the potential effectiveness of the 

synthetic jet. Research into this area only really began about the year 2000 when a 

number of authors looked at the operation of the je t in a simple crossflow. Crook et al.

[72] performed dye visualisation experiments and noted th a t the key factors governing 

the behaviour of the je t were both the ratio of je t velocity to  bulk flow velocity and
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also the separation distance between the vortex rings. Nae [70, 54] pioneered some 

early work in this field, although the author’s primary goal was concerned w ith estab

lishing the validation of employing numerical flow solvers to the problem. This was 

successfully accomplished, w ith Nae concluding th a t the simulations proved flow con

trol is possible using the synthetic jet actuator, and in fact an increase in aerodynamic 

stability can be achieved with higher actuator speeds.

Some early experimental work was undertaken by Lee et al. [73] looking a t the 

effect of operating a synthetic je t within a boundary layer. The authors found th a t the 

jet was most effective in disturbing the boundary layer when operated at the boundary 

layer’s natural instability frequency, which in this case was caused by the Tollmien- 

Schlichting^ wave, rather than  the frequency at which the jet produces the maximum 

velocity which was a significantly higher frequency. Further investigation into this 

phenomenon has recently been done by Ozawa et al. [74]; the investigations were 

mainly focused on the lower frequency range of the Tollmien-Schlichting instability, 

referred to previously by Lee et al. [73] as the natural instability frequency. Results 

obtained using large eddy simulation agreed with those of Lee et a l, suggesting th a t the 

forcing frequency had greater influence, however Ozawa et al. were able to a ttribute 

the increase in performance to  the effective elimination of the separation bubble.

Wu et al. [27] went on to expand the area of research to include th a t of the near field 

of two synthetic jets operating within a turbulent boundary layer. Results showed th a t 

there appeared to be two operational regimes. At low amplitude, pairs of closely spaced 

actuators were found to act independently with the net effect being linearly additive. 

Higher amplitudes showed th a t interactions were much stronger and produced notable 

distortion. The differences were a ttributed  to  the stronger pressure field produced by 

the higher amphtude, particularly in the suction phase. Results obtained using large 

eddy simulation by Wu and Leschziner [51] revealed th a t the separation upstream  of 

the jet was also prevented by the suction stroke as the entrainment of the high velocity 

fluid upstream  of the je t caused an acceleration in the flow. Wu and Leschziner also

Tollmien-Schlichting wave is caused by a disturbance to a viscous laminar channel flow in which 

the wave grows in amplitude due to the destabilising effects of the no-slip boundaries conditions and 

viscous effects in the bulk flow
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went on to state that the effectiveness of the jet does not depend specifically on the 

injection velocity, but, since the shear stress u'v' was found to be the main agency 

for momentum transfer effectiveness, was dependent on the abihty of the streamwise 

vortices to survive over a significant distance in the wake.
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Figure 2.20: (a) Close-up view of synthetic jet formation and roll up for (i) hairpin 

vortices, (ii) stretched vortex rings and (iii) distorted vortex rings (b) Parameter map 

of the different vortical structures seen as a result of the interaction between a synthetic 

jet and a boundary layer [71].

Jabbal and Zhong [71] performed dye visualisations for various synthetic jet to free 

stream velocity ratios, VR,  in which three distinct vortical structures were identified. 

Figure 2.20 shows the three different types of vortices formed and the relationship 

between velocity ratio VR  and Reynolds number. Hairpin vortices were observed to 

be formed at the lower end of both stroke length and velocity ratio. With an increase in 

both parameters the formation structure was observed to change to a stretched vortex 

ring. The upper limits of these parameters, above a velocity ratio V R  > 0.4, revealed 

what was described as a tilted and distorted vortex ring, a formation that seems to be

49



2 . 4 . S y n t h e t i c  J e t  F o r m a t i o n

dependent on velocity ratio rather than  either dimensionless stroke length or Reynolds 

number. Although the authors Bonnet et al. [75] came to similar conclusions, they 

went on to state th a t while a synthetic jet th a t perturbs the mixing layer is desirable, 

the velocity ratio of synthetic jet to the mixing layer should not be so big th a t the 

jet penetrates the mixing layer completely. It is worth noting tha t figure 2.20 {b) 

indicates th a t as the velocity ratio increases the stroke length required to form a vortex 

becomes less, indicated by the red boundary line between the “No Vortex” zone and 

the “Hairpin Vortex” zone. Extending this line down to  a velocity ratio Vi? =  0, i.e. 

a synthetic jet in quiescent fluid, results in an interception at LojD  = 2.6. While this 

research does not present results directly linked to heat transfer, the versatility of the 

synthetic je t and the fact th a t it can be implemented in a wide range of environments 

means these results may well have relevance; such environments may include therm al 

boundary layers or induced cross flows designed to enhance heat transfer.

The potential implementation of this technology to delay flow separation was looked 

at by Gomes et al. [32, 1]. In the first paper [32] the authors looked at optimising 

the piezoceramic diaphragm so as to achieve the maximum possible performance; a 

mean peak velocity of 130 m /s was obtained. The second paper [1] showed th a t it is 

possible to design a synthetic jet flow control system within the performance limits 

of an aircraft. The aircraft evaluated for potential cost-beneflts was an Airbus A321. 

The authors concluded th a t the lowest weight and power penalties were present when 

synthetic jets were implemented on the flaps of the aircraft. While the concept was 

validated no conclusion was arrived at as to whether or not the performance gains are 

greater than the system costs in terms of weight, power and fuel.

2.4.8 Energy Separation

Limited research has been undertaken into the occurrence and effect of instantaneous 

energy separation in steady jets and no reviewed papers to date have addressed this 

phenomenon in synthetic je t flows. A two part paper by Han and Goldstein [77] 

describes energy separation as the re-distribution of the to tal energy in a fluid flow 

without external work or heat so th a t some portion of the fluid has higher and another
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U2

hot cold high low

Figure 2.21: Schematic diagram of pressure and total temperature variation along path 

lines in a shear layer; colour denotes the total temperature, and thickness denotes the 

pressure [76]

portion has lower total energy (temperature) than the remaining fluid, hence having 

the potential to heat or cool a fluid without using a conventional heating or cooling 

system. A schematic diagram of this phenomenon describing pressure and temperature 

variation in the shear layer is depicted in figure 2.21. A study by Han and Goldstein 

used acoustic excitation at various frequencies as a method to enhance energy separa

tion in a free jet. It is understood that in flow through disturbed pressure fields which 

generate large-scale coherent vortical structures, such as jet flow or cylinder crossflows, 

pressure fluctuation is caused by moving vortices and is the dominant mechanism of 

energy separation; Han et al. [76] state that this is a much stronger process than that 

due to the shear work and heat conduction. Han and Goldstein [78] reported that 

with acoustic excitation to a free jet there was notable enlargement of the tempera

ture difference in the jet, indicating an increase in energy separation. The frequencies 

of dominant total temperature fluctuation unsurprisingly coincide with fluctuations 

in velocity, resulting from the shedding of vortices at a particular frequency. It was 

confirmed that this energy separation in a free jet was caused by the motion of these 

coherent vortical structures generating pressure fluctuations within the flow field. The 

authors observed a consistent intensification in the level of energy separation with 

active acoustic excitation, regardless of excitation frequency, but also noted that, in 

particular for Sr = 0.9, energy separation is greater in the region ID < y < 4D.

As the fundamental operation of the synthetic jet is dependent on the formation and
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Figure 2.22: Phase-averaged tem perature measurements in the Vortical Wake Flow of 

a Turbine Nozzle Cascade [79]

advection of large coherent vortices, it is reasonable to consider tha t energy separation 

may take place in the flow field of the synthetic jet; however the intensity level tha t 

might be expected is unknown. Significant effects of energy separation have been noted 

in other areas of fluid flow, especially for high velocity flows such as those experienced 

in aerospace applications. Thus, Carscallen et al. [79] reported significant energy 

separation occurring in a wake flow of a turbine nozzle cascade with increasing effects 

at high velocities; maximum separation was experienced at Mach 0.95 as can be seen in 

figure 2.22. These tem perature fluctuations were found to be a manifestation of Eckert- 

Weise® effect energy separation in the shed vortex street. Results showed th a t across 

the wide velocity range tested energy separation was only detectable from a Mach 

number of 0.4 upwards. Few, if any, synthetic jets researched have even approached 

velocities of this magnitude, with only applications of flow control reporting maximum 

velocities of approximately 130 m /s, (Mach 0.38) as described by Gomes et al. [1]. 

While energy separation may occur at and below these velocities, the effect on heat 

transfer is likely to  be neghgible for the operational range of a standard synthetic jet 

designed for a heat transfer application. Consequently, this topic will not be discussed 

further in this work.

®The Eckert-Weise effect occurs when temperatures are suppressed in the centre of the flow and 

discrete ’hot spots’ appear towards the edges of the wake flow
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2.5 Synthetic Jet Heat Transfer

As previously asserted, there is little research available that satisfactorily correlates the 

fluid flow with heat transfer between an impinging synthetic jet and a heated surface. 

Nevertheless, parameters such as geometric arrangement and novel implementations 

have been investigated and their influence on heat transfer has been reported. This 

section reports on such investigations of synthetic jet heat transfer. Data in this area 

have proven particularly difficult to compare due to the numerous different methods 

that authors have used to quantify synthetic jet operational parameters. The reporting 

of standardised parameters such as Reynolds number, dimensionless stroke length 

and Nusselt number has only been established within this area of research in recent 

years and it is quite common for previous literature to report in terms of parameters 

such as jet driving frequency, diaphragm displacement, heat transfer enhancement or 

relative temperature reduction. While Reynolds number is included commonly in the 

documented data in one form or another, the omission of stroke length in favour of 

frequency, a parameter which is more easily measureable, makes it difficult to assess the 

nature of the flow and hence draw comparisons between various studies. Nevertheless, 

an attem pt has been made and is presented in the following sections.

2.5.1 M otivation for N ovel C ooling System s

Zero-net-mass flux jets have many potential applications and uses in the field of heat 

transfer, specifically cooling; however the major area of interest recently has been 

their potential application in the cooling of electronics. Gunther et al. [80] presented 

a comprehensive paper which addresses both the current and future requirements of 

power dissipation in microprocessors. The authors report that the power dissipation of 

modern processors has been rapidly increasing along with increasing transistor count, 

density and clock frequencies. At the same time, there is a growing disparity between 

the maximum power consumption of a processor and the typical power consumed by 

that processor; i.e., power consumed while running typical applications. This dispar

ity has resulted in the necessity for the integrated thermal management systems to 

dissipate and redistribute very high heat fluxes intermittently, a requirement which
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continually threatens to exceed system limits. This is particularly important because, 

as chip power increases, there is a non-hnear relationship between the cooling capa

bilities and the cost of the solution as more complex configurations are implemented. 

Ranges of achievable heat transfer coefficients for various fluids can be seen in fig

ure 2.23, however any fluid other than air requires the implementation of relatively 

expensive hardware. This emphasises the importance of developing new methods of 

achieving the effective, high rates of cooling required by the industry while maintaining 

or even driving down the respective costs.
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Figure 2.23: Heat transfer coefficients attainable with natural convection, single-phase 

liquid forced convection and boiling for different coolants. [81]

In the past, advancement in microelectronic systems has developed in accordance 

with the well-known “Moore’s Law” [82] which states that processor speed will double 

every 18 months, however this must also be facilitated by the availability of adequate 

thermal management systems. In a review article by Bar-Cohen [10] it was noted that 

up to as recently as the late-1980’s air cooled modules provided cost-effective ther

mal packaging solutions for the electronics industry. Although the majority of high

Air I____________
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W ater
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performance electronics require some form of forced cooling, the “low-cost” product 

category, including disk drives, displays, micro-controllers, digital video and audio de

vices rarely go beyond reliance on buoyancy-induced natural circulation of air, however 

this is mainly due to cost considerations. Similar cost constraints severely limit the 

options for battery-operated hand-held products, including devices such as tablet PCs, 

smart phones and regular mobile phones; in these cases clever use of heat spreaders 

generally make it possible to cool the required 1-2W integrated circuits. In many cur

rent applications the fan-on-sink solution of chip cooling has already reached its limit 

and more expensive solutions have had to be implemented.

Embedded CPU

Value CPU

Mainstream CPU
MP Server CPU

Performance CPU
>$2000:

- i - -  <$150 

□  I □

—j , >$2501
$150-250] -----

20 55 100 160 280 600mm"

Figure 2.24; Cost and application of processor vs. die size for 45nm transistor archi

tecture [83].

Figure 2.24 shows how processor apphcation and cost varies with die size. Since 

the early 1990’s an annual publication has been issued by an independent international 

committee whose job it is to foresee the future requirements and limitations of the semi

conductor industry and also to set goals pertaining to such things as transistor den

sities and thermal design. In the most recent of these reports entitled “International 

Technology Roadmap For Semiconductors” [84] it has been identified that, with the 

continual surge in integrated circuit power consumption, the power requirements for 

high performance processors will rise above 161W to a projected maximum of 198W', 

this equates to a projected maximum heat flux of 92.5W/cni^ by the end of 2011; 

for a regular sized chip of 214mm^. The current maximum thermal design package 

for a commercially available processor stands at 150W for an Intel(c)Core^'^Extreme
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Processor QX9775. The upper Hmit of 198Ŵ  was not set by technological constraints; 

significantly, power will be limited more by system level cooling and test constraints 

rather than by packaging [85]. In recent years, to accommodate the power require

ments of high performance computing, manufacturers have had to continually increase 

processor die size from a standard of about SOmm  ̂ to dies as large as 596mm^; this 

effectively reduces heat flux density in an attempt to achieve more realistic opera

tional temperatures, however this has serious ramifications for the cost of manufacture. 

Larger dies require larger silicon wafers, the cost of obtaining larger wafers with suit

ably low defect levels increases disproportionately with size, as is highlighted by figure 

2.24. As such, to reduce costs there is a continual drive towards smaller die size and 

methods of achieving higher levels of heat dissipation. Consequently, improvements 

in thermal packaging technology are necessary. While the synthetic jet cannot be ex

pected to reach heat transfer rates near 90W/cm‘̂, these figures show the magnitude 

of the challenge facing engineers; serious consideration is required when implementing 

effective cooling solutions right across the range, from integrated microchips all the 

way up to multicore processors. Although the synthetic jet may not be the sole solu

tion, it is envisaged that, when implemented on various scales, and in conjunction with 

other technologies, synthetic jets can provide an efficient and highly effective method 

of local heat dissipation where required. To achieve this, optimisation is essential; this 

will only truly be possible once a greater understanding of the relationship between 

heat transfer, fluid temperature and the flow mechanisms is achieved.

2.5.2 H eat Transfer C haracteristics

When considering heat transfer to the synthetic jet there are a number of parameters 

of particular interest. Stagnation point heat transfer can be a parameter of great 

importance, as when implementing cooling technologies such as impinging jets the 

centre of the jet is commonly directed at a location which requires the greatest level 

of cooling. Although this may seem intuitive, it has been documented that for some 

configurations of continuous jets it may not coincide with the location of maximum 

heat transfer [4], which is also an important factor to consider when analysing the
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heat transfer characteristics of an impinging jet. Many investigations present a mean 

Nusselt number value for heat transfer. While this may give a good idea of the average 

performance of the jet, it lacks the detailed information about local heat transfer 

coefficients such as regions where heat transfer drops below a specific level and the 

presence of local maxima and minima. Such information can prove pertinent when 

it is necessary to obtain certain minimum levels of heat dissipation, especially when 

working within a hmiting thermal environment or packaging configuration.

150
—  H/D = 0.5 

X H/D = 2
^  H/D = 4
—  H/D = 6
— H/D = 8

100

r/D

Figure 2.25: Continuous jet heat transfer profiles, Re =  30000 [4]

Figure 2.25 shows local heat transfer profiles for a continuous jet of Reynolds 

number 30000 impinging normal to a heated surface at a number of axial spacings. 

At larger heights above the surface the peak heat transfer typically occurs at the je t’s 

geometric centre, or stagnation point. The trend has been described by Gillespie et al. 

[28] as Gaussian, where the heat transfer then goes into a steep decline monotonically or 

even exponentially with increasing radial position. This is what is intuitively expected 

for impinging jets and in general is the case. At lower spacings it is quite common 

to observe secondary peaks in heat transfer. Referring back to figure 2.1, as the 

potential core impinges upon the plate a high-pressure, low-turbulence, stagnation 

zone is formed, as this flow changes direction and travels along the wall a transition 

to turbulence is experienced, causing the observed secondary peak in heat transfer.
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Figure 2.26; Local Nusselt number distributions for a 2D synthetic jet; H/b =  3.6, 

Re  =  BIOS, 0 2 5 4 , A309, x367, #396 [28].

Figure 2.26 shows the radial variation in local Nusselt number for a two dimen

sional impinging synthetic jet for Reynolds numbers varying from 108 to 396, height 

above impingement surface of H/b  =  6 and dimensionless stroke lengths varying from 

Lq = 8.1^ to 10.36. While these radial profiles may look quite similar to those pro

duced by a conventional continuous je t at similar spacings, the factors influencing 

local Nusselt number are far more complex. For normal impingement, continuous jets 

have two primary driving parameters affecting the heat transfer profile, namely the 

Reynolds number and impingement height. Not only is heat transfer for a synthetic 

jet highly influenced by stroke length also, but confinement plays a much greater role 

than  in the case of the conventional jet. The very periodic nature of the synthetic jet 

means there are many influential factors interacting together when considering a heat 

transfer profile. Collectively, these not only change the magnitude of the profile but 

also aspects such as the slope, localised peaks and even the minimum heat transfer.

A number of studies have been undertaken into heat transfer to an impinging syn

thetic jet. Although certain trends are common to these studies, some inconsistencies 

in the reported findings highlight this need for further research into this area. Li and
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Source Jet type Instrumentation

(Ds  =  spatial resolution)

Re H /D Nu correlation in 

normalised form (Eq. 2.23)

Chaudhari 

e t  a l.  [44]

sharp orifice 
( R , C , T )

heater-average 

Ds ~  3.8D

11 5 0 -

4180

3 - 2 5 0 . 2 0 3 H e ^ J 9 2 p r O - 3 3 3 ( ^ / £ ) ) - O . 6 3

(+)

Chaudhari 

e t  a t.  [88]

sharp orifice
( 2 D , C , T )

heater-average 

Ds  ~  3.8D

9 5 0 -

4000

3 - 2 5 0 . 0 8 6 R e ^ ® 1 2 p ^ 0 . 3 3 3 ( ^ / £ ) ) - 0 , 5 6

(+)

Valiorgue 

e t  a l.  [89]

sharp orifice
( R , C , Q )

IR thermography 

Ds  ~  0.03D

5 0 0 -

2150

2 2 . 1 8 2 f l e ^ 3 2 p ^ o , 4

(for L o /H  >  2.5)

Persoons 

et al.  [90]

sharp orifice
( R . C , T )

const, temp, hot-filra 

Ds <  0.02D

5 0 0 -

1500

2 - 1 6 0.168He^68®Pr'>-4/(//) 

(for L o /H  >  2)

Table 2.2: Overview of stagnation Nusselt number correlations for a synthetic jet, im

pinging perpendicularly onto a flat surface. R =  axisymmetric, 2D =  two-dimensional, 

C =  confined, T  =  isothermal heating, Q =  constant heat flux + These correlations 

represent averages over an isothermal heater surface of about 40 x 40 mm^.  Table as 

from Persoons et al. [90].

Zhong [86] presented a study of the heat transfer characteristics of a round synthetic 

je t impinging normal to a surface which approximates a uniform wall flux boundary 

condition. It was found tha t, for a nozzle height above the plate of H / D  =  8, increas

ing the diaphragm oscillating amplitude (effectively increasing both Reynolds number 

and stroke length) increased the heat transfer to the jet at the geometric centre. Be

low this height there is a slight decrease in heat transfer for the same increments. Li 

and Zhong [86] also identified an optimal je t to surface spacing for this particular jet 

at H / D  =  14 for all diaphragm oscillation frequencies; streamwise velocity magnitude 

and power spectra da ta  presented in the paper suggest th a t this spacing corresponds 

to the streamwise location where the jet flow becomes fully turbulent. Similar findings 

have been well established for conventional continuous jets; for example, the authors 

Ashforth-Frost and Jam bunathan [87] stated  th a t the point of maximum heat transfer 

was observed to coincide with the end of the potential core, where the absolute tu rbu

lence level begins to  increase and to  compensate for the loss in axial momentum. For 

the synthetic jet, the transition to local turbulence is difficult to establish due to  its 

periodic nature. As such the development of new analytic techniques may be needed 

to identify more clearly the real onset of turbulence in the synthetic jet.

Black et al. [3] investigated a round synthetic je t using a heat transfer module
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which simulated the coohng required in electronic packages. It was found th a t the heat 

transfer effectiveness decreases at both small and large nozzle-to-surface distances, and 

tha t for their experimental setup an optimum spacing occurred near H / D  =  8, a result 

tha t disagrees with the finding of Li and Zhong [86], at H / D  — 14, but is in good 

agreement with the findings of a large number of other authors including Kercher et 

al. [6], Arik [33] and Pavlova and Amitay [8]. Black et al. stated  th a t at large spacing 

the decrease in heat transfer is related to  the decrease in the jet centreline velocity 

and to the reduced stagnation pressure at the centre of the impingement surface. This 

result was confirmed in the same year by Smith and Glezer [46] who observed th a t the 

jet mean centerline velocity increases until it reaches a local maximum at x j H  = 1 

and then decays monotonically. Black et al. found th a t at small H / D  there was 

a noticeable decrease in heat transfer, this was attribu ted  to  recirculation of warm 

fluid back into the synthetic jet; these results are in accordance with the findings of 

a number of authors [34, 6], with Kercher et al. [6] confirming this effect with smoke 

visualisations. While there is no clear reason why there is such variation in the H / D  

at which maximum heat transfer occurs, one possible reason for discrepancies may be 

a ttributed  to the type of therm al boundary conditions implemented in the tests, as 

McGuinn et al. [34] and Black et al. [3] used a constant wall tem perature impingement 

surface whereas Li and Zhong [86] used constant wall heat fiux (which may not suffer 

from therm al saturation to the same extent at lower axial spacing). Black et al. [3] 

concluded th a t synthetic jet modules are capable of providing localised cooling and also 

have great potential for the redistribution of heat within sealed enclosures. Kercher 

et al. [6] compared the heat transfer performance of both a single and a multi-orifice 

synthetic jet driven at resonant frequency to  th a t of various fan-and-sink combinations. 

Kercher et al. provide a qualitative comparison to conventional impinging je t flow by 

comparing heat transfer results to  previous studies into continuous jets. For single 

circular continuous air jet impingement Nusselt Number can be expressed by:

N u  DC Re^ (2.22)

where the characteristic exponent a =  f { r / D ,  H/ D)  is typically in the range from
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0.5 to 0.8 for conventional jets. For a synthetic jet when situated at the optimum 

height above the impingement surface, the characteristic component was found to 

be approximately 0.2. A table of experimentally acquired heat transfer correlations 

from Persoons et al. [90] is presented in table 2.2 where the original Nusselt number 

correlation is reoriented in the standard formulation:

Nuo = c R e ^ P r ^ { H ! D f (2.23)

where m, n  and p are correlation exponents extrapolated from experimental data. 

The findings of Persoons et al. [90] compare well with other synthetic je t studies 

by Chaudhari et al. [44, 88], particularly with the Reynolds exponent (m =  0.686) 

and at large axial spacing {Nuq c x  {H/ The  authors identify four heat 

transfer regimes dependent on stroke length and axial spacing with th a t of the largest 

stroke length generally providing the greatest level of heat transfer, although a local 

maximum is achieved a t a lower stroke length. The authors state  th a t operating at 

the inherently lower operational frequencies associated with some of the larger stroke 

lengths can prove inefficient for certain actuators with high resonant frequencies, as 

such it may be possible to take advantage of the local maxima experienced at a smaller 

stroke lengths.

Gillespie et al. [28] presented a paper on convective heat transfer to  an impinging 

synthetic je t w ith slot geometry in which three different regimes of near, interm ediate 

and far-field flow were presented. Similar results to those presented by Black et al. 

[3] and Kercher et al. [6] were found regarding re-ingestion of the flow in the near

field and diminished velocity in the far-field. In the intermediate-flow regime the 

increased je t velocity coupled with a more effective mixing with ambient air produced 

improved local heat transfer rates. Average Nusselt numbers were maximized when the 

dimensionless plate spacing was between 14 and 18; it is proposed th a t this deviation 

from the m ajority of literature is due to the slot geometry. As the jet evolves it has 

a tendency to converge along the y-axis with increasing distance from the slot exit, 

as can be seen in figure 2.27 (a), and diverge along the x-axis as in figure 2.27 {b).
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Figure 2.27: Time averaged velocity field and spanwise vorticity concentrations for a 

slot je t impinging at / /  =  205, Re = 400, L q = 9.966 [28],

As such the “focal point” where the je t has maximum centreline momentum appears 

at a greater dimensionless distance from the nozzle exit than  it does for a round 

orifice. Spectral analysis of the je t centreline velocity presented by Gillespie et al. [28] 

revealed the rapid evolution of small-scale motions within the jet, indicating strong 

mixing and producing high turbulence th a t results in therm al dissipation; these are 

key factors in applications required for small-scale heat removal from solid surfaces. 

Significantly, Gillespie et al. found th a t flow from the synthetic je t is fully turbulent 

even at Reynolds numbers far below the critical Reynolds number for steady jets and 

tha t the fully turbulent nature of the je t at low velocities can be exploited when 

small-scale heat transfer is desired.

The efiiciency and convective mechanism of cooling a constant heat flux surface 

by an impinging synthetic jet was investigated by Pavlova and Amitay [8] in a study 

which examined both  a high frequency of 1200Hz, and a low frequency of A20Hz. It 

was found th a t for a constant Reynolds number the higher frequency je t (and hence 

smaller stroke length) achieved greater heat transfer f o r 4 < i / / D < l l  before degrad

ing rapidly. In contrast, the lower frequency jet did not reach as high a peak in heat 

transfer, although it did m aintain its maximum level up to H / D  11. The authors 

state tha t this behaviour is related to  the wavelength of the coherent structures asso-
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dated  with the synthetic jets, i.e. the stroke length. When the synthetic jet is driven 

at the low operating frequency, the vortex rings impinge on the surface individually; 

thus, these large-scale coherent structures are responsible for the enhanced heat re

moval (compared to a continuous jet). At the high operating frequency, the vortex 

rings merge and break into smaller secondary structures before reaching the surface; 

hence, the heat removal is enhanced by mixing of smaller scale structures, this also 

results in the loss of momentum at greater heights above the plate. An investigation 

undertaken by Travnicek et al. [91] into impinging flow mass transfer for a novel annu

lar synthetic jet came to similar conclusions with respect to the eff'ect of frequency on 

jet flow. The authors found that at lower frequencies, the vortices generated by indi

vidual outflows retain their identity for a considerable distance. At higher frequencies, 

a rather rapid break-up of the vortices takes place. In most cases investigated, at low 

excitation frequencies, the flow field was dominated by a large recirculation bubble of 

a separated flow, originating at the annulus, and reaching up to the impingement wall. 

At the higher excitation frequencies, the character of the flow field was found to be 

different, the bubble collapsed into a relatively small one right at the nozzle body wall. 

The transition between these two types of fiow was attributed to what was described 

as a spectacular instability.

It is worth noting that in the investigation by Pavlova and Amitay [8] heat transfer 

to the synthetic jet was reported to be up to three times greater than that of the 

equivalent continuous jet; this finding is at odds with that of a number of other authors. 

Farrelly et al [7] undertook a comparison of local heat transfer characteristics between 

synthetic and steady jets at low nozzle to surface spacing. It was concluded that while 

the performance of the equivalent synthetic jet may approach that of a steady jet at 

some of the larger spacings tested, the synthetic je t’s performance suffered significantly 

at closer spacing due to fiuid recirculation caused by the high degree of confinement, 

an effect which was previously documented by McGuinn et al. [92].
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2.5.3 Local Fluid Tem perature M easurem ent

While the majority of studies undertaken into heat transfer to an impinging synthetic 

jet focus primarily on the effects of jet velocity and turbulence intensity, another very 

important parameter often overlooked is local fluid temperature. A common way of 

increasing heat transfer from a heated surface is to increase the velocity of the fluid 

flowing across that surface. Similarly, an equivalent increase in heat transfer can be 

achieved by increasing the temperature differential between the heated surface and the 

cooling fluid, with the converse of this also holding true. It is usually found that, for 

a fully developed jet, once the jet has impacted upon the surface there is a significant 

decrease in jet velocity with increasing radial distance; a corresponding decrease in 

heat transfer is also experienced. While this may well be an intuitive relationship, this 

decrease in heat transfer can also be attributed to an increase in the local temperature 

of the fluid. As heat is transferred from the surface to the fluid the temperature 

differential is also decreased, thereby reducing the potential for further heat transfer.

Although fluid temperature plays just as large a role in convective heat transfer 

as fluid velocity, few papers, if any have been published investigating the effect it has 

on heat transfer to the impinging synthetic jet; as such there is a need to obtain data 

revealing the extent of the influence that local fluid temperature has on heat transfer. 

Research into methods of obtaining high frequency, local air temperature measure

ments was conducted as far back as 1947 when Corrisin [93] published a thesis on what 

was referred to at that time as extended applications of hot-wire anemometry. Today 

this technique is better known as cold-wire anemometry and is described at length 

in section 5.9. Corrisin showed that the cold-wire technique was capable of acquiring 

local fluid temperature data with high temporal frequency and spatial resolution by 

applying the principles developed for the operation of hot-wires. Corrisin [93] went on 

to perform a detailed investigation of the flow in a slightly heated, round, turbulent 

air jet where it was found that the lateral rate of heat transfer in a turbulent shear 

flow was significantly greater than that of momentum transfer. The author also noted 

that, for the same jet, both velocity and temperature fluctuations were of the same 

order of magnitude. Torkelsson [94] presented a paper outlining the implementation of
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a type of resistance therm om eter for measurements of fluctuating and mean tem per

ature which was capable of operating in high gradient therm al boundary layers. The 

therm om eter was based on conventional cold-wire techniques and was implemented 

using a probe with three prongs bridged by two platinum -plated tungsten wires of 

different length. The advantage of this unique configuration was th a t the error caused 

by the tem perature difference between the tip  of the prongs and the gas was effectively 

reduced by an order of magnitude. However, a significant trade-off exists in tha t, at 

4.91mm in length, the probe is over twelve times the length of a standard moderen 

Dantec 55P31 tem perature probe, resulting in a tem perature reading averaged over a 

much larger area which may not be suitable for the type of small scale, high frequency 

tem perature fluctuations associated with small diam eter and high velocity jets. Han 

and Goldstein [78] also employed an alternative two-wire technique in order to mea

sure local fluid tem perature fluctuation caused by energy separation in a continuous 

jet. Two identical 5/xm diameter tungsten wires were operated parallel to one another, 

at a separation of 1mm and at two different overheats. By knowing the velocity of 

the flow and using King’s Law, outlined in section 5.5, the total tem perature of the 

flow was determined. Significantly, Han and Goldstein [78] were able to show th a t 

the dominant frequencies present in the tem perature fluctuation spectrum coincided 

with those in the velocity spectrum. Although this method was proven successful at 

measuring tem perature fluctuations in a free jet, its operation within a boundary layer 

for an impinging jet may prove difficult. Due to the large velocity gradients present 

within a boundary layer it would be incorrect to assume th a t both probes experience 

the same velocity; as such, fluid tem perature cannot be calculated using this method.

A number of other authors including Burattini and Djenidi [95] and Drobniak et 

al. [96] have combined both local fluid velocity and tem perature measurements to  aide 

with the analysis of jet flow. Both authors implemented constant current anemom- 

etry in conjunction with a fine metal wire to obtain tem perature measurements and 

three component hot-wire anemometry to obtain velocity measurements. B urattini 

and Djenidi [95] used a custom made Wollaston wire^ to measure tem perature; veloc-

^The Wollaston wire was invented in the 19th century. Consisting of a very fine silver coated 

platinum wire less than 0.01mm in diameter it is manufactured by drawing it through successively
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ity was measured using two hot-wire probes, one single and one dual element, with 

the dual being of x-wire configuration to measure flow velocity in U and V direc

tions. These instruments were used in the analysis of a heated, free, round jet with 

obstructing grids at the nozzle exit. Mean and fluctuating temperature data were 

used to analyse the behaviour of the jet; temperature spectra revealed a —5/3 slope 

indicating viscous dissipation present due to turbulent flow. These temperature data 

are relevant in revealing the actual interaction and mixing of the heated and ambient 

fluids and hold relevance in the context of the spreading of contaminants. Drobniak et 

al. used a commercially available Dantec P31 probe, similar to the one used in 

the present work, to obtain local temperature data; a triple-wire gold-plated Dantec 

55P91 probe was also used to acquire velocity data. This setup resulted in a spherical 

measurement volume occupied by the wires of approximately 2mm  in diameter. This 

setup was implemented in a free, round jet, heated to 40°C above ambient temper

ature. Signiflcantly, the author concluded that although there was a mutual phase 

relation between the velocity and temperature data for both oscillatory and random 

components, the intensification of radial heat transport was much greater, especially 

within the area dominated by the coherent motion. This was not found to be the case 

for the longitudinal direction, where no significant changes in the presence of coherent 

structures were found.

Heist and Castro [97] described a technique for determining turbulent heat flux in 

flows with high levels of turbulence and temperature fluctuation using a combination of 

three component LDA and a bfim cold-wire anemometer. Experiments were performed 

within a heated, turbulent boundary layer where it was found that no limitations were 

imposed by high turbulence intensity or instantaneous flow reversals which commonly 

prove problematic in such a setup. To minimise the effects of spatial separation and 

blockage of the cold-wire it was concluded that separation distance between the cold- 

wire and the LDA measuring volume should be below about seven Kolmogorov^ length 

scales.

smaller dies. For most uses the silver cladding is etched away leaving the platinum core exposed.
®The Kolmogorov scale is a measure of the smallest eddies that are present in a turbulent flow at

high Reynolds number.
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There is very h ttle  research available documenting local fluid tem peratures for im

pinging flows, however there are a number of papers which present results combining 

both local fluid tem perature and heat transfer. Both Rydholm [98] and Jovanovic et al. 

[99] presented papers documenting the ejection of jets from a hole in a planar surface 

into crossflows of a diflFerent tem perature. In the paper by Rydholm [98] local mean 

fluid tem perature measurements were used to document the difference in position be

tween the velocity wake of the jet, measured by LDA, and the actual core position, 

measured by a high precision thermocouple. Rydholm observed th a t a greater heat 

transfer m agnitude is present farther downstream of the je t due to  reduced tu rbu

lence; this lower level of turbulence reduced mixing allowing the cooler core maintain 

coherence to a greater distance from the orifice, resulting in the cooler fluid effecting 

a greater level of heat transfer due to  the larger tem perature differential. Jovanovic et 

al. [99] observed a similar phenomenon. Using liquid crystals to obtain heat transfer 

measurements from the planar surface in crossflow in combination with PIV measure

ments and local tem perature measurements acquired using a thermometer, Jovanovic 

et al. showed th a t increased turbulence resulting from hole imperfections resulted in 

lower local heat transfer, but higher overall heat transfer was observed due to the mix

ing of the jet with the ambient fluid. Both papers stop short of taking fluctuating heat 

transfer measurements, however it is likely they would contribute greatly to the overall 

understanding of the type of flow mechanisms involved in heat transfer. None of the 

papers reviewed here provide time-resolved or simultaneously acquired velocity and 

tem perature d a ta  for impinging flows, let alone include local heat flux measurements. 

As such, there is a real need to investigate more closely the cause and effect between 

local surface heat transfer and the local fluid velocity and tem perature to  which it is 

attributed.

2.5.4 Orifice G eom etry Effects on Synthetic Jet H eat Trans

fer

Although the performance of different types of oriflce geometry has been researched 

and documented, it is still the case th a t little information is available comparing the
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influence of these geometries on the resulting heat transfer. Throughout the vast quan

tity  of literature published on synthetic jets there are two dominant types of orifice 

geometries; circular with varying diameter D, and rectangular or slot, with varying 

aspect ratio b : w, where b and w are slot length and width respectively. One recent pa

per by Chaudhari et al. [44] investigates the effect of orifice geometry on heat transfer 

from a heated surface. Both circular and rectangular orifices with various aspect ratios 

and identical hydraulic diameters are investigated. Significantly, for H  > bD  a square 

geometry outperforms the equivalent circular and rectangular geometry, however for 

closer spacing a rectangular orifice of aspect ratio 3 < b/w < 5 outperforms all others. 

It is proposed th a t the increased performance of the square geometry compared to 

th a t of the circular nozzle at high axial spacing is down to the larger entrainm ent 

rate resulting in a significant increase in the mass flux at the same distance from the 

nozzle. The effect of square vs. circular geometry was numerically modelled by Wu 

and Leschziner [51]. Although no heat transfer data  were presented it was shown th a t 

a square jet of the same hydraulic diam eter produced significantly higher levels of 

turbulence due to the increased straining at the corners of the orifice; this might also 

contribute to the increase in heat transfer observed by Chaudhari et al. [44]. It might 

be expected th a t this effect should be enhanced with an increase in aspect ratio, but 

this is not necessarily the case. Chaudhari et al. surmise tha t while the slot shaped 

orifices can achieve a higher degree of heat transfer at low axial distances, due to  the 

larger entrainment rate, the vortex pair from a rectangular orifice is less stable than 

th a t of a square or circular vortex. Thus, breakdown occurs much sooner than  for 

the other geometries resulting in a loss of momentum and a drop in performance at 

smaller axial distances than  for circular nozzles.

A number of more unusual types of orifice geometries have been investigated by 

other authors. Travnicek and Tesar [13] tested the heat transfer performance of an an

nular impinging synthetic je t for a fixed power input and across a range of frequencies. 

As both Reynolds number and stroke length are highly dependent on the frequency 

response of the acoustic speaker used to  drive the je t and also on the chamber ge

ometry, it is likely th a t both  param eters varied significantly across the testing range. 

Two distinct types of flow resulting in contrasting heat transfer proflles were identi-
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fied. The first type of flow appeared at the lower driving frequency which consisted 

of relatively large stroke lengths; this flow impinged on the surface and produced, as 

expected, two peaks in heat transfer consistent with the annular geometry. Smoke 

visualisations identified a small recirculation bubble right at the nozzle body wall. At 

the higher driving frequencies and low impingement height the heat transfer profile 

was significantly different, with a single peak occurring at the centre. The authors 

suggest th a t the change in flow structure and in heat transfer characteristics is asso

ciated with stability, bistability and hysteretic behaviour. Travnicek et al. went on to 

investigate a further, more complex nozzle in a two part paper [91, 100]. This system 

consists of a combined central and annular nozzle which operates on both actuation 

strokes, effectively achieving twice the fluid displacement for the same work input. 

Although no heat transfer evaluation was reported it was concluded th a t at large axial 

distance the jet performance was comparable to th a t of a conventional fully developed 

turbulent jet.

2.5.5 N ovel A pplications

While a vast amount of research has been published on the synthetic jet, only a small 

minority of it is related directly to the analysis of heat transfer and the mechanisms by 

which it is effected. The m ajority of papers investigating heat transfer address unique 

implementations, many with a particular application in mind, and assess them  on their 

own merits. A number of authors have investigated the integration of synthetic jets into 

heat sinks in order to increase their performance, these authors include Mahalingam 

et al. [101, 102], Beratlis and Smith [103] and Gerty et al. [104], Many of these 

papers boast impressive results and show th a t synthetic jets have a promising future 

in the cooling of electronics. In fact Mahalingam et al. [102] showed th a t with the 

combined use of both a synthetic je t and fan on a heat sink, a very significant reduction 

in ambient noise is achievable while effecting the same level of heat transfer; similar 

results were arrived at by Campbell et al. [11] for a combined setup. These results 

are without doubt im portant in proving the technology in real life apphcations, but 

do not elucidate the fundamental nature of the je t ’s performance. Other authors such
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as Kercher et al. [6], Black et al. [3] and Wang et al. [105, 106] integrated the 

synthetic je t directly onto the circuit board. Again these papers may validate the 

potential apphcation of the jet but many of them  are merely optimising one particular 

je t in a specialised application. It is for this reason th a t the synthetic jet needs to  be 

investigated in universal terms; a fundamental understanding needs to be achieved so 

th a t it can be optimised before implementation in any potential application.

Pavlova et al. [31] used a synthetic jet with a slot geometry operated at a 30° angle 

at the side of an atomised spray to control the spray behaviour so as to obtain flow 

vectoring. While the exact flow from the angled synthetic jet was not documented it 

was shown to be successful at significantly altering the vector of the atomised spray. 

Ritchie et a l [107] investigated a similar apphcation where nine circumferentially 

placed synthetic jets were used to enhance mixing in a continuous coaxial jet. This 

application proved highly eff'ective in m anipulating both the inner and outer mixing 

layers of the annulus.

2.6 A nalytical Techniques

Many different analytic, decompositional and interpretive techniques have been em

ployed over the years in the pursuit of gaining a better understanding into the fun

damental mechanisms which govern the operation of the synthetic jet. There is a 

continual requirement to both update current methods and develop new techniques 

in order to analyse and interpret the vast amounts of data  commonly recorded. As 

technology has advanced, new experimental instrum entation and computational pro

cessing power have delivered increasingly sophisticated computational fluid dynamics 

software, and more accurate, higher resolution, experimental data. Extraction of the 

relevant information and trends can prove quite challenging; as such, the selection of a 

suitable method of analysis can reveal information th a t may otherwise remain unseen.



2 . 6 . A n a l y t i c a l  T e c h n i q u e s

2.6.1 Spectral A nalysis

The main purpose of spectral analysis is to break a discrete-time signal down into 

its component frequencies and estimate the signal power distributed throughout the 

spectrum. Spectral analysis and correlation techniques were originally developed to 

help with the interpretation of recorded signals so as to provide insight into the sys

tems that generate them. These methods have been employed across a wide range 

of disciplines including communications, geophysics, medicine and vibration analysis. 

The most efficient method of applying spectral analysis is through the use of the fast 

Fourier transform (FFT). First used by Gauss in 1805 [108] the FFT was rediscov

ered in the 1960s by Cooley and Tukey [109], and since then has seen widespread use 

throughout the scientific community.

The very first use of spectrum analysis in the field of synthetic jets was by the 

pioneers of the synthetic jet, Ingard and Ising [36]. The authors presented a spectrum 

of the pressure wave transmitted through the orifice plate. It was noted that while 

the fundamental excitation frequency was the dominant harmonic, there were also 

overtones present, predominantly of odd order. The presence of these harmonics was 

attributed to the non-linearity of the orifice. Although an oscillating pressure gradient 

of specific frequency is fundamentally required for the formation of a synthetic jet, it is 

the case that since this initial publication, spectral analysis has played a surprisingly 

minor role in the analysis of the synthetic jet.

Using measurements acquired with laser Doppler anemometry (LDA) James et al. 

[57] presented spectra for the centreline velocity of a round turbulent jet produced 

by an oscillating diaphragm at one diameter from the orifice. Spectral peaks were 

observed at integer orders to the driving frequency, similar to those seen in the pressure 

measurements by Ingard and Ising. Unusually, James et al also documented a sub 

harmonic, below the excitation frequency; this was attributed to the coupling of the 

natural resonant frequency of the diaphragm and the third harmonic of the excitation 

frequency. This phenomenon has not been observed in any other literature to date. 

Smith and Glezer [46] also presented spectra of jet centerline velocity for a free two 

dimensional synthetic jet acquired using hot-wire anemometry, seen in figure 2.28.
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Figure 2.28; Power spectra of the centerhne velocity for a free two dimensional syn

thetic jet. Each curve is successively displaced 7 decades; (a) x/b  =  5.9, (b) x/b  =  19.7, 

(c) x / D  = 177.2; Reu^ =  383, Lq =  10.16. [46]

Near the jet exit, 2.28 (a), the spectrum is once again dominated by the excitation 

frequency of the vortex pairs and its higher harmonics; unhke the jet investigated 

by James et al. no frequency peaks below that of the fundamental frequency are 

evident across any axial spacings, although it is quite evident that with increasing 

axial distance a significant increase in this spectral band occurs; this is indicative 

of the development of the jet flow and a decay of the vortex pairs. This decay is 

also confirmed by the rapid attenuation of the spectral peaks and a reduction in 

the total turbulent kinetic energy. Smith and Glezer [46] argue that following the 

time harmonic formation of discrete vortex pairs, a transfer of energy occurs from
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these large scale structures, resulting in a developed flow through coalescence. The 

mean flow cascades down to smaller scales, and hence higher frequencies, at which 

dissipation ultim ately occurs; a similar conclusion was also arrived at by Gillespie et 

al. [28]. A slope of approximately —5/3 evident in flgures 2.28 (6) and (c), suggests 

the presence of an inertial subrange^ which is limited by the low Reynolds number 

of the flow, this has been observed by a number of other authors, [30, 37]. Similar 

results were presented by Li and Zhong [86] bu t for an impinging synthetic jet; like 

the free jet, results also showed the attenuation of the je t harmonics with increasing 

axial distance. While the same transfer of energy from the driving frequency to lower 

frequencies was clearly visible, the results differed to  those of Smith and Glezer [46] in 

th a t there were no discernable peaks at the formation frequency beyond H /D  =  10, 

whereas figure 2.28 (c) shows remnants of the excitation frequency at x  = 177.2D. 

This rapid attenuation of the driving frequency experienced by Li and Zhong [86] may 

well be as a result of the deceleration and subsequent degradation of the flow caused 

by the immediate presence of the impingement surface. The authors conclude tha t a 

fully turbulent flow is established when the jet loses its periodicity, and both the peak, 

and mean, velocity are almost identical at the same location. Gillespie et al. [28] 

also presented velocity spectra at various axial distances; results showed th a t similar 

trends to those mentioned above were present. Gillespie et al. [28] note that, with the 

spectral decay experienced at the formation frequency and its harmonics, an increase 

in the m agnitude of broadband high frequency components is evident, manifesting in 

a slope of —5/3. This indicates both viscous dissipation and a greater level of small 

scale mixing, producing the type of flow which is ideal for therm al dissipation and 

heat removal from solid surfaces.

More recently the authors Tesar and Kordik [110] undertook an investigation into 

the character and structure of a free synthetic je t which employed spectral analysis as

^Inertial subrange refers to an intermediate range of turbulent scales or wavelengths that is smaller 

than the primary energy-containing eddies, but larger than the viscous eddies. In the inertial sub

range, the net energy coming from the energy-containing eddies is in equilibrium with the net energy 

cascading to smaller eddies where it is dissipated. Thus the slope of the energy spectrum in this 

range remains constant.
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the primary investigative technique. A definite change in the character of the velocity 

spectra confirmed the existence of a phenomenon which was observed to  occur at 

the axial distance of 50 diameters from the je t exit. The phenomenon identified a 

change in the frequency spectra as the flow transitioned from a regime dom inated by 

coherent vortical structures into one dominated by stochastic turbulence. Although no 

operational stroke length was reported the authors stated tha t a jet 4mm in diameter 

was operating at a Reynolds number Reu^ = 2920 and frequency of f  — 30Hz,  as such 

the stroke length can be calculated at L q =  42D which is generally considered to  be 

quite large. The authors do not go on to validate their findings at other operational 

parameters but do state th a t it is necessary to perform additional investigations under 

different conditions to gain confidence in these findings.

No authors reviewed in this thesis have presented spectra of surface heat flux, 

this may be due to the difficulty in implementing instrum entation with sufficiently 

high spatial resolution and frequency required to perform such measurements. Con

sequently, there are no known spectral heat flux data  present for the synthetic jet. 

Scholten and Murray [111] did, however, present time-resolved, simultaneous, heat 

transfer and velocity da ta  for a staggered tube array. Suitably high frequency heat flux 

da ta  {3200Hz) was measured using a hot-fllm sensor in conjunction with a constant 

tem perature anemometer (CTA) while the velocity measurements were obtained with 

laser Doppler anemometry (LDA). Significantly, both heat flux and velocity signals 

showed peaks at the same frequencies corresponding to vortex shedding; good corre

lation between the heat flux and velocity was found at these frequencies. O ’Donovan 

and Murray [112] also presented simultaneous heat transfer and velocity data, but for 

an obliquely impinging continuous air jet. The authors showed th a t good correlation 

existed between velocity and heat flux, more so for velocity normal to the impinge

ment surface than  for radial velocity. Maximum coherence was consistently observed 

at frequencies corresponding to vortex rollup and vortex pairing.
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(a) POD reconstruction of the instantaneous 

velocity in a mixing layer for (i) the first 

POD mode, (ii) the first two POD modes 

and (iii) the first three POD modes [113].

(b) POD reconstruction of the spectrum in 

the mixing layer for the first five POD modes 

[113].

Figure 2.29; POD reconstruction of time-resolved velocity data and velocity spectra 

for a free continuous jet; x / D  = 3, r / D  = 0.54, Re =  80000

2.6.2 Proper O rthogonal D ecom position

Proper orthogonal decomposition (POD) also known as Karhunen Loeve expansion and 

principal components analysis is a form of low order modelling which has its origins 

in signal processing. It has been used for a wide variety of applications from thermal 

chemical processing to derivation of reduced-order dynamical models. Currently POD 

is most commonly used in the analysis of fluid flows measured by PIV. While the 

mathematics behind POD prove to be quite complex the objective is to seek out and 

isolate most energetic fluctuations in a vector field. This is achieved by defining the 

proper orthogonally decomposed basis functions, t), by the maximisation of their 

normalised mean-square projection on the velocity vector:
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2 . 6 . A n a l y t i c a l  T e c h n i q u e s

(2.24)
f  ( f i i (x, t )(pf(x, t )dxdt

where the curly brackets represent resemble averaging and * complex conjugation. 

By normalising the projection in this way any amphtude dependence on the resulting 

function is eliminated, thereby emphasising the degree of the projection. The calculus 

of variations is used to maximise A with the result being a type of Fredholm integral 

eigenvalue equation:

where the symmetric kernel of this equation is the two point correlation tensor:

For problems such as vector fields which can be considered statistically inhomoge- 

neous fields containing finite total energy the solution to equation 2.24 is governed by 

the eigenfunction expansion theorem, also know’n as the Hilbert-Schmidt theorem of 

linear integral equations.

By implementing these equations time resolved POD enables the breakdown, or 

decomposition, of the fiow field by isolating, in decreasing order of magnitude, the 

most energetic, coherent structures. As a result it is possible to decouple the small- 

scale turbulence, commonly hidden in mixing layers and periodic flows, from large- 

scale vortical structures and their spatial and temporal evolution. Traditionally, the 

acquisition frequencies of most PIV systems have not been large enough to resolve the 

temporal evolution of the flow structures required to effectively employ POD; ideally 

the acquisition frequency should be in the kilohertz range. This is especially true for 

fine-scale turbulence, which typically exists on a much smaller spatial and temporal 

scale than traditional PIV systems can accommodate. In the past number of years 

both PIV hardware and POD analysis techniques have advanced to a stage where both 

can operate on a complimentary level.

While POD can be a very powerful analysis tool when implemented correctly, it 

is still an interpretive technique to be used at the discretion of the author to help

J  Ri j { x ,  x', t, t') =  ipj{x', t')dx'dt' =  X5i{x, t) (2.25)

(2.26)



2 . 6. A n a l y t i c a l  T e c h n i q u e s

POD mode Mode energy (%) Summed energy (%)

1 68.5 68.5

2 14.4 82.9

3 10.3 93.2

4 2.8 96.0

5 3.6 99.6

Table 2.3: Percentage of energy contained in the first five radial POD modes from 

a single position in the mixing layer of a free continuous jet; x / D  = 3, r / D  =  0.54, 

Re = 80000 [113].

reveal the flow mechanisms present in the flow field. The energy content of each 

mode can vary greatly depending on the type of data analysed. Although POD has 

been employed very little in the analysis of synthetic jets, a number of authors have 

used it for control and simulation [114, 115, 116]. It was found that as few as 4 or 5 

principal modes can accurately describe the response of synthetic jet flows. POD has 

been widely used to great effect over the years in the analysis of regular continuous 

jets and has proved very successful at separating fluctuations in shear layers and 

turbulence from the mean flow [117, 118, 119]. The authors Citriniti and George 

[113] used POD as the primary investigative tool while analysing the mixing layer 

of a round continuous jet. In this paper, data acquired using an array of hot-wires 

was used to characterise fluid velocity at three diameters from the nozzle exit. There 

are two techniques used by these authors of particular relevance to synthetic jets, 

namely time-resolved velocity reconstruction and spectral reconstruction. Figure 2.29 

(a) shows how powerful POD can be at capturing the most energetic parts of the 

flow with few modes; the corresponding energy levels for each mode are presented 

in table 2.3. Looking at flgure 2.29 (a) (i) it can be seen that reconstruction with 

just one mode can approximate the most signiflcant and coherent features of the 

flow very well. Translated into the frequency spectrum, figure 2.29 (b), the power of 

POD is equally impressive, with the most dominant frequencies being, by and large, 

accounted for by the second mode. The majority of the higher frequencies associated 

with more turbulent, small-scale fluctuations in the flow can be seen to be accounted 

for in the third mode, at which stage a flow energy approximation of 96.0% has been

77



2.7. C o n c l u s i o n

achieved. For a synthetic jet, it can prove difficult to  separate turbulent fluctuation 

from coherent periodicity; it is for this reason th a t the type of deconstructive analysis 

provided by POD can prove highly suitable and effective in the analysis of the flow 

field. As was seen above, POD may provide a means of decouphng the periodicity and 

coherent vortices produced by the synthetic jet from the genuine small-scale mixing 

subsequently produced by the je t’s degradation to turbulence.

2.7 Conclusion

This literature review has so far highlighted the necessity for further research to be 

undertaken into the heat transfer characteristics of the synthetic air jet. A number 

of factors may have great influence on the heat transfer performance of the jet, in 

particular Reynolds number and dimensionless stroke length. While most types of 

jets use the sole param eter of velocity, and hence Reynolds number, to help describe 

the state of the fluid flow upon ejection, the synthetic jet is quite different in tha t 

it is a reciprocating flow by its very nature operating at a specific driving frequency. 

This fact has resulted in many authors reporting synthetic jet operational parameters 

in terms of frequency and velocity. While these parameters are perfectly valid and 

easily measureable they provide no direct indication as to what the dimensionless 

stroke length, L q / D ,  of the jet is, a param eter which has significant importance in the 

formation and evolution of the synthetic jet. This param eter has been shown to be 

neglected throughout literature; it is the fundamental param eter which characterises 

the operation of the synthetic jet therefore it is necessary to document how the flow 

field is aff'ected and what this means for the corresponding impingement heat transfer. 

There are a number of experimental methods and analytic techniques which have 

been used by previous authors, which have shown significant merit. However, it is 

believed th a t further investigation has the potential to reveal far more information 

about the operational mechanisms of the synthetic jet and its respective flow and heat 

transfer regimes. In particular, the simultaneous measurement of local heat flux, fluid 

velocity and fluid tem perature, together with flow visualisation and time averaged heat 

flux measurements can provide greater insight into the mechanisms which affect heat



transfer
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Chapter 3 

Experim ental Considerations and 

Techniques

Much research has been carried out in the area of jet impingement heat transfer and 

many different experimental setups have been designed. In an attem pt to characterise 

the heat transfer to an impinging synthetic jet the following parameters have been 

varied and extensively tested:

• Distance between jet exit and impact surface, H / D

•  Dimensionless stroke length, Lq/ D

•  Reynolds number, Re

3.0.1 D esign o f A pparatus

The experimental apparatus is designed so that all the required test parameters are 

variable. In some investigations, the experimental apparatus is required to simulate 

the specific application by which the research is motivated. In general, however, the 

motivation for any jet cooling study is the enhancement of heat transfer to or from an 

impinging jet. The following geometric design variables have been considered to that 

end.
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3.0.1.1 N ozzle D esign

Nozzle design is possibly one of the most im portant aspects of rig design for synthetic 

jet investigations. The nozzle geometry influences jet formation, cavity resonance 

frequency and the jet flow condition. All of these can have a great influence on the 

local and area averaged heat transfer. It is for these reasons th a t such a wide variety 

of nozzle geometries and designs have been employed in heat transfer studies.

The majority of investigations undertaken into synthetic jets concern je t formation 

and flow characteristics, as such nearly all d a ta  reported is for the case of a synthetic 

jet formed with a cavity and orifice. Investigations have typically concerned themselves 

with two types of orifices; the more common type is the circular cross-section with this 

type of nozzle being investigated by many researchers including, Smith and Swift [21], 

Gordon and Soria [45] and Travnicek and Tesar et al. [13]. The other type of exit 

geometry most commonly investigated is th a t of the asymmetric slot je t also known 

as a two dimensional jet; due to their large aspect ratio these may be more suited 

to certain applications, and substantial research has been undertaken by Glezer and 

Amitay [9], Holman et al. [20] and Gillespie et al. [28] among others.

Jet arrays have also been investigated by several researchers including Wu and 

Breuer [27], Chaniotis et al. [2] and Campbell et al. [11]. Here the jet flows may 

interact with each other before impingement and result in a highly complicated flow 

structure as well as complex heat transfer proflles. Various jet arrangements have 

been studied, from a simple inline jet pair by Chaniotis et al. [2] to the more complex 

arrangement of five orifices in one plate presented by Campbell et al. [11].

3.0.1.2 Im pingem ent Surface

Several methods have been implemented to  achieve the required therm al boundary 

conditions. The design of the impingement surface is highly dependent on the bound

ary condition as the impact plate is usually a composite of test surface, heat transfer 

measurement instrum entation, heat source and insulation.

There are two standard therm al boundary conditions for convective heat transfer 

measurements, namely Uniform Wall Temperature (UWT) and Uniform Wall Flux



(UWF) boundary conditions. The choice of boundary condition for a given study is 

determined largely by the application for which the study is being conducted. Thus, 

in a study by Chaniotis et al. [2], the cooling of electronic components was simulated 

by a uniform wall flux boundary condition.

In an attem pt to achieve a UWT boundary condition one m ethod employed by 

Papel [120] was to  have a test cylinder consisting largely of a thick-walled copper 

tube; it is essential to use materials with high therm al conductivity such as copper to 

achieve as uniform a tem perature as possible. It is necessary to provide a constant 

therm al input to achieve the heating required for the UWT, the use of resistance 

heaters is quite common, while Papel used thermofoil heaters adhered to the copper 

tubing. Others have striven for a boundary condition of uniform wall flux; Gillespie 

et al. [28] and others have been satisfied th a t they achieved this by the use of a thin, 

stainless steel heating foil as the impingement surface.

It is often the case th a t while an investigator may strive for an ideal boundary 

condition, m aterial constraints dictate a fully uniform wall flux or tem perature is not 

realistically achievable under experimental conditions. However, for the purposes of 

heat transfer investigation it is reasonable to say th a t many experimental setups come 

close enough to the desired conditions to justify approximation; in reahty the boundary 

condition achieved will lie somewhere between th a t of UWF and UWT.

The impingement plate is, in its simplest form, flat with little surface roughness. 

Geometry of the impingement plate however does tend to vary signiflcantly from in

vestigation to investigation. These include mosaic surfaces to  simulate electronic com

ponents mounted on circuit boards, as used by Black et al. [3], to a je t impinging on 

a surface with a shallow cavern of sharp edges to investigate the effect on secondary 

and tertiary  vortex formation, Tchavdarov [121].

3.0 .1 .3  C onfinem ent

The degree of confinement of the jet flow is an experimental param eter th a t warrants 

investigation, because many of the applications th a t motivate synthetic je t research 

are confined to some extent. The most common example of this is synthetic jet im

pingement cooling of electronic components th a t are confined within the casing of
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a computer or other electronic device. Two degrees of confinement are commonly 

investigated, these are illustrated in figure 3.1.

Figure 3.1: Schematic of semi-confined impinging jet (left) and unconfined impinging 

jet (right).

If a channel is formed between the nozzle plate and the impacting surfaces this 

is termed semi-confinement. An aspect ratio for a semi confined jet is defined as the 

length, or diameter, of the plate to  the diameter of the nozzle. A further restriction 

at some distance along the wall je t would lead to a fully confined system. Due to 

the nature of the synthetic jet operating within the working fluid, only semi-confined 

conditions are investigated in this research. Varying degrees of confinement have a 

significant influence on fluid flow and heat transfer. Very few studies into synthetic 

jets have broached the subject of confinement, but it has been addressed by Campbell 

et al. [11] and Gillespie et al. [28].

3.0.1.4 D esign for Varying R eynolds Num ber

The Reynolds number is a param eter of significant importance for synthetic jet heat 

transfer. Some of the more rigorous investigations vary Reynolds number in one of 

two ways. Firstly, by increasing the oscillating amplitude of the driver a correspond

ing increase in stroke length is achieved; this results in a greater Reynolds number. 

A similar increase in Reynolds number can be achieved by increasing the driving fre

quency while maintaining the stroke length constant. It has been shown th a t these 

two methods of changing the Reynolds number can result in significantly different flow 

characteristics, Pavlova and Amitay [8].



3.0.1.5 O rientation

Only one investigation surveyed to date, by Arik et al. [122], has investigated the 

influence of angle of jet impingement relative to  the plate. It was concluded th a t the 

je t was not particularly sensitive to orientation, with results only varying by ±20%, 

except for normal impingement (90°) wherein performance was significantly enhanced. 

Arik [33] has also investigated heat transfer to an impingement surface orientated in the 

vertical plane but solely with normal impingement. No investigation has commented 

on the effect of the orientation of the combined impingement surface and the jet. The 

only possible effects tha t could be considered are those of gravitation and buoyancy. 

While normally it could be argued th a t the effects of buoyancy on the heat transfer to 

an impinging air jet would be minimal, this may not be the case for the synthetic jet. 

As confinement can play such a significant role at low nozzle to surface spacings, any 

mechanism which can provide an increase in the exchange of air across the confinement 

boundary could potentially have a m ajor effect on the level of heat transfer obtainable.

3.0.2 E xperim ental Techniques

Throughout the literature surveyed many variables have been identified and thus a 

range of measurement instrum entation is used. This instrum entation is used not only 

to measure the heat transfer parameters, but also to quantify param eters th a t are not 

properly regulated, such as the turbulence intensity within the jet. Relating the fiuid 

flow to  the heat transfer has been one of the more difficult objectives of a complete im

pingement heat transfer study. Measurement instrum entation options for the various 

aspects of a complete study are described in this section.

Methods using metal foil surface heating use electrical power dissipation in the 

m aterial as a way of determining the heat flux. The principle is as follows; an electrical 

current is passed through an ohmic material such as a heating foil. The power is 

dissipated through the electrical resistance of the material. Heat is generated and is 

subsequently transferred to the surroundings.

The equation for convective heat transfer can be w ritten as:
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(3^1)

where Tg and T^o are surface and jet fluid temperature respectively and h the heat 

transfer coefficient. For compressible flows is replaced by the adiabatic jet tem

perature. Depending on the desired boundary condition the heat transfer coefficient h 

can be determined in two ways. Heat transfer measurement using Uniform Wall Flux 

is determined by maintaining the heat flux q constant and measuring the local surface 

temperature Tg. Alternatively, it is possible to determine h by applying a Uniform 

Wall Temperature boundary condition in which Tg is maintained constant through the 

use of a thick, highly conductive material such as a copper plate, while q is measured 

locally.

For continuous air jets the fluid temperature T^o is usually measured by placing a 

thermocouple in the air flow prior to exiting the nozzle. However, the synthetic jet is 

synthesised directly from the ambient fluid, which under certain conditions can suffer 

considerably from thermal saturation due to high levels of confinement, consequently 

this may prove to be a far more complex problem. To date no literature reviewed 

has addressed the issue of whether to use internal cavity temperature or ambient 

air temperature for the jet temperature Work undertaken by Gillespie et al.

[28] showed evidence to suggest that the internal cavity temperature may in fact be 

substantially higher than that of the ambient surroundings because the jet is inclined 

to re-ingest the working fiuid. This effect becomes more pronounced as confinement 

is increased and recirculation cells are established; as such there is reason to support 

the use of the internal cavity temperature, however further research into this area is 

needed.

3.0.2.1 Heat Transfer M easurem ent

There are a multitude of heat transfer measurement techniques that have been em

ployed previously in synthetic jet heat transfer studies, as described in this section.



3.0.2.2 Therm o-Chrom atic Liquid Crystals

This is a simple method of temperature-contour visualisation and for this reason has 

been employed by many researchers such as Li and Zhong [86] and Jabbal and Zhong 

[71]. A good description of this technique is available in a two-part paper by Anderson 

and Baughn [123, 124].

The liquid crystal phase is a phase that occurs between the solid (crystalline) and 

liquid (isotropic) state, and is characteristic for certain organic compounds. In the 

mesophase the molecules are movable but still ordered. There are three different kinds 

of mesophase known as the smectic, the nematic and the cholesteric. The cholesteric 

liquid crystal system can change through the complete colour spectrum with changes 

in temperature. In its solid state the crystal is transparent but as it melts it changes 

to reflect red from incoming white light. As the temperature is increased further the 

reflected colour continues to change through the spectrum from red to yellow and so 

on until it becomes blue; past this state the crystal will return to being transparent.

The position of the colour contours, given a uniform heat flux boundary condi

tion, correspond to isotherms and enable the calculation of the heat transfer profile 

of a jet. The acquisition of the results is usually in the form of digital photographs, 

but some studies concerned with the transient heat transfer to an impinging air jet 

record the gradual movement of contours. Results obtained in image format will re

quire hue, saturation and value processing by calibrated computer software such as 

MATLAB. While this technique can prove simple and effective when implemented cor

rectly, certain characteristics of liquid crystals also make them problematic. Drift in 

the temperature-colour calibration with time is common so it is prudent to test imme

diately after calibration; heating and cooling of the liquid crystals will accelerate this 

drift. Calibration and testing must be completed in controlled lighting conditions so 

as to obtain consistent results when converting colour to temperature. Any alteration 

in lighting conditions can significantly change results.
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3.0.2.3 Infrared Camera & Image D iagnostic Equipment

This technique has been employed by authors such as Wang et al. [105], Chang et 

al. [125] and Arik [33] to find the heat transfer to an impinging synthetic jet. The 

infrared camera detects and records the radiosity of the impingement surface. W ith 

the detected radiosity, and knowing the emissivity of the surface and the ambient tem 

perature, the infrared camera determines the local surface tem perature distribution 

across the plate. The therm al image can either be recorded onto digital media such as 

a hard drive, or onto videotape. A therm al image processing system is then used to 

extract the local tem peratures to calculate the heat transfer coefficients between the 

impingement surface and the je t (for a UWF boundary condition). The implementa

tion of this technique requires in situ calibration and knowledge of the target m aterial’s 

emissivity. Complications may arise when the target is composed of a number of m ate

rials with varying emissivities, however this problem can often be overcome by coating 

the target object with a uniform layer of paint with a known (high) emissivity.

3.0.2.4 Naphthalene Sublim ation Technique

The naphthalene sublimation technique is an experimental mass transfer technique 

which has been employed for many years to  measure heat transfer coefficients from 

convective flows. A number of review papers detail the theory and fundamentals upon 

which the naphthalene sublimation technique is based, and also present the basic 

characteristics and implementation procedure [126, 127]. Although this technique has 

seen somewhat limited use in synthetic jets, employed primarily by Travnicek and 

Tesar [13], its use in other heat transfer analyses such as continuous jets has been 

widespread [128, 129, 130]. This technique works by first performing the mass transfer 

experiment in the lab; results are converted into heat transfer coefficients through the 

relationship between heat transfer and mass transfer.

Naphthalene, C iqH s , is the substance chosen for this technique due to  its unique 

properties, such as the fact tha t it sublimes a t room tem perature, its low toxicity and 

its good casting and machining properties. To use this technique for the measurement 

of heat transfer a flat naphthalene surface is cast to the required dimensions; this



surface will sublime in accordance with both natural and forced convection effects. 

After the convection has taken place for a set amount of time the resulting cast is 

contoured. Measurements of the naphthalene plate are made before and after the 

jet impact to determine the mass transfer from the plate. These contours can be 

measured by instrumentation that converts the movement of a sensor tip into a voltage 

proportional to the depth of contour. A value called the mass transfer coefficient K  is 

calculated using the change in mass m  during the sublimation process:

K  =  (3,2)
^ts{ps -  Pb)

where A  is the naphthalene sublimation area, Atg duration of sublimation process, 

Ps naphthalene density at the transfer surface and pt, is the bulk naphthalene vapour 

density which can normally be taken to be equal to zero. This value for mass transfer 

coefficient is then used to calculate the Sherwood number;

Sh  = ~  (3.3)
Ly r' m

where L the characteristic length, Dm is the mass diffusivity. Finally, the Schmidt 

number is also required:

Sc =  u/Dm (3.4)

where v is the kinematic viscosity of the air. The Nusselt number can then be

obtained by combining equations 3.3 and 3.4 as follows:

Nu = { P r / S c f S h  (3.5)

where Pr  is the Prandtl number, and for most forced convection problems n ~  0.34.
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3.0.2.5 M icro-Foil®  Heat Flux Sensor

Used in investigations by Scholten and M urray [111] and O ’Donovan et al. [4] for 

cylinders in cross flow and impinging continuous jets respectively, this sensor directly 

measures local surface heat flux. The sensor is a composite of three layers of Kapton 

insulating material. These are bonded together with copper/constantan thermocouple 

piles or thermopiles either side of the central layer. An applied heat flux causes a 

tem perature difference across the central layer th a t produces an output e.m.f. from 

the thermopiles proportional to the heat fiux through the sensor. This type of sensor 

also includes an integrated thermocouple for local tem perature measurement and is 

used generally with Uniform Wall Tem perature boundary conditions.

3.0.2.6 H ot-Film  Sensors

This type of sensor was originally designed for the identification of flow features such 

as laminar to turbulent transition, boundary layer instabilities, stagnation points, flow 

separation, reattachm ent and shock in wind tunnels and in flight. In more recent inves

tigations however, the hot-film sensor is used for heat transfer measurement requiring 

both good temporal response, and local resolution. Used by Scholten and Murray [131] 

to measure fluctuating heat transfer of cylinders in cross flow and by O ’Donovan et al. 

[132, 133] to measure fluctuating heat transfer for an impinging continuous je t, these 

sensors involve complex calibration. This calibration involves the calculation of the 

effective surface area, a correction for the overheat of the fllm and a shear stress cor

rection. This type of sensor is used in the current research and its operating principle 

is described in section 5.6.

3.0.2.7 Therm al Test Die

This m ethod of evaluating heat transfer characteristics and performance has been used 

by a number of authors investigating synthetic jets such as Beratlis and Smith [103], 

Mahalingam and Glezer [12] and Wang et al. [105]. This sensor measures average heat 

flux through the use of therm al diodes and heating resistors. Thermal test dies are 

uniquely-designed for package characterisation and design comparison. Integrated into



each die are a number of separate diodes, strategically placed for temperature sensing 

in key areas of the die. Thermal input is provided using a number of ohmic heating 

resistors situated on each die which can be operated in series or parallel to match 

the capabilities of available power supplies or thermal test instruments. While these 

devices can accurately simulate the operation of a processor chip and the corresponding 

thermal dissipation achieved under test conditions, the results obtained represent an 

average heat transfer across the whole chip; as such no local heat transfer data are 

acquired.

3.0.2.8 Flow M easurem ent

As with all convective heat transfer situations, variations in the flow characteristics 

have significant influence on heat transfer in a jet impingement situation. Because of 

this, many techniques have been employed to measure every aspect of the flow.

3.0.2.9 H ot-W ire

The hot-wire sensors work on the principle that the rate of heat transfer from a cyhnder 

in cross flow is dependent on the velocity across it. It can operate in a constant 

temperature or constant current mode. Similar to the hot-film sensor detailed earlier, 

this is a highly responsive process and rapid fluctuations in the fluid flow can be 

observed. The development and propagation of flow structures can also be identifled. 

Hot-wires were used in investigations by Smith and Glezer [46], Pavlova and Amitay [8] 

and Shuster and Smith [48], amongst others, to map the velocity proflle of a synthetic 

jet. While the implementation of a single hot-wire is only capable of measuring velocity 

in a one direction, the combined implementation of up to three orientated orthogonal to 

one another can provide velocity measurements in all three planes. The disadvantage 

of hot-wire probes is that due to their intrusive nature they may not be suitable 

for implementation in certain situations, particularly in flows which rely on a small 

characteristic length scale and often for flows with a high temperature gradient, unless 

local temperature measurement is possible.

Turbulence intensity can also be calculated from the information acquired when

91



using the hot-wire; this information is essential when analysing fluid flow regimes. For 

example, transition to turbulence in the free jet can be detected by a sharp increase 

in turbulence. The hot-wire technique has also been used by Gillespie et al. [28] to 

measure the velocity of the reversible flow across the synthetic je t orifice and hence to 

calculate average jet velocity.

3.0.2.10 Laser 8z Flow Visualisation Techniques

Flow visualisation is a very useful tool for both flow structure identiflcation and flow 

regime determination. Flow velocities can also be determined using optical measure

ment. Although some techniques such as Laser Doppler Anemometry (LDA) are lim

ited to  point velocities, other laser techniques such as Particle Image Velocimetry 

(PIV) can produce instantaneous flow field information. A thorough explanation of 

the PIV flow visualisation technique is given in section 5.11.

Laser Doppler Anemometry (LDA) can be used to perform local velocity mea

surements. LDA systems commonly employ a two component measurement system 

measuring the velocity in orthogonal directions. The laser is split into two pairs of 

beams of differing wavelengths emanating from a single lens; where the two beams 

intersect interference generates a set of constructive and destructive fringes aligned 

perpendicular to the flow direction. It is necessary to seed the fluid flow with smoke 

particles for this velocity measurement technique, particles are generally introduced 

through the use of a glycol based smoke generator. As these particles pass through 

the fringes they reflect light from the regions of constructive interference which is 

reflected into a photodetector. The velocity of the seeding particle can then be calcu

lated by measuring the Doppler frequency shift of the reflected light. In this way time 

varying coincident velocity measurements can be acquired in orthogonal directions. 

Depending on the type of flow and geometric constraints LDA systems are capable of 

acquiring data  in two operational modes, forward-scatter and back-scatter. The signal 

is acquired and processed by a Base Spectrum Analyser (BSA) which computes the 

instantaneous velocity of the fluid. As the system is dependent on a seeding particle 

passing through the measurement volume the frequency of acquisition is arbitrary  and 

erratic.



Yao et al. [134] and Holman and U tturkar [20] used both LDA and PIV measure

ments to form part of a synthetic jet flow field database which was subsequently used 

to  validate a computational fluid dynamic model of a synthetic jet. As with all laser 

analysis, the flow is seeded and a technique such as backscatter acquires the necessary 

d a ta  for flow measurement.

3.0.2.11 Schlieren V isualisation Technique

The word Schlieren comes from the German word “Schliere” , meaning “streak” . The 

basic optical schheren system uses light from a single collimated source shining on, or 

from behind, a target object. Variations in refractive index caused by density gradients 

in the fluid distort the collimated light beam. This distortion creates a spatial variation 

in the intensity of the light; this hght deviation effectively produces areas of shadow 

and brightness which can be visualised directly with a shadowgraph system. Schlieren 

visualisation has been used in many papers on conventional je t flow and has proved 

extremely useful in investigations into synthetic jets. Smith and Glezer [46] used the 

schlieren visualisation technique to  identify various regimes in the jet flow. Other 

authors such as Glezer and Amitay [9], Smith and Swift [22] and Crittenden and 

Glezer [25] have implemented the schlieren visualisation technique in their studies.

3.0.2.12 Smoke V isualisation Technique

Similar to schlieren visualisation techniques smoke visualisation can be used to identify 

flow regimes within a jet. Many authors including Travnicek and Tesar [13] have used 

smoke-wire techniques for the visualization of the air je t downstream from the nozzle. 

This technique involves coating high resistance heater wire with paraffin oil before each 

test. W hen DC current is passed through the wire the joule effect^ causes it to  heat up 

and vaporise the parafl[in producing a steady stream  of smoke when positioned in or 

near the jet flow. By using a contrasting black background the flow effects in the form

^Joule’s first law, also known as the Joule eifect, is a physical law expressing the relationship 

for the heat generated by the current flowing through a conductor. Q =  P E t ,  where Q is the heat 

generated by a constant current I  flowing through a conductor of electrical resistance B  for a duration 

t
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of white streak hnes can be observed and photographed. Other authors who use this 

technique in the analysis of synthetic jets include Smith and Glezer [46], Mahalingam 

et al. [135] and Gilarranz et al. [136, 137].

3.0.3 C onclusion

Taking all of the above techniques into consideration a suitable experimental apparatus 

was designed to conduct an investigation into the heat transfer and flow characteristics 

of an impinging synthetic jet. The original design considerations for the experimental 

apparatus were twofold. Firstly the experimental rig needed to approximate loosely 

the air je t impingement cooling which might be found in a manufacturing process or 

electronics apphcation, and secondly it needed to replicate baseline published results 

for the calibration of heat transfer instrum entation. The choice of instrum entation and 

the ranges of test variables were dictated by what might be required by an electronics 

cooling application. A complete description of the apparatus design for this project is 

presented in chapter 4.



Chapter 4 

Experim ental apparatus

The experimental apparatus was designed to investigate heat transfer between a syn

thetic jet and an impingement surface. The eventual goal of this investigation is to 

apply the heat transfer knowledge gained from the measurements to applications such 

as the cooling of electronics or manufacturing processes. To this end it was decided 

that the impingement surface be heated and the jet serve as a mechanism of cooling.
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Instrumented, 
heated impingement 

surface

Synthetic 
jet assembly

Hot-wire & 
temperature 

probe

DAQ & PC

Constant
current

nemometer

Constant 
temperature 
anemometer

Figure 4.1; Overview of Experimental Apparatus

4.1 Apparatus Param eters

There are many parameters that can affect heat transfer to the impinging synthetic 

jet, and so the apparatus used was designed to facihtate the variation of all relevant 

parameters in a sufficiently wide range. The parameters are listed and discussed in 

the following sub-sections:

4.1.1 Nozzle to  Surface Axial Spacing

The synthetic jet assembly is clamped at a fixed position above the impingement plate. 

It is possible to adjust the height of the jet above the impingement surface using the 

hand operated lead screw which provides a high degree of control and accuracy. It has 

been reported in literature that the maximum heat transfer to an impinging synthetic 

jet is typically at a nozzle to surface spacing of 8 to 12 diameters; as reported by
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Gillespie et al. [28]. The apparatus has been designed with large height adjustabihty 

in both the x  and y  axis to  accommodate measurements for the current jet nozzle and 

if necessary those of larger nozzle diameters.

4.1.2 Jet V elocity

As discussed previously, effective jet velocity is highly dependent on a number of fac

tors, such as Reynolds number Re  and stroke length L q; however the maximum average 

jet velocity Uq is constrained primarily by the design and components th a t make up 

the synthetic jet. The current research uses a coil and magnet type Visaton FR-8 au

dio speaker with a lOW power rating, where the coil provides the driving mechanism 

for the synthetic jet and the cone forms the oscillating diaphragm. The operational 

limit of the synthetic je t is experienced when the audio speaker output signal under

goes distortion; accordingly, deviation from the sinusoidal input signal occurs before 

reaching the speaker’s ma:x:imum rated power output. Average jet velocities, Uq, of up 

to 16 m / s  and peak velocities. Up oi up to 30 m / s  have been reached with the current 

setup. Working within the operational limits of the synthetic jet the maximum stroke 

length has been measured to be approximately L q/ D  =  72 at 80Hz-, this is frequency 

dependant and reduces with either an increase or decrease in frequency. The speaker’s 

frequency range extends up to 20kHz  although je t formation does not occur much 

beyond QAQHz due to diminished stroke length; the minimum stroke length for jet 

formation has been shown in literature to be at L q ~  3D.

4.1.3 P osition  w ith in  th e Im pingem ent Flow

The impingement surface is instrum ented with two thermocouples and two different 

types of heat flux sensors, one active and the other passive. These sensors are used for 

point measurement and for this reason relative positioning of the sensors within the 

impingement flow profile was required. Accurate positioning was achieved by placing 

both the impingement plate and the synthetic je t assembly on separate carriages. The 

impingement plate carriage and the synthetic je t assembly travel orthogonally in the 

X and y directions respectively and both operate using high precision lead screws. The
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impingement surface however is traversed through the use of a computer controlled 

stepper motor which provides a high degree of control and precision. For a nozzle of 

5mm diameter the travel range in both the x and y-axis is over 40 diameters.

4.1.4 Impingement Surface

Although some modifications have been made, the impingement surface used in this 

research was originally used in a thesis by O’Donovan [4]. A 5mm thick copper plate 

serves as the impingement surface. The thickness and conductivity of the copper 

is such that it approximates a uniform wall temperature boundary condition. For 

a synthetic jet operating at a Reynolds number of Re = 3000 there is a maximum 

variation in the plate temperature of less than 1°C. A relatively large temperature 

differential of, on average, over SO”^  between the cooling airflow and the heated plate 

minimises errors. The apparatus was designed to be able to heat and maintain the 

plate temperature at up to, and if required, above 60°(7. Due to buoyancy effects 

and thermal plumes causing inconsistencies in measurement results, extended test 

durations of up to 60 seconds per increment have been employed in combination with 

the implementation of a fine mesh (not pictured) surrounding the plate; this has the 

function of minimising the effects of both random crossflows and thermal plumes. 

A thin (approximately 1.1mm thick), silicone rubber heater mat was designed and 

manufactured to specifications by Holroyd Components^. To ensure good contact 

between the heating mat and copper plate so as to optimise heat transfer and ensure 

uniformity of temperature the mat was attached using a thin, evenly spread layer of 

silicone glue. Using a hand roller, excess glue was rolled out from between the mat 

and plate, thereby reducing contact and boundary resistance, subsequently both were 

compressed until the glue was set. The heating element is rated at a maximum voltage 

of 240V and power of 1500H^/m^, it has a dimensional area of 425mm x 550mm. This 

rating is more than sufficient to maintain a temperature of 60°C while the plate is 

actively being cooled at what would be considered optimum settings of maximum flow

^Holroyd Components Limited, Shirehill Industrial Estate, Saffron Walden, Essex, C B ll 3AQ, 

England, UK (http://www.holroyd-components.co.uk)
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rate and axial spacing. A variable voltage DC power supply (max 64^) controls the 

level of heating provided by the heater mat.

4.1.5 Jet D esign

The heat transfer to an impinging synthetic jet is not only dependent on the dimen- 

sionless nozzle to surface spacing, but other factors can play an important role, such 

as nozzle diameter, length and internal cavity design.

Acoustic
Speaker

75mm

10mm

Orifice 100mm

Figure 4.2: AutoCAD rendered image and schematic of synthetic jet assembly

Figure 4.2 shows an accurate AutoCAD rendered image of the synthetic jet assem

bly and a dimensional schematic. The orifice has a diameter of D = 5 m m  and length 

of lo = 10 mm. As this configuration implements a relatively large acoustic speaker 

and simple orifice geometry it allows for a wide range of operational parameters. The 

total cavity volume is calculated at Vc = 101.5 cm^, giving a Helmholtz resonance of 

485Hz. The internal cavity diameter is Dc =  75 m m  and when the volume of the 

speaker cone is included, the cavity has an effective internal height of =  26.4 mm. 

The orifice plate has a relatively large diameter of D^p = 1 0 0  m m  and so provides 

quite a large degree of confinement, similar to that which might be found in practical 

applications. Table 4.1 provides a hst of these measurements, non-dimensionalised by 

the orifice diameter D.
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Orifice length Cavity diameter Cavity height Orifice plate diameter

lolD D J D K I D Dop/ D

2 15 5.28 20

Table 4.1: Cavity measurements non-dimensionalised by orifice diameter D

Figure 4.3: Hot-film, hot-wire and temperature probe setup 

4.1.6 Sim ultaneous M easurem ents

The objective of achieving simultaneous, time-resolved heat flux, boundary layer ve

locity and local air temperature measurements for a synthetic jet of orifice diameter 

5 mm  proved a challenging one. To acquire useful data it was necessary to have the 

respective instruments in as close proximity as physically possible, however due to the 

physical nature of the instruments and their operational requirements a number of 

concerns must first be taken into consideration. As the instruments are very fragile, 

contact between themselves or any other object including the impingement surface 

must be avoided. The elevated operational temperatures of two of the instruments 

also means significant consideration must be given to avoid any cross-interference. A 

comprehensive description of the operation and specifications of these instruments are 

included in sections 5.6, 5.7 and 5.9 respectively.

For simultaneous measurements of all three, the instruments were positioned as 

seen in figure 4.3. It was decided that this was the optimal arrangement to achieve 

the desired goals of avoiding cross-interference while maintaining a reasonable prox

imity between all three. Both the hot-wire and the temperature probe were located 

0.3 mm  above the surface of the plate, and were displaced by 0.6 mm  and 1.2 mm
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radially from the centre of the hot-film respectively; the temperature probe was placed 

at a larger radial distance to avoid concerns that its operation might be affected by 

the significantly elevated operating temperature of the hot-wire. For all tests in this 

configuration the plate remained stationary and only stagnation point (nominal) mea

surements were conducted; consequently the centre of the synthetic jet was positioned 

and maintained immediately above the centre of the hot-film.

Simultaneous, time-resolved tests to obtain full radial profiles were also conducted 

using just the combination of the temperature probe and hot-film alone. Tests were 

performed with the temperature probe operating parallel to the hot-film, offset from 

the centre of the hot-film by a significantly smaller distance of 0.3 mm. in both the 

axial and radial direction. All tests were conducted at a sample rate of 8192 S /s  for 

a duration of 16 seconds.
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Chapter 5

Instrum entation

This investigation is concerned primarily with measuring heat transfer from the heated 

impingement plate to the impinging synthetic jet. This includes analysing the heat 

transfer characteristics resulting from variation in the operational parameters of the 

synthetic jet.

5.1 Speaker Amplifier & Cavity Pressure M easure

ment

The nature of the synthetic jet means the jet flow is generated by entraining working 

fluid from its surroundings. Thus, the air temperature is taken to be that of the 

air expelled from within the jet orifice, and so a thermocouple located within the 

synthetic jet cavity is used to measure this. A Visaton FR-8 audio speaker is used to 

drive the synthetic jet and to act as the flexible diaphragm; it has a maximum unloaded 

deflection of 4mm and its specifications can be found in Appendix B. To provide the 

speaker with a signal of sufficient power the output from the data acquisition system 

was amplified using a Kemo@ 40 Watt power amplifier. This particular synthetic jet 

assembly was calibrated in accordance with a paper by Persoons and O’Donovan [50] 

which employs a pressure based estimate of synthetic jet velocity.
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Acouj
speat

Air
suppi;H I1.̂ 1 » O O C  |.<v■ ^  A

Nozzles

Figure 5.1: Synthetic jet assembly with addition of impingement cooling section for 

acoustic coil.

It was found that under high loads the acoustic speaker coils underwent significant 

heating which was subsequently conducted through the cone into the jet cavity. This 

increase in cavity temperature not only impaired the synthetic je t’s ability to remove 

heat, but more significantly resulted in an artificial alteration of the je t’s working 

parameters which could potentially result in incorrect measurements. To remedy this 

problem an additional section was constructed using a rapid prototyper; this part 

connects directly to the jet assembly and is pictured in figure 5.1. This new section 

allowed two air jets impinge either side of the acoustic coil, cooling it and removing 

the heat directly at the source prior to conduction to the cavity. To prevent jets of air 

from interfering with normal operation of the synthetic jet and plate boundary layer, a 

vertical duct (not pictured) was also added to direct the air a sufficient distance away 

from the jet. Subsequent tests revealed a significant reduction in cavity heating even 

under heavy loads.
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(a) G.R.A.S. 40BP (b) G.R.A.S. 26AC

Figure 5.2: Microphone and Amphfier used to measure cavity pressure.

A system similar to the setup used by Persoons and O’Donovan [50] was imple

mented to control the frequency and amplitude of the synthetic jet; thereby achieving 

the desired jet Reynolds number and stroke length. This was done through the mea

surement of the internal cavity pressure using a 1/4 inch pressure microphone type 

40BP and a 1/4 inch preamplifier type 26AC, both supplied by G.R.A.S.^ and pic

tured in figure 5.2 (a) and (6). Power is supplied to the preamplifier through a power 

module type 12AN, also supplied by G.R.A.S., after which the signal is fed back to the 

data acquisition system where the measured pressure is then used to estimate the jet 

Reynolds number (as outlined by Utturkar et al in equation 2.11) and stroke length. 

Specification sheets for these instruments can be found in Appendix B.

Calibration of the synthetic jet was performed in accordance with the method 

outlined by Persoons and O’Donovan [50] and the corresponding equation 2.14. For 

this calibration a hot-wire probe operating in constant temperature anemometer mode 

was placed 0.5mm  in front of the orifice exit while the internal cavity pressure was 

measured using a microphone. A sine wave was supplied to the acoustic speaker using 

a data acquisition system; this system was also used to record the analogue signals 

returned from the hot wire and microphone, phase averaging them over 10 periods

'G.R.A.S. Sound & Vibration A /S, Skovlytoften 33. DK-2840. Holte, Denmark.

(http: / / www.gras.dk)
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achieved an uncertainty level under 5% (on a 95% confidence level). To avoid any 

adverse effects caused by flow reversal only velocity data recorded in the ejection 

phase of the je t were used for calibration. As the orifice length is much shorter than 

the minimum length required for hydraulic development (/ > 200mm) the measured 

centreline velocity Ud is assumed to be equal to  the area averaged velocity Uo. Data 

is recorded over a series of cavity pressures ranging from lOPa up to lOOOPa and 

frequencies up to twice th a t of cavity resonance (2fh)- The resulting da ta  were fitted 

to the least-square linear damping model as outlined by Persoons and O ’Donovan [50] 

using the appropriate fitting parameters of the nonlinear damping coefficient Kp and 

the added mass coefficient /3, which relates to the damping force Fd and the mass 

of gas in the orifice Mg respectively. These velocity calibrations were later confirmed 

through the use of PIV.

5.2 M ass Flow  C ontroller

Figure 5.3: Mass flow controller, MKS Instruments 1579yl

A continuous supply of air was required to perform initial heat flux calibration using 

a conventional impinging jet; this air supply was also used to provide cooling to the 

acoustic coil which drove the synthetic jet. A mass flow controller was employed to
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regulate the flow rate of the air supplied for the various applications. An elastomer- 

sealed, high flow rate mass flow controller model number 1579^ was supplied by A4KS 

Instruments^. The mass flow controller was controlled centrally from the LabView 

software through the data acquisition system outlined in section 5.10. This controller 

can provide a range of flow rates from 50 slm up to a maximum of 300 slm. The 

accuracy of the system is rated at l%fsd (full scale deflection) and the certificate of 

calibration is included in Appendix B.

5.3 T -T ype Therm ocouples

Four temperature measurements are taken during testing. A fine gauge thermocou

ple embedded beneath the hot-film sensor is used to monitor the plate temperature as 

close to the hot-film sensor element as possible. The RdF Micro-Foil(R) heat flux sensor 

contains an integrated T-type thermocouple, as the heat flux measurement must be 

corrected by a calibrated multiplication factor according to the surface temperature; 

both of these thermocouples measure the surface temperature, Tgurf- Internal cavity 

temperature is monitored by a thermocouple located within the synthetic jet cavity 

itself. This is necessary as the true temperature difference between the impinging syn

thetic jet and the impingement surface must be measured for accurate heat flux data 

acquisition. The flnal thermocouple is kept away from the heated plate and any other 

heat source so as to measure the ambient temperature in the laboratory, this is required 

to ensure consistency during and between subsequent tests. All four type-T thermo

couples were calibrated simultaneously using a thermostatically controlled water bath 

and a pre-calibrated high precision Resistance Temperature Detector (RTD) supplied 

by OMEGA Engineering^ whose certificate of calibration is included in Appendix B. 

This instrument has a temperature uncertainty of 0.2°C at 100°C; this constitutes the 

bias limit for all thermocouples calibrated with the RTD as a reference. Calibration 

results were input into MATLAB where a third order regression curve was calculated

^MKS Instruments, 2 Tech Drive, Suite 201, Andover, MA 01810. (http://www.mksinst.com/)
^OMEGA Engineering, INC., One Omega Drive, P.O. Box 4047, Stamford, Connecticut, 06907-

0047, USA. (http://www.omega.com)
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for each thermocouple. For simplicity each polynomial was applied to the individual 

thermocouples in the LabVIEW program, these ensured accurate param eters were set 

and maintained before and during all tests.

Third order polynomials were fitted to all sets of calibration d a ta  with their re

spective graphs plotted from figures 5.4 to 5.7 and corresponding equations displayed 

beneath them  in equations 5.1 to 5.4.

—  Polynomial Model 
+ Data

o
(Uk_
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(UH 40
Q
I -
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Ambient Air Temperature [C]

Figure 5.4: Ambient air thermocouple calibration d a ta

T r t d  —  3.0267e TA m bien t ^ -  Q . m m Z Z U T A r n U e J  + I  A m bien t ~  2.5751 (5.1)
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Figure 5.5: Cavity thermocouple calibration data

=  -2 .2 ^ 2 ,! e-^Tcavity^  +  0 .00010438T ca,ni/ +  l.m h 2 T ca vity  -  2.2603 (5.2)
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Figure 5.6; Micro-Foil @ thermocouple calibration data

7 .9 2 ‘ie-^TM rcro-Foa -  3.6471e'TMicro-Foi/" +  0.99702rMicro-Foi/ -  0.77151 

(5.3)
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Figure 5.7; Hot-Film thermocouple calibration data

T r t d  =  -2 .6346e-^TM ^cro-F o^l^  +  0■00050327TM icro-Foil‘'  +  0.96842TM icro-FoU  +  0■^U 51

(5.4)

The regression fit and precision uncertainties for each thermocouple calibration are 

presented below in table 5.1

Temperature
Measurement

Typical Operating 
Temperature (C°)

Regression 
Uncertainty (%)

Measurement 
Uncertainty (C°)

Ambient Air 20 0.036 0.107
Cavity Air 30 0.033 0.099
Micro-Foil® 60 0.021 0.070
Hot-Film 60 0.046 0.156

Table 5.1: Uncertainties in cahbrated thermocouples at normal operating tempera
tures.

At a value of less than 0.1% the uncertainty in the regression curve is small, which 

is also reflected in the magnitude of the measurement uncertainty. Therefore it is 

omitted in further calculations in this section.
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5.4 RdF Micro-Foil(R) H eat F lux Sensor

Therm ocouple Differential 
Junction Therm opile

Figure 5.8: Micro-Foil@ heat flux sensor model number 27036-1

The Micro-Foil@ heat flux sensor shown in figure 5.8 used to measure the local con

vective heat flux from the impingement surface. The sensor is flush mounted on the 

surface of the heated plate. The Micro-Foil@ contains a differential thermocouple 

type sensor, which uses a thin foil thermopile bonded to both sides of a known ther

mal barrier. The thermal barrier is made of Kapton and is used because of its ability 

to remain stable at a wide range of temperatures. The difference in temperature across 

the thermal barrier is proportional to the heat flow through the sensor. As such the 

heat flux through the sensor is determined by the following equation;

A T
q = fc—  (5.5)

where k is the thermal conductivity of the Kapton barrier, A T  is the temperature 

difference across it and 6 is its thickness. While a sensor can be implemented with 

just one differential thermocouple junction, the signal resolution and accuracy can be 

diminished by the very small voltage returned by the thermocouples. To solve this 

problem the number of thermocouple junctions can be increased to return a larger
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signal, however the drawback is that with an increase in the number of junctions 

conies an increase in geometric area, as each junction takes up more space. It is for 

this reason that the thermopile in the Micro-Foil@ employs five parallel junctions in 

close proximity taking up an area of approximately 1mm  x 4mm as can be seen in 

figure 5.8.

This sensor has a relatively slow response time r  of 0.02 seconds for a 62% response 

to a step function. It is suitable only for time averaged measurements over a number 

of seconds and for optimum results it is necessary to allow substantial settling time 

before data acquisition. The following equation can be used to calculate the time 

constant:

r  =  (5.6)

where X  is a factor related to the layer of Kapton between the sensor surface and 

the thermopile. The sensor output is rated by the manufacturer’s own calibration at 

93.3nV/(W/m^)  (before amplification), however the thermal properties of the Kapton 

barrier will change depending on what temperature it is operated at. The voltage 

output from this sensor is proportional to heat flux through the sensor, which in turn 

is related to the convective heat transfer from the surface. Using an Omega Omni- 

Amp the voltage from the thermopile is amplified by a factor of 1000; this provides a 

sufficiently high voltage so that the data acquisition system can achieve a good signal 

to noise ratio. A single pole thermocouple for the purpose of local surface temper

ature measurement is also integrated into the sensor 3mm from the thermopile. It 

was necessary to use a heat transfer correlation as a reference for the calibration of 

the Micro-Foil@ sensor. A correlation produced by Shadlesky [138] describes the rela

tionship between the stagnation point heat transfer of an impinging continuous air jet 

and the axial spacing between the nozzle and impingement surface. The heat transfer 

was deemed to be constant and independent of the nozzle to impingement surface. 

Subsequently, several other authors including Liu and Sullivan [15] and O’Donovan [4] 

have shown this to be untrue. Liu and Sullivan did however go on to prove that for 

axial distances less than two diameters the convective heat transfer for an impinging
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continuous air jet is constant and independent of nozzle height. This relationship is 

described by the following equation:

(5 . 7)

To apply this correlation the Micro-Foil® heat flux sensor was positioned at the 

stagnation point of a continuous impinging air jet with contoured nozzle of diameter 

13mm at an axial spacing of H  = 0.75D. The voltage output from the heat flux sensor 

was measured for Reynolds numbers ranging from 430 to 6600 as well as for the zero 

heat flux condition. Nusselt number was calculated from equation 5.7. Using the 

temperature differential AT measured between the impingement surface and the jet 

air, equations 5.8 to 5.10 were used to calculate values for surface heat flux.

hD , ,
N u = —  (5.8)

fC

q = h A T  (5.9)

. k0.585Pr^-^Re^-^AT
q = ------------ ^ ------------  (5.10)

The heat flux calculated in equation 5.10 was plotted against Micro-Foil@ volt

age recorded under experimental conditions required to satisfy equation 5.7. As the 

mass flow controller and impingement setup reached its lower controllable limit at a 

Reynolds number of 430, corresponding heat flux data below llQiW/m? proved difficult 

to obtain. The relationship between the heat flux and Micro-Foil(R) voltage seen in 

figure 5.9 appears quite hnear, but at lower heat flux the relationship tends to deviate 

significantly. It was found that a fifth order polynomial approximated the data most 

accurately and so the following regression fit was applied to the data:

q =  -11882405.711/^+10795504.08y^-3588437.3F^+515245.08V^-16088.12+^y-47.48

(5.11)

113



5. 4 . R d F  M i c r o - F o i l @  H e a t  F l u x  S e n s o r
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Figure 5.9: Micro-Foil@ heat flux cahbration data

The cahbration data along with a polynomial regression uncertainty is plotted in 

figure 5.9. The overall slope of the graph 1.11 x iq7^ ^  jg comparable with the 

calibration certificate which was supplied with the sensor by the manufacturers at 

1.07 X presented in Appendix B. Due to the nature of the heat transfer

profile a wide range of heat fluxes can be measured throughout a test, as such it 

would not be appropriate to present just one value of uncertainty in the polynomial 

regression. Figure 5.10 shows both the precision limit and uncertainty in the regression 

curve. An expected maximum calculable error of 6% occurs at the lowest heat flux of 

770W/m?, with a normal range of approximately 1.6-2.9% across the majority of the 

calibration.
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Figure 5.10: Micro-Foil@ Regression Uncertainty

5.5 C onstant Tem perature A n em om etry  (CTA)

' bridge

Figure 5.11: Schematic of constant temperature anemometer Wheatstone bridge 

(CTA) [139]
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Figure 5.11 shows a resistive sensor situated in the CTA circuit known as a W heat

stone bridge, where R s  is the active sensor element resistance for a tungsten

of everything between the element and the CTA, generally consisting of prongs, sup

port leads, connectors and cable, where the cable commonly has an inbuilt resistance 

{R l ^  1.5r2). Heating of the sensor element occurs when the bridge top voltage Ebridge 

is active. The amount of heating is dictated ultim ately by the resistances in both arms, 

Ri + R l  + R s  which is fixed, and i?2 +  R 3 , where R 3 is the decade resistance which is 

variable. The current i\ flowing through the left arm of the bridge can be controlled 

by choosing a suitable decade resistance; as this flow of current results in the heating 

of the element a specific overheat can be achieved. While the sensor tem perature Ts 

for hot-wire probes is usually limited to approximately 300°C, film probes operate at a 

much lower tem perature, especially when used for the purposes of heat flux measure

ments. To apply the conservation of energy law across the sensor element conduction 

to the prongs and radiative heat transfer to the surroundings must be neglected:

k is the fluid conductivity, I the sensor characteristic length. A s  the surface area 

of the sensor exposed to the flow and Ta the ambient tem perature. The relationship 

between sensor resistance R s  and tem perature Ts are dictated by the tem perature 

coefficient of resistance and is applied as follows;

R s ,20 and 0 2 0  are the sensor resistance and tem perature coeflicient of resistance 

(TCR) respectively, both measured at the reference tem perature of 20°C. The TCR 

is calculated as follows:

wire probe and «  9f2 for a nickel film probe at 2 0 °C). R l  is the collective resistance

=  ' ^ A s ( T s  -  % ) (5.12)

R s  —  ^ s.2o(l +  —  20)) (5.13)

(5 .14)

An overheat ratio  a must be applied to the probe, where a is defined as the ratio
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of operating resistance to that at ambient temperature a = Rs/Rs, 2 0 - An overheat 

ratio of 1.8 is common for wire probes to achieve the previously stated operational 

temperature of 300°(7.

To convert the measurements for convective heat transfer outlined by the above 

equations to fluid velocity the empirical relationship known as King’s law outlined in 

Chapter 2 in Bruun [140] must be applied.

Rsh^ = {Ts-Ta){A + BU^) (5.15)

A, B  and n are correlation parameters with respect to a known velocity U. These 

parameters are determined during probe calibration.

By looking at the left hand side of equation 5.15 it can be seen that the sensor 

can be operated in two different modes depending on bridge configuration. Either the 

sensor resistance Rs (which is equivalent to Ts) can be kept constant to operate as 

a constant temperature anemometer (CTA), or the current ii can be kept constant, 

operating as a constant current anemometer (CCA). While both methods of operation 

have their own advantages and disadvantages it has been found that, due to the main 

limitation of the bandwidth of a CCA system being that of the wire’s thermal inertia 

psCslD"^, the CCA method of operation is less suitable for velocity measurements.

To optimise the frequency bandwidth obtainable by a CTA and to minimise the 

noise it is necessary to ensure the largest possible current (zi) flows through the probe. 

Going back to the CTA circuit shown in flgure 5.11 it can be seen that to achieve this, 

the resistance in the passive, right hand side of the Wheatstone bridge (R2 and R 3 ) 

is normally larger than the active, left hand side {Ri, R l  and Rs). This is controlled 

by what is known as the bridge ratio (i?2 : Ri) and has a normal operational ratio of 

20 : 1 for regular wire probe setups, but can be varied to 10 : 1 ratio for high-power 

applications, for example film probes in high velocity water flows.

To balance the bridge for the desired overheat and bridge ratio the resistor R^ is 

set. This ensures the bridge is in a state of equihbrium, with the voltages ei and 62 

being equal. Now that the conditions for left hand side of equation 5.15 have been 

achieved we turn our attention to the right. It can be seen that this side of the equation
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is governed both by the fluid velocity U and the tem perature differential {Ts — Ta), 

however as is held constant, the ambient tem perature Ta is in fact the determining 

factor.

An increase in convective heat flux from the sensor is thus caused in two ways; by 

either increasing the fluid velocity U, or by decreasing the tem perature of th a t fluid 

Ta- Either of these events will result in a decrease in the sensor tem perature Ts,  and 

consequently its resistance Rs.  This change in resistance has the effect of producing 

an imbalance between ei and 6 2  and so the voltage differential Ci — 6 2  is fed back 

to the inverting bridge amplifier G which increases the output voltage Efyridge- The 

increase in Edridge at the W heatstone bridge top junction has a corresponding increase 

in the current fed to the sensor i\. In effect there is a greater amount of electrical 

power going to the sensor resulting in an increase in the sensor tem perature; when the 

tem perature returns to a value tha t puts the bridge resistances back in equilibrium 

the balance between e\ and 6 2  is restored. In this way the bridge voltage Ebridge is 

correlated to the convective heat transfer from the sensor.

There are a number of additional functions built into the Dantec CTA hardware, 

such as a signal conditioner which includes both low and high-pass filters and DC- 

offset and gain control functions. W hen small fiuctuations need to be measured or 

signal range is poor the signal conditioner provides enhanced resolution and can am

plify signal range with the A /D  converter. The low-pass filter can also help remove 

unwanted high frequency noise from the CTA signals and also prevent signal aliasing.

This study employed a Dantec^ Streamline^'^hot-wire anemometer in conjunction 

with a 90C10 constant tem perature anemometer module. The maximum bandwidth 

for this hardware for an airflow of 30 m / s  is approximately 30 k H z  rising to over 

300 k H z  above 100 m /s .
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Copper
Leads

Figure 5.12: Hot-film Sensor

5.6 Senflex H ot-F ilm  Sensor

The hot-film sensor seen in figure 5.12 is capable of time varying or fluctuating heat 

transfer measurements. This sensor consists of copper leads on a thin (51/Lim) Upilex 

@ C Polyimide film substrate. A nickel sensor element of dimensions 1.2 x 0.1mm has 

been electron beam deposited onto the Polyimide substrate to a thickness of <  0.2/im. 

The film is operated by a Constant Temperature Anemometer (CTA) from Dantec 

Dynamics; this hardware controls the film tem perature. As described in the previous 

section, the CTA is essentially a wheat-stone bridge circuit (figure 5.11) where the 

hot-film is considered to be one of the resistors in the bridge. It is therefore possible 

to vary the tem perature of the hot-film by varying the resistance values of the other 

resistors within the bridge. The bridge voltage, or the voltage required to maintain 

the tem perature overheat in the hot-film is used to calculate the heat flux:

Q d iss  =  {^bridge ~  % ) ) (5.16)

^Dantec Dynamics, Garonor Way, Royal Portbury, Bristol, BS20 7XE, England, UK.

(http: / / www.dantecdynamics.co.uk)
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R p  — Rs + R l  (5-17)

where Qdiss is the electrical power dissipated in the hot-film, Vbridge and Vq are the 

voltage across the Wheatstone bridge under test conditions and zero flow conditions 

respectively, Rs  , Rp and R 2 are the hot-film element resistance, the resistance of the 

entire probe arm in the Wheatstone bridge and the top resistance (normally 200) in 

the Wheatstone bridge respectively. The effective surface area of the hot-film sensor is 

required for the calibration of the sensor and can be calculated by combining equations 

5.16, 5.7 and 5.18:

q — hAeff{Tfiim — Tjet) (5.18)

, ^ -  vi)D________
0.5S5(R, + R ,r (T ,u „  -  Tja)kPr«'Re«-- '  ' ^

where Aeff  is the effective sensor element area when an overheat is active; in air this 

is normally a number of times larger than the film’s physical geometric area. Finally, 

the effective area can be used to calculate the heat flux:

qdrss =  (5.20)
^ e f f

Several investigations have used hot-film sensors to perform heat flux measure

ments such as Baines and Keffer [141], Scholten and Murray [131] and more recently 

O’Donovan et al. [132]. O’Donovan et al. used the hot-film sensor in a similar setup to 

the one employed in this report for heat transfer measurements in the transitional wall 

jet region for an impinging continuous air jet. It is necessary that the temperature of 

the film be greater than that of the surface in order to achieve high sensitivity, this is 

known as the ’’sensor overheat” .

As the temperature of the hot-film surface can vary during the test from the tem

perature it had when the value Vq was measured, and because even a small deviation 

in temperature difference combined with the small sensor thickness leads to high heat 

transfer variations, additional conduction through the substrate has to be accounted 

for. The additional conduction term can be written as:
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kapton (5^21)

where kkapton. is the thermal conductivity of the Kapton substrate, Tgurf and Tsurf,o 

are surface temperature under test conditions and zero flow conditions respectively 

and 5 the thickness of the sensor substrate. This is added to the heat flux originating 

from the dissipation of electric energy to give the convective heat transfer rate:

and so the Nusselt number is then calculated as follows:

where Ts is the sensor element temperature.

As is evident from equation 5.16 the heat flux from the hot-fllm sensor is depen

dent on both operational voltage and sensor resistance. While the voltage Vbridge is 

measured during an experimental test, it is the only quantity in equation 5.16 that 

varies depending on heat flux Qdissi all other values are either known, fixed quantities, 

or must be pre-calibrated. The resistance of the sensor element Rs  is a quantity which 

varies hnearly with temperature, it must be calibrated so that the decade resistance 

can be set accurately in order to achieve the desired overheat under test conditions. 

Calibration was undertaken in situ. A pre-calibrated high precision Resistance Tem

perature Detector (RTD) was placed securely on the impingement plate as close as 

possible to the hot-fllm sensor element. The impingement plate and sensors were 

heavily insulated with fiberglass insulation making sure to leave no air gaps in order 

to achieve as uniform a temperature as possible within the insulated envelope. The 

plate and sensors were incrementally heated from 25°C to 82°C making sure to leave 

adequate time for settling. To obtain the most accurate measurements possible, at 

each step the resistance of the probe arm was measured using the bridge balancing 

function; returning the exact resistance of the probe arm as experienced by the CTA 

itself. The recorded calibration data is presented in figure 5.13.

Qconv — Qdiss “I" Qcond (5.22)
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—  Polynomial Model 
+ Data
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Figure 5.13: Hot-film calibration data

The relationship between the probe arm and the temperature can be seen to be 

Unear; as such a hnear fit is apphed to the data. Equation 5.24 describes this relation

ship:

Rp = 0.29843T -  6.9137 (5.24)

where the probe resistance Rp is comprised of the sensor resistance Rs and the 

connecting leads resistance Ri as shown in equation 5.17. The resistance of the con

necting leads was measured by short circuiting the probe arm close to the sensor ele

ment and balancing the bridge once again. The resistance of the leads was measured 

at = 0.627Q. The corresponding uncertainty for an operational film temperature 

of 70°C is 0.1% with a precision limit of 0.341°C.

As the measurement of the heat flux is reliant on the effective surface area of the 

hot-film (equations 5.19 to 5.23) the experimental uncertainty is calculated from this 

value. The uncertainty in Nusselt number for a 95% confidence hmit was calculated 

at 21%.
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5.7 H ot-wire Probe & D antec CTA Control

I 55P15 Bourdaiy layert>pe

Figure 5.14; Image and dimensions of boundary layer type hot-wire probe 55P15

A number of different types of wire probe’s have been used throughout this work. 

The probe pictured in figure 5.14 was used to acquire velocity data in the boundary 

layer of the impingement surface. The 55P15 was supplied by Dantec Dynamics and 

has offset prongs, with a tungsten wire sensor in diameter and 1.25mm in length 

orientated perpendicular to the probe axis. This probe is specifically designed to 

operate within boundary layers as the shape of the prongs permits measurements 

close to a solid wall without disturbance from the probe body which is positioned out 

of the boundary layer. The probe axis is mounted parallel to the direction of flow. 

The measurement principles and signal analysis for these types of wire probes have 

been described by Bruun [140]; these same principles can be applied to a number of 

sensors including film sensors, as discussed earlier, and fibre sensors.

As the hot-wire probe was operated in a thermal boundary layer it was necessary to 

calibrate it for both velocity and temperature. The maximum operating temperature 

the probe was required to work in was dictated by the operational temperature of the

ature at approximately 20°C. The velocity range was dictated by the performance

5.8 H ot-wire Probe Calibration

heated surface, which was 60°C*. The minimum was that of the ambient air temper-

123



5.8. H o t - w i r e  P r o b e  C a l i b r a t i o n

characteristics of the synthetic jet. At peak performance the jet would be producing a 

flow velocity of 15m/s at the orifice exit, although this was expected to be diminished 

prior to impingement upon the plate. Once these upper and lower operational limits 

were identified, the calibration limits were set at a temperature range of 20 — 70°C 

and a velocity range of 0 — 15m/s.

Hot-wire probe

A xis /  
m anipulatorFlow

conditioner

Air inlet 
from 

p rocess  
heater

N o zz le  exit

(a) (b)

Figure 5.15: Hot-wire calibration facility

The apparatus shown in figure 5.15 was used to calibrate the hot-wire probe. This 

apparatus was custom built in-house and consisted of a compressed air line feeding a 

computer controlled mass flow controller. Prior to entering a flow conditioner (flgure 

5.15 (a)) the air was heated by an in-line process heater. Inside the body of the flow 

conditioner is a large chamber which the air initially enters, at the top of the chamber, 

prior to entering the nozzle, is located a fine scale mesh designed to straighten the flow 

and break up any large scale structures which remain. The nozzle is approximately 

flve diameters in length with the base of the nozzle being contoured to ensure a smooth 

flow. This setup ensures a uniform and steady velocity proflle is formed at the nozzle 

exit. As the heated air exits the flow conditioner through the brass nozzle it engulfs 

the hot-wire held in position by a yaw manipulator, as can be seen in figure 5.15 (b).
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The angle of the yaw manipulator can be adjusted depending on what type of probe is 

being calibrated, but for the type of probe and experimental setup used in this work 

an angle of 90° to the flow was required. The exit nozzle for the flow conditioner is 

interchangeable to enable the calibration of different velocity ranges.

hot w ire ca libration 20-09-10.txt, X , Y , 2  
Rank 39 Eqn 284312234 In2=a+bx''(0.5)lnx+c{lnx)''2+dx/lnx+ex''(0.5)+flnx+gy''(0.5)+hlny+ie''(-y) 

r''2=0.99821693 DF Adj r''2=0.99802122 FitStdErr=0.19383151 Fstat=5808.227 
3=6296.2202 b=739.56238 c=510.14722 d=-291.33726 e=-5122.4559 

f=1433.3991 g=-439.4528 h=468,12501 i=553.16542

Figure 5.16: Surface fit for hot-wire calibration data, x-axis: temperature [°C], y-axis: 

voltage [F], z-axis: velocity [m/s].

Power to the process heater was supplied using an Auto Transformer. A change 

in air temperature was experienced when either the air flow rate or the power to 

the process heater was changed; to ensure a stable air temperature was achieved at 

nozzle exit it was necessary to allow a reasonable amount of time for the system 

to reach equilibrium. As the mass flow controller was positioned before the process 

heater it was necessary to correct the velocity calculation for the increase in volume 

with temperature. This was achieved by continuously measuring the air temperature 

at the inlet to the mass flow controller and at the nozzle exit using two calibrated 

thermocouples. The gas law relationship was used to correct for temperature effects:
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hot wire calibration 20-09-10.txt, X , Y , Z
Rank 1 Eqn 469 Chebyshev LnX.LnY Bivariate Polynomial Order 10 

r''2=0.99981666 DF Adj r^2=0.99933265 FitStdErr=0.11105029 Fstat=2181.3486

z

Figure 5.17: Residual error from the hot-wire calibration surface fit. x-axis: tempera

ture [°C], y-axis: voltage [V̂], z-axis: velocity [m/s].

where P, V  and T  represent pressure, volume and temperature respectively and 

the subscripts c and h refer to the fluid in its cold and hot state. Temperature is 

measured in degrees Kelvin. As the pressure at both stages in the system are the 

same {Pc = Ph) and mass flow rate is conserved we can deduce that:

where U relates to flow velocity. With a maximum temperature differential of 

50K  this could account for a velocity correction of over 17%. Cahbration results were 

subsequently put into the software package TableCurve 3D where the best numerical 

fit was obtained for the data; this is presented in figure 5.16. The residual errors 

from this curve can be seen in figure 5.17. The fit is quite good across the velocity

(5.26)
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and tem perature range with a regression uncertainty value of 0.18%. A function 

in TableCurve 3D enabled the exportation of the three dimensional calibration as a 

MATLAB function which made subsequent da ta  conversion from the recorded voltages 

and tem peratures into velocities more convenient. It is worth noting th a t accuracy of 

the calibration can be influenced by flow oscillations, high turbulence intensity, and 

flow reversals.

5.9 Tem perature Probe & Control M odule

The tem perature probe is operated upon the same principle as the hotwire outlined 

above, although in constant current (CCA) mode. The tem perature probe is designed 

for measurement of fast tem perature fluctuations in heat transfer studies. The tem 

perature module operates as a resistance therm om eter using probes with a fine wire 

sensor, typical 1/im in diameter. The output voltage is a linear function of the tem 

perature and can be optimised by offset and gain amplifiers and high-pass or low-pass 

filters which are integrated into the module. The probe current can be adjusted ac

cording to wire type to provide maximum tem perature sensitivity without heating the 

wire. According to section 7.4.3 of Bruun [140] the frequency response for a very thin 

wire operated in constant current mode at a very low overheat is determined solely by 

the therm al inertia. The time constant Mt for hot-wire of length I and diam eter d is 

governed by the following equation:

Figure 5.18: Image and dimensions of cold-wire tem perature probe type 55P31

Sensor is 0.4 mm bng 1 pm dia. 
ptMinum Mviie.

MOUNTING: 4 mmd». picbe stpporfe.

>- 1.9

55P31 Stiai^picbe
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^  Pscs{Tr/4)dH 
* aoRo(A + B U ^ - P )  ’

where ps  and Cs are sensor density and heat capacity respectively, qq and R q are 

the tem perature coefficient of resistance and element resistance at zero degrees Celsius 

and I  is the current delivered to the bridge. A, B  and n  are calibration constants and 

U the fluid velocity. Using equation 5.28 the relationship for the time constant can be 

expressed in terms of Nusselt number.

M  =  «  e iS il. (5^29)
4 k N u  Ra 4kN u

where Es  is the voltage across the sensor wire, k is the therm al conductivity of the 

sensor wire and Ra and R s  are the active and ambient sensor resistance respectively; 

although with such a low overheat, ambient and active tem peratures are close enough 

so th a t R s /R a  ~  1-

The type of probe employed in this investigation is a Dantec Dynamics Type 55P31 

Resistance Thermometer probe which is capable of measuring a 1°C tem perature fluc

tuation up to 2 — 3kH z  at approximately lOm/s.  All adjustm ents are performed 

manually from the front plate of the control module.

As the resistance of the tem perature probes element has a linear relationship with 

tem perature, calibration proved quite straightforward. The probe was placed in a cus

tom  made, semi-enclosed Perspex®  box along with a cahbrated thermocouple. The 

box was placed on the copper plate seen in figure 4.1 with the open side down and 

the whole plate was covered with a thick layer of fibreglass insulation. The tem per

ature probe and assembly was incrementally heated using the heating plate, making 

sure to  leave a number of hours between each tem perature measurement to allow for 

setthng. While the probe operating tem perature varied from ambient tem perature
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Figure 5.19: Temperature probe calibration data

to plate surface temperature, its average operating temperature when the jet is ac

tive is approximately 40°C. Although calibration data was recorded for temperatures 

between 20°^ and 80°^ the nature of the straight line relationship between temper

ature and voltage meant this was extendable to the temperature module’s maximum 

voltage range of +5V  and —5V, giving an effective temperature range of between 

12°C and 81°C. A linear regression was fitted to the data with the following equation 

representing this relationship:

T t e m p p r o b e  = 6.78767 X V +  46.5585 (5.30)

Figure 5.20 shows both the percentage regression uncertainty and the precision 

limit across the calibrated temperature range.

Based on an average operational temperature of 40°C regression uncertainty for 

the temperature probe is calculated at 0.02% with a precision limit of 0.05C*°.
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Precision Limit 
R egression Uncertainty
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TemperaturefC]

Figure 5.20: Temperature probe regression uncertainty

5.10 Data Acquisition ^  Processing

Two separate data acquisition (DAQ) boards are used in the experimental setup for 

the synthetic jet. Both DAQ boards were supplied by National Instruments^, with 

the first DAQ, chassis model NI cDAQ-9178 pictured in figure 5.21 (a) being used 

primarily to operate and control the synthetic jet. This chassis employed a number of 

modules required for the input and output of signals to various instruments. These 

modules and their specifications are summarised in table 5.2.

All other instrumentation control and data acquisition is performed using a DAQ 

card NI PCI-6036E and breakout board NI SCB-68 as seen in figure 5.21 (6); this

^National Instruments Corporation (U.K.) Ltd. Measurement House, Newbury Business Park, 

London Road, Newbury, Berkshire. RG14 2PS, UK. (http://www.ni.com)

Module No. of channels Voltage Sample rate Description

NI 9201 8 ±10 500kS/s 12-bit analog input

NI 9263 4 ±10 \QQkS /  s /  channel 16-bit analog output

NI 9211 4 ±0.08 145/s 24-bit thermocouple input

Table 5.2: DAQ module specifications
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(a) NI cDAQ-9178 (b) NI PCI-6036E and

NI SCB-68

Figure 5.21: DAQ modules

board can acquire data at a rate of up to 200kS/s  and has 16-bit resolution. The 

board can operate either a maximum of 16 referenced single ended or 8 differential 

input analogue channels and also has 8 digital I / O  channels. All of the sensors provide 

output voltages, which relate to temperatures, heat flux and velocities. This system is 

also used to control the stepper motor used to traverse the instrumented plate beneath 

the jet.

A visual interface (VI) program constructed and operated with the LabVIEW soft

ware package was used to view the signals from each sensor in real-time, to record data 

over an extended period and also to set up and control the various elements of the 

experimental rig. A number of cahbration coefficients are integrated in this program so 

that accurate readings can be viewed in real-time. LabVIEW drivers for StreamLine 

have also been implemented to control the operation of the CTA centrally. This soft

ware ensures the highest degree of accuracy is obtained during testing with precision 

control of all the CTA’s functions, including the abihty to automatically balance the 

bridge and reset the hot-film overheat to a precise temperature with a change in radial 

location. This real-time automated interface is instrumental in the setup and execution 

of an experimental test. Test results are obtained in the form of tab delimited matrices
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stored in ASCII form atted text files. These files are subsequently exported, processed 

and plotted using the numerical software package MATLAB. Custom code has been 

written in MATLAB in which any further calibrations are applied to the input da ta  

and the relevant calculations, processing and plotting of the results is undertaken.

5.11 Particle Image V elocim etry (PIV )

Particle Image Velocimetry (PIV) has been employed extensively in this research to 

provide flow field visualisation and velocity measurements. The PIV system comprises 

of a laser system, high speed digital camera, and data  acquisition and processing 

software. In order to perform PIV measurements the area of interest must contain 

an amount of minute tracer particles known as seeding, these particles enable the 

illumination of the flow field by the laser; the light refiected by the seeding is then 

recorded by the camera. The entire PIV system was supplied by LaVision

Figure 5.22: Typical PIV image for an impinging synthetic jet, H / D  = A, Re = 3000, 

L qI  D = 6

The operational principle of PIV is based on tracking the movement of seeding 

particles which are assumed to follow the flow. By measuring the displacement of 

particles within an interrogation window between subsequent camera frames of known 

time separation a correlation relating to the particles velocity is calculated, and hence 

the fluid velocity can be calculated. Applying these calculations across the whole area

®LaVision GmbH, Anna-Vandenhoeck-Ring 19, D-37081 Goettingen, Germany.

(http: /  /  WWW. lavision. de/)
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between two subsequent frames provides an instantaneous velocity measurement of 

the entire flow field; this technique can be repeated for a series of frames to provide a 

time series evolution of the flow velocity.

The laser system employed in this setup includes dual Quantronix Darwin Duo 

high repetition NdrYLF lasers (neodymium: yttrium  lithium fluoride, A =  527nm, 

0.1 — 0.3J/s at lOOO/Zz) employed with a beam combining system fitted within the 

one laser body; this allows for short duration (in the order of nanoseconds), high 

frequency (up to 4700Hz) pulses, with minute time separation (A^ ~  6fis). The laser 

beam is directed from the laser head to the measurement plane through the use of 

a manoeuvrable optical arm. The arm consists of straight aluminium tubing with 

a number of joints fitted with specialised optics, providing a significant degree of 

freedom and flexibility. A cylindrical lens located in the head of the arm converts the 

laser beam into a thin light sheet which can be aligned perpendicular to the jet exit 

and the impingement surface to form the measurement plane. The light sheet was 

approximately 1mm in thickness across the measurement plane.

The accuracy of PIV is heavily reliant on the suitabihty of seeding in two key ways; 

the particles should (i) follow the motion of the flow faithfully and (ii) scatter hght from 

the laser sheet shining across the measurement plane uniformly. Seeding was provided 

in the form of smoke particles generated by a Pea Soup  ̂ Colt 4 Portable Smoke 

Generator. This smoke generator uses an oil based aerosol to produce seeding with a 

particle size of 0.2 — 0.3fj,m mass median diameter; this meets with the requirements 

outlined above.

A high speed CMOS (Complementary metal-oxide-semiconductor) digital camera 

(Photron® HighSpeedStar 6, 1024x1024 pixels, 12-bits per pixel, 8GB on-board mem

ory) was used to record images of the flow field containing the illuminated seeding 

particles; a typical image can be seen in figure 5.22. All PIV images in this study were 

acquired at a frequency of 102AHz. Camera memory constraints meant that 3118 full

^Pea Soup Ltd., 3 Thornwood Avenue, Ingleby Barwick. TS17 ORS, UK. (http://www.pea- 

soup.com)
®Photron Europe Limited, The Barn, Bottom Road, West Wycombe, Bucks. HP14 4BS, United 

Kingdom, (http://www.photron.com)
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resolution frames were captured for H / D  =  8 and H / D  =  12, while it was possible to 

incerease this to 4365 frames at H / D  = 4 due to the ability to reduce the resolution 

of the camera at the smaller field of view. These operational param eters resulted in 

acquisition durations of 3.065 seconds and 4.263 seconds respectively. The chosen high 

frame ra te  provides excellent time resolved velocity data, enabling the visualisation of 

the evolution of an entire synthetic je t period at most operational parameters, while 

the relatively long acquisition duration and large quantity of frames ensured accurate 

time averaged results, in particular for the region of most interest; this is something 

tha t can prove difficult with such a highly periodic and inhomogeneous flow.

There are two main types of PIV measurement, single exposure PIV and double 

frame PIV, the la tter method being used in this investigation. Single exposure PIV 

takes single images separated by a specific time interval dictated by the acquisition 

frequency. Velocity vectors are calculated by measuring particle shift between subse

quently acquired frames, with a desirable amount being 5 pixels. While the maximum 

acquisition frequencies in single exposure PIV systems can be quite good (< 5000//-z), 

acquiring at this rate is only possible for a very short duration because of camera mem

ory constraints, as such this technique is most suited to relatively low velocity fiows. 

Double frame PIV is similar to single exposure PIV in th a t it also acquires images at

FLOW  SEED ED  WITH 
TRACER PA RTICLESU G H T SH EET

CYLIMORICAL
LENS CC D  CAM ERA

1** FRAME

CORRELATION FUNCTION

2 ^  FRAME

Figure 5.23: PIV schematic [142]
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regular intervals dictated by the acquisition frequency. However, while the single ex

posure technique only takes one image, double frame PIV takes two images separated 

by a very small time period (in the order of microseconds). The result of this is th a t 

the time separation between the two images can be very small, thereby providing a 

method of obtaining a suitable particle shift in flows of much higher velocity while 

also maintaining a regular sampling period and long test duration. Disadvantages of 

this technique include poor velocity calculation in areas of the flow where velocity 

is particularly low. A PIV measurement technique has recently been developed by 

Persoons et al. [143] which is based on multi pulse separation (MPS) imaging. This 

technique acquires images with variable pulse separation. Whereas single exposure 

PIV acquires a sequence of single-frame images, multi pulse separation PIV is more 

analogous to the double frame technique where frames are acquired at a fixed frame 

rate. The difference lies in the ability of the MPS technique to acquire double frames 

with variable pulse separation; thereby increasing the dynamic range of conventional 

PIV by over an order of magnitude. This result can provide significantly greater ac

curacy in the measurement of mean flows and turbulence intensity ranges particularly 

in low velocity regions.

Processing of the raw images was undertaken using LaVision’s DaVis 6 software 

package. Vector calculation involves dividing each image up into a grid of interrogation 

windows of specific size. Contained in these windows are a number of tracer particles 

which will be used to calculate the fluid velocity; a minimum of ten particles in each 

window is desirable. For double frame PIV a correlation function operates on the 

particle intensities between coincident interrogation windows from the two frames, 

one vector per window is subsequently produced. The current study calculated vectors 

using a multi-pass cross-correlation with an interrogation window size decreasing from 

64x64 pixels with a 50% overlap down to 32x32 with a 75% overlap.
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Chapter 6 

Analysis Techniques

The hterature review presented in this thesis has shown that the synthetic jet flow field 

is highly complex and can vary greatly depending on operational parameters such as 

Reynolds number, stroke length, jet spacing and confinement. As such, the resulting 

flow conditions can result in very different heat transfer effects upon impingement. 

A number of analysis techniques have been selected and developed which aim to not 

only reveal aspects of the jet flow, local air temperature and heat transfer mechanisms 

previously obscured by the highly complex nature of the flow, but also to identify the 

primary couplings between the mechanisms which drive heat transfer.

While the synthetic jet will always attract comparisons to the continuous jet, there 

are a number of reasons why analytic techniques commonly used on the continuous 

jet, while effective in their own right, prove far less useful when implemented on 

synthetic jets. The fundamentally intermittent nature of the synthetic jet means that 

many time averaging techniques traditionally used to identify aspects like transitions to 

turbulence, potential cores and shear layers are rendered ineffective. It is for this reason 

the following techniques have been selected and implemented in this investigation.

6.1 Proper Orthogonal D ecom position (PO D )

The principles and operation of Proper Orthogonal Decomposition (POD) have been 

explained in section 2.6.2 of the hterature review. To date, POD has been a httle 

used technique in the analysis of the synthetic jet. For the purposes of this research,
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Figure 6.1: Schematic of diaphragm displacement vs. phase angle. Maximum synthetic 

jet blowing and suction velocities occur at = 0° and 180° respectively.

POD has been implemented in conjunction with high speed PIV so as to decompose 

the flow field and to isolate the coherent structures from the turbulent flow.

Throughout this chapter instantaneous velocity and vorticity flow fields are pre

sented with a corresponding phase angle p̂, this angle refers to the stage at which the 

oscillating flow through the oriflce is captured, as depicted in figure 6.1. The angle of 

V? = 0° is taken to coincide with the position at which the synthetic jet’s diaphragm 

is in its naturally unloaded state; when the synthetic jet is operating this also corre

sponds to that of maximum suction velocity. Maximum blowing velocity corresponds 

to an angle of </? =  180°.

Figure 6.2 (a) shows one instantaneous image of the synthetic jet fiow field from 

a PIV time series at a phase angle of (/? =  157°; once decomposed using POD, the 

flow field components can be analysed. The red white and blue colour bar represents 

vorticity with red and blue being in counter clockwise and clockwise rotation respec

tively. Figure 6.2 (6) shows the percentage energy content captured in each successive 

mode; a near linear logarithmic relationship between energy content and mode number 

is clearly visible for this particular decomposed flow field, indicating how effectively 

this technique can account for significant energy containing flow structures with few 

modes. The flrst mode of the jet, shown in figure 6.2 (c), signifies the most energetic 

mode of operation, with 61.2% of the flow energy captured by this eigenmode. The
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Figure 6.2: POD decomposition for synthetic jet at H / D  = 8, /?e =  3000 and

Lo/D = 32.
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flow field reveals that this mode corresponds to the ejection phase of the jet. The 

second eigenmode, depicted in figure 6.2 (d) accounts for a further 10.9% of the en

ergy within the flow field, this mode can be seen to capture the suction stroke with 

the vectors at the orifice exit acting in the opposite direction. Figure 6.2 (e) shows 

the fourth eigenmode, this depicts the advection of the primary vortex ring away from 

the orifice. While only containing 2.4% of the energy, this mode clearly reveals that 

the coherent vortex is a dominant structure in the flow. Finally, figure 6.2 ( /)  shows 

the sixth eigenmode. This mode can be seen to still include flow characteristics of the 

vortex rings but at a significantly reduced energy level. While quite well defined, these 

vortices only account for 1.5% of the energy content of the flow field, where the sum 

of all 6 eigenmodes approximate 81.2% of the total energy in the flow field. Further 

eigenmodes reveal successively smaller and more erratic flows.

6.2 Swirl and Shear

As many of the synthetic jet operational parameters greatly influence the type of 

flow fleld formed by the synthetic jet, particularly that of the vortex ring, a method 

to track the average path and strength of the vortex was developed. An analysis 

technique outhned by Adrian et al. [144] was used to calculate the swirling plus the 

shear strength of a PIV flow fleld, it can be calculated as follows:

-  (E „ .E „ ) I2  + ( E l  + E^J/4)  (6.1)

and has units of [s“ ]̂. E  is the strain tensor whose magnitude can be calculated 

as follows:

dVi
Eij = —  where i E {x, y, z} j  E {x, y, z}  (6.2)

which is the change (gradient) in the vector component i when going along the j  

axis.
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6.3 Spectral Analysis

In this work the technique of spectral analysis has been applied to a number of si

multaneous, time resolved signals including those of heat flux, air temperature and 

velocity. The primary method of processing and presenting data in spectral form 

was through the use of the software package MATLAB, which contains a number of 

functions for such applications; in particular the cross power spectral density (cpsd) 

function was used. This function estimates the cross power spectral density Pxy  of 

the discrete-time signals x  and y using the Welch’s averaged, modified periodogram^ 

method of spectral estimation. The cross power spectral density can be defined as the 

distribution of power per unit frequency and is calculated as follows:

CXD

P,y{uj)= Y .  (6.3)
m = — OO

with the cross correlation sequence being defined as

RxyijT^^ E {Xn-^-myn } E ^Xnyn—m } (®'4)

where Xn and are jointly stationary random processes, —oo < n < oo and E  {.} 

is the expected value operator. All time resolved signals were acquired at a data rate 

of 8192 S / s  for a duration of 16 seconds, the results of this were very large data sets 

which can prove difficult to analyse. This particular spectral analyser was chosen as it 

provides a wide range of functionality which can help present results in a more simple

and concise form than can be achieved with other more basic spectral analysers. Such

functions include control of the fast Fourier transform length which determines the 

frequencies at which the PSD is estimated and Hamming window size selection which 

allows control of the number of samples used in each section and, also, the size of the 

overlap of each window. All spectra produced from hot-film, temperature probe or 

hot-wire data in this work used an overlap of 0.5 and 32 averages.

The cross correlation equation (6.4), part of the cpsd function, enables the cal

culation of coherence magnitude between simultaneously acquired signals. When the 

^The periodogram is an estimate of the spectral density of a signal.
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coherence between two signals at a specific frequency is found to be above 0.2 it is 

generally considered th a t significant correlation exists; this can prove to be a useful 

tool when comparing heat transfer data  to velocity and air tem perature signals.

6.4 Spectral D ecom position

While spectral analysis is by no means a new technique, a new m ethod of interpreting 

the spectral results was needed to compliment the application of POD. As the objective 

of POD is to isolate the most energetic aspects of the flow field enabling reconstruction 

with the most coherent structures it was decided th a t this must also be the objective for 

the analysis of the high-frequency, time-resolved data, specifically the velocity, heat 

flux and local air tem perature recordings. As was seen in section 6.1, the primary, 

and most energetic structures returned through the application of POD to the flow 

field were clearly functions of the synthetic je t driving frequency, indicated in figure 

6.2 (6) and (c) by the capture of the ejection and vortex modes. Consequently, it 

was determined th a t to obtain results which enabled comparison to  those produced 

by POD it was necessary to isolate the most powerful spectral frequencies, i.e. the 

primary synthetic jet driving frequency and its harmonics. This leaves just the more 

erratic fluctuations present in the flow, which can be attribu ted  to flow evolution and 

subsequent degradation and can indicate a transition to turbulence. A further step 

was taken to  split the residual frequencies into those above and below the je t driving 

frequency

The implementation of this technique requires a number of steps to convert data  

from the raw time series into the three domains, hereafter referred to as the periodic, 

low and high frequency spectral components. Firstly, the raw da ta  file containing the 

time-resolved recorded data  x,  of specific frequency and duration, was im ported into 

MATLAB; an example of this can be seen in figure 6.3 (a). Once imported, these data 

were converted into the frequency domain, as seen in 6.3 {b), using an inbuilt discrete 

Fourier transform function y =fft{x),  for a vector of length N;  this is computed using 

a fast Fourier transfer (FFT) algorithm:
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data to frequency domain.

= (6-5)
j = i

where cupj = and is an A^th root of unity. The resulting frequency spectrum

can be seen in figure 6.3 (6).

The second step involves isolating the specific frequencies related to the coher

ent, high-energy structures in the flow which appear as peaks in the spectrum, some 

of which are clearly seen in figure 6.3 (b) at the driving frequency ( l lSI Iz)  and its 

harmonics n x l lSIIz .  A  spectral bandwidth of l l l z  above and below the isolated

1o“ 1o' 10* 10^ 10° 1o' 1o’ 10^ 10° 1o' 10‘ 10^
frequency (H2) frequency (Hz ) frequency (Hz )

(a) Low frequency domain (b) Periodic domain (c) High frequency domain

Figure 6.4: Frequency isolation and decomposition.
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Figure 6.5: Reconstructed components of the time resolved signal.

frequencies is also included in the reconstruction of the periodic domain; the result of 

this isolation can be seen in figure 6.4 (b). The remaining spectrum now only contains 

frequencies which were not generated as a direct result of the periodic ejections of the 

synthetic jet, moreover they were created by the degradation of the flow from its origi

nally periodic nature. These remaining frequencies are then separated into two further 

domains, with the first domain lying above the driving frequency of the jet, as seen 

in figure 6.4 (c). These higher energy frequencies are often considered to be indicative 

of the level of turbulence present in the flow, as energy is dissipated at these smaller 

scales. The final domain includes the frequencies below the jet driving frequency and 

can be seen in figure 6.4 (a); this domain tends to become more prominent as flow 

momentum is diminished and lower frequency phenomena dominate in the absence of 

external excitation.

The final step of the procedure is the reconstruction of the real-time signal by 

conversion of the respective decomposed spectra back to the time domain. Once again 

this is done through the use of an inbuilt inverse Fourier transform function Y  =if f t{X)  

in MATLAB. This also employs the reverse of the same FFT algorithm.

x{j) = (1/iV) ^  X (6.6)
f c = i

The reconstructed time-domain signals can be seen in figure 6.5, these correspond 

to the decomposed spectra presented in figure 6.4. Once the spectrum has been de-
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composed into its component parts it is possible to evaluate the level to which the flow 

is developed. As the periodicity is now decoupled from the general flow, RMS values 

of each component reflect more accurately the levels of turbulent fluctuation present 

in the flow; this in turn can enable a more in-depth analysis of the flow development.

As well as presenting fluctuating data in the form of the root mean squared (RMS) 

of its decomposed components, the RMS of the raw signal is also used. Values for 

fluctuating Nusselt number Nu'^ fluctuating velocity V  and fluctuating air tempera

ture T' are presented in this form. These calculations are performed using MATLAB, 

with the calculation for the RMS of a series x containing n elements being defined as 

follows:

rm s (6 .7)

where

n (6 8̂)
i=l
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Chapter 7

Results and Discussion

In this chapter heat transfer and fluid measurement results obtained for an impinging 

synthetic jet are presented and analysed. Two main flow measurement techniques (PIV 

and hot-wire anemometry) have been implemented and the results are presented in var

ious forms including instantaneous velocity and vorticity flow field measurements and 

flow field decomposition using POD which provides information on jet structures and 

the corresponding mode energy. Local fluid velocity measurements are also presented 

in conjunction with local surface heat transfer and air temperature measurements. 

Many of these measurements provide stagnation point data but radial distributions 

are presented also for simultaneous local surface heat transfer and air temperature. 

Spectral decomposition and reconstruction is performed on the local measurements to 

aid with the identification of various flow regimes and transitions. These local mea

surements are analysed on a time averaged, time resolved basis and also within the 

frequency spectrum. All Reynolds numbers reported in this work have been calculated 

using the methid outlined in equation 2.11 unless otherwise stated. It is worth noting 

that this method of calculation will give a value double that used by authors such as 

Smith and Glezer [46] calculated in equation 2.9.

There are many parameters which can affect the heat transfer and flow charac

teristics of an impinging synthetic air jet. These parameters include Reynolds num

ber (i?e), non-dimensionalised stroke length (Lq/D) ,  non-dimensionalised nozzle to 

impingement surface spacing (H/D),  orifice geometry and confinement. However,
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Re Lo/D 2 3 4 6 8 12 16 20 24 32 40 48

1000 f(H z) 160 106.67 80 53.33 40 26.67 20 16 13.33 10 8 6.67

2000 f(H z) 320 213.33 160 106.67 80 53.33 40 32 26.67 20 16 13.33

3000 f (Hz) 480 320 240 160 120 80 60 48 40 30 24 20

Table 7.1: Approximate synthetic jet operational parameters

the investigations undertaken in this study addresses only the influence of the first 

three of these parameters. Thus, all tests were performed on a semi-confined syn

thetic air jet issuing through an orifice of diameter 5mm and length 10mm. Table 7.1 

shows the range of Reynolds numbers [Re =  1000,2000,3000) and dimensionless stroke 

lengths {Lq/ D  =  2, 3, 4, 6, 8,12,16,20, 24, 32,40, 48) with the corresponding actuation 

frequencies which were investigated. The relationship between these parameters is 

described by equation 7.1. Height above the impingement surface was also varied 

{H/ D =  2, 3,4,6, 8,10,12,16). This range of parameters covers the various synthetic 

jet flow regimes, from threshold jet formation at small stroke lengths to a slug flow 

regime experienced at large stroke lengths and small spacings to a fully developed flow 

occurring at large orifice to impingement surface separations.

While a range of Reynolds numbers was investigated, particular attention was paid 

to the Reynolds number of 3000. It was found that where certain trends of interest 

were present, their dependence on dimensionless stroke length Lq/ D  and axial spacing 

H/ D  was more significant than on Reynolds number. It was decided that a Reynolds 

number of 3000 was an appropriate operational setting to achieve the desired consistent 

results. Using the highest Reynolds number in the range helped in overcoming the 

intermittent, natural buoyancy effects present at the heated impingement surface which 

can periodically affect levels of heat transfer in a semi-confined setup. It was helpful in 

achieving a reasonably high level of heat transfer, thereby providing a greater resolution 

across the range of testing parameters and aiding with the identification of various heat 

transfer and flow regimes. However, representative results for the Reynolds number of 

1000 and 2000 are included for completeness.
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As an established flow is required to achieve convective heat transfer, this chapter 

leads with a comprehensive flow field analysis of the impinging synthetic jet. Firstly, 

instantaneous flow fields are used to identify individual structures formed at various 

stroke lengths and how they evolve within the flow field. Time averaged swirl and 

shear data is used to track the path and strength of the vortex after which volume flux 

and mean velocity proflles are presented. The final section, addressing the synthetic 

jet flow field, presents results obtained through Proper Orthogonal Decomposition 

which depicts the most powerful flow structures and energy containing eigenmodes. 

The second half of the results section presents heat transfer data corresponding to the 

flow field data. This section leads with stagnation point heat transfer, local velocity 

and local fluid temperature data revealing a number of impingement regimes across 

various stroke lengths. Spectral decomposition is subsequently used on the stagnation 

point data to further reveal the dominant frequency components involved in each 

impingement regime. Further stagnation point power and coherence spectra are used 

to provide correlation data between the heat transfer signal and local fluid velocity and 

temperature. Radial profiles are reconstructed from the fluctuating Nusselt number 

and fluid temperature data using the spectral reconstruction methods outlined earlier; 

these results help reveal the state of the jet upon impingement and how it transitions 

after impact has occurred.

7.1 Jet Evolution

The two most signiflcant variables in the establishment of an efl'ective flow from a 

synthetic jet are Reynolds number and stroke length. Before presenting experimental 

results in the form of heat transfer or flow fields, it is important to understand how 

changing either of these variables may affect jet formation and subsequent evolution. 

While Shuster and Smith [48] have shown that Reynolds number can have an efi'ect on 

the coherence and stabihty 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 a vortex. In contrast, it has been established that dimensionless stroke length not 

only plays a key role in jet formation, but also has a significant bearing on flow field
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characteristics [145, 20, 48]. It is noteworthy, however, th a t few authors, with the 

exception of Cater and Soria [23] and Crittenden and Glezer [25], have investigated 

the effects of je t formation much beyond L q/ D  = 10, 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. [60] where it was established th a t there 

exists a universal stroke length L q/ D  ^  4, also referred to as formation length, for 

complete vortex ring formation. Beyond this threshold stroke length the vortex does 

not increase in size but advects away from the orifice, with subsequent ejected fluid 

forming a trailing jet following the vortex. Gharib et al. presented d a ta  primarily for 

impulsively started  jets and a hmited number of other velocity programs but none were 

tested which are directly comparable to the type of velocity program produced by a 

synthetic jet. Nevertheless, this finding has significant implications for the formation 

and evolution of the synthetic jet.

Most synthetic jets are formed by applying a voltage in the form of a sinusoidal wave 

of specific frequency and amplitude across an acoustic speaker, thereby producing both 

a corresponding deflection in the diaphragm and fluid flow across the je t orifice. As 

such it is reasonable to consider the velocity program across the orifice of the synthetic 

jet as th a t of a sine wave, with adjustm ents in frequency and am plitude resulting in 

corresponding changes in Reynolds number and stroke length. For now, however, a 

constant Reynolds number and hence velocity is assumed. In keeping with the findings 

of Gharib et al. [60] th a t complete vortex formation occurs at a dimensionless stroke 

length Lo/£> ~  4, we see th a t figure 7.1 (a) satisfies this requirement; a complete vortex 

is formed in a single ejection phase of the jet. Significantly, no trailing je t is formed at 

this stroke length and peak velocity Knax occurs half way through vortex formation. 

Once formed, the vortex convects away from the orifice and the cycle of suction and 

ejection begins again. Any subsequent increase in stroke from L q/ D  = A will result in 

the formation of a trailing jet following the vortex; this case is represented by figure 7.1 

(6). At this particular stroke length of L q/ D  = 8 the velocity of the flow continues to 

accelerate until the vortex is fully formed at Lo/D  =  4, peak velocity Vmax now occurs 

just as vortex formation ends; subsequently ejected fluid forming the trailing je t is 

ejected at a lower velocity. A further increase in stroke length is represented by flgure
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Figure 7.1: Jet formation with increasing formation length (stroke length).

7.1 (c). At large stroke lengths it can be seen that vortex formation length occupies 

only a fraction of the ejection time, with the majority of the fluid ejected forming a 

trailing jet. Peak velocity can be seen to occur after the vortex has formed, in effect the 

flow velocity will continue to accelerate into the trailing jet and an inevitable collision 

between the two will ensue. Gharib et al. [60] documented this velocity program up to 

a dimensionless stroke length L q/ D  = 12. It was reported that the primary vortex was 

able to accommodate a temporary increase in circulation, resulting from the impact 

of the trailing jet, before shedding the excess vorticity, but it was common for total

151



7. 1. J e t  E v o l u t i o n

destruction of the vortex to occur. It is understandable th a t at dimensionless stroke 

lengths L q/ D  »  8 this may well be characteristic behaviour.

7.1.1 Instantaneous Flow Fields

7.1.1.1 H /D = 8

r/D

Figure 7.2: Instantaneous flow fleld; ip = 230°, H / D  = 8, Re = 3000, L q/ D  = 3.

Figure 7.2 presents an instantaneous velocity and vorticity flow fleld at an orifice to 

impingement surface spacing oi H  = 8D, Reynolds number of 3000 and dimensionless 

stroke length L q = 3D. The phase angle of the jet, cp, relates to what stage in the 

suction or blowing phase the je t is at and corresponds to  figure 6.1, the red, white 

and blue colour bar represents vorticity with red and blue being in counter clockwise 

and clockwise rotation respectively. It can be seen in figure 7.2 th a t a vortex ring 

begins to form during the ejection stroke immediately in front of the orifice, however 

none appear in the far field. At this small stroke length there is insufficient time and 

momentum im parted to the partially formed vortex to allow it fully escape the effects 

of the subsequent suction stroke associated with the reciprocating nature of a synthetic 

jet flow. Although no vortex rings associated with classic synthetic jet flow reach the 

far fleld there is however a diminished, turbulent net flow 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
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this fluid reaches a sufficient distance to escape its effect. The flow that is estabhshed 

has diminished momentum and as such at this axial spacing the fluid impinging upon 

the plate appears to lack periodicity and is of significantly reduced velocity.

r/D

Figure 7.3: Instantaneous flow field depicting velocity vectors and vorticity;

H / D  = 8,Re = 3000, L q/ D  =  4, (̂  =  230°.

Figure 7.3 shows a flow field for an increased stroke length L q =  4D; this regime 

is consistent with that reported in figure 7.1 (a). It can be seen that at this stroke 

length a coherent vortex is formed at the mouth of the orifice and subsequently propa

gates towards the impingement surface; three discrete vortex rings at increasing axial 

locations are clearly visible in this flow fleld. Confirming what was hypothesised in 

figure 7.1 (a), maximum velocity can be seen to occur inside the vortex ring’s core; 

as the vortex moves farther from the orifice this location naturally moves towards the 

front of the impinging fiuid due to its higher velocity. No visible trailing jet is present 

following vortex formation at this stroke length. Prior to impingement, at x / D  ^  2, 

the vortices appear to lose coherence due to an accumulation of preceding vortices on 

the impingement surface. It is evident from the low-level vorticity present immedi

ately above the plate surface that preceding vortex rings neither have the time nor 

momentum to clear the impingement zone prior to the arrival of the next vortex ring. 

This results in significant mixing occurring before reaching the plate; no high velocity 

core associated with the vortex ring is detectable upon impingement.

153



7. 1. J e t  E v o l u t i o n
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(a) ip =  230° (b) =  300° (c) tp =  400°

Figure 7.4: Instantaneous flow fields; H / D  = 8 ,Re  = 3000, L q/ D  =  8.

Figure 7.4 shows the progression of the fiow field as the stroke length is increased 

to L q =  8D  (as represented by figure 7.1 {b)). It is immediately apparent th a t a 

significantly larger vortex is formed at this larger stroke length. While Gharib et 

al. [60] found tha t maximum vortex circulation for a similar velocity program was 

dehvered at a stroke length of L q — 4.2D, these results indicate th a t a synthetic 

jet may indeed require a larger stroke length to achieve maximum circulation; time 

resolved flow field images indicate th a t at L q = AD, a nominal amount of fluid which 

would otherwise contribute to vortex circulation is reingested into the orifice during 

the suction stroke. The fiow field at Lq =  8D, presented in figure 7.4, is broadly in 

line what has been proposed by figure 7.1 (6). Once the primary vortex has been 

established in its entirety, the excess fiuid ejected at this larger stroke length forms 

a trailing jet. Figure 7.4 (a) indicates th a t the location of maximum fiuid velocity 

now occurs closer to the rear of the vortex, as shown by the arrow; while not at the 

immediate interface as indicated by figure 7.1 (6), this is because the high velocity fluid 

originally located at the interface between the vortex ring and the trailing je t is in fact 

travelling faster than  the vortex itself. As the flow progresses to <̂ =  300°, flgure 7.4 

(6), the maximum velocity is now located in the centre of the vortex ring, along with 

the bulk of the flow; it is noteworthy th a t the vortex ring has become substantially 

wider in diameter to accommodate this extra bulk. The trailing jet at this point is far 

less coherent and appears to undergo a degree of detachment from the primary vortex
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and by if = 400° (figure 7.4 (c)) is virtually non-existent, a phenomenon which has 

also been documented by Gharib et al. [60]. Nevertheless a coherent vortex ring with 

a significant amount of bulk flow intact can be seen impinging on the surface.

(a) if = 170° (b) ip = 210° (c) ip = 260°

Figure 7.5: Instantaneous flow fields; H / D  = 8, Re = 3000, L q/ D  =  16.

As the stroke length is increased beyond Lq — 8D to the third and final regime rep

resented in figure 7.1 (c) the flow field changes once again. The stroke length required 

for vortex formation becomes increasingly smaller in comparison to the amount of fluid 

injected into the trailing jet. Consequently, peak jet ejection velocity is reached long 

after the vortex ring is formed. Looking at figure 7.5 (a) it is immediately evident 

that the vortex formed is on the same scale as that at Lq = 8D, indicating that a 

universal time scale for vortex formation does exist and has indeed been achieved. At 

this phase, ip =  170°, the vortex is both symmetric and coherent, however the jet has 

yet to reach peak ejection velocity. Figure 7.5 (5) shows the flow field at =  210°, 

when a fluid length of L q = 10.7D has been ejected. The arrow indicates the loca

tion of peak velocity in the trailing jet at x / D  = 5, and as the higher velocity fluid 

impacts upon the vortex ring, as with L q =  8D, it is forced to spread. In contrast 

to the vortex behaviour at a smaller stroke length it is unable to accommodate the 

excess fluid and consequently becomes unstable; flgure 7.5 (6) shows that this is ini

tially manifested as a skewed vortex ring. Figure 7.5 (c) shows that with an increase 

in phase to (p = 260°, the vortex ring undergoes a comprehensive destruction, leaving 

what can only be described as an isolated turbulent fluid ejection to impinge upon the
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surface with no detectable vortex ring. This je t can be seen to be significantly wider 

than an equivalent vortex and trailing jet. The velocity field within this flow appears 

highly erratic with h ttle  obvious remnants of the sinusoidal flow which formed the jet. 

Figure 7.6 presents a flow field for an even larger stroke length at L q = Z2D.

r/D r/D r/D

(a) =  160° (b) =  180° (c) i f  =  220°

Figure 7.6: Instantaneous flow fields; H / D  = 8 ,Re  ~  3000, L q/ D  = 32.

This flow field can be seen to  have much in common with tha t of Lq =  16D 

presented in figure 7.5, where a coherent vortex ring with a high degree of circulation 

is initially formed in the first stages of the ejection aX ip = 160°. However as the 

flow develops further aX = 180°, the vortex undergoes destabihsation, resulting in 

complete destruction before impingement on the surface. While no coherent vortices 

reach the impingement surface at these parameters, it is worth noting th a t in figure 7.5 

(c) once the mass flux has impacted on the plate surface, vortex rollup is experienced 

at the periphery of the impact zone resulting in the observable vortices at r  ~  2.5D.

While the reported outcomes have been the case for these stroke lengths at this 

particular spacing of H  = 8D, it is im portant to  acknowledge tha t a certain axial 

distance was required for flow to develop in each of these cases and so a change in 

axial spacing may provide very different results. As such, other axial spacings will 

now be considered.
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Figure 7.7: Instantaneous flow field; (p = 360°, H / D  = 4,Re = 3000, Lq/ D  =  3.

While figure 7.2, Lq = 3D at H  = 8D, showed a flow field devoid of impinging vortices, 

the same stroke length presented in figure 7.7 shows a flow field for an orifice to plate 

spacing of 4 diameters with a number of small impinging vortices. These vortices 

traveUing towards the plate appear just above the threshold of formation. While 

before, the vortex rings that were formed appeared unable to escape the effects of the 

suction phase and subsequently degraded rapidly, now the impingement surface lies 

within reach of some of the more well formed vortices at this stroke length. It is notable 

that while the vortex rings themselves appear to lack the level of coherence present 

at greater stroke lengths there is a sizeable momentum remaining upon impingement. 

This combination of reduced coherence and increased impingement momentum is seen 

to result in vigorous mixing and interaction at the plate surface; conditions which can 

potentially produce high rates of heat transfer.
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Figure 7.8: Instantaneous flow field; H / D  = 4, Re = 3000, L q/ D  = A.

Figure 7.8 presents a flow field at an axial spacing oi H  = AD, with a similar stroke 

length to  th a t present in figure 7.3. At a stroke length of L q = 4D  this je t formation 

regime lies purely in th a t of vortex formation, represented by figure 7.1 (a). Once again, 

coherent vortices appear to be formed in front of the orifice and advect away with no 

detectable trailing jet present. While this behaviour is consistent with tha t observed at 

H  = 8D  in the near field, there are significant differences upon impingement. Figure 

7.8 (a) shows th a t a coherent, if not substantial, core in the centre of the vortex ring 

is present upon impingement, resulting in high velocity fluid periodically impacting 

upon the plate; this can be attributed to a greater amount of momentum remaining in 

the flow as the jet is required to travel a smaller distance prior to impingement at this 

reduced axial spacing. Consequently, the more coherent impingement has a greater 

ability to  push any remaining fluid from previous impingements out of the way, this 

includes vortices seen to be lying in the impact zone, a feat th a t was not possible at 

smaller stroke lengths or larger axial spacings. Once the fluid ejection has impacted 

upon the surface, any remaining momentum causes its own vortices to travel radially 

outwards; a number of tightly packed vortices can be observed above the plate surface 

at a radial location beyond the impingement zone. Figure 7.8 (6) shows evidence of the 

suction stroke reingesting fluid from the vortex formed in front of the oriflce, thereby 

reducing the circulation of the vortex at this stroke length from the maximum value of 

circulation recognised by Gharib et al. to occur at L q ~  AD. It is for this reason th a t 

it is believed th a t maximum circulation for a synthetic jet is reached at a larger stroke
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length than  for non-reciprocating flows. A saddle point, or local stagnation point in 

the flow is also present in front of the oriflce in flgure 7.8 (6).

(a) V? =  160° (b) tp = 230° (c) ip = 380°

Figure 7.9: Instantaneous flow fields; H / D  = A, Re = 3000, L q/ D  = 6.

An increase in stroke length to L q = 6D, presented in figure 7.9, reinforces what has 

been observed at L q = AD. Vortex ring formation once again appears slightly larger, 

however, while the initial formation of a trailing je t is clearly visible at the orifice in 

7.9 (6), little or no trailing jet is evident in 7.9 (c). Time resolved d a ta  reveals th a t 

a significant portion of the trailing je t is reingested during the suction stroke. This 

evidence strongly suggests th a t synthetic jets may indeed require a larger formation 

length to  achieve maximum vortex circulation than  an equivalent impulsively started 

je t due to  their reciprocating cycle. Little momentum is lost as the fluid travels from 

the orifice to  the impingement surface; the fully formed vortex ring and large core can 

be seen impacting discretely upon the surface aXip = 380°. The most notable difference 

between L q = 6D and L q = AD is th a t while there are a number of vortices present at 

the plate surface for the shorter stroke length, there is only one set visible at Lq =  6D. 

The reasons for this are twofold. Firstly, there is a significant increase in core volume 

between Lq =  AD and L q = 6D. Consequently, once the vortex has impacted, the 

extra fluid in the core has the effect of displacing the vortex radially. Secondly, with 

the increase in fluid volume per ejection there is simply less space available above the 

impingement surface for multiple, larger vortices to exist; the evidence for this can be 

seen in flgure 7.9. Upon impact the vortex becomes displaced radially by the fluid 

from its own core, there is little or no further movement prior to the arrival of the 

next ejection, as can be seen between (p =  160° and ip =  230°. As fluid from the next
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ejection stroke approaches the impact zone, figure 7.9 (c) shows th a t the vortex on the 

impingement surface becomes further displaced.
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Figure 7.10: Instantaneous flow fields; H / D  = A, Re = 3000, L q/ D  = 8.

Figure 7.10 shows an increase in stroke length to L q = 8D for the smaller je t to 

plate spacing of i f  =  4D. Although no increase in vortex size is evident, the greater 

stroke length does contribute to the formation of a trailing je t and a visibly larger 

core. Rather than  impinging as a discrete vortex ring, figure 7.10 (a) indicates th a t 

impingement is led by the core flow followed by the vortex ring at a removed axial 

and radial distance, with maximum velocity being located within the core. Comparing 

the locations of the vortices remaining from the previous ejection period for different 

stroke lengths, visible just above the impingement surface in figures 7.10 (a) and 7.9 

(b), it is clear to see th a t they exist at different radial locations. Once impingement 

occurs, the increased volume of fiuid contained in the core and trailing jet at L q = 8D 

forces the vortex to a greater radial distance, where it remains until the next ejection 

phase displaces it further once again.
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Figure 7.11: Instantaneous flow fields; H / D  = 4, Re = 3000, L q/ D  =  16.

At this low axial spacing any increase in stroke lengths serves only to increase 

the length of the trailing jet. At L q = 16D figure 7.11 shows th a t while a coherent 

vortex ring is formed, it plays very much a secondary role in the impingement flow 

compared to the dominance of the trailing jet. Peak velocity is experienced in the 

middle of the core which is visibly larger compared to smaller stroke lengths; this can 

be attributed to an accumulation of high velocity fluid behind the vortex ring. Once 

again, figure 7.11 (a) shows the impingement to be leading with the core flow rather 

than  a vortex ring. As the high volume, high velocity core fluid impinges on the surface 

it stagnates and is forced to move radially outwards. Figure 7.11 (b) shows tha t the 

vortex ring, which is now visibly unstable, is maintained well above the impingement 

surface. It is quite evident th a t at this large stroke length and small axial spacing 

the flow undergoes little or no development prior to  impingement, and with such little 

interaction and large interval between ejections it can be argued th a t they should be 

analysed as independent events.

In contrast to the PIV flow fields presented for H  =  8D in figures 7.2 to 7.6, this 

lower axial spacing allows for a significantly difl’erent evolution of the jet. For stroke 

lengths above L q = AD,  little or no interaction and mixing was evident prior to or upon 

impingement. Subsequent increases in stroke length merely accentuated this case by 

adding to the length of the trailing jet, increasing the duration between impingements 

and depowering the vortex ring as a flow mechanism.

It was seen th a t there were a greater number of flow regimes present at H  =
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8D. The larger axial spacing allowed for significantly more flow development prior 

to impingement at both small and large stroke lengths. While at particularly small 

stroke lengths Lq < 4D a loss of momentum attributed to the smaller vortices resulted 

in diminished velocity at the plate surface, larger stroke length provided the required 

momentum for a coherent, higher velocity vortex ring to reach the plate; however a 

corresponding reduction in mixing was experienced. Subsequent increases in stroke 

length resulted in a spectacular destruction of the vortex ring prior to impingement, 

with a wider, more turbulent jet impacting upon the surface.
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Figure 7.12: Instantaneous flow fields; H /D  =  12, Re = 3000, Lq/ D  = 3.

The flow field presented for a stroke length of L q =  3D in figure 7.12 for the increased 

jet to plate spacing of 12 diameters is much like that for the equivalent case at H  = 8D 

in figure 7.2. Similarities include the formation of a vortex ring at the orifice during the 

ejection phase, the absence of visible vortex rings escaping beyond the near field due 

to the suction stroke and the formation of a diminished turbulent jet in the far field. 

The larger axial spacing can be seen to further reduce fluid velocity and momentum 

upon impingement.
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Figure 7.13: Instantaneous flow field; tp = 230°, H / D  = 12, Re = 3000, L q/ D  = 6.

Data presented for a stroke length of L q = 6D and axial spacing of H  = 12D 

is shown in figure 7.13. As expected at this stroke length, large coherent vortices 

are formed with a large core flow. While figure 7.1 (b) would suggest that a notable 

trailing jet might be present in this case there appears to be only a nominal amount 

of vorticity trailing the vortex in the middle of the flow fleld; this gives further weight 

to the argument that a larger formation length (and hence stroke length) is needed to 

reach maximum circulation for a synthetic jet. As the vortex ring progresses towards 

the impingement surface it becomes notably weaker in strength; hy x  = AD most of 

the flow momentum appears to be lost, with an accumulation of weak vortices and 

diminished flow visible above the impingement surface. It is understandable that an 

increase in stroke length may provide the vortex with more momentum with which to 

reach the surface and displace fluid from previous ejections.
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(a) (fi =  150° (b) i f  =  200° (c) i f  =  290°

Figure 7.14; Instantaneous flow flelds; H / D  =  12, Re  =  3000, L q/ D  = 18.

A familiar flow pattern  to tha t seen in figures 7.6 and 7.11 appears once again 

as the stroke length is increased into the regime where maximum ejection velocity 

occurs after vortex formation. Figure 7.14 (a) shows the regular formation of a large 

coherent vortex; as the flow progresses the vortex advects downstream with the trailing 

jet extending all the way to  the oriflce. However, flgure 7.14 (b) shows th a t as the 

higher velocity fluid present in the trailing je t tries to force its way past the vortex 

two things happen: firstly, an accumulation of fiuid occurs at the interface between 

the trailing jet and vortex ring, skewing the ring and forcing a separation of the two. 

Secondly, the instability created in the ring by the separation causes the fiuid a t the 

very front of the core, leading the vortex ring, to break off forming a secondary vortex 

and destabilising the entire flow. The result of this destabilisation is depicted in figure 

7.14 (c). While the exact method of destruction in which a secondary vortex is formed 

from the leading flow may not happen consistently, this is down to the erratic nature of 

the flow at large stroke lengths. W hat does seem consistent is th a t destruction always 

starts with the skewing of the primary vortex, followed by a turbulent dissipation of 

the remaining fluid ejection. Further increases in stroke length to L q = 32D,  presented 

in figure 7.15, confirm this assertion. No visible secondary vortex is present, however a 

skewed primary vortex in the process of destruction can be seen in figure 7.15 (b). Once
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destruction has occurred a significant spread in the jet is observed and impingement 

occurs as a turbulent wave rather than a passing vortex.

Figure 7.15: Instantaneous flow fields; H jD  = 12, Re =  3000, Lq/ D  =  32.

In contrast with results observed at H  =  8D, once impingement from a flow which 

has undergone destruction occurs, minimal vortex rollup on the plate surface is visible. 

The increased axial distance at H = 12D has allowed for a significantly greater amount 

of viscous dissipation and spreading, resulting in a loss of impact momentum and 

therefore the ability to perform vortex rollup.

It has been found that the two opposing regimes of small stroke length (Lq < 4P), 

where a highly turbulent jet of diminished momentum is formed, and large stroke 

length, where the vortex ring undergoes comprehensive destruction prior to impinge

ment in isolation (Lq > 12D) are more or less similar at axial spacings of H  = 12D 

and H  = 8D. However, significant differences have been identified in the intermediate 

range where an optimum balance can be struck between imparting a sufficient level of 

momentum to the vortex so that it can reach the impingement surface relatively undi

minished, and not imparting so much momentum that the vortices impact in isolation, 

thereby reducing the turbulence intensity caused by vortex interactions. Each axial 

spacing will achieve this optimum balance at a different stroke length, with a greater 

stroke length required at large axial distance. The sole proviso for this condition may
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well be tha t, as the axial separation and stroke length required to im part sufficient 

momentum to the vortex ring increases, it may encroach on the regime where total 

vortex destruction occurs, thereby making the optimum condition effectively unachiev

able. Further results are required to reveal more about these regimes.

7.1.1.4 Findings

This section confirmed some of what has previously been seen in the literature, namely 

th a t jet formation at small stroke lengths, L q < 4D, is significantly diminished as 

little fluid can escape the suction phase of the jet. W hat little fluid does escape 

possesses little momentum with which to impinge upon the surface, regardless of axial 

spacing. Maximum vortex ring circulation was shown to occur at a stroke length of 

4D, however beyond this value any excess fluid forms a trailing jet behind the vortex 

ring. While the vortex alone was seen to have a relatively high level of coherence, at 

large axial distances it possessed insufficient momentum to impact upon the surface 

undiminished. Larger stroke lengths were seen to provide the vortex with the impulse 

required to traverse the axial spacing without significant degradation. However, as the 

maximum ejection velocity starts to occur in the trailing je t at stroke lengths beyond 

L q = 8D, a build-up of fluid occurs behind the vortex ring resulting in its ultim ate 

destruction.

7.1.2 V ortex Strength  & P ath

All synthetic jet cycles begin with the formation of a vortex in front of the orifice. 

As the presence, strength and path  of the vortex is highly dependent on many other 

aspects of the je t such as the je t formation process, core size, flow coherence upon im

pact and vortex rollup upon impact it can be used to help identify which flow regime 

exists at each stroke length and to assess what stage of development the jet is at. Data 

presented in this section are computed from the same high frequency, time resolved 

PIV data  presented previously. Instantaneous swirl and shear, as outlined in section 

6.2, were calculated for the entire da ta  set and subsequently averaged using the same 

LaVision software as was used for the time resolved flow fields. M agnitude was scaled



7. 1. J e t  E v o l u t i o n

by the jet driving frequency, thereby giving the units in the form of as such

an indication of the average vorticity per cycle is acquired; consequently all d a ta  are 

on the same scale and as such the colour intensity of the vortex paths can be com

pared directly. Mean swirl and shear da ta  are plotted on top of time averaged velocity 

streamlines to provide information on mean flow direction and recirculation. Some 

flow asymmetry is present in the data; while much of it is produced by genuine asym

metries in the flow field there is a certain amount resulting from the relatively short 

recording time enforced by the high acquisition frequency and dual frame PIV tech

niques required to  obtain high quality instantaneous je t velocities and time resolved 

data. This testing configuration can result in weak ambient cross flows producing 

what appear to be noticeable asymmetries in the flow, however, PIV results also show 

th a t the regions th a t these asymmetries regularly exist are in regions of low veloc

ity themselves, and therefore are unlikely to effect a significant level of heat transfer 

themselves. A number of authors including Shuster and Smith [48], Valiorgue et al. 

[89] and Smith and Glezer [46] have presented da ta  on the evolution of the vortex ring, 

however only Valiorgue et al. documented its behaviour upon impingement but only 

for an axial spacing of H  = 2D  and stroke length of L q =  8.7D.
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Figure 7.16: Time averaged swirl and shear, scaled by frequency; H / D  = 4, R e  = 3000.

Earlier results have shown tha t at an axial spacing of H  = AD there is hmited room for 

the jet flow to develop prior to impingement, however the nature of the synthetic jet 

means th a t parameters other than  Reynolds number can be selected to optimise the 

flow condition even for such restrictive geometries. Figure 7.16 shows the mean vortex 

strength and path  for a wide range of stroke lengths at i f  =  AD. At the smallest 

stroke length Lq =  3D, pictured in figure 7.16 (a), while a clear mean flow in the 

direction of the plate exists, high vorticity doesn’t  extend beyond the surrounds of the 

orifice. As was seen in the instantaneous flow fields this is due to reingestion of the 

vortex during the suction stroke. Shuster and Smith reported upon a similar je t up to 

a stroke length of Lq =  3D, however they noted th a t the vortex at this stroke length 

travelled a distance of x =  3.3D from the orifice, figure 7.16 (a) indicates th a t little 

vorticity is present at this axial location as the vortex often fails to  escape the effects of 

the suction phase of the synthetic jet, this finding was confirmed by instantaneous flow 

field results presented in figure 7.7. An increase in stroke length to L q = AD shows a 

corresponding increase in vorticity; although the vortex trail extends all the way to  the 

plate, the intensity reduces and the path  narrows with axial distance. This indicates
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that although a strong vortex ring is initially formed, as it moves down stream vorticity 

is shed, while the core in the middle of the vortex becomes diminished and consequently 

contracts. At this separation distance, the stroke lengths of Lq = 6D and Lq = 8D 

prove to be quite similar in behaviour. A strong vortex ring and core is formed at the 

orifice which travels undiminished to the plate; the vortex path is notably wider than 

that at Lq = AD. Valiorgue et al. [89] reported that for a stroke length of Lq =  S.ID 

and a lower axial spacing oi H  = 2D the vortex ring impacted upon the surface at 

approximately r  =  ID  after which it travelled to a maximum radial distance of r  =  3D; 

figure 7.16 {d) shows a similar result for the increased axial spacing oi H = AD. At a 

stroke length of L q =  16D, figure 7.16 (e) shows a change in behaviour, most notably 

the vortex path appears to be discontinuous upon impingement. At this large stroke 

length, the flow impacts the surface with such force that the vortex ring originally 

formed at the orifice is destroyed. However, vortex rollup caused by the powerful 

radial flow resulting from the impact forms a new vortex just above the surface. This 

appears to be a unique characteristic of flows with large stroke length, as they have 

both enough energy to destroy their own vortex ring and sufficient momentum to form 

another subsequent to impingement. It is also noteworthy that at this small axial 

spacing large recirculation zones exist; while an extended testing duration would be 

expected to yield symmetric zones, some of the apparent asymmetries are indicative 

of the relatively strong effects of ambient crossflows especially in the low velocity 

recirculation zones. The stroke lengths producing large, coherent vortices L q > 6D 

can be seen to have stronger recirculation zones with more tightly packed streamlines 

extending down to the impact zone; this is a direct result of the presence of a vortex 

in this region over an extended period of time, whether it be part of the original 

ejection, or formed upon impact. This zone appears much stronger with increasing 

stroke length.

169



7 . 1 . J e t  E v o l u t i o n

7.1.2.2 H / D = 8

110000 

5000 

0

(a) Lo/D =  3 (b) Lo/D  =  4 (c) Lo/ D  =  6

5

8 .

4

" " ' ^  0 '  ' 5

r/D

■ 10000

15000

(d) Lo/D  =  8 (e) Lo/£> =  16 (f) Lo/ D =  32

Figure 7.17: Time averaged swirl and shear, scaled by frequency; H / D  = 8, Re =  3000.

Much like the lower axial spacing o i  H = AD, the stroke length of L q = 3D, seen in 

figure 7.17 (a), for a jet height of 8 diameters above the surface shows a near field with 

a strong vortex presence at the orifice but a far field devoid of vortices. Nevertheless, 

a mean flow is established that extends to the plate. While the stroke length of 

I/O =  4D was sufficient aX H  = AD to transport the vortex ring the whole way from 

the orifice exit to the plate, figure 7.17 (6) shows that at the increased axial spacing of 

H  =  8D the fiuid ejection is unable to impart adequate momentum to the flow for the 

vortex ring to travel the entire distance undiminished. Similarly, this stroke length is 

characterised by a reduction in intensity and a narrowing of the vortex path with axial 

distance. A further increase in stroke length to Lq =  QD, figure 7.17 (c), provides the 

required momentum for the vortex ring to reach the impingement surface at this axial 

spacing. A greater stroke length of Lq = 8D merely ensures a more powerful vortex 

ring impacts upon the surface in a similar flow regime, an increase beyond this point 

will move to the regime dominated by vortex destruction by the powerful trailing jet.
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Figure 7.17 (e) shows that the path of the vortex becomes significantly wider as the 

encroaching traihng jet forces the vortex ring wider. While there is still a clear vortex 

path visible, instantaneous images show that this particular case has a tendency for the 

vortex ring to rotate counter clockwise, with the left hand side of the ring undergoing 

destruction first. The result of this is that the average vortex strength is visibly weaker 

on the left hand side of both figures 7.17 (e) and ( /) . Average vorticity can be seen to 

increase significantly above the impingement surface once again, as a vortex is formed 

by rollup of the wall jet subsequent to impact.
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Figure 7.18: Time averaged swirl and shear, scaled by frequency; H /D  =  12, Re 

3000.

The average vortex trails shown in figure 7.18 for an axial spacing of i f  =  \2D  initially 

seem very similar to those seen at i f  =  8D. While the abihty of the flow formed at 

L q =  2>D to impact upon the plate is further diminished by the increased axial spacing,
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this is also the case for the rest of the stroke lengths. In particular, the vortex ring 

formed in figure 7.18 (6) at L q = 6D no longer possesses the required momentum to 

impinge upon the plate undiminished, much like the case for L q = AD at i f  =  %D. It 

can be inferred tha t at a stroke length of about Lq =  8D, falling between figures 7.18 

(6) and (c), the jet im parts the required momentum to the vortex ring for impingement 

upon the plate with adequate impetus and mixing, without imparting so much th a t 

destabilisation by the trailing je t occurs. Such destabilisation is evident to a certain 

extent at L q =  \2D. Larger stroke lengths of L q =  18£>, 2AD and 32D, seen in figure 

7.18 (c?), (e) and ( /) ,  show a notable weakening of the vortex path  as it approaches the 

plate, this is as a result of vortex ring destruction; vortex path widening is also evident 

and is seen to be increasing significantly with stroke length. P a th  widening is indicative 

of the much stronger build-up of fluid behind the vortex ring with increasing stroke 

length. Vortex formation at the impingement surface appears stronger with larger 

stroke length.
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Figure 7.19: A map of the various flow regimes as identified from flow visualisation 

data.

This flow visualisation da ta  has been used to draw up a flow regime map which is
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presented in figure 7.19. Three significant impingement regimes have been identified 

which depend on stroke length and axial spacing. Regime (a), the fiow regime of 

diminishing impingement is characterised by the formation of a synthetic jet at a stroke 

below that required to impart sufficient momentum to the flow so as to impinge upon 

the surface with coherent, periodic motion. Flow produced in this regime experiences 

a loss of momentum with few significant vortical structures present upon reaching 

the impingement surface. As the stroke length is increased sufficiently so that the 

vortex rings possess sufficient impulse to impact upon the impingement surface the 

flow field enters the vortex propagation regime, bound in figure 7.19 by the blue line 

and identified as regime (b). The fiow field associated with this regime consists of 

the formation, advection and impingement of vortex rings upon the surface. While 

this regime does not exist exclusively at stroke lengths which achieve maximum vortex 

circulation (Lq > 4D), those axial spacings below this level he sufiiciently close to the 

jet exit so that the reciprocating flow experienced at the orifice produces the same 

periodic impingement effects regardless of flow reingestion. The upper limit to this 

flow regime can be experienced in two ways, the flrst is indicated by the red boundary 

line in figure 7.19 and occurs when the stroke length is so great and the vortex ring 

so powerful that little development is experienced prior to impingement. Flow fields 

have revealed that while the vortex ring may indeed be a primary structure, the 

impinging flow itself is led by the higher velocity fluid contained in the core of the 

jet pushing its way to the front. Consequently, a significant widening of the vortex 

ring prior to impingement is experienced along this boundary. The second limit to 

the vortex propagation regime occurs at a larger axial spacing where there is sufficient 

distance for the flow to evolve, this regime is highlighted by the green boundary line 

and represents a constant stroke length of Lq = 8D. Above this stroke length the time 

at which the maximum fluid ejection velocity occurs moves from within the vortex 

formation length to that of the trailing jet. Consequently, an accumulation of high 

velocity fluid is experienced behind the vortex and the flow undergoes a dramatic 

viscous dissipation. Both of these impingement modes experienced at stroke lengths 

beyond the vortex propagation regime are dominated by the presence of the trailing 

jet, and as such this flow regime transitions into regime (c) in figure 7.19. The map
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shows th a t beyond an axial spacing of H  = 12D only two flow regimes exist, this 

result from the diminishing flow regime (o) exceeding the maximum stroke length 

which limits the vortex propagation regime (b). Beyond this axial spacing no vortex 

rings are seen to impinge upon the surface intact due to either a loss of momentum 

prior to impact or destruction by the trailing jet.

Going back to the time averaged swirl and shear results it can be seen th a t they 

are in agreement with the flow regime map presented in figure 7.19. The swirl and 

shear results provided a clearer view on the role the vortex ring plays at various axial 

spacings, on how it evolves and on the effect th a t stroke length plays. These flow 

fields have helped to clarify where certain flow regimes begin and end, each varying 

with axial spacing. The first regime identified was th a t in which the intensity of the 

vortex path was seen to decrease between the orifice and the impingement surface, 

to the extent tha t it was unobservable prior to reaching the surface. This indicated 

tha t insufficient momentum was im parted to the vortex ring; the je t thereby impacts 

as a non-periodic flow of diminished momentum. The second regime consisted of a 

vortex path extending uniformly up to the plate surface, albeit with decreasing in

tensity. Indicative of a weakly periodic impact, this fiow has retained some of its 

momentum, moreover vigorous mixing between subsequent vortex rings is quite likely 

in this regime. The third regime identified showed strong vortex paths both  leading 

up to the impingement surface and also traversing radially once impacted. This in

dicates th a t the flow is somewhat underdeveloped upon impingement, w ith sufficient 

periodic momentum to maintain a coherent vortex ring once impact has occurred. All 

three of these regimes are highly dependent on jet to surface spacing. The stroke 

length required to achieve each regime is seen to increase with increasing axial spac

ing, although a limiting stroke length appears to exist at L q > 8D  beyond which a 

new regime dominates. The fourth and final fiow regime deviates from all previously 

documented in th a t the vortex ring plays very much a secondary role in the evolu

tion of the jet. This regime is dominated by the presence of a powerful trailing jet 

travelling at a higher velocity than  the prim ary vortex ring. Average swirl and shear 

results revealed a significant spreading of the jet and widening of the vortex ring with 

subsequent destruction beyond L q ~  lOD. While there may not be sufficient axial dis-
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tance for this to occur at small axial spacings, destruction occurs upon impingement. 

Vortex reformation by the rollup of the wall jet once impact has occurred is also a 

common characteristic of this type of flow; this was observed at all axial spacings and 

is accentuated at larger stroke lengths.

7.1.2.4 Findings

These vortex strength and path results have confirmed in more detail what we have 

seen with the instantaneous flow fields. It has been shown that low stroke lengths of 

Lq <  2>D result in very little vorticity escaping the suction stroke, even at the lowest 

axial spacing oi H = 4D there is no evidence of coherent vortex rings reaching the 

impingement surface. Results also showed that once an advecting vortex ring has been 

established vortex strength and ring diameter reduces with increasing distance from 

the orifice exit as momentum and vorticity is lost. Larger stroke lengths were seen to 

produce wider vortex rings as the core of the ring contained an increasing amount of 

fiuid; at stroke lengths Lq > 8D the higher velocity fluid was in the tail. If the vortex 

possessed significant momentum upon impact it was seen to travel radially outwards 

across the plate; it was also noticed that vortex rollup occurred at the plate surface 

as the fiuid impacted, regardless of whether or not the vortex ring remained intact 

upon impact. The largest axial spacing oi H  = 12D showed that no stroke length in 

the range L q < 8D provided the vortex with the required momentum for the vortex 

ring to impinge upon the surface before losing momentum and that above a stroke 

length of Lq = 8D no vortex ring impinged intact. These results have been used to 

draw up a map of the various flow regimes upon impingement, which can be seen in 

figure 7.19. The three flow regimes consist of: (a) a diminished impingement where 

insufficient momentum has been imparted to the flow to reach the impingement surface 

undiminished, (b) a flow regime dominated by the formation, advection and impact of 

fully formed, coherent vortices and (c) a flow dominated by the highly powerful and 

periodic ejections of the trailing jet, where the ejected fluid impinges upon the surface 

in isolation with little or no interaction between subsequent ejections.
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7.1.3 Volum e F lux

The fohowing volume flux data have been computed from a time averaged velocity 

flow field produced from the time resolved PIV data. For each data point fluid volume 

flux is calculated as follows:

Q{x) = Ux{r,x) 27rr dr (7.2)

where x  is the a:xial coordinate and r is the radius which extends outwards to a 

distance of two diameters from the centre of the jet. This procedure is repeated for the 

entire axial spacing between the orifice exit and impingement surface to obtain results 

showing how the jet volume flux evolves in the axial and radial directions. To prevent 

the strong effects of the suction phase near the orifice from skewing the net volume 

flux transported towards the plate only streamwise positive axial velocities were used 

to calculate volume fiux in the axial direction.

7.1.3.1 H / D = 4

(a) axial flux (b) radial flux

Figure 7.20: Average volume flux in the axial and radial directions; r  =  ±2D , H  =  4D, 

Re = 3000.

It is immediately obvious from flgure 7.20 (a) that although all stroke lengths at a 

Reynolds number of 3000 start out with a similar volume flux at the orifice, jet evo-
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lution can vary greatly with stroke length. In theory, a synthetic jet such as this one 

ought to produce a net mean flux of 98cm^/s at a Reynolds number of 3000; the signif

icantly larger volumes presented in this section indicate the synthetic je t’s impressive 

ability to entrain further fluid. The general trend present indicates that there is a near 

linear relationship between volume flux and axial location for the majority of the flow 

fields. Deviation from this trend is seen to occur once the flow comes into proximity 

with the impingement surface, at which location a corresponding increase in radial ve

locity is observed in figure 7.20 (b). While this may be the general trend, it is not the 

case for all stroke lengths. As was indicated by both vortex path and instantaneous 

flow fields, vortex ring formation and advection at the smaller stroke length reduces 

the ability not only of individual vortices to reach the impingement surface, but also 

for the jet to impact upon the plate with undiminished momentum. Figure 7.20 (a) 

now reveals that at these operational parameters there is a corresponding reduction 

in volume flux with axial distance, in particular for the stroke length of L q =  3D. 

Significantly, volume flux in both axial and radial directions is almost identical for 

the two stroke lengths of Lq =  6D and 8D, for which vortex circulation is thought 

to be at its maximum. Also, the greater level of volume flux at L q = 16D appears 

to be primarily achieved in the near field of the jet and then maintained throughout 

the flow field. At the axial spacing of 4D, the presence of the plate does not affect 

the direction of the volume flux until the flow is within one diameter of the surface. 

An increase in stroke length generally produces a corresponding increase in maximum 

radial flux experienced at the impingement surface; this has been attributed to greater 

momentum in the flow upon impact provided by the larger stroke length. The level of 

radial flux is also indicative of jet spread; prior to the flow entering the impingement 

affected zone, which lies beyond x  =  3D, it can be seen that, in general, smaller stroke 

lengths {Lq < 6D) have higher levels of radial flux.
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Figure 7.21: Average volume flux in the axial and radial directions; r  =  ±.2D, H  = 8D, 

Re = 3000.

The general trends observed at H  = 4D  in figure 7.20 also appear to be present at 

the larger H  =  SD, in figure 7.21. Once again, the smaller stroke lengths of Lq =  3D 

and AD have a much smaller increase in volume flux with axial distance compared to 

larger stroke lengths; at Lq =  ZD there is in fact a visible decrease in volume flux 

from X  =  AD. Peak flux is experienced for a stroke length of L q = 16D a t 551.5cm^/s, 

occurring at 1.8D from the impingement surface. While an increase in volume flux can 

be attributed to a reduction in confinement and to an increase in the axial distance 

available for the je t to evolve, the greater spacing also causes the location of maximum 

axial flux to occur at a greater distance from the impingement surface; momentum is 

lost with jet evolution, and so the linear increase in volume flux w ith axial distance 

cannot be maintained to the same extent as at H  = AD. This result is also reflected 

in the radial volume flux upon impingement where all stroke lengths show a decrease 

in magnitude compared to the lower je t to  plate spacing. Unlike the axial spacing 

oi H  = AD, maximum axial volume flirx is achieved at a stroke length of Lq =  16D, 

unusually though, a further increase in stroke length to Lq =  32D results in a reduction 

in volume flux back to levels seen at smaller stroke lengths. A possible reason for this
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may be because the vortx plays an increasingly minor role as stroke length is increased. 

As was seen at H = 4D, the near field (i.e. close to the jet exit) radial flux for x < 6D 

appears to be significantly larger for smaller stroke lengths, in particular for stroke 

lengths that experience significant degradation prior to impingement {Lq/D  = 3,4).

7.1.3.3 H / D = 1 2
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Figure 7.22: Average volume flux in the axial and radial directions; r  =  ±2D, H  =  

12D, Re = 3000.

Figure 7.22 shows how volume flux changes with stroke length for the greater axial 

spacing of H  = 12D. Most signiflcantly these results show that, at this spacing, no 

jet in either flow regime below L q of 12D possesses sufficient momentum to carry it to 

the impingement surface undiminished, with the smaller stroke lengths {Lq/ D  =  3, 6) 

showing a noticeable decrease in axial volume flux long before impact. As the flow 

transitions into the regime dominated by the trailing jet at Lq > 12D, the radial 

volume flux in figure 7.22 (b) shows a trend previously unseen at lower axial spacings. 

Thus, radial flux is seen to increase significantly beyond x  =  5D for a stroke length 

L q = 18D; this shows that this location coincides with the destruction of the vortex 

ring, as seen in instantaneous flow field data (figure 7.14), resulting in a destabihsed 

flow which becomes turbulent and spreads rapidly. The initiation of this jet spreading
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is seen to move further downstream with an increase in stroke length; the extended 

ejection period and the associated increase in momentum provided by the larger stroke 

length pushes the destroyed vortex ring and its corresponding radial volume flux closer 

to the impingement surface before spreading has a chance to occur.

These average volume flux data provide quantitative results to compliment the 

previously presented flow field data. Further evidence has been presented showing the 

distinct differences in the characteristic flow regimes identified earlier. Data show that 

a minimum stroke length is required to maintain maximum volume flux right the way 

up to the impingement surface, however, an increase beyond a threshold stroke length 

L q ~  8D results in the transition to a substantially different flow regime where vortex 

ring destruction results in elevated levels of jet spreading prior to impingement. This 

phenomenon was particularly evident at H  =  12D. However, the case with Lq = 16D 

and H  =  8D shows a small yet significant elevation in radial flux at x =  6D (prior to 

entering the area affected by the impingement surface). It is likely this phenomenon 

is also present at H = 8D between the stroke lengths 8D < Lq < 16D; unfortunately 

no flow visualisation data have been acquired for this case.

7 .1 .3 .4  F indings

The results in this section have shown that while small stroke lengths Lq < 3D pro

duced diminished axial and radial volume flux larger stroke lengths generally pro

duced a higher axial volume flux while also delaying any effects that the presence of 

the impingement surface might produce. There was also a corresponding increase in 

maximum radial flux at the impingement surface at larger stroke lengths while smaller 

stroke lengths showed greater levels of radial flux prior to impingement. Larger axial 

spacings were seen to produce a signiflcantly larger volume of axial flux as the increased 

distance before impingement allowed for greater entrainment. A noticeable bulge in 

radial flux at larger axial spacings and stroke lengths Lq > 8D indicated spreading 

of the jet was occurring; this corresponds well with the location at which the vortex 

ring undergoes destruction and a viscous dissipation of the flow occurs, as was seen 

previously in the instantaneous flow fields.



7.1.4 M ean V elocity Profiles
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The mean velocity profiles presented in this section were produced from the high speed 

PIV data; the same velocity information has been presented previously in the form of 

stream  lines in conjunction with vortex path  data  in section 7.1.2. Mean velocity flow 

fields were calculated by averaging the entire acquired time series using the DaVis 

software package, thereby producing a two component vector field with axial and 

radial components. The results were exported to MATLAB, where profiles across the 

average velocity field at various axial locations were taken and plotted. Profiles start 

at X =  0.5D from the orifice with subsequent profiles plotted at steps of 2D from the 

orifice, with the final profile taken at half a diam eter from the impingement surface. 

Profiles extend from the je t centreline r = OD, to a radial location four diameters out, 

r  =  AD. Figures plotted show axial velocity (red), radial velocity (blue) and absolute 

velocity (black) for reference. For ease of comparison subsequent profiles beyond tha t 

at the orifice are offset by a fixed velocity.
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While mean volume flux d a ta  presented in section 7.1.3 provided a good idea of the 

entrainm ent, momentum and evolution of the synthetic jet at various stroke lengths 

and axial spacings, it lacks the detail of local velocity which ultim ately dictates local 

surface heat transfer. Figure 7.23 shows local velocity profiles for H  =  AD. While ini

tially all stroke lengths look broadly similar, there are small yet significant differences 

present which can be seen to evolve both with axial distance and change in stroke 

length. Figure 7.23 (a) presents da ta  for a stroke length of Lq =  3D; at larger axial 

spacings this small stroke length has been seen to lack momentum and coherence, 

however at the relatively small spacing of i /  =  AD this does not appear to be the 

case. A relatively strong je t is formed in front of the orifice with most of the velocity 

travelling in the axial direction. As no traihng je t is formed at this stroke length only 

flow artefacts produced by the intake and ejection phases dominate the flow field which 

immediately surrounds the orifice. Vortex formation requires the ejected fiuid not only 

to flow in the axial direction but also in the radial direction; for this reason elevated 

levels of radial flow are experienced about the orifice, especially at stroke lengths which 

lie primarily in the vortex formation regime. Comparatively few vortices pass at large 

stroke lengths where ejections are dominated by long trailing jets, consequently low 

radial velocity near the orifice is observed at these parameters. Similarly, axial velocity 

can be seen to go negative at r  =  1.5D; this is a ttributed  to the suction phase of the 

je t which, unlike the ejection phase, is omnidirectional, resulting in a mean negative 

velocity to the sides of the orifice. Beyond this, at r  >  1.5D local velocity is low 

and moves primarily in the radial direction; this fiuid is moving inwards, towards the 

orifice, and is indicative of the recirculation eddy present either side of the jet. The 

axial profile taken at x =  2D shows tha t no suction effects remain, the vast majority 

of the fiow is positive, axial and undiminished. The final profile taken at x =  3.5D, 

which is half a diam eter above the impingement surface, appears dram atically dif

ferent to the two previous profiles. Where before, the axial and absolute velocities 

were Gaussian in shape, the absolute velocity profile is now mostly fiat, with the axial 

velocity decreasing almost hnearly from the je t centre. As the fiow gets closer to the 

impingement surface, the presence of the surface has an ever increasing eff'ect, the fluid 

can no longer travel in the axial direction as it impacts upon the surface; it is therefore
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forced to turn  and flow radially outwards, as indicated by the large increase in radial 

velocities for all stroke lengths at x =  3.5D. The result of this is tha t as the flow 

gets progressively closer to the impingement surface, a time averaged stagnation zone 

is effectively formed at the jet centreline; both axial and radial velocities approach a 

zero flow in this location. Across the entire range of stroke lengths all velocity profiles 

at a; =  3.5D show that, at this distance above the surface, the stagnation zone has 

already started to form, axial velocity is significantly reduced and the radial velocity 

at r  =  OD is already zero. Much of the fluid momentum beyond r =  ID  has been 

transferred to the radial direction; it now accounts for the m ajority of the absolute 

velocity as it flows outwards parallel to the surface.

As stroke length is progressively increased at H  = 4D, marginally difl '̂erent trends 

are evident across the range. At x =  0.5JD, half a diameter from the orifice, there is a 

progressive reduction in the centreline radial velocity with increasing stroke length. At 

r ~  1.5D, likewise there is a reduction in the magnitude of the negative a,xial velocity; 

a progressive reduction in the secondary peak in the absolute velocity is observable 

also with increasing stroke length. This phenomenon is linked to the fact tha t jet 

flow at L q = 3D  is dominated by suction and ejection about the orifice rather than 

the formation and advection of the fluid structures th a t are present at larger stroke 

lengths. Consequently, the je t formed at this stroke length has a stronger tendency to 

spread radially right from formation. Due to the restricted space available for the jet 

to develop at H  = AD there is little difference between the respective velocity profiles 

at X =  2D. D ata presented at 0.5D from the impingement surface show significant 

changes with increasing stroke length. While all profiles show th a t the radial velocity 

stagnates at the je t centreline, the radial velocity magnitude beyond the core is much 

greater and is maintained at a higher level for longer due to  the increased momentum 

im parted by the larger stroke lengths. The presence of the stagnation zone in the eixial 

velocity also becomes more noticeable at larger stroke lengths.
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Figure 7.24 presents velocity profiles for the increased axial spacing of H  = 8D. 

Substantially more development is present throughout all stroke lengths with visi

ble spreading occurring as the je t proceeds from the orifice to the plate. Similarly, the 

near field of the jet, 0.5D from the orifice, remains relatively unchanged to th a t seen 

a.t H  = AD. This is because confinement plays little or no part in the formation of the 

je t close to the orifice, and as this is where the je t is formed no evolution occurs prior 

to  this point; flow is primarily dominated by structures formed at the various stroke 

lengths. As was confirmed by figure 7.21 (6), the smaller stroke lengths L q < AD 

experience more jet spreading and a larger reduction in velocity prior to impingement 

than  the corresponding larger stroke lengths. As is evident from the volume flux da ta  

presented in figures 7.20 to 7.22 there appears to be a strong link between elevated 

radial velocity in the near field and subsequent rapid degradation of je t flow, this oc

curs regardless of the formation of a strong core axial flow; it can be seen in flgure 

7.24 th a t as soon as the radial velocity component experiences an increase the core 

axial velocity experiences a corresponding decrease. This result is unsurprising as any 

outward radial flux will directly result in a reduction of fluid within the axial core flow 

which contributes most to the je t’s directional momentum. W ith this in mind, it is 

noticeable th a t the flow at large stroke lengths has a relatively small radial velocity 

component near the orifice and an axial component which is slender and quite large in 

magnitude; both can be a ttributed  to the presence of a comparatively powerful trail

ing je t which produces little or no radial flow. It was identified in section 7.1.2 th a t 

a stroke length of Lq ~  QD was required to im part enough momentum to enable the 

vortices to reach the impingement surface; this is once again refiected in the centreline 

impingement velocity, where the absolute and axial stagnation velocities are visibly 

larger in figure 7.24 (c) than  in either (a) or (b). Similar to I I  = AD, radial velocity 

across the impingement surface becomes larger with increasing stroke length.
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Once again, the near field results presented in figure 7.25 at H  = 12D are rather 

similar to those seen H  = AD and H  — 8D in th a t the orifice area is dominated by 

familiar je t formation fiows in both the axial and radial directions. All profiles start 

out as Gaussian in shape and, as with the corresponding lower axial spacings, larger 

stroke lengths appear to produce narrower centrehne axial velocities of greater magni

tude. However, due to the greater axial spacing between the orifice and impingement 

surface all velocity profiles can be seen to  degrade to an even greater extent prior 

to impingement, with th a t of L q =  3D having an almost negligible impact velocity. 

Shuster and Smith presented similar results {Lq/ D  — 1,2,3, Rey  =  2500) for a free 

synthetic jet, as pictured in figure 7.26.

4t
x/D„=1.0 X / D„=5.0 x/D„=10.0

1 - -

o

- 2 - -

0.5
U/U o

(a) Ln/D =  3

Figure 7.26: A comparison of cross-stream profiles of the streamwise velocity for dif

fering values of L q/ D  at Refy =  2500. Profiles for x / D  > 2  have been shifted along 

the U/Uq axis by successive increments of 0.5. L q/D:  □  1; A  2; Q  3 [48].

While some similar trends are visible, such as the effects of the suction stroke 

close to the orifice in which axial velocity is seen to go negative, the results differ 

substantially in other ways. Although both sets of data  are scaled differently (Uq =
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2U), and figure 7.25 does not present a truly free jet, it is obvious th a t the jet presented 

by Shuster and Smith is of substantially higher initial velocity, suffers less degradation 

with axial distance and appears much more similar to  some of the jets formed at larger 

stroke lengths in figure 7.25. The discrepancy between the results may be a ttributed  

to nozzle design, as Shuster and Smith showed tha t, for their experimental setup, 

entire vortex rings were able to  escape the effects of the suction phase, whereas no 

significant vortices were identifiable in the flow flelds presented earlier in this work 

(figure 7.12). The increase in je t spreading observed in figure 7.22 (6) at x > 6D  

for L q =  12D can clearly be seen in both the radial and axial velocity in figure 7.25 

(c). A lthough the overall volume flux was shown not to decrease significantly, this 

spreading appears to  result in a small yet significant decrease in je t centreline velocity 

compared to both  higher and lower stroke lengths. A progressive increase in stroke 

length can be seen to push the spread to increased axial distances. As was seen at 

previous ax;ial spacings, larger stroke lengths produce higher radial velocities parallel 

to the surface upon impingement which are also maintained to greater radial distances.

7.1.4.4 Findings

The results presented in this section showed th a t flows established at small stroke 

lengths had a much stronger radial velocity component immediately surrounding the 

orifice, this is attribu ted  to the strong radial component involved in the vortex for

m ation process which occurs at a much greater frequency at small stroke lengths. For 

the axial spacings presented, proximity of the impingement surface to  the jet exit ap

peared to have little effect on the fiow in the region immediately surrounding the je t 

exit. All velocity profiles showed evidence of a time averaged stagnation zone forming 

in the flow as it approached the impingement surface. The results indicated th a t flows 

formed at small stroke lengths, L q < AD, spread more rapidly in the absence of a co

herent vortex ring. In general, axial core flow was seen to be maintained to a greater 

distance from the je t exit at larger stroke lengths; this also resulted in larger radial 

flows to  greater axial distances upon impingement.
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7.1.5 P O D  Analysis

Proper orthogonal decomposition (POD) applied to particle image velocimetry can be 

useful in identifying the primary energy containing eigenmodes in complex flows; this 

is done by identifying where the energy within the flow lies. Depending on operational 

parameters such as axial spacing and stroke length the synthetic je t’s flow field can vary 

greatly. It is quite common to find that the near field of a synthetic jet is comprised 

of large velocity fluctuations caused by highly periodic, predictable structures. In 

contrast, in the far field large velocity fluctuations may still exist, but jet evolution and 

subsequent mixing may cause them to be quite erratic and turbulent. POD provides 

a method of isolating these modes within the respective flow fields and evaluating the 

associated energy levels. The following figures were calculated using the entire time 

series of each PIV data set, as outhned in section 7.1.1. Processing was done using the 

DaVis software package and subsequent results were exported to MATLAB in vector 

file format, after which any further post processing and plotting was performed.
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Figure 7.27: POD modal energy content for PIV flow fields; Re =  3000.

Figure 7.27 (a) to (c) provides a graphical representation of the energy levels con

tained in each of the first six eigenmodes for the full range of stroke lengths presented 

earlier and at axial spacings oi H = 4D, 8D and 12D. As is the nature of POD the first 

eigenmode always has the largest energy content, with subsequent modes containing 

progressively less energy; this is the case throughout figure 7.27. The percentage of 

energy captured by the first few modes at smaller axial spacings is consistently more 

than that at larger axial spacings, the reasons for this are twofold. Firstly, as the jet 

develops it deviates from the predictable, structured flow; larger axial spacing allows
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for greater development, making it more difficult to approximate with few eigenmodes. 

Therefore the most powerful modes at larger axial spacings are less likely to account 

for as much of the jet flow as they would at low spacings. Secondly, with the field of 

view being significantly reduced at the lower axial spacing the more coherent je t flow 

now occupies a larger percentage of this field; consequently, less energy is required to 

represent the (now fewer) low energy flow features (including noise) more commonly 

found in the remaining flow fleld not occupied by the jet.

The most striking feature across all axial spacings is th a t a larger percentage of 

energy is consistently accounted for by the first mode with increasing stroke length; 

this is particularly noticeable for large stroke lengths L q > 8D.  It has been established 

th a t L q ~  8D  is the threshold stroke length beyond which the trailing je t becomes the 

dominant feature in the flow; the evidence of figure 7.27 suggests tha t this phenomenon 

is accounted for by the first eigenmode beyond a stroke length of L q ~  8D. While this 

may be the case for large stroke lengths, jets formed at L q < 8D have been shown 

to be primarily dominated by vortex formation and advection, with maximum vortex 

ring circulation being achieved between 4 <  Lq <  8D. This corresponds very well 

with figures 7.27 (a) and (b) in particular, where the energy contained in the first 

mode for this range of stroke length appears to remain near constant at about 40% 

for H  = AD and around 30% for H  = 8D,  indicating th a t the flow flelds operate 

similar flow regimes. While this regime is clearly evident at H  = AD and 8D it may 

also be present aX H  = 12D, however as only one flow field within this regime has 

been decomposed at this spacing it remains unconfirmed. Across all axial spacings 

the stroke length which consistently contains the least amount of energy in the first 

mode is L q = 3D. This case does not lie in the trailing jet regime, nor does it have 

the required stroke length to form a fully coherent vortex ring; not only does the jet 

formed at L q =  3D contain less energy due to its diminished stature, but the energy 

present is more difficult to account for because of its more erratic, turbulent nature.

Eigenmodes 2, 3 and 4 across all axial spacings present similar trends, as evident 

from figure 7.27. Energy content at L q = 3D again exhibits a low magnitude in hne 

w ith its erratic nature, while the large energy contribution to the first eigenmode at 

large stroke lengths, L q > 8D, results in a shift of energy from subsequent modes.
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particularly as the power of the vortex ring reduces compared to the dominance of the 

trailing jet. It is the intermediate stroke lengths 4 < Lq < 8D that provide a more 

interesting analysis, with the red arrows in figure 7.27 pointing to eigenmodes which 

have a consistently larger energy content (small local bulges) compared to the same 

modes in other flow regimes. Evidently, a greater number of eigenmodes are required 

to approximate flow fields dominated by vortex formation and advection. Further 

analysis of the respective eigenmode flow fields will provide a more detailed picture 

of the energetic flow mechanisms identified thus far at the various axial spacings and 

stroke lengths.

7.1.5.1 H / D = 4

Figure 7.28 depicts the first three most powerful eigenmode flow fields at an axial 

spacing of H  = AD for progressively increasing stroke length; results correspond to 

the energy map presented in flgure 7.27 (a). While these flow fields confirm much of 

what has been presented earlier, they also reveal aspects of the synthetic jet which were 

previously unknown. Some of the velocities (represented by the colour intensities) and 

fiow directions (represented by the stream lines) may at times appear very large, or 

suggest that the flow is travelling in a direction which is incorrect, but it is important to 

remember that each eigenmode has a set of eigenvalues spanning the length of the time 

series, each value corresponds to a particular frame in the series and are all required to 

reconstruct the flow field in its entirety. An eigenvalue can have a value between +1 and 

— 1. For a positive value less than 1 the velocity of the reconstructed eigenmode will be 

reduced by a proportional amount, whereas in the case of a negative eigenvalue greater 

than —1 it will also reverse the direction of the flow for that mode. For example: If an 

eigenmode has a streamwise velocity of 150 m /s at the jet exit and the corresponding 

blowing and suction phase both reach a maximum value of ±15 m / s  respectively, 

eigenvalues of +0.1 and —0.1 will be required at those times in the corresponding time 

series to approximate both phases, thereby scaling the eigenmode and reversing the 

direction of flow for the suction phase.

At a stroke length of Lq =  3D the flrst, and most powerful eigenmode by far can 

be seen to account for flow structures within the immediate vicinity of the oriflce; this
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Figure 7.28: First three POD eigenmode flow fields; Re = 3000, H / D  =  4, from top 

down L q/D  =  3,4, 6,8,16.

corresponds to the location where the highly periodic ejection and subsequent reinges

tion occurs. Few vortices can be seen to escape the near field in this mode, with 

none present at the impingement surface. The second eigenmode presented shows a
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substantial reduction in flow energy as indicated by the reduction in colour intensity. 

This mode is less concerned w ith the periodic motion of the jet, but more with vortex 

propagation. Comparatively weak vortices can be seen extending up to the impinge

ment surface, but no further radially. As the subsequent eigenmode flow field shows 

no je t characteristics whatsoever it is reasonable to  believe th a t there are no coherent 

structures, merely a turbulent diminished je t impinges upon the surface at this stroke 

length. There are two reasons why the third eigenmode contains very httle visible flow 

structure; the main reason is th a t this mode is primarily accounting for an artefact of 

reflection in the PIV image which has manifested itself as a vector; this can be seen up 

in the top left corner of the flow field on the right. The second reason is th a t because 

there are so few coherent structures in the fiow at this stroke length, many more low 

energy modes are required to approximate the erratic nature of the fiow. As such, any 

noise manifested as spurious vectors may contain energy on a similar scale to those 

modes representing the less powerful jet features.

In keeping with the trends presented in figure 7.27 (a), where greater first mode 

energy levels were seen to correspond with an increase in stroke length, so it is the case 

in the first eigenmode flow fleld for Lq =  4D presented in figure 7.28. Once again the 

flow energy appears to be concentrated about the je t orifice, indicating th a t this regime 

is similarly dominated by the highly periodic suction and ejection stroke. The regime 

does however differ to a greater extent in the far field, where in all three modes vortex 

structures appear to extend right the way up to the impingement surface; these results 

indicate a much stronger impingement dominated by vortex propagation. Small scale 

vortices present at the impingement surface indicate mixing and a presence of small 

scale turbulence. It is also worth highlighting at this point th a t POD also identifies 

the presence of a stagnation point, or saddle point, in the fiow. This point appears 

immediately in front of the orifice during the suction stroke where there is a location 

at which the fiow is neither travelling towards the orifice due to the suction stroke, 

nor travelling away from the orifice with the ejected fiuid. It has been documented 

previously by McGuinn et al. [67] th a t the saddle point can be located farther from 

the orifice with larger stroke length and is also affected by confinement. The saddle 

point at a stroke length of L q =  AD is identified in the second eigenmode by the red
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arrow. Similar stagnation points can be identified at other stroke lengths and axial 

spacings however, depending on dominant flow characteristics, it may not be present 

in the second eigenmode, as powerful flow characteristics produced by greater stroke 

lengths can sometimes push it to the third mode.

W ith further increases in stroke length the flrst eigenmodes show a progressive 

transition from a flow field primarily dominated in the near field by the periodic 

suction-ejection phase of the jet and large vorticular structures in the far field, to one 

where the periodically ejected fluid alone dominates the entire span between je t exit 

and impingement zone; this can be seen in figure 7.28 for stroke lengths Lq > 6D  and 

is indicative of a progressive transfer of the prim ary power mode away from the vortex 

ring in favour of the traihng je t as it becomes the dominant form of mass transport 

from orifice to impingement surface. It is also noticeable tha t in figure 7.28 showing 

the first eigenmodes for the final two presented stroke lengths { L q  = 8D and 16D) 

no vortices exist directly between the orifice and impact zone. No eigenmodes for 

stroke lengths greater than Lq =  4D show the type of small vortices impinging on 

the stagnation zone which are associated with small scale mixing. However, Lq = 6D 

and 8D  do show similar vortices developing above the surface at a removed radial 

location, suggesting th a t interaction may ensue once impingement has occurred. There 

are substantially fewer small scale structures present in the first three eigenmodes at 

Lq = 16D compared to those at lower stroke lengths; this arises as a result of an 

inadequate amount of space for a jet of this length scale to develop sufficiently. The 

first eigenmode is seen to mainly account for the strong periodic motion of the jet 

formation, and as a consequence of the trailing jet, vortex behaviour is not nearly so 

periodic. As was indicated by the red arrows in figure 7.27, increases in stroke length 

between 3D < Lq < SD  contribute to an increase in energy levels at modes 2, 3 and 

4; the corresponding data  in figure 7.28 indicate th a t these modes are predominantly 

associated with vortex size and strength. Subsequent increases beyond Lq =  8D have 

been shown to contribute primarily to energy increases in the first mode, th a t of the 

highly periodic trailing jet. These energy increases are manifested in a corresponding 

increase in modal velocity, as seen in 7.28 for a stroke length of L q = IQD. The 

presence of vortex rollup upon impact is also quite obvious at Lq = 16D with both
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the first and second eigenmode showing a powerful flow moving radially outwards 

at the impingement surface. Above this fluid, mode 1 still depicts a recirculation 

from the vortex ring moving towards the surface, while mode 2 shows the powerful 

vortices formed upon impingement travelling in a radial direction. These vortices are 

m aintained at a height above the plate until the powerful impingement flow degrades 

and forms further vortex structures itself beyond r ~  2.5D, as can be seen across all 

three eigenmodes.

7.1.5.2 H / D = 8

The first three eigenmodes for various stroke lengths at an axial spacing of H  = 8D  

are depicted in figures 7.29 and 7.30. These results correspond to the energy map 

presented in figure 7.27 (6). Much of the behaviour th a t was observed at the lower 

axial spacing of / /  =  4D appears similar to th a t at H  = 8D. Once again the first 

eigenmode appears to  be primarily related to the periodic suction and ejection phases 

of the jet, as is indicated by the high modal velocities in the vicinity of the orifice. 

For small stroke lengths of L q =  3D, AD and 6D, as shown in figure 7.29, this mode 

also accounts for a significant amount of vortex propagation in the far field. However, 

as was the case aX H  = AD the je t formed at a stroke length of L q = 3D is largely 

diminished w ith few coherent structures which can be easily captured using POD. 

For the increased axial spacing, all eigenmodes at L q = AD show th a t the coherent 

flow structure is dissipated prior to surface impingement, whereas at Lq =  6D  there 

appears to  be suflicient momentum im parted in the first mode to transport the flow 

to the impingement surface just as small scale vorticular interaction commences. This 

flow regime matches up with th a t seen at H  = AD for Lq =  AD, however the increased 

axial spacing requires a corresponding increase in stroke length to Lq =  6D  to achieve 

the same flow condition. Further increase in stroke length results in the impingement 

of larger structures in the stagnation zone with similar smaller vortices developing in 

the wall je t following impact; this can be seen for all stroke lengths in figure 7.30. As 

with the lower axial spacing of i f  =  AD the increase in energy at modes 2,3 and 4 for 

stroke lengths of L q < 8D corresponds to eigenmodes depicting vortex propagation. 

At greater stroke lengths of Lq =  16D and 32D, presented in figure 7.30, eigenmodes
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Figure 7.29: First three POD eigenmode flow fields; Re = 3000, H / D  = 8, from top 

down L q/ D  = 3,4,  6.

2 and 3 do also show vortex propagation. However, being at a much larger scale, and 

with the flow clearly not as developed as at lower stroke lengths, the energy contained 

in these modes does not contribute to  the type of small scale turbulent interactions 

most desirable for heat transfer. In fact, the energy levels in these vortex containing 

modes, 2,3 (and 4 which isn’t shown), decrease with increasing stroke length as the 

vortex becomes an increasingly minor feature either through destruction or through 

less frequent formation; energy is seen to accumulate in the highly periodic first mode
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containing the increasingly more powerful trailing jet. The stroke length of Lq = 32D, 

seen in figure 7.30, shows strong evidence of vortex rollup upon impingement, partic

ularly in the second eigenmode. While there are no vortices to be seen in the near 

and intermediate field, two large recirculations are present either side of the impinging 

fluid at the plate surface. All three eigenmodes indicate that after impingement these 

structures traverse radially, remain quite large and undergo relatively little degrada

tion; this is particularly evident at larger stroke lengths.

r/D r/D r/D

20 40 60 80 100

(a) 1 st mode (b) 2nd mode (c) 3rd mode

Figure 7.30: First three POD eigenmode flowfields; Re =  3000, H /D  = 8, from top 

down L q/D  = 8,16, 32.
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Figures 7.31 and 7.32 show the first three most powerful eigenmode flow fields for 

a range of stroke lengths at an axial spacing of H  = 12D. These results correspond 

to the first three modes presented in figure 7.27 (c). It can be seen th a t in the near 

field, the eigenmodes look much the same as those presented for similar param eters at 

H  =  8D. The major differences in flow fields arise as jet development occurs. Once 

again the first mode approximates the most powerful, highly periodic structures in the 

flow, which for small stroke length includes the suction and ejection phases, while for 

large stroke lengths it takes the form of the mass fluid ejection, largely consisting of 

the trailing jet. At this axial spacing, flow structures at the stroke lengths of Lq = 3D 

and 6D, seen in figure 7.31, appear to dissipate prior to impingement on the surface. 

Comparing this to the flow fields at H  = 8D, shown in figure 7.30, a larger stroke 

length is required to im part sufficient momentum so th a t a reasonably undiminished 

flow can impact upon the plate. As L q = 12D shows quite large scale structures 

impinging on the surface in all three eigenmodes, an intermediate stroke length of 

Lq ^  8D  is likely to provide small scale interaction at the stagnation zone. This axial 

spacing may well prove to be the limit of this small scale mixing regime provided 

by vortex formation, propagation and interaction. Increasing the stroke length much 

beyond Lq = 8D has shown th a t an accumulation of fluid in the higher velocity trailing 

jet behind the vortex commonly results in its destruction prior to impingement. Also, 

as a vortex ring is only formed at the beginning of each ejection phase, the reduced 

frequency of formation means a larger interval between subsequent ejections, thereby 

making vortex interaction increasingly unlikely.

7.1.5.3 H / D = 1 2

The flow regimes dominated by the trailing je t have been shown to exist beyond 

I/O =  8D. One of the characteristics observed in this regime in section 7.1.1.3 was 

a skewing of the vortex ring followed by destruction. This phenomenon has been 

captured clearly in the eigenmodes for the stroke length of L q = 12D in figure 7.31. 

The far field of mode 1 shows a separation between the ejected fluid and the impinging 

je t at a: =  6D; this corresponds to the location of vortex ring destruction, which in 

tu rn  causes the direction of the impinging flow itself to become skewed and to undergo
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Figure 7.31: First three POD eigenmode flow field; Re = 3000, H / D  = 12, from top 

down Lq/ D  =  3, 6,12.

a significant amount of spreading. While at lower axial spacings this stroke length 

resulted in the impingement of large coherent structures and a substantial trailing
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jet, the destruction of the vortex destabihses the entire flow. Even for the largest 

stroke length (Lq =  12D) in figure 7.31 either side of the impinging flow at the plate 

surface there appears to be a to tal lack of flow structures in all three eigenmodes. 

This indicates th a t the reduced coherence caused by the vortex destabilisation has 

resulted in a prem ature viscous dissipation of the jet; the jet neither has a coherent 

leading vortex to  help it reach the impingement surface, nor does the fluid ejection 

alone possess enough momentum at this stroke length to arrive by itself.

Figure 7.32 presents eigenmode flow fields which show how this particular fiow 

regime changes further with increasing stroke length. The increased amount of mo

mentum im parted to the flow at L q = 18D  is now sufficient to allow large structures 

to impinge directly upon the surface and also for smaller scale turbulent structures to 

develop after impact. All three first mode flow fields in figure 7.32 indicate th a t along 

with the increasing dominance of the traihng jet, the position at which viscous dissi

pation of the ejected fluid occurs is pushed to a progressively greater axial distance. 

W ith an increase in the first mode power containing the trailing jet, the impinging 

fiow becomes more resistive to skewing caused by the destabilising influence of the 

vortex destruction. The flow continues to undergo a powerful viscous dissipation and 

spreading, however by L q =  32D no obvious asymmetry of the flow is observable. At 

this a^xial spacing vortex rollup upon impingement is only seen to be present in the 

first eigenmode beyond a stroke length of Lq >  24D, although there is evidence of 

rollup present at L q = 18D  in the less powerful second mode.

The maximum location of the saddle point, measured from the nozzle exit, has been 

calculated from the POD flow fields and results have been presented in figure 7.33. 

While the overall data  appear quite consistent, th a t at H  = AD does deviate somewhat 

compared to th a t of higher axial spacings. This can be a ttributed  to  confinement 

effects, as documented by McGuinn et al. [67]. These data  show th a t the location of 

the saddle point is primarily dependent on stroke length. Figure 7.33 (b) shows th a t for 

axial spacings which provide minimal confinement, H  =  8D  and 12D, the relationship 

between the stroke length and the location of the saddle point can be described with 

a second order polynomial. The da ta  are seen to conform very well to this fit. Using 

the equation it is possible to extrapolate th a t the saddle point may reach a maximum
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Figure 7.32: First three POD eigenmode flow field; Re = 3000, H /D  =  12, from top 

down L q!D  = 18, 24, 32.

possible distance from the orifice of x =  2.67D at a stroke length Lq =  36.7D.
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Figure 7.33: (a) Maximum saddle point location calculated from POD flow fields for 

H / D  =  4,8 and 16. {b) Polynomial fit applied to data at H / D  =  8 and 16.

7.1.5.4 Findings

POD flow fields have revealed that for stroke lengths Lq > 8D the first eigenmode 

captures the relatively large energy of the highly periodic trailing jet, whereas the 

first eigenmode at smaller stroke lengths primarily contains flow structures concerned 

with vortex formation and propagation. It was also evident that intermediate stroke 

lengths, 4D < Lq < 8D, required a greater number of eigenmodes to account for the 

more complex type of flow produced by vortex formation and advection. Eigenmodes 

help to provide clarity on the evolution of the flow with varying stroke length; this 

analysis has also shown what state the flow was in upon impingement. The results 

are in good accordance with the flow regime map presented in figure 7.19 in that 

they confirm exactly which combination of stroke length and axial spacing achieve a 

specific flow and impingement condition. POD has also proved to be a useful tool in 

identifying the location at which the leading vortex ring undergoes destruction as well 

as the maximum location of the saddle point.
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7.2 H eat Transfer

This section will primarily present local heat transfer data for the full range of di- 

mensionless stroke lengths seen in table 7.1, as well as for a range of axial spacings 

and, to a lesser extent, Reynolds number. Heat transfer data will be accompanied by 

local velocity and temperature data to help identify the dominant mechanisms and to 

relate these back to the flow analysis presented in section 7.1. The majority of the data 

in this section were acquired using three instruments, namely hot-film, hot-wire and 

cold-wire temperature probes; these were used for the measurement of heat transfer, 

velocity and air temperature respectively. Data acquired include stagnation point and 

radial profile measurements presented in the form of time averaged and time resolved 

values for raw and spectrally reconstructed data. Frequency spectra of signal power 

and coherence are also presented.

7.2.1 Stagnation P oint M easurem ents

Simultaneous stagnation point heat transfer, local fluid velocity and air temperature 

measurements were performed for a wide set of operational parameters including stroke 

lengths 2D < Lq < 32D and axial spacing 2D < H < 16D at a Reynolds number of 

3000; the post-processed data are presented in flgure 7.34. Although tests at each axial 

spacing were performed at a constant Reynolds number, results show that differing 

stroke lengths can effect very different levels of heat transfer; it is proposed that this 

can be attributed to the different flow regimes created by varying stroke length and 

orifice to plate spacing, as identified in section 7.1. Further analysis of these heat 

transfer data using the local velocity and temperature measurements helps to reveal 

the effective mechanisms.

Along with Nusselt number and velocity data, figure 7.34 also presents T*, a di- 

niensionless temperature which represents the temperature differential between the 

local impinging air and the surface as a fraction of the total differential between the 

surface temperature and the jet temperature as measured within the cavity. T* is 

calculated as follows:
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Figure 7.34: Time averaged stagnation point local Nusselt number, velocity and di- 

mensionless air temperature (eqn. 7.3) as a function of stroke length; Re =  3000. (vel. 

& temp, measured at 0.3mm above the surface)
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rp* ___  Tgurf

T su r f   ̂cav

where Tsurf, Tcav and Tair are the surface, internal cavity and local air temperature 

respectively. A value close to 1 indicates that the average temperature of the impinging 

air is at a similar level to that of the ejected fluid. A lower value may imply that the 

jet lacks sufficient momentum to disrupt the thermal boundary layer, or, as we will 

see in later sections, it may be the case that the air has become thermally saturated 

with heat from the surface; this result is likely to produce a corresponding reduction 

in the magnitude of the temperature fluctuation.

Although difficult to determine from figure 7.34, the Nusselt number, velocity and 

temperature data show strong trends across all three sets of data. When the same data 

are re-scaled with the stroke length Lq, nondimensionalised by the axial spacing H  

plus a constant AD, as seen in figure 7.35, the various regimes become more apparent.

The first regime, identified in red as zone (a), exists for Lq/ {H  +  4D) < 0.3 and 

represents a synthetic jet fiow field of diminished momentum; such instantaneous fiow 

fields have been presented in figures 7.2 and 7.12. Insufficient impulse is imparted to 

the jet to enable it to travel the required axial spacing and impact upon the plate 

with significant momentum; in general this may either be caused by a diminished 

jet being formed at a stroke length below the threshold corresponding to maximum 

vortex circulation (small dimensionless stroke length, L q/D),  or it may be that the 

axial spacing is simply too large for the jet to travel without a significant loss of 

momentum (high axial spacing, H/D).  The resulting low impingement velocity is 

unable to cause significant disruption of the thermal boundary layer thereby causing 

a noticeable elevation in local air temperature; both of these factors (low velocity and 

high air temperature) give rise to a reduced heat transfer coefficient.

The second regime, identified in green as zone (6), shows a notable local maxi

mum in heat transfer and velocity and a moderate suppression in air temperature 

(with a corresponding local maximum in T*) across most axial spacings for 0.3 < 

Lq/ {H -\-AD) < 0.7. Across all data sets there appears to be a local maximum at

n\ (7.3)
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L q/ { H  +  4D) ^  0.5. Consequently, it is possible to  use this scaling relationship to 

calculate a dimensionless stroke length tha t will optimise these values for any axial 

spacing. This can be done as follows:

The exception to this trend appears to  occur in the heat transfer da ta  for H  = 2D, 

where there is no local maximum; heat transfer is seen to decline uniformly with 

decreasing stroke length, a finding tha t is in agreement with those of Valiorgue et al.

equation 7.4, albeit to a lesser extent than at the larger axial spacings. It is thought 

th a t this apparent deviation in trend is due to the merging of the respective regimes. 

Thus, with decreasing axial spacing the corresponding stroke length for which regime 

{b) exists grows smaller, the stroke length is eventually pushed below the threshold 

for je t formation and therefore is no longer apparent, leaving the trend present at

Many flow fields presented for regime (6) were found to contain vortex rings of high 

coherence, consistently at stroke lengths of AD < L q < 8D, propagating between the 

je t orifice and impingement surface, however, reduced axial spacings oi H  < AD are 

also seen to extend this pattern  to smaller stroke lengths. Flow fields refiecting these 

results were observed in figures 7.3, 7.4, 7.7, 7.8 and 7.13.

The original je t formation proposal which was outlined using figure 7.1 suggested 

th a t maximum vortex circulation would be achieved at Lq ~  AD, beyond which an 

increase in stroke length would merely contribute to  extending the length of the trailing 

jet. However, as the synthetic je t ejection phase conforms to a sinusoidal velocity 

program, the location at which the maximum velocity occurs can play a defining 

role in the evolution of the fiow field. As the stroke length increases beyond Lq =  

SD, maximum ejection velocity is inevitably experienced during the ejection of the 

trailing jet, resulting in vortex disruption, and thereby changing the nature of the 

flow regime. So far, this evidence corresponds remarkably well with figure 7.35. In 

this regime, (b), some axial spacings experience a maximum in local velocity and

(7.4)

[89]. This result contrasts with the corresponding velocity data  which does conform to

H  =  2D.
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heat transfer at stroke lengths below Lq =  8D; it is clear from figure 7.34 th a t the 

axial spacing oi H  = 12D becomes the upper limit at which maximum velocity is 

achieved in this regime. There are two reasons why a reduction from the peak is 

experienced, one being determined by jet development, the other by the nature of jet 

formation. Firstly, it is desirable to have fully formed vortices impinge as frequently as 

possible upon the surface. Krueger et al. [63] showed th a t the impulse associated with 

vortex ring formation was much larger than  for the associated trailing jet, therefore 

the corresponding operational param eter th a t optimises both frequency and formation 

requirements occurs at L q AD. It can be seen from the velocity da ta  presented in 

figure 7.34 th a t this is indeed the location where maximum velocity is experienced for 

many of the axial spacings; however, deviation occurs with increased nozzle to  plate 

separation. As the separation is increased the vortex requires more impulse to  m aintain 

its momentum to the impingement surface; extra momentum is provided to  the flow 

by increasing the length of the trailing jet, with the consequence of a decrease in 

frequency; consequently peak impingement velocity is experienced a t a greater stroke 

length. Although in theory a continual increase in stroke length with axial distance 

should maintain this relationship, this is found not to be the case. Beyond Lq =  8£> 

the fact th a t the fluid in the traihng jet is now travelling at a higher velocity than  th a t 

in the vortex ring produces a signiflcant change in the flow evolution, particularly at 

greater axial spacings. Vortex tracking data  presented in section 7.1.2 showed th a t as 

the stroke length exceeds Lq =  SD  a widening of the je t occurs, especially at larger 

axial spacings, as this was linked to  the faster moving trailing je t im pacting upon the 

vortex ring with a subsequent accumulation occurring. The consequence of an increase 

in jet width and no increase in the volume of ejected fluid is th a t the axial length of the 

ejection is effectively reduced. This reduction in length combined with no real increase 

in peak velocity results in a reduction in the mean fluid velocity at the impingement 

surface, this can be seen in flgure 7.35 as regime (c). The reduction in velocity is less 

evident at smaller axial spacings as there is insufficient distance for the flow to  widen 

prior to impingement. There is a corresponding small decrease in local heat transfer 

with the reduction in mean velocity, while a subtle change in trend is evident for fluid 

tem perature at this regime.
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The final regime [d) is represented in grey in figure 7.35. At L q/ {H  +  4D) > 1 

this regime is simply dominated by the powerful discharge of the ejected fluid, and 

in particular by the trailing jet. Flow fields across all axial spacings revealed that as 

the primary vortex becomes a less prominent feature in the flow field little interaction 

between subsequent ejections occurs. At lower axial spacings of H  < 6D (dashed 

lines) impingement leads with the fluid from the traihng jet as the vortex ring gets 

pushed to the side; the restricted space between orifice and plate means little spreading 

occurs and consequently average velocity is maintained at a relatively high level. While 

larger spacings of i f  > 6D provide increased distance for the flow to evolve, it has been 

shown that complete destruction of the vortex ring commonly occurs in this regime; 

subsequent viscous dissipation results in a spreading of the jet and a reduction in mean 

impingement velocity.
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Figure 7.36: Stagnation point Nusselt number; Re = 1000

Similar stagnation point heat transfer data are presented in figures 7.36 and 7.37 

for Reynolds numbers of Re =  1000 and 2000. As is expected, the Nusselt number 

experiences a decrease with a corresponding reduction in Reynolds number. However, 

the results show that very similar heat transfer trends to those at the Reynolds number 

of 3000 are present across all stroke lengths and axial spacings. These findings confirm 

that the existence of these impingement regimes is independent of Reynolds number 

within this range and and is largely associated with the stroke length which is the 

primary infiuence on the formation, advection and evolution of the vortex ring, trailing
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Figure 7.37: Stagnation point Nusselt number; Re =  2000

jet and related flow features.

Across all parameter ranges the axial spacing which shows the maximal overall 

stagnation Nusselt number is / /  =  AD. However, figure 7.35 shows that this is not 

reflected in the corresponding velocity data where lower axial spacings consistently 

produce higher mean velocities, indicating that it is not solely impingement velocity 

that dictates the level of heat transfer. Temperature data reveal that it may be the 

higher average impinging air temperatures (high T*) experienced below H  = AD 

which reduces the heat transfer coefficient for small jet to plate spacings. The increase 

in air temperature at these low axial spacings may be caused by the high degree 

of conflnement, which restricts the entrainment of cooler ambient air into the flow. 

Average jet impingement velocities are seen to drop OS' quite rapidly beyond H  = AD\ 

flow flelds and volume flux data in section 7.1 revealed that this results from the 

spreading of the jet as it evolves as well as from a loss in momentum as the ejected 

fluid traverses the axial spacing. Both of these factors may have significant implications 

for heat transfer profiles.

Heat transfer data at low axial spacings {H = 2D) is in good agreement with the 

findings of Vahorgue et al. [89] who fitted a linear curve to a region below Lq/ H  = 2.5, 

which experiences a sudden decrease in heat transfer. This was identified as a region 

operating below the threshold of jet formation. However, the analytical derivation by 

Holman et al. [20] suggests that no synthetic jet is formed below the critical stroke
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Regime Non-dimensionalised

spacing

Characterising

feature

Description

(a) Lo/ { H + AD) < 0.3 Diminished

momentum.

Reduced impinging flow due to  small L q/D  

or large H / D  produces low Nu, vel. and 

high local air temp.

(b) 0.3 <  Lo / ( H + AD) < 0.7 Vortex propa

gation

High momentum vortices with maximum 

circulation produce local max. in Nu, vel. 

and low local air temp.

ic) 0.7 <  Lo/ {H + 4D) < 1 Jet spread Spreading of the jet reduces local velocity 

resulting in a drop in Nu and higher aver

age air temp.

id) Lo / {H + 4 D ) > 1 Traihng jet Impingements dominated by powerful 

trailing jet maintain high velocities, Nu 

and low air temp.

Table 7.2: Stagnation point regimes identified from figure 7.35 for local Nusselt num

ber, velocity and dimensionless tem perature T* (equ. 7.3).

< H  = 2D. Re^= 1500
0 H = 2D. 1000
> H  = 2D, Re = 500

’  U(*

 Eq. (6.5)
 [20 ]

Natural convection limit

0 10 15
L o / H

Figure 7.38: Dependence of stagnation Nusselt number N uq/ { R e ^ P r ^  f { H) )  on stroke 

length L q/ H  (for H  = 2D, 500 <  -Ret/g <  1500) compared to correlation by Valiorgue 

et al. [89]
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length of L q/ D  = O.lGvr ~  0.5. Below this formation threshold, no fluid escapes the 

suction phase which follows. The heat transfer performance will tend towards the 

natural convection regime in the absence of any jet formation, it therefore follows tha t 

a formation threshold stroke length should be fitted to the correlation outlined by 

Persoons et al. [90] in equation 2.23:

N uq = 0.156Re°y^^^Pr^-^f{H)g{Lo) {R^ = 0.96)

and 4 ^ ’ =  1.5D {H = 2D)

This correlation has been applied to the stagnation point da ta  and is presented 

in figure 7.38, with the solid line corresponding to equation 7.5. While the formation 

threshold param eter exceeds the theoretical value of 0.5D, which was put forward 

by Holman et ai,  it does provide the best fit to the experimental data. The function
(  f )g{Lo) = 0 for L q =  L q and tends to unity for L q —> oo.

0.2

--
0.15

H ^  2D 
H ^  3D 
H  ^ 6 D  
H  -  12D 
Eq. (6.5) 
Eq. (6.6)

/ H ^ 1 2 D
H = 6D 

>  ^  H  = ‘SD 
r  - H = 2 D

°  0.05

3 52 4

Figure 7.39: Dependence of stagnation Nusselt number Nuo/ {Re^^Pr^ f {H) )  on stroke 

length L q/ H  (for 3D < H  < 12D, Reu^ =  1500)

Figure 7.39 presents the stagnation point heat transfer results for a wider range of 

axial spacings (3D < H  < 12D) at a Reynolds number of 3000. Compared to figure
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7.5, the diminishing heat transfer at low stroke lengths is still evident and shows the 

same formation threshold at L q = 1.5D, however the correlation, as represented by the 

dashed line, does not prove to be as good a fit at these larger axial spacings. F itting 

this data  at higher jet to surface spacings to the original correlation (equation 2.23) 

gives the following equation:

with g{Lo) =  1 -  e +  0.906

and = 1.5D (3 <  H / D  < 12)

which corresponds to the solid line in figure 7.39.
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Figure 7.40: Agreement of stagnation Nusselt number N uq between experimental 

da ta  and correlation eqns. 7.5 and 7.6 for the entire investigated param eter range 

(500 <  Reuo < 2500, 2 <  H / D  <  16, 2 <  Lo/D < 40)

Over 85% of the data  in the entire param eter range can be matched by the combined 

correlations equations (7.5 and 7.6) to within ±15% as shown by figure 7.40.
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7.2.1.1 Findings

The results in this section have shown that differing stroke length for the a single 

Reynolds number can achieve very different levels of heat transfer. When time averaged 

stagnation point Nusselt number, velocity and fluid temperature data were scaled by 

Lq/ {H + 4D)  (figure 7.35) it was seen that four heat transfer regimes were clearly 

identifiable. These regimes were:

(a) Lq/ { H  +  4D) < 0.3. This corresponds to an impingement of diminished mo

mentum, where insufficient impulse has been imparted to the jet upon formation to 

provide it with sufficient momentum to impinge upon the surface undiminished.

(b) 0.3 < Lf i ) / {H  +  4D) < 0.7. This is a region where a local maximum in heat 

transfer and fluid velocity and a suppression in fluid temperature was observed; these 

were shown to commonly correspond to flow regimes containing vortex rings of high 

coherence.

(c) 0.7 < Lf i ) / {H  +  4D) < 1. In this regime the jet undergoes spreading due to 

compacting of the impingement zone caused by the longer stroke length; this results 

in a reduction in impinging fluid velocity with a corresponding fall in surface heat 

transfer and an increase in fluid temperature.

(d) L{Q)/[H +  4D) > 1. This final regime is dominated by the powerful trailing 

jet as impingements occur in isolation. With the stroke length being so large in 

comparison to the axial spacing little opportunity is available for spreading of the jet 

to occur prior to impingement, consequently suppressed fluid temperatures and higher 

levels of fluid velocity and heat transfer were observed. Further stagnation point heat 

transfer measurements were presented to confirm that these trends were also present 

at Reynolds numbers of 1000 and 2000.

7.2.2 Spectral D ecom position

Section 7.2.2 outlined the method of spectral decomposition employed in the analysis 

of the simultaneously acquired, time resolved measurements of heat flux, velocity and 

temperature signals at the impingement surface. The following section will present 

both decomposed and reconstructed data in various forms such as power spectra and
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time averaged frequency components for radial profiles as well as for stagnation point 

measurements.

To obtain the following figures the raw time resolved signals were converted into 

the frequency domain where the driving frequency and all harmonics were separated 

off. The remaining spectrum was split into two frequency bands; above and below 

the synthetic jet actuation frequency. All three spectral components, periodic, high 

and low frequency, were then converted back to the time domain where the root 

mean square of the fluctuating component of each signal was calculated; this value is 

representative of both the state of evolution of the jet and also the amount of energy 

contained in each component. This procedure was repeated for each data point in the 

series. The upper section of each flgure presents mean fluctuating data at each stroke 

length, while the lower section presents the magnitude of the periodic, high and low 

frequency components expressed as a percentage of the magnitude of the raw signal. 

A detailed explanation of the methods used are outlined in section 6.4. While Nu' 

and V  are simply the root mean square of the fluctuating value for the local Nusselt 

number and velocity respectively, fluid temperature fluctuation is nondimensionalised 

by the temperature difl'erential between the heated surface and the jet air temperature:

V
=  T  (7-7)su r f  cav

Figure 7.41 shows reconstructed periodic, high and low frequency data for an 

axial spacing of i f  =  2D, Reynolds number of 3000 and stroke lengths between 

2 < Lq < 32D. It is immediately evident from the magnitude of the periodic fre

quency component across all sets of data that at this very small axial spacing the 

impingement zone is dominated by a highly underdeveloped periodic flow. An excep

tion to this is seen to occur at L q = 2D where no jet is formed; energy within the flow 

is particularly low and consequently, the fluctuating magnitude of the raw signal is 

significantly reduced, no significant periodicity is experienced and low frequency phe

nomena account for a large majority of the fluctuation. Fluctuations in heat transfer 

and velocity, in particular, are seen to get larger with increasing stroke length, while
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Figure 7.41: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re =  3000, H / D =  2

temperature fluctuations appear to reach a maximum at Lq =  8Z). This is in contrast 

with data in figure 7.34 where both average velocity and Nusselt number are seen 

to level off and remain relatively constant beyond Lq =  6D, and while the average 

local fluid temperature is seen to experience a moderate yet continual decrease (as 

indicated by increasing T*), figure 7.41 shows that a decline in the corresponding fluc

tuating values are experienced up to Lq =  16D. Considering the continual decrease 

in local average fluid temperature, the reduction in temperature fluctuations may be 

attributed to the je t’s ability to prevent the thermal boundary layer from reforming to 

the same extent between impingements, thereby suppressing the higher temperatures 

which would otherwise increase both the average and fluctuating fluid temperatures; 

similar results have been reported by McGuinn et al. [146]. It is significant to note
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that as the highly periodic regime becomes established, both the level of high and 

low frequency components of the jet are suppressed but continue to account for a 

surprisingly constant proportion of the total fluctuation, regardless of stroke length.
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Figure 7.42: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re  =  3000, H j D  =  3

Although marginally reduced, the dominance of the periodic fluctuating component 

in the heat transfer and velocity data at an axial spacing of i f  =  3£> (figure 7.42) 

shows little change from that seen dX H  = 2D. It is noticeable however that the 

corresponding temperature data have undergone a sizeable reduction in periodicity; 

both high and low frequency components now account for a much larger proportion of 

the total temperature fluctuation. Such a disproportionate shift between the respective 

signals indicates that as the jet evolves with axial distance the mixing of fluid that 

takes place has a much more rapid effect on the redistribution of temperature within
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the jet than  on velocity fluctuations. Fluctuations in velocity and Nusselt number at 

this small axial spacing are already beginning to show the existence of the various flow 

regimes at low stroke lengths. A familiar change in slope corresponding to the various 

heat transfer regimes identifled previously in figure 7.35 is clearly visible for both sets 

of data, particularly below Lq =  %D. This appears to  be consistently a region where 

the high frequency component of the spectrum  accounts for more elevated proportion 

of the to ta l fluctuation than  it does at larger stroke lengths.
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Figure 7.43: Stagnation point fluctuating Nusselt number, velocity and tem perature 

as a function of dimensionless stroke length; Re =  3000, H / D  =  A

Figure 7.43 shows th a t a further increase in axial spacing to H =  AD produces 

a small decrease in the periodic spectral component of the velocity and heat transfer 

signals while the increase in low frequency component of the tem perature fluctuation 

appears to have been solely at the expense of the periodic component. The most
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noticeable behavioural change at the greater axial spacing is the larger temperature 

fluctuation at small stroke lengths. This fluctuation is seen to be comprised almost 

completely of low frequency spectral components, thereby conflrming the diminished 

nature of the jet. The fluctuations in the raw signal of the dimensionless temperature 

are seen to subside temporarily as the stroke length is increased to L q =  6Z), the low 

frequency components being supressed by a shift in power from the low energy, low 

frequency domain to the higher energy, periodic and high frequency domains which are 

associated with a more powerful flow. A subsequent increase in raw signal fluctuation 

occurs once again, however this time it is due to the increasingly periodic nature of 

the jet associated with larger stroke lengths.
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Figure 7.44: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re  =  3000, H /D  =  6

The data presented in flgure 7.44 for H  =  6D show a continuation in the trends
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from those observed at lower axial spacings. The proportion of velocity and heat trans

fer fluctuation accounted for by the periodic frequency component has been further 

reduced in favour of both low and high frequencies, indicating additional jet devel

opment; this is especially true of stroke lengths between AD < Lq < \QD which are 

seen now to account for up to 25% of the raw fluctuation magnitude for both Nus- 

selt number and velocity signals. The high frequency component of the temperature 

fluctuation continues to account for a relatively constant 18% of the total fluctuating 

magnitude, while the periodic component continues to degrade further most of the to

tal fluctuation across the range of stroke lengths is accounted for by frequencies below 

that of jet actuation.
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Figure 7.45: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re =  3000, H / D  = 8

Axial spacings oi H  = 8D and lOD presented in figures 7.45 and 7.46 show a
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Figure 7.46: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re =  3000, H /D  =  10

continual increase in the low frequency component of velocity and heat transfer at 

the expense of periodic oscillations. The high frequency component has consistently 

accounted for approximately 50% of the total fluctuating magnitude for stroke lengths 

above L q = AD and for H > 4D. In keeping with Kolmogorov’s power law, jet 

energy is known to dissipate by cascading to increasingly higher frequencies; the upper 

limit which the high frequency spectrum appears to have reached indicates a level of 

saturation has occurred beyond which these frequencies cannot accommodate any 

further increase in power. As the energy contained within the flow is dissipated at 

the higher frequencies, and therefore smaller scales, energy is cascaded down from the 

more powerful periodic components, it is only when all energy transferred to these 

higher frequencies is dissipated that the low frequency domain dominates.
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Figure 7.47: Stagnation point fluctuating Nusselt number, velocity and tem perature 

as a function of dimensionless stroke length; Re =  3000, H / D  =  12

Figure 7.47 and 7.48 show th a t it is only at axial spacings of / /  =  \2D  and beyond 

th a t signiflcant deviation from the previous trends occurs. Firstly however, it is no

table th a t there has been little change in the balance of frequency components since 

H K, 10D. While the sizeable presence of high frequency and periodic components do 

indeed reflect the nature of the flow, the fact th a t there is little variation beyond a 

certain axial distance suggests th a t tem perature fluctuation is not so much related to 

energy content, as to the extent of flow development and its ability to  disrupt the ther

mal boundary layer. At these increased axial spacings both  heat transfer and velocity 

data  show a significant reduction in the periodic frequency component at Lq <  8D, 

corresponding to heat transfer regime (6), the vortex propagating regime (table 7.2). 

At these axial spacings the vortex alone no longer has sufficient momentum to reach
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Figure 7.48: Stagnation point fluctuating Nusselt number, velocity and temperature 

as a function of dimensionless stroke length; Re =  3000, H /D  = IQ

the impingement surface, k i  H  = lOD total fluctuations are still quite large with 

vortex breakdown and interaction occurring just prior to impingement, energy is still 

being dissipated in the high frequency domain, while data for H = 16D presented 

in figure 7.48 shows that this has changed significantly. The reduction in the high 

frequency component for Lq < 16D, combined with minimal periodicity, indicates 

that not only all periodic energy has been dissipated prior to impingement, but also 

that any remaining energy is rapidly declining in the high frequency domain. It is 

therefore desirable to achieve a jet which upon impingement is fully developed yet not 

diminished; this can be identified by a stroke length which shows a reduction in the 

periodic fluctuating component, yet still contains a high frequency component which 

is fully saturated. From figures 7.46 and 7.47, the stroke lengths required to achieve
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this fully developed impinging flow with undiminished, cascading, turbulent structures 

desirable for heat transfer for H  =  \QD and 12D are L q 8D and 10D respectively. 

Further analysis of the individual signals and detailed frequency spectra will give a 

better insight into the type of evolution the jet undergoes at each stroke length and 

axial spacing. For other axial spacings below H  =  12D the stroke lengths required to 

achieve this transitional regime between periodic and high frequency domains matches 

up remarkably well with the blue boundary line in figure 7.19 representing the tran

sition between diminishing impingement and vortex propagation. This relationship 

does not appear to hold at greater axial distances where regime (c) where the traihng 

jet is dominant.

7.2.2.1 Findings

Spectral decomposition performed on the fluctuating stagnation point heat transfer, 

fluid velocity and fluid temperature data showed that, in general, larger stroke lengths 

produced fluctuations dominated by the highly periodic synthetic jet actuation fre

quency, indicating a highly underdeveloped flow. While also containing a large quan

tity of high frequency fluctuations, smaller stroke lengths were seen to contain a much 

higher proportion of low frequency fluctuations; this indicated that they had under

gone a much greater amount of development prior to impingement. Diminished flows 

which underwent signiflcant degradation prior to impingement presented themselves 

as containing negligible periodic fluctuations and very high proportions of low fre

quency, low power fluctuations. While small axial spacings commonly resulted in an 

underdeveloped, highly periodic impingement, the increased opportunity for develop

ment presented by large axial spacings often resulted in an overdeveloped impingement 

dominated by low frequency phenomena. These results also showed that an identical 

level of mixing has a much greater effect on the temperature spectrum than on the 

corresponding velocity or heat transfer spectra. This can be attributed to the fact 

that the fluctuations in the fluid temperature undergo more of a redistribution where 

they ultimately reach homogeneity, compared to the velocity and heat transfer signals 

which experienced a dissipation.
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7.2.3 Spectral R econstruction

Figure 7.49 shows two periods of the time resolved local heat transfer, fluid temperature 

and velocity signals reconstructed with only the periodic frequency components of the 

signal; all data are aligned so as the fluid impingement is synchronised. As the signals 

are only reconstructed using the jet harmonics, the value at 0 H z  (steady state) is 

not included. The results therefore appear as if the mean of the signal has been 

subtracted and consequently fluctuate about 0. As expected, all stroke lengths at 

small axial spacing oi H  = 2D show relatively strong periodic components, although 

with increasing stroke length the leading edge of the heat transfer and velocity signals 

and the trailing edge of the temperature signal shows a significant deviation from 

the sinusoidal mode of diaphragm actuation; these sharp edges are more analogous 

to square waves as should be revealed by further spectral analysis. The uniformity 

and magnitude of the fluctuations as well as the location of peak velocity indicates 

the highly underdeveloped nature of the flow. Velocity data at Lq = 8D show that 

there is a local primary peak leading a broader sinusoidal wave, as indicated by the 

blue arrow. Instantaneous flow fleld images in section 7.1.1 revealed that this peak is 

attributed to the leading vortex impinging on the plate followed by the lower velocity 

fluid contained in the trailing jet. This is not evident at Lq < AD as no trailing jet 

is formed at this smaller stroke length, nor can it be seen for the larger stroke length 

of Lq =  IQD as maximum velocity is now experienced a significant distance into the 

formation of the trailing jet.

Axial spacings of i f  =  AD and 6Z) presented in figures 7.49 (6) and (c) show 

how the periodic components of the respective signals evolve at larger impingement 

distances. Although somewhat chaotic, the temperature signal is seen to maintain 

a definite periodic form in phase with the corresponding heat transfer and velocity 

signals; however the heat transfer signal does not appear to reflect any of the more 

random fluctuations present in the fluid temperature signal. The same cannot be 

said for the time resolved velocity signal which bears much resemblance to the heat 

transfer signal. It is also noticeable how the behaviour of the temperature signal for 

stroke lengths L q > 8D rapidly deviates from the classically sinusoidal form with
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such a small increase in axial spacing. This evidence suggests th a t either the physical 

scale of the tem perature fluctuations is far below th a t of the corresponding velocity 

fluctuations, or the level to which fluid tem perature affects heat transfer is significantly 

less at these higher frequencies; full spectral comparisons will perhaps shed more light 

on this curious tra it. Both figures show th a t periodic components for L q =  3D appear 

to  be largely non-existent above H  = AD, while velocity and heat transfer signals 

recorded at L q = 8D now only exhibit what appears to be the prim ary peak associated 

w ith the impinging vortex, as the power of the trailing je t falls off.

W here previously a stroke length of L q = 8D was sufficient to ensure the flow im

pinges upon the surface with a sharp increase in velocity and heat transfer, figure 7.49 

{d) reveals tha t at f /  =  8D  it now effects more of a conventional periodic profile which 

is inherently less powerful. Corresponding decomposed da ta  for H  =  8D and L q =  8D 

in figure 7.45 contradicts this statem ent somewhat, showing th a t the fiuctuating mag

nitude of the raw signal remains undiminished, as does the high frequency component; 

this evidence indicates a shift away from a powerful yet undeveloped impinging fiow 

towards one dominated by more random high frequency fluctuations. Figures 7.49 (fe) 

and (c) show a similar trend for stroke lengths of Lq =  4D and 6D respectively suggest

ing th a t this is consistent with the heat transfer regime (6); there is sufficient impulse 

provided at this stroke length to ensure the jet does not impinge undiminished, yet 

not so much as to cause it to be underdeveloped. Across all axial spacings, H  < 8D, 

the point of maximum velocity for the stroke length of Lq =  32D can be seen to move 

progressively closer to the front of the impingement; this is due to the accelerating 

nature of the trailing jet caused by the maximum ejection velocity occurring during its 

formation. Larger axial spacing allows the location of maximum velocity to progress 

closer to  the forefront of the impinging fluid, this trend will continue as long as the 

flow can remain coherent.

Figures 7.49 (e) and ( / )  move the je t beyond the axial spacing for which the flow 

regime dominated by propagating vortices possesses enough momentum to reach the 

impingement surface undiminished; this is reflected in the very low levels of periodic 

fluctuations present at L q < 12D. W hat is particularly noteworthy is th a t while 

fluctuating velocity and heat transfer have suffered a reduction in magnitude, the same
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cannot be said for the temperature signal which has in fact become far more variable. 

This indicates that much of the fluctuations in temperature may be attributable to 

broadband random fluctuations across the entire spectrum rather than being specific 

to the jet driving frequency and its harmonics. At H = 16D  the only stroke length 

which can maintain a reasonably periodic form prior to impingement is seen to be 

I/O =  32D, while at H  — 12D this is extended down to L q =  24D.

7.2.4 Stagnation Point Power and C oherence Spectra

This section will present the simultaneous stagnation point heat transfer, velocity and 

temperature measurements in the form of power and coherence frequency spectra. 

Coherence data are calculated between the heat transfer signal and the respective 

velocity and temperature signals, with coherence values of above 0.2 considered to 

indicate significant correlation. The Kolmogorov spectrum having a slope of —5/3 

is also displayed in each figure to more easily identify turbulent flows. Three jet 

operational parameters are chosen at each axial spacing which span the respective 

flow regimes presented in figure 7.19, these include the diminished impingement, vortex 

propagation (stroke lengths selected at the blue boundary line) and the underdeveloped 

periodic flow commonly produced in the trailing jet regime.

The first thing to understand prior to analysing the current spectral data is how 

different waveforms affect the resultant spectrum.

Artificial sine and square waves have been generated at 80Hz using MATLAB with 

the same sampling frequency and duration as the time resolved local measurements 

analysed in this work. To make the signals somewhat more comparable to realistic data 

random noise has also been generated and introduced to both signals after which each 

were converted to the frequency spectrum. Identical noise was added to both signals 

whose respective time resolved signals and power spectra are presented in figure 7.50.

While the difference between the two time resolved signals is quite straight forward 

and obvious to see, it is only when it is converted to the frequency domain that the in

terpretation becomes somewhat more complicated as significant differences occur. The 

sine wave is simply represented in the frequency domain as a single powerful spike at
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Figure 7.50: Time resolved and power spectra plots of sine and square waves generated 

at /  =  80 Hz  with random noise added.

the generation frequency, which in this case is 80Hz. While the frequency spectrum for 

the square wave also shows a similar spike at the generation frequency the remainder of 

the spectrum appears vastly different. Harmonics of the generation frequency are seen 

to be present with decreasing magnitude throughout the remainder of the spectrum. 

These harmonics are attributed to the sharp leading and trailing edges present in the 

square wave; as either edge becomes more prominent higher harmonics are required to 

approximate it. Depending on severity, sharp increases in highly periodic signals such 

as those which have been shown to be present in underdeveloped synthetic jet flows 

will also produce similar spectra with harmonics; these frequencies produced by the 

sharp edge contain quite large amounts of energy which is subsequently dissipated by 

cascading to higher frequencies before becoming a more developed flow. As such, it 

is important to remember the origin of these harmonics and what implications their 

presence have for the state of the flow.

7.2.4.1 H / D = 2

Stagnation point spectral data for an axial spacing oi H = 2D and stroke lengths of 

Lq = 2D, AD and 8D are presented in figure 7.51. At such a small orifice to surface 

spacing there is very little opportunity for jet development to occur; this is refiected 

in the power spectra. While all three stroke lengths show a noticeable power spike in
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Figure 7.51: Power and coherence spectra of Nusselt number, velocity and temperature 

Re = 3000, H /D  = 2

all signals at their respective actuation frequencies, Lq = 2D is the only one that does 

not contain any at greater harmonics. Figure 7.51 (a) shows that the power of the 

fundamental harmonics (480 Hz)  are all smaller in magnitude than much of the lower 

frequency fluctuations and a rapid drop-off in power at frequencies above 480Hz is also 

seen to occur, thereby deviating from the —5/3 regime. It is possible to argue that these 

traits are indicative of a highly developed flow, however previous flow field evidence 

suggests that at L q = 2D it may be more attributable to an under formed jet, as this 

is far below the stroke length of maximum vortex circulation experienced at Lq > AD. 

At Lq =  4D and 8D, both primary driving frequency and subsequent harmonics show 

fluctuations far greater than are present at lower frequencies, reflecting the highly 

periodic, underdeveloped nature of both jets as was highlighted by the reconstructed 

periodic frequency components in figure 7.49.

Plotted below the power spectra in figure 7.51 are the corresponding coherence 

spectra showing the correlation magnitude of the heat transfer signal versus both the 

velocity and temperature signals. All three stroke lengths show strong correlation 

between the pairs of signals at the actuation frequency in particular, and at higher
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harmonics for L q = AD and 8D. A part from at actuation and harmonic frequen

cies no significant coherence between heat transfer and tem perature signals is shown. 

However, both  L q = 2D  and AD show reasonable correlation between local Nusselt 

number and velocity a t broadband low frequencies while at L q = 8D  this appears to 

be supressed. This increase in relatively low frequency coherence may be associated 

with jet development as some of the power from the periodic harmonics is dissipated 

through other frequencies. The fact th a t the coherence between the tem perature and 

heat transfer signal does not show similar trends suggests th a t rather than  power dissi

pation by energy transfer to other frequencies as is occurring in the velocity spectrum, 

the tem perature fluctuations undergo more of a redistribution.
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Figure 7.52: Power and coherence spectra of Nusselt number, velocity and tem perature 

Re = 3000, H /D  =  4

Three similar regimes at the larger axial spacing ol H  = AD are presented in figure 

7.52. While still below the threshold for maximum vortex circulation, a larger stroke 

length of L q =  2>D now achieves the diminished impingement regime containing few 

periodic, coherent structures. As with figure 7.51 (a) only the fundamental harmonic
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of 320 H z  is present and a large drop-off in power is evident at the higher frequencies. 

This finding is in good agreement with the POD flow fields presented earlier in section 

7.1.5 which concluded th a t at this stroke length and axial spacing few coherent struc

tures were seen to impinge upon the surface. The velocity-Nusselt number coherence 

spectrum in figure 7.52 (a) shows broadband low frequency correlation, particularly 

at frequencies below th a t of actuation. This indicates th a t these are the frequencies of 

fluid motion at which therm al dissipation is occurring. In contrast, the tem perature- 

Nusselt number coherence spectrum shows little significant correlation apart from the 

actuation frequency (320 Hz)  and also increasingly at very low frequencies /  <  1 Hz.  

While at the larger stroke length of Lq =  AD in figure 7.52 {h) the presence of a number 

of well-defined harmonics across all signals suggests a highly periodic flow, compared 

to the same stroke length at H  = 2D the m agnitude and number of harmonics is sig

nificantly reduced indicating a substantially more developed flow. This is confirmed 

by the higher broadband correlation present in the velocity - heat transfer coherence 

spectrum.

Comparing the slope of the tem perature spectrum  to th a t of the velocity and Nus- 

selt number spectra in figure 7.52 (b), they are seen to be significantly different, partic

ularly in the lower frequency domain. The entire tem perature spectrum  approximates 

a —5/3 slope which is associated with Kolmogorov’s power law of turbulence; this sug

gests th a t the tem perature spectrum undergoes a much more rapid transition to chaotic 

fluctuation than the corresponding velocity signal. As the jet develops fluid mixing 

occurs; the kinetic energy of the flow represented by the velocity power spectrum  is 

transferred down the frequency spectrum, and ultim ately this energy is dissipated at 

increasingly smaller scales, i.e. higher frequencies. In contrast, the fluid tem perature 

power spectrum  does not represent the kinetic energy contained within the flow; unlike 

velocity, tem perature gets redistributed rather than  dissipated, therefore the spectrum 

is more representative of the inhomogeneity of the local fluid tem perature within the 

flow. Accordingly, the evolution of the fluid tem perature spectrum merely requires 

redistribution rather than the type of dissipation to smaller scales experienced by the 

velocity spectrum. Consequently, an identical amount of mixing in the flow can effect 

a more dram atic change in the tem perature spectrum  compared to  the corresponding
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velocity spectrum. The fact that the Nusselt number spectrum so closely resembles the 

velocity rather than the temperature spectrum, and also that velocity and heat flux 

show a far greater coherence across a broad range of frequencies, suggests that heat 

transfer to a synthetic jet is primarily driven by the fluid velocity and its respective 

flow structures. There is of course substantial evidence to suggest that average fluid 

temperature does play a significant role in heat transfer, but these findings suggest 

that local temperature fluctuations are secondary to velocity fluctuations.

The stroke length of Lq =  8D in figure 7.52 (c) shows many harmonics across 

all signals; suggesting a highly underdeveloped, periodic fiow. Comparing this to the 

same stroke length at the smaller axial spacing of i f  =  2D in figure 7.51 (c) shows 

a reduction in harmonic magnitude and a small yet significant increase in broadband 

coherence between Nusselt number and velocity signals. Once again this suggests a 

further development in flow with increased axial spacing.
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Figure 7.53: Power and coherence spectra of Nusselt number, velocity and temperature 

Re = 3000, H / D  = 6

Figures 7.53 and 7.54 both show spectra at diminished, intermediate and highly
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Figure 7.54: Power and coherence spectra of Nusselt number, velocity and temperature 

Re = 3000, H /D  = 8

periodic impingement regimes for increased axial spacings oi H  — 6D and 8D. While 

the two later regimes can be represented by the same stroke lengths, the magnitudes of 

the harmonics are seen to attenuate with the increased distance available for develop

ment, as was seen at lower axial spacings. Where before (figure 7.8) a stroke length of 

Lq ^  AD was shown to form vortices approaching maximum circulation and produce a 

flow field dominated by propagating vortices right the way to the impingement surface, 

all spectra in figure 7.54 (a) for the same stroke length now resemble those seen in 

the diminished regime, as has been present for the stroke length Lq = 3D (figure 7.53 

(c)). While a significant broadband coherence between Nusselt number and velocity 

is still present, compared to Lq = 8D the bandwidth has narrowed substantially from 

900Hz down to the lower energy containing frequency of 300Hz. Figures 7.53 (c) and 

7.54 (c) both show high levels of coherence at the actuation harmonics but low levels 

in between, indicating once again that the flow is highly under developed and heat 

transfer is dictated by the powerful periodic motions of the flow as httle fluctuation 

at other frequencies has developed.
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An increase in axial spacing to the upper test hmits oi H  = 12D and IQD is presented 

in figures 7.55 and 7.56. Significantly, at these large axial spacings not even the 

largest stroke lengths show spectra containing the same number of harmonics as seen 

at smaller axial spacings. Although average velocity, dimensionless temperature and 

heat transfer data, presented earlier in figure 7.34 for a stroke length of L q =  8D, 

show local maxima, the corresponding spectra in figure 7.55 (a) and 7.56 (a) appear 

almost devoid of notable definition at any frequency. Although a stroke length of 

Lq =  8D was shown to achieve maximum vortex circulation and provide the most 

impulse so as to reach the impingement surface undiminished, these data confirm the 

limit of this vortex propagation regime. Although elevated velocity is maintained, 

fluid motion within the jet is now not occurring at the actuation frequency as the jet 

is fully developed. It is worth noting that at frequencies /  < bOHz a measureable 

increase in coherence between the temperature and heat transfer signals occurs. This 

may be attributed to an increase in the power of the lower frequency phenomena in 

combination with a lower velocity jet; as these structures pass at a lower velocity there 

is a corresponding increase in the time duration for heat transfer to occur from the 

heated surface to the fluid. This evidence suggests that for the temperature spectra it 

is the lowest frequency phenomenon which have the greatest effect, starting at steady 

state (0 Hz),  and increasing from there. The converse of this is true for fiuid velocity, 

as the faster the fluid passes the greater the effect on total heat transfer. Consequently, 

small scale structures formed from high velocity, energetic flows effect a significant level 

of heat transfer, as is reflected in the coherence data.

Maximum stroke length spectra for both large axial spacings (figures 7.55 and 

7.56) show a significant deviation from what has customarily been seen in the trailing 

jet regime (fiow regime (c) and heat transfer regime (d)). With such a significantly 

reduced number of harmonics present neither set of spectra can be said to be as highly 

dominated by the periodic impingements as has been seen at lower axial spacings. 

Coherence data confirm that although the periodic fiow is still a powerful mode of heat 

transfer, the primary mode appears to lie with the broadband velocity fluctuations as 

has previously been the case with the other two regimes. It can be concluded that a 

hmit exists beyond H  =  12D where jet development results in a type of flow which
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deviates significantly from th a t at formation; consequently, heat transfer is primarily 

driven by frequencies generated by the evolution of the jet rather than  those associated 

with the periodic je t motion.

7.2.4.5 Findings

Stagnation point power and coherence spectra have been used to provide further in

formation about the mechanisms driving heat transfer in the synthetic jet. The heat 

transfer signal consistently showed significantly higher correlation to the fluid velocity 

signal than  to the fluid tem perature signal; this was particularly evident at the actu

ation frequency and its harmonics. Broadband correlation between the velocity and 

heat transfer signal was seen to increase with je t development. Correlation between 

heat transfer and fluid tem perature only experienced an increase at lower frequencies, 

particularly when je t flow had degraded significantly. These results indicate th a t while 

fluid tem perature does play a significant role in heat transfer, it is primarily driven 

by the fluid motion. Frequency spectra have also been used to  provide further insight 

into the state of je t development upon impingement with changing stroke length and 

axial spacing. The results showed th a t as the je t developed energy was progressively 

transferred from the actuation frequency and its harmonics to other frequencies, ul

tim ately being dissipated at higher frequencies. Significantly, it was found tha t the 

state of development could be controlled for a particular axial spacing by changing the 

stroke length of the jet.

7.3 Radial D ecom position  

7.3.1 R e= 3000

This section decomposes time series data  acquired across entire heat transfer profiles, 

separates out the periodic, high frequency and low frequency fluctuating tem perature 

and Nusselt number components and reconstructs them  in the form of time averaged 

radial profiles. Frequency and coherence spectra of the Nusselt number and temper

ature signals are provided at locations of r  =  OD, 2D, and AD, this data  provides a
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good indication of what the dominant mode of flow is across the radial profile. 
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Figure 7.57: Radial profiles of average and fiuctuating Nusselt number and dimension- 

less air temperature T* (eqn. 7.3) decomposed into high, periodic and low frequency 

components, Re =  3000, H / D  =  2, Lq/ D  = 2,4,8

Figure 7.57 shows radial profile data for the smallest axial spacing tested of H = 

2D] this is also the spacing at which confinement has the greatest effect. Across all
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stroke lengths average and fluctuating Nusselt number shows a local minimum at the 

centre of impingement, this feature has previously been observed in continuous jets 

and has been attributed to a time averaged stagnation in local velocity at this point. 

The effects of this are consistently seen at small axial spacings where the flow is highly 

underdeveloped, it was also evident upon impingement in the mean velocity proflles 

presented in section 7.1.4. Significantly, a similar local minimum is not experienced in 

any of the average or fluctuating temperature proflles. This is because contact with the 

heated surface or mixing of the flow with warmer fluid is required to effect an increase 

in fluid temperature; however there is no opportunity for either of these events to occur 

prior to the fluid impinging at the centre of the flow. Even with a velocity approaching 

zero flow any minimal exchange of fluid within this zone will easily maintain a low 

temperature as the only other source of heat is conduction from the surface. The effect 

of high confinement is also present across all sets of data, this is recognisable by the 

very low rates of heat transfer and saturated local fluid temperatures beyond r  =  AD.

Although it has been documented that jet formation is severely impaired at a stroke 

length of Lo =  2D it can be seen from figure 7.57 (a) that at this small axial spacing 

surprisingly large levels of heat transfer can be effected. This result is impressive 

considering the dimensionless temperature only achieves a local reduction of T* ^  

0.3. The Nusselt number and temperature signals are seen to be composed almost 

exclusively of low frequency fluctuations as few periodic structures escape the suction 

phase of the jet. Fluctuations in temperature are seen to be quite low at the centre of 

impingement after which they experience an increase in fluctuation with further radial 

distance before decreasing rapidly once again. This behaviour can be explained quite 

simply: there is httle temperature variance in the fluid as a constant stream of fluid 

containing very few periodic motions impinges upon the surface, thereby producing 

the low levels of fluctuation. After impact heat is transferred from the surface to the 

fluid as it travels radially outwards, thereby producing the relatively large fluctuation 

in temperature experienced at r  =  2D. Beyond this point a rapid drop in fluctuation 

is experienced as thermal saturation of the fluid occurs and flow momentum is also 

lost; this corresponds to a noticeable change in slope in the fluctuating Nusselt number 

data at a similar location.
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The periodic component of the fluctuating signals plays a much more substantial 

role for the larger stroke lengths of L q =  AD and 8D, as seen in figures 7.57 {b) and 

(c). It is noticeable th a t up to r  =  2D  both  high and low frequency components are 

suppressed by the highly periodic motion of the jet, indicating a highly underdevel

oped impingement. There is sufficient time between fluid impacts for the local fluid to 

recover its elevated tem perature within the thermal boundary layer, hence the local 

minimum in fluctuations th a t was seen at L q = 2D and associated with a constant 

stream of fluid impinging, now becomes a local maximum at greater, more periodic 

stroke lengths. Beyond r  =  2D fluctuations in heat transfer drop rapidly as does 

the periodic component of the signal. Energy from the powerful periodic domain is 

dissipated by cascading down to other frequencies, thus causing an increase in their 

fluctuation percentage. A maximum in all high frequency components for both stroke 

lengths is experienced at r  =  2D, beyond which all signals become increasingly dom

inated by low power, low frequency components, commonly associated with regions 

containing weak convective flows.

Power and coherence spectra corresponding to data  in figure 7.57 are presented in 

figure 7.58. The heat transfer power spectrum  for a stroke length of L q =  2D and 

radial location of r  =  QD show th a t fiuctuations across the whole range of frequencies 

are strong in magnitude; this indicates th a t a highly developed jet impinges upon the 

surface at this location. While the tem perature spectrum  appears similar in shape, 

fluctuations across it are comparatively small in magnitude, consequently coherence 

between the two signals is low apart from at the driving frequency. The lack of a 

large periodic component in either power spectrum indicates th a t the jet is in rapid 

decline; by r  =  2D  all fluctuations in Nusselt number have been significantly reduced, 

especially those lying above the actuation frequency. The tem perature spectrum at 

this radial location has experienced a broadband increase in magnitude as fiuctuations 

increase with heat being transferred from the surface to the air. There is a corre

sponding increase in correlation between the two signals below an increase in

contact time between the local fluid and the surface is experienced w ith the inevitable 

decrease in fluid velocity. The final set of spectra presented for r  =  AD exhibit a 

significant reduction in magnitude across all frequencies. The only significant fiuctu-
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ations remaining are seen to exist at frequencies below it is no coincidence

tha t a substantial increase in correlation between the two signals occurs at the same 

frequencies. This evidence suggests th a t local fluid tem perature has a significantly 

greater effect on heat transfer in low velocity, diminished flows dominated by low fre

quency phenomena rather than in the types of high velocity flows dominated by high 

frequency phenomena. As the Nusselt number drops and fluctuation magnitudes shift 

to the low frequency domain there appear to be spikes remaining in the heat transfer 

spectrum at r  =  AD. Electrical noise which is normally well below the level of detec

tion becomes evident under these conditions and is manifested as peaks from IbQHz 

at intervals of \()QHz. The fact th a t these spikes become visible is in fact a strong 

indication of what little power remains in the spectrum at this location.

The power spectra for Lq =  AD and 8Z) presented in figures 7.58 (6) and (c) 

respectively show a strong presence of harmonics of the actuation frequency for radial 

locations r  =  QD and 2D, however those at L q =  SD appear stronger. As most 

of the fluctuating magnitude for r  <  2D lies in the periodic domain any reduction in 

fluctuation occurs at these frequencies; little change is seen in the high or low frequency 

domain. The corresponding coherence spectra show little correlation between signals 

at these radial locations indicating th a t heat transfer is still primarily driven by fluid 

velocity rather than  tem perature fluctuations. An increase in correlation is seen below 

2>00Hz for both  stroke lengths at r  =  AD, while the corresponding power spectra show 

a significant increase in the magnitude of low frequency tem perature fluctuations. A 

drop in magnitude across the periodic and high frequency domain indicates th a t at 

this radial location the flow momentum is signiflcantly diminished and the sort of low 

frequency, low power phenomena which operate in the tem perature domain dominate.

7.3.1.2 H / D = 4

At the increased axial spacing of H  = AD and at L q = 2D, figure 7.59 (a) has much in 

common with the trends seen aX H  = 2D  in figure 7.57 (a), in th a t the impinging heat 

transfer and tem perature fluctuations are almost entirely composed of low frequency 

phenomena. Now, however, this effect seems to be amplifled as the jet loses even 

more momentum prior to impact. While a similar average Nusselt number is realised,
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Figure 7.59: Radial profiles of average and fluctuating Nusselt number and dimension- 

less air tem perature T* (eqn. 7.3) decomposed into high, periodic and low frequency 

components, Re  =  3000, H j D  = 4, L q/ D  =  2,4, 8

the decrease in confinement means th a t saturation in the local air tem perature does 

not occur to the same extent; consequently the Nusselt number is not as low as at 

large radial distances. Both the mean Nusselt number and dimensionless tem perature 

profiles are broader, as increased jet development occurs before impingement and the 

lateral flow is not as confined after impact. As with the lower axial spacing of H  = 2D,
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average and fluctuating heat transfer profiles at stroke lengths of Lq =  4D and 8D show 

local minima caused by a stagnation in flow velocity to be present. The dominance 

of periodic fluctuation in the heat transfer signal previously seen at the stroke length 

of L q =  AD has been significantly reduced. The local maximum in the fractional high 

frequency component now occurs closer to  the centre of impingement; this indicates 

tha t the je t has reached the same level of development at a closer radial distance. 

However, the same d a ta  for the stroke length of Lq =  8D does not appear to be 

much changed between the two axial spacings. The reason for this may be th a t there 

is insufficient space at both  axial spacings to allow the flow produced at this stroke 

length to undergo any form of development prior to impingement.

Power and coherence spectra for the axial spacing of i f  =  4D and a stroke length 

of L q — 2D  presented in 7.60 (a) show no unexpected changes to those experienced 

at / /  =  2D. As the flow suffers further degradation prior to impingement all high 

frequency phenomena experience a significant loss in magnitude. The increase in 

coherence between the signals at low frequencies reflects the dominance of these types 

of phenomena in both tem perature and Nusselt number spectra and at all radial 

locations. Although the presence of periodic components at the actuation frequency 

and its harmonics, reported earlier for H  =  2D and seen in figure 7.58, do not appear 

reduced at the stroke length of L q =  8D as seen in figure 7.60 (c), the same cannot 

be said for L q = AD (figure 7.60 {b)). Significant deviation of the flow away from 

the highly periodic form evident at the lower jet to plate spacings has occurred due 

to increased development prior to impingement. The periodic components of both 

spectra are almost negligible at a radial distance of r  =  2D as the je t transitions 

earlier to a diminished flow operating in the low frequency domain. All coherence 

da ta  at L q = AD shows an elevated level of correlation beyond r = 2D as the jet 

transitions away from the periodic domain, as is evident from flgure 7.59 [h). The 

same level of electrical noise as was seen at lower axial spacings is not evident across 

any of the Nusselt number spectra at this axial spacing as the heat transfer is not 

suppressed by the conflnement to the same extent as it was at the lower axial spacing 

o i H  = 2D.
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components, Re = 3000, H /D  — 8, Lq/D  =  4,8,16

Increasing the axial spacing once again to H = 8D, presented in figure 7.61, shows 

trends similar to those which have been observed with POD and time averaged swirl 

and shear flow field data in figures 7.29, 7.30 and 7.17. These flow fields indicated 

that while no coherent vortex structures impinged upon the surface at Lq = AD, at
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L q =  8D the flow imparted sufficient momentum to the vortex ring to allow relatively 

periodic impacts to occur. This assertion is confirmed by the decomposed fluctuating 

heat transfer profiles in figure 7.61 where little periodicity is experienced at Lq =  

AD. Even though the m ajority of the fluctuating heat transfer signal at Lq =  AD 

is composed of low frequency fluctuations, a measureable high frequency component 

exists throughout. The presence of this high frequency contributor suggests a turbulent 

flow has been established prior to impingement. However, with virtually no power 

remaining in the periodic domain, the flow may have lost a substantial amount of 

its momentum thereby impairing its ability to remove heat from the surface; this is 

confirmed when heat transfer profiles at this axial spacing are compared.

Heat transfer data  for a stroke length of L q = 8D  presented in figure 7.61 {b) show 

a local minimum at the je t centre, indicating th a t a time averaged stagnation in the 

flow velocity exists at this point. Although the presence of a strong high frequency 

component in the fluctuating heat transfer signal suggests th a t the impinging flow 

is adequately developed it is also clear th a t substantial periodic components remain. 

These features are characteristic of the type of impinging flow which has good level 

of development prior to impact, but has not suffered the loss of periodicity and mo

m entum associated with a je t which is overdeveloped. Consequently, a high level of 

time-averaged heat transfer is observed at the stagnation point and maintained to  a 

good radial distance; low frequency Nusselt number components do not dominate until 

well beyond r = 2D.

Although da ta  presented in figure 7.61 (c) for a stroke length of Lq =  16D look 

broadly similar to those presented at Lq = 8D,  there are subtle yet significant differ

ences. W hat appears to be a somewhat similar local stagnation point dip is present for 

the fluctuating Nusselt number data  for both stroke lengths, however th a t observed at 

L q =  16D is substantially flatter and wider. This difference in trend can be a ttributed  

to  the vastly different flow structure present. As was revealed by flow fleld analysis 

in section 7.1.1.1, this stroke length of Lq =  16D lies beyond the propagating vortex 

regime (which extends up to L q = 8D) and is situated in the regime dominated by the 

impingement of the trailing je t where vortex destruction often occurs prior to impact. 

While the local minimum is now broader, this can be a ttributed  to the widening of the
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impinging flow caused by the peak ejection velocity occurring in the trailing jet. This 

eff’ect is confirmed by the fact that the extent of the periodic component experiences 

a corresponding increase. While this larger stroke length does not produce the same 

maximum level of local heat transfer, the fact that the dominance of the low frequency 

fluctuating Nusselt number component is extended to a greater radial distance means 

that once impingement has occurred, the flow maintains a level of coherence for longer; 

this assertion was also identified by flow fleld analysis.

The corresponding power and coherence spectra for these data are presented in 

figure 7.62. Unsurprisingly, at the axial spacing of =  8L> all power spectra show 

harmonics of the actuation frequency with significantly reduced power and number, 

with no periodic components whatsoever visible at the stroke length of L q = 4D 

which presents a relatively featureless spectrum. While the stroke length of Lq =  

8D, which lies at the limit of the vortex propagation regime, still shows moderately 

powerful periodic components, decomposed stagnation point data previously presented 

in section 7.2.2 suggests that this will not be the case beyond H  ^  lOD, at which point 

the spectra will begin to resemble those of L q =  AD as the periodic components degrade 

further.

Even though all power spectra show an overall increase in the spectral power of 

the temperature signal as the radial location is increased from r  =  QD to 2D, there 

is no corresponding change in the heat transfer spectra. In fact, while it is common 

for the low frequency component of the temperature signal to experience an increase 

in fluctuating magnitude with increasing radial distance, the same cannot be said for 

the heat transfer signal. Results have shown that the low frequency component of 

the heat transfer signal consistently experiences a reduction in fluctuating magnitude 

with increasing radial distance; this is not the case for the high frequency component. 

Depending on flow condition, (i.e. if the jet is underdeveloped prior to impingement) 

the high frequency component often shows increases to local maximums with radial 

distance. What is also noteworthy is that these increases in high frequency compo

nents very often coincide with a reduction in magnitude of the periodic signal, and 

experience a similar decline themselves soon after. Such events are particularly evi

dent in flow regimes which are underdeveloped prior to impingement (heat transfer
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regime (c?)). A similar phenomenon is commonly seen in impinging continuous jets at 

low axial spacings as a transition to turbulence is experienced in the wall jet. While 

this phenomenon has not previously been reported in the synthetic jet, it is perhaps 

because the corresponding turbulent fluctuations have been masked by the natural pe

riodic fluctuations of the synthetic jet itself. In accordance with Kolmogorov’s power 

law, energy contained in the powerful periodic flow is transferred to increasingly higher 

frequencies at which it is dissipated; this continues until the level of energy supphed 

by the periodic mode can no longer be sustained. Consequently, the high frequency 

domain only experiences a major reduction in power after the energy being supplied 

from the periodic domain is almost exhausted. Once the high frequency component 

has dissipated all available energy, only the low frequency, low power components 

remain.

These results are particularly evident in a number of flgures, namely {h) and (c) 

of figures 7.57, 7.59 and 7.61 where, with increasing radial distance, the proportion 

of the total fluctuation accounted for by the periodic component experiences a rapid 

decrease significantly earlier than the high frequency component. These regimes were 

specifically chosen as they presented moderately developed and underdeveloped im

pingement regimes respectively, while (a) was chosen as a regime which tended to be 

overdeveloped and somewhat diminished. The fact that these heat transfer data are in 

good agreement with Kolmogorov’s law, a law which specifically relates to fluctuations 

in fluid velocity with jet development, further reinforces the fact that heat transfer in 

synthetic jets, and perhaps all turbulent flows, is driven primarily by the fluid veloc

ity and its fluctuations. However, correlation data which have been presented also 

indicate that local fluid temperature fluctuations do play an important role once the 

jet has degraded sufficiently and the powerful turbulent fluctuations have subsided. 

While none of the data presented in flgure 7.62 show the types of extremely high low 

frequency coherence seen at smaller axial spacings, the overall levels of correlation are 

signiflcantly higher for a much broader range of frequencies, right from the centre of 

impingement. While other axial spacings showed a suppression in coherence for larger 

stroke lengths this is not the case at H  = 8D; with a distance of 8 diameters to traverse 

before impingement an inevitable amount of jet development occurs and powerful, low



7. 3 . R a d i a l  D e c o m p o s i t i o n

frequency flow structures are formed across all flow regimes, as is reflected in the ele

vated coherence values. When comparison of coherence spectra between Lq = 8D and 

16D is performed it is notable that correlation levels tend to be somewhat larger at 

L q = 16D. Flow fleld results revealed that this may be due to the turbulent dissi

pation of the flow preceded by the destruction of the leading vortex. Such a viscous 

destruction produces a far wider range of fluctuations across the frequency spectrum 

than is experienced with the gradual degradation of the flow experienced at stroke 

lengths below Lq = 8D, thereby explaining the differences between the two coherence 

spectra.

7.3.1.4  H / D = 1 6

Nusselt number and dimensionless temperature data presented in flgure 7.63 show 

that all impingement regimes change dramatically, as the axial spacing is increased 

beyond a state of flow evolution that may be able to maintain coherent impacts. 

All values of time-averaged dimensionless temperature (T*) are seen to be quite high 

across all stroke lengths, indicating a good disruption of the thermal boundary layer. 

Both average Nusselt number and dimensionless temperature profiles are also seen 

to be substantially broader and relatively featureless at this axial spacing, although 

the heat transfer has experienced a reduction in magnitude. The vortex propagation 

regime known to exist at Lq < 8D now presents an insignificant amount of periodicity 

in the decomposed fiuctuating heat transfer signal, indicating that a state of com

plete flow development is achieved prior to impingement. Although stroke lengths of 

L q = 24D and 48D do show an increase in the amount of periodicity present, unlike 

what has commonly been present at lower axial spacings no deflnitive transitions or 

degradations in any of the frequency components with an increase in radial location 

are evident. This occurrence is not unexpected, as both of these stroke lengths have 

been shown to produce flow regimes dominated by the trailing jet which undergoes a 

dramatic destruction resulting in a significant amount of mixing and spreading prior 

to impingement. Any turbulent transition within each individual ejection has already 

occurred and the flow energy is spread out over a larger impingement area. The fact 

that a greater level of periodicity is experienced at a stroke length of Lq =  48D is
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Figure 7.63: Radial profiles of average and fluctuating Nusselt number and dimension- 

less air temperature T* (eqn. 7.3) decomposed into high, periodic and low frequency 

components, Re = 3000, H/D = 16, Lq/D  = 8,24,48

indicative of how discrete each fluid impingement has become.

Frequency spectra for the corresponding parameters presented in figure 7.64 con

firm much of this. In general, all spectra describe a broadly similar type of energy 

distribution, albeit there being a number of harmonics of the actuation frequency 

present at the larger stroke lengths only. No spectra show any major change in magni-



7.3. R a d i a l  D e c o m p o s i t i o n

COc<D*o
■<5

o
<D
Q .
V)

. - 3

Temp  N u  5/3
.1

frequency
,310 10‘

8 2
C

0

mW a

0 200 400 600 800 1000
frequency (Hz)

JMNŴVAiA
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locations are offset by a value of 1.
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tude or shape from one stroke length or radial location to  the next, and all coherence 

data  present comparable correlation magnitudes at similar frequencies. The reason for 

these trends is th a t all flows are highly developed before impact. Even though inter

actions between fluid ejected from subsequent phases may occur prior to  impingement 

at a stroke length of L q =  8D, compared to the viscous dissipation of the isolated 

impingement at the larger stroke lengths, the spectra indicate a similar flow regime 

exists in which much of the interactions and heat transfer occurs in the low frequency 

domain developed prior to impingement.

7 .3 .1 .5  F indings

Decomposed radial profiles were used to analyse both  the state  of je t development 

upon impingement and how it evolved thereafter. Results showed th a t while flows 

which were moderately developed upon impingement produced relatively high levels 

of heat transfer at the stagnation point, heat transfer dropped off quite rapidly at 

greater radial distances from the stagnation point. Underdeveloped flows, such as 

those generally produced at large stroke lengths, were seen also to produce good stag

nation point heat transfer; however, as significant momentum was still retained upon 

impact, the impinging fluid was much more capable of travelling radially outwards 

once impingement had occurred. Subsequently, rapid development was experienced 

and elevated heat transfer was maintained to a larger radial distance. D ata show

ing levels of correlation between the heat flux and local fluid tem perature reinforced 

what had been previously observed for the stagnation point measurements; for all 

impingements which had undergone signiflcant development and degradation prior to 

impingement increased levels of low frequency correlation between the signals were 

seen. Even for flows which were underdeveloped upon impingement increasing ra

dial distance showed increasingly elevated levels of low frequency correlation; this was 

a ttributed  to the further development of the jet.
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7.3.2 Effect o f R eynolds num ber on radial decom position  

7.3.2.1 H /D = 2 ,  R e= 1000
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Figure 7.65: Radial profiles of average and fluctuating Nusselt number decom

posed into high, periodic and low frequency components; Re =  1000, H /D  = 2, 

Lo/D =  3,4,8

Figure 7.65 shows time averaged and fluctuating local heat transfer at a Reynolds 

number of 1000 and axial spacing of i f  =  2D. The stagnation point heat transfer data 

presented in figures 7.36 and 7.37 alluded to the existence of similar flow evolution and 

impinging heat transfer regimes across a wider range of Reynolds numbers and figure 

7.65 suggests that this consistency in the result at different Reynolds numbers may be 

extended to complete radial profiles. Many of the features that were present in figure 

7.57 for a Reynolds number of 3000 are also visible here, such as local minimum at the 

jet centre for mean and fluctuating heat transfer, as well as a high level of periodicity 

extending not much farther than r — 2D. This periodicity drops OS' significantly for
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the stroke length of L q =  ZD but is very strong at the stroke length of L q > AD. 

In these cases, the impingements are dominated by highly periodic impacts which 

account for an even larger proportion of the total fluctuation at the lower Reynolds 

number. It is significant that the high frequency component, by and large, accounts 

for a smaller proportion of the overall fluctuation at the lower Reynolds number. This 

can be explained by the fact that there is a reduced amount of energy to be dissipated 

at the lower flow velocities, and less shear between the stationary and moving fluid 

produces less turbulent fluctuation.
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Figure 7.66; i?e =  1000, H /D  = 2, Lq/ D  = 3,4,8, r/iD =  0,2,4; Nusselt number 

power spectra, subsequent radial locations are offset by three decades, with spectra at 

r /D  = 0 plotted in grey for comparison.

Spectral analysis of the heat transfer data for Re =  1000 at H  = 2D presented 

in figure 7.66 shows that, like Re = 3000, the high degree of confinement results 

in httle jet development prior to impingement as indicated by the suppression of all 

frequencies other than those associated with actuation. The exception to this, once 

again, occurs where the jet is under formed at the smallest stroke length Lq — 3D] in 

this case all fluctuations are seen to drop off rapidly with increasing radial distance. 

This is in contrast to L q =  AD and 8D, for which no increase in periodic fluctuation 

is experienced but energy can be seen to be transferred to other frequencies. As 

with all data presented at this axial spacing little evidence of coherent flow structures 

remain in the heat transfer data at r  =  4D for all stroke lengths; the highly confined
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conditions have ensured jet evolution is impeded and heat transfer therefore becomes 

highly limited at extended radial distances. Larger stroke lengths appear to have a 

greater ability to reduce this confinement effect as larger fluctuations can be observed 

in the power spectra at r  =  2D and L q =  8D; this corresponds to instantaneous 

flow field results previously presented which showed that the presence of a trailing jet 

enables the vortices be pushed to a greater radial distance after impact. A phenomenon 

which was previously unseen in any other data is present in figure 7.66 (6) where at a 

radial location of r =  2D a sub-harmonic of the driving frequency is present at 40 Hz.  

This sub-harmonic was not evident at Re = 3000 and is found to only occur at a 

stroke length of L q «  4D; this sub-harmonic has been found to be most prominent 

at r  =  1.4D for an axial spacing of =  2D. As this is only seen to occur in the 

flow regime dominated solely by the propagation of vortices it is reasonable to infer 

that this sub-harmonic may be produced by the interaction of these vortices upon 

impingement.
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Figure 7.67: Radial profiles of average and fluctuating Nusselt number decom

posed into high, periodic and low frequency components; = 2000, H / D ^ 2 ,  

Lo/ D =  3,4,8

Increasing the Reynolds number to 2000, presented in figure 7.67, shows httle differ

ence in trends to data presented at other Reynolds numbers, beyond a change in the 

heat transfer magnitudes. Levels of periodicity for equivalent stroke lengths appear 

less than those seen at Re =  1000 but greater than at Re = 3000, while the high 

frequency component experiences the opposite effect. These results show that an in

crease in the high frequency fluctuating component is associated with an increase in 

the synthetic jet Reynolds number. As the flow energy is ultimately dissipated at 

the small scales associated with these higher frequencies this indicates that, just like 

conventional continuous jets, greater Reynolds numbers encourage the presence of the 

higher frequency fluctuations associated with more turbulent flows.
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r / D  =  0 p lotted in grey for comparison.

Power spectra for Reynolds number of 2000 and H =  2D presented in figure 7.68 

show th a t increasing the Reynolds number from 1000 to 2000 results in slightly more 

power remaining in all spectra at r  =  AD, owing to the increase in kinetic energy 

initially im parted to the flow. Similar sub-harmonics to those seen at Re =  1000 and 

I/O =  AD are not evident in the heat transfer spectra, indicating th a t this phenomenon 

is manifested solely at the lower Reynolds numbers required for the formation of more 

laminar vortex rings. Although the stroke length of Lq =  3D and radial distance 

of r  =  4D  (figure 7.68 (a)) shows a spike in the spectrum  at a frequency below the 

actuation frequency, this occurs at 50 Hz  and can be attributed to the presence of 

electrical noise, the absence of any other heat transfer phenomena at similar frequencies 

have resulted in its emergence. Similar electrical noise present at harmonics of 50 Hz  

have been previously noted.
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Figure 7.69: Radial profiles of average and fiuctuating Nusselt number decom

posed into high, periodic and low frequency components; i?e =  1000, H /D  = 8, 

Lo/D =  4,8,16

Decomposed radial profiles for a synthetic jet of Re =  1000 acquired at the greater 

axial spacing of i f  =  8D are presented in figure 7.69. Comparing these profiles to data 

presented for Re =  3000 in figure 7.59 highlights the effect that Reynolds number has, 

not only on heat transfer, but also (indirectly) on the preceding flow. Fluid ejections 

produced at greater Reynolds numbers contain a much greater quantity of periodic 

energy; however a signiflcantly greater level of the total fluctuation is also accounted 

for by the high frequency fluctuating component. It is thought that the increased 

presence of these high frequency components contributes to the degradation of the 

periodic nature of the jet; (at the Reynolds number of 3000) this is reflected in the 

increased level of periodicity in heat transfer experienced across the range of stroke



7. 3. R a d i a l  D e c o m p o s i t i o n

lengths at the lower Reynolds number of 1000.
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Figure 7.70: i?e =  1000, H / D  = 8, L q/ D  = 4,8,16, r / D  = 0,2,4] Nusselt number 

power spectra, subsequent radial locations are offset by three decades, with spectra at 

r j D  = 0 plotted in grey for comparison.

Spectra for the corresponding Reynolds number, axial spacing and stroke lengths 

are presented in figure 7.70. Compared to corresponding spectra at the higher Reynolds 

number of 3000, seen in figure 7.62, the actuation frequency and harmonics appear to 

dominate the impingement regime to a much larger extent, indicating that the flow 

has undergone significantly less development prior to impingement. It is notable that 

while harmonics of the actuation frequency are more prominent at Re = 1000 they do 

not appear to transfer their energy to the high frequency domain to the same extent 

as the more turbulent jet of Re = 3000; as such the higher frequencies can be seen to 

contain little fluctuating energy. While difficult to identify, at Lq =  4D and r = 2D 

there exists some evidence of the sub-harmonic phenomenon previously seen at the 

same parameters for H  = 2D. While these sub harmonics (starting at 40 Hz)  are 

significantly smaller, due to the greater level of development at the increased axial 

spacing, it can be seen that between the harmonics of the driving frequency (80, 160, 

240 H z  and so on) small elevations associated with the sub-harmonic are present (120, 

200 H z  etc.). At this axial spacing these sub-harmonics were found to be strongest at 

r = 2.6D, in comparison to r  =  1.4D at H = 2D.
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7.3.2.4 H /D = 8 ,  R e=2000

r/D

10
D
Z

5

0
0 2 4 6 8

r/D

4

'3
Z  2

0
1 2 34 0 4

r/D

" b
Z

r/D

100 100 100

4 4
r/D r/D r/D

{&) Lq/ D  =  A, f  =  i m  H z  (h) L o / D  =  8, f  =  80 H z  (c) Lq/ D  =  16, f  =  40 H z

Figure 7.71; Radial profiles of average and fluctuating Nusselt number decom

posed into high, periodic and low frequency components; Re = 2000, H / D  =  8, 

I/0 /-D =  4, 8,16

Figure 7.71 shows tha t while the impingement regimes at different Reynolds numbers 

appear more or less similar with stroke length, the proportion of the to tal fluctuation 

accounted for by the periodic component for Re = 2000 is less than  tha t experienced 

at Re = 1000 and greater than  th a t at Re  =  3000. Comparing da ta  for Re  =  2000 and 

H  = 8D (figure 7.72) to identical da ta  at the lower Reynolds number of 1000 (figure 

7.70) confirms th a t a larger amount of high frequency fluctuation is experienced at 

larger Reynolds numbers and stroke lengths, the increased amount of energy contained 

in the flows must be dissipated by cascading to higher frequencies. Further spectral 

data  for the Reynolds number of 2000 at axial spacings of H  = 4D  and 12D are 

included in Appendix A.
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power spectra, subsequent radial locations are offset by three decades, with spectra at 

r / D  = 0 plotted in grey for comparison.

7 .3 .2 .5  F in d in g s

The decomposition of lower Reynolds number flows revealed that the trends seen 

at Re =  3000 also hold at these parameters. The most notable difference at lower 

Reynolds numbers is that the periodic component of the fluctuating signal is con

sistently maintained to a much greater level while high frequency fluctuations are 

reduced. It has been concluded that as there is a lower amount of energy contained 

in the flow at the lower velocities there is less to be transferred to and dissipated at 

other frequencies. It was also shown that the reduction in Reynolds number not only 

reduced the je t’s overall ability to remove heat from the surface but it also impaired 

the je t’s ability to travel radially once impact occurred, thereby reducing further the 

level of heat transfer achieved.

7.4 Summary

Flow fleld data have been presented in this chapter and used to identify a number of 

different flow regimes for the Reynolds number of 3000, stroke lengths ranging from 

3D < L q < 32D and axial spacings of H  = 4D,8D  and 12D. Corresponding local 

Nusselt number, velocity and fluid temperature data have been presented so as to
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identify the primary drivers and mechanisms for heat transfer for each regime. Fur

ther d a ta  supporting and vahdating the existence of these regimes at lower Reynolds 

numbers have also been presented.

Instantaneous flow visualisation results confirmed what had previously been shown 

by Gharib et al. [60], namely th a t the initial fluid ejection continued to form a vortex 

ring in front of the orifice until the maximum vortex circulation was achieved at a 

stroke length of approximately L q ~  4£>. Once the vortex reaches this maximum 

circulation it advects away from the orifice with any additionally ejected fluid merely 

contributing to the formation of a traihng jet. W ith varying stroke length these flow 

features can play very different roles in the flow field and in infiuencing heat transfer 

from the impingement surface with which they are associated. The impingement 

regimes (figure 7.19) which were identified are as follows;

•  A flow of diminished impingement has been identified where fluid lacking the 

periodic motion associated with the formation of a synthetic je t impacts upon the 

plate, often at a reduced velocity. This impingement regime may be produced in one 

of two ways. Firstly, small stroke lengths of L q < 3D, result in the partial formation 

of a vortex at the orifice; this vortex possesses inadequate momentum to fully escape 

the effects of the subsequent suction stroke. Although a mean net flow is established it 

lacks coherence and cannot effect the same volume flux; it therefore rapidly degrades 

to a flow dominated by low frequency phenomena. The second circumstance which 

may result in a flow of diminished impingement is when, although the vortex may have 

achieved maximum circulation upon formation, insufficient impulse may be imparted 

to it to  ensure it traverses the axial distance without a loss of momentum. This case 

is especially prevalent at larger axial spacings, H  > 6D. This type of impingement 

corresponds to the region (a) in the fiow regime map in figure 7.19.

•  The second flow regime to be identified is where vortices which are fully formed 

at a stroke length L q > dominate the flow field and impinge upon the surface 

undiminished. This regime only exists when the stroke length is large enough to enable 

the vortex to  escape the efl'ects of the suction stroke, but it must also be small enough 

so th a t maximum ejection velocity occurs during vortex formation, i.e. AD < L q < 8D. 

Results showed th a t this regime no longer exists beyond H  =  lOD as no vortex can



7. 4 . S u m m a r y

m aintain coherence or momentum to  this axial spacing. This type of impingement 

corresponds to the region {h) in the flow regime map in flgure 7.19.

• The third and final flow regime identified was tha t dominated by the trailing jet. 

At a stroke length L q > 8D the m ajority of the ejected fluid goes into the formation of 

the trailing jet rather than  the leading vortex. In contrast to the impact of subsequent 

vortices at low axial spacings, the fluid impingement is overwhelmingly lead by the pro

longed ejection of fluid from the trailing jet. Greater axial spacings allows for further 

development of the flow, as an accumulation of the higher velocity fluid at the interface 

between the leading vortex and trailing jet. A subsequent skewing of the vortex and 

the following flow is common before complete vortex destruction, viscous dissipation 

and spreading of the fluid ejection occurs. The consequential spreading results in a 

lower average impingement velocity being experienced. No signiflcant coherent struc

tures impinge for this flow regime although, once impingement has occurred, vortex 

rollup on the surface is common. This type of impingement corresponds to the region 

(c) in the flow regime map in figure 7.19.

Results showing the stagnation point heat transfer, velocity and tem perature data 

for various axial spacings, presented in flgure 7.35, identified impingement regimes 

broadly corresponding to the flow regimes identified. The local maximum in heat 

transfer (regime (b)) which was discovered to be consistently present in the vortex 

propagation regime was a ttributed to a combination of factors, it was concluded tha t 

it was favourable to  have vortices impinging upon the surface as frequently as possible. 

At low axial spacings the limit to  this frequency was found to be dictated by the mini

mum stroke length required for jet formation, beyond which a diminished impingement 

occurred. At larger axial spacings it was concluded th a t a decrease in frequency, and 

therefore an increase in stroke length, is required to  impaxt sufficient momentum to 

the leading vortex to enable it travel the greater distance to the surface with least 

possible degradation while still maintaining the maximum rate  of impingement. Con

sequently, the da ta  were scaled by a combination of the stroke length, axial spacing 

and a diameter, L q/ { H  + 4D), and the stroke length at which the local maximum in 

heat transfer occurs could be calculated using the following equation:
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A stroke length of L q = 8D was shown to be the hmit of the vortex propagation 

regime, thus equation 7.8 identifies the axial spacing of H  = 12D,  beyond which 

no coherent impinging vortices are experienced. This result was confirmed both by 

POD flow field data  and also by spectral decomposition, where it was seen th a t at 

H  > 1 2 D  significant reduction in the periodicity of the flow produced at stroke lengths 

of Lo <  8D is experienced. Further stagnation point Nusselt number data confirmed 

these regimes to exist across a range of Reynolds numbers from 1000 to  3000.

Results showing coherence and power spectra indicated tha t, in terms of heat 

transfer behaviour, fluid velocity plays a much more prominent role for the impinging 

synthetic je t than local fluid tem perature. For an undiminished flow both Nusselt 

number and velocity spectra resembled each other to a much greater extent than the 

corresponding tem perature spectrum; higher levels of coherence were also experienced 

to significantly larger frequencies, indicating heat transfer was primarily being driven 

by fluid motion rather than local tem perature. However, an increase in correlation 

between tem perature and heat transfer was experienced under conditions where lower 

velocities were experienced due to degradation in the flow. At these lower velocities 

the local fluid was in contact with the heated surface for an increased duration and 

thereby had a greater opportunity to influence heat transfer. Although the correlation 

between the tem perature and heat transfer signals did not appear as strong at higher 

velocities, it was seen th a t the average fluid tem perature still had influence on heat 

transfer.

Results revealed th a t there is no single optimum operational param eter for all axial 

spacings. Although highly underdeveloped, small axial spacings and larger stroke 

lengths (Lo > 8D) effect equal or higher rates of local heat transfer compared to 

smaller stroke lengths; this is thought to be due to the high impinging velocities. 

Similar stroke lengths at larger spacings provide room for the jet to develop prior 

to  impingement. As maximum ejection velocity occurs during the formation of the 

trailing jet an accumulation of fluid is experienced at the interface with the vortex;
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destruction of the vortex and a subsequent viscous dissipation of the fluid ejection 

commonly ensues, with a corresponding spreading of the jet occurring. A decrease in 

impingement velocity and in heat transfer at the stagnation point thus occurs. For 

stroke lengths of L q < 8D  at large axial spacings maximum velocity is present during 

the formation of the vortex, therefore spreading is not experienced and stagnation point 

impinging velocity and Nusselt number remains undiminished. The results suggested 

th a t although some of the smaller stroke lengths at the larger axial spacings were 

capable of maintaining a greater stagnation point heat transfer, the rates of heat 

transfer at increased radial distance were frequently less than  those of larger stroke 

lengths due to an inability to  m aintain a similar level of momentum and volume flux 

up to impingement.

Spectrally decomposed radial profiles revealed th a t less high frequency fluctuations 

were produced at low Reynolds numbers where the energy content of the flow was 

reduced. As a consequence, the periodic fluctuating component of the heat transfer 

signal accounted for a much larger proportion of the fluctuation at low Reynolds 

numbers; this is indicative of a more laminar, coherent flow produced at the orifice 

and the subsequent development of a less turbulent je t flow prior to impingement. 

Power spectra of the various da ta  revealed a previously unseen phenomenon occurring 

at low Reynolds numbers and at L q = AD where a sub-harmonic of the je t frequency 

is manifested in the heat transfer signal; it is proposed th a t this sub-harmonic is 

attributed  to the interaction of the individual coherent vortices. This phenomenon is 

more evident at lower axial spacings but has been detected at je t to surface distances 

of up to i /  =  SD.
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Chapter 8

Conclusions

8.1 Conclusions

An extensive investigation has been undertaken into the heat transfer processes as

sociated with impinging synthetic jets and the evolution of the respective flow fields 

from which they are produced. In particular, this includes documentation of the role 

that dimensionless stroke length plays in the formation and evolution of the jet flow 

which ultimately dictates the impinging heat transfer regime.

A comprehensive literature review identified that the mechanisms involved in heat 

transfer to the impinging synthetic jet were poorly understood. Evaluation of the lim

ited information available regarding heat transfer to the impinging synthetic jet proved 

difficult due to the inconsistent use of standardised, universal parameters, particularly 

those which dictated the formation and evolution of the jet. No literature has been 

published documenting the role that local air temperature plays in heat transfer to the 

impinging synthetic air jet. An experimental rig was designed and built specifically 

for the purposes of undertaking further research into the synthetic jet flow fleld and 

heat transfer. The resulting apparatus is capable of exercising accurate control of each 

synthetic jet operational parameter, including jet Reynolds number, stroke length and 

axial spacing. The acquisition of simultaneous local heat flux, velocity and air tem

perature measurements with high temporal resolution is also possible as is high speed 

flow field visuaUsation through the use of PIV. Results presented include the docu-
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mentation of the variance in flow field evolution for a Reynolds number of Re = 3000, 

stroke lengths between L q = 3D and 32D and axial spacings of i /  =  4D, 8D and 12D. 

Three flow regimes were identified:

(i) Flow field data confirmed that the minimum dimensionless stroke length required to 

achieve maximum vortex circulation was L q/D  = A. Below this level a smaller vortex 

was seen to initially form in front of the orifice, however, much of this is reingested in 

the suction phase therefore producing a diminished flow field lacking coherent struc

tures.

(ii) Vortices formed at a stroke length of Lq = AD to 8D produce a fiow field con

sisting of the formation and advection of fully formed vortices with high momentum 

and coherence. Fluid ejections larger than Lq > 4D were seen cause a widening of the 

vortex ring, due to the increased quantity of fluid in the core, and also to contribute 

to the formation of a trailing jet behind the leading vortex. This flow regime was seen 

to be dominated by vortex propagation.

(iii) As the stroke length was increased beyond Lq = 8D, the maximum fluid ejection 

velocity now occurring in the trailing jet resulted in the accumulation of the higher 

velocity fluid at the interface between the trailing jet and the leading vortex ring. This 

accumulation resulted in a skewing and subsequent sudden destruction of the leading 

vortex ring, followed by a viscous dissipation of the entire fluid ejection. As this flow 

field was largely dominated by the fluid ejected after vortex formation it has been 

labelled the traihng jet regime.

Due to the highly intermittent nature of the synthetic jet flow it was necessary 

to develop custom software code which allowed for the decomposition of the resulting 

data into its periodic, high frequency and low frequency spectral components, before 

reconstruction back to the time domain. This analytic technique was developed to 

comphment the implementation of proper orthogonal decomposition with the flow 

field data which aided in the identification of the powerful jet fiow structures and 

operational modes.

Local average and fiuctuating heat transfer, velocity and temperature data was 

used to identify four separate impingement regimes. While these are broadly in line 

with the flow regimes identifled, nozzle to plate spacing does dictate the extent to
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which the jet evolves prior to impingement.

(i) A reduced level of heat transfer produced by a diminished impingement is experi

enced where insufficient impulse has been imparted to the ejected fluid to provide it 

with the required momentum to impinge upon the surface undiminished.

(ii) The second heat transfer regime identified was that where sufficient impulse is 

provided to the fluid so a high impinging velocity can be maintained as far as the 

surface. Sufficient development has occurred so as the type of small scale turbulence 

desirable for heat transfer from a solid surface is present upon impingement.

(iii) Stagnation point heat transfer and impinging velocity experiences a decrease in 

magnitude with an increase in stroke length, this is caused by the spreading of the jet 

with no increase in volume flux. Impingements are periodic and underdeveloped.

(iv) The final heat transfer regime sees an increase in velocity and heat transfer once 

again as impingements occur in isolation and become dominated by the trailing jet. 

The flow is highly periodic and underdeveloped upon impingement, with much devel

opment occurring in the wall jet.

Stagnation point Nusselt number correlations were developed for axial spacings 

ranging from 2 < H/ D <  16, Reynolds numbers 1000 — 3000 and stroke lengths from 

2 < Lq/ D  <  40.

Power and coherence spectra revealed that the heat flux and velocity signals re

sembled each other to a much greater extent than the corresponding temperature 

spectrum. Greater levels of coherence between velocity and heat transfer signals in

dicates that heat transfer is primarily driven by fluid motion. An increase in the 

correlation between the temperature and heat flux signals at low velocities suggest 

that an increase in contact duration provides a greater opportunity for the fluid to 

affect heat transfer. While correlation between the signals at higher velocities is poor, 

average heat transfer and temperature data suggest that the average fluid temperature 

still plays an important role.

These results indicate that, in contrast to a continuous jet, a high degree of vari

ability in the eff^ective length of the potential core is achievable for a synthetic jet by 

simply changing the dimensionless stroke length at which it is formed. Consequently, 

at the same Reynolds number various flow regimes and corresponding heat transfer
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regimes can be achieved and potentially optimised for the one geometric arrangement. 

The presentation of further local heat transfer results confirmed that these findings 

also hold for lower Reynolds numbers including Re = 1000 and 2000.

8.2 Further Work

A more detailed parametric study could be undertaken by varying stroke length and 

Reynolds number throughout the vortex propagation regime. Further investigation 

into the phenomenon driving the sudden destruction of the vortex ring may reveal 

much about the conditions required to maintain vortex coherence beyond a stroke 

length L q = 8D. To this end, various synthetic jet duty cycles and velocity programs 

could also be tested to optimise the impulse imparted to the ejected fluid and also 

to minimise the effect of the reingestion stroke at small stroke lengths. Such data 

could be used to enhance heat transfer by extending the axial distance to which the 

synthetic jet is capable of effectively operating, and also to improve it at more moderate 

separations.

As heat transfer to the synthetic jet can suffer as a result of high confinement con

ditions, it would be interesting to test angled nozzle geometries designed to encourage 

crossfiow. Multiple orifices could also be implemented in a similar fashion encouraging 

flow interaction prior to impingement which has the potential to promote a higher 

level of fluid mixing and turbulence.

Various other phenomena below the scale of the vortex are present during the for

mation of the synthetic jet, many of which have a reliance on Reynolds number. High 

resolution PIV could be used to perform additional fluid measurements immediately 

at the orifice exit to identify the presence and effect of such phenomena.
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power spectra, subsequent radial locations are offset by three decades, with spectra at 

r /D  =  0 plotted in grey for comparison.
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technical Data:
Rated power lo w
Maximum power 15W
Nominal impedance Z 8 Ohm
Frequency response 130-20000 Hz
Mean sound pressure level 86 dB (1 W/1 m)
Opening angle (-6 dB) 180“/4000 Hz
Excursion limit +1-2 mm
Resonance flu e n c y  fs 150Hz
Magnetic induction 1.4 T
Magnetic flux 200 MWb
Height of front pole-plate 3 mm
Voice coil diameter 15 mm
Height of winding 5 mm
Cutout diameter 75 mm
Net weight 0.24 kg
D.C. resistance Rdc 7,4 Ohm
Mechanical Q fector Qms 5.3
Electrical Q factor Qes 1,38
Total Q fector Qts 1.09
Equivalent volume Vas 0,71
Effective piston area Sd 30 cm^
Dynamically nmved mass Mms 1.7 g
Force fector Bxl 2,5 Tm
Inductance of the voice coil L 0,6 mH
Temperature range -2 5 ... 70 "C



%-inch Pressure Microphone Type 40BP

Product Data and Specifications

Typical applications

m Sound pressure measurements

■ High frequency measurements

m High level pressure measurements

The G.R.A.S. Microphone Type 40BP is a ‘/4-inch 
precision condenser microphone for general pur
pose acoustic measurements, e.g. in couplers and 
at boundaries. It is an externally polarized pressure 
microphone with a large dynamic range and a wide 
frequency response.

As a pressure microphone, the Type 40BP measures 
the sound pressure at the location o f  its diaphragm.
It has a flat pressure-frequency response over its 
entire working frequency range (see Fig. 2).

In an open sound field, a pressure microphone will 
also include the disturbing effects o f  its presence 
in the sound field. These are minimal for most o f 
its frequency range because o f  its small dimensions 
(see Fig. I inset). At higher frequencies, the effects 
of reflections and diffractions must be accounted for. 
Generally, they lead to an increase in the measured 
sound pressure and corrections have to be made. 
Fig. 3 shows what these corrections are in a free 
field for various angles o f  incidence.

G.R.A.S. '/4-inch preamplifiers (see data sheet for 
Types 26AA, 26AB, 26AC and 26AL) are also

Fig. 1 ‘A-inch Pressure Microphone
Type 40BP (inset shows true size)

available for use with the Type 40BP. The mount
ing thread (5.7 mm - 60 UNS-2) is compatible with 
other available makes o f  similar microphone pream
plifiers.

All G.R.A.S. microphones comply with the speci
fications o f  lEC 1094: Measurement Microphones. 
Part 4: Specifications fo r  working standard micro
phones.

Non-corrosive, stainless materials are used in manu
facturing these microphones to enable them to with
stand rough handling and corrosive environments.

All G.R.A.S. microphones are guaranteed for 5 years 
and are individually checked and calibrated before 
leaving the factory. An individual calibration chart 
is supplied with each microphone.

Specifications
Frequency response: Upper limit (3 % distortion):

4H z-70  kHz ±2.0dB 174dB re. 20|iPa
lO H z-25kH z....................... ...................±1.0 dB Microphone thermal noise:

Nominal sensitivity: 31 dBA re. 20 n Pa
I.6mV/Pa Capacitance:

Polarization voltage:
200 V

7pF

...continued overleaf

G.R.A.S. 
Sound & Vibration

Skovlytoften 33 
2840 Holte, Denmark 

Tel +45 45 66 40 46 Fax +45 45 66 40 47 
e-mail: gras@gras.dk www.gras.dk



'/4-inch Pressure Microphone Type 40BP
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Fig. 2 Typical frequency response for Type 40BP (without protection grid)
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Fig. 3 Free-field corrections fo r  various angles o f  incidence (without protection grid)

Specifications (continued) __________
Temperature:

Range:............................................-4 0  °C to + 150°C
Coeff. (250H z):.....................................-0.01 dB/°C

Static-pressure coefBcient:
-0.003 dB/kPa

Humidity range:
0 -  100% (non-condensing) 

Influence of humidity (250 Hz):
<0.1 dB (0 -  100%RH) 

Influence of axial vibration, 1 m/s^:
69 dB re. 20nPa

Venting:
Rear vented

Note: for most applications, rear venting is more advanta
geous particularly where phase response is critical. If front

venting is preferred, please add “front venting” to the Type 
num ber o f  the microphone when ordering.

Dimensions (with protection grid):
Length/Diameter:.............................10.5 mm/6.9 mm

(without protection grid):
Length/Diameter:...............................9.1 mm/6.3 mm

Diameter (diaphragm ring):
5.9 mm

Threads:
Protection G rid :........................... 6.35mm - 60UNS
Preamplifier M ounting;.................5.7 mm - 60UNS

Weight:
2g

G.R.A.S. Sound & Vibration reserves the right to change specifications and accessories without notice

G T3 A O  Skovlytoften 33
2840 Holte, Denmark

^  -f* T el+45 45 66 40 46 Fax+45 45 66 40 47
i ^ O U n C l  ( &  V l L ) r 3 . L l O I l  e-mail: gras(^gras.dk www.gras.dk



%" Preamplifier Type 26AC, General-purpose

Product Data
Typical Applications

■ General-purpose preamplifier
■ High-frequency measurements
■ High-pressure measurements

Special Properties
■ Wide Frequency Range
■ Low Noise Level
■ Very Small

Description
The G.R.A.S. %” Preamplifier Type 26AC is a small 
robust unit optimised for acoustic measurements 
using condenser microphones. It has a very low 
inherent noise level, a wide dynamic range and 
a frequency response from below 2 Hz to above 
200 kHz.

Design
All G.R.A.S. microphone preamplifiers are based 
on a small ceramic thick-film substrate with a very 
high input impedance. The ceramic substrate is 
shielded by a guard ring to minimise the influence 
of stray capacitance and microphonic interference. 
The casing is made of stainless steel for maximum 
strength and durability. The small dimensions of 
this preamplifier ensure reliable operation under 
humid conditions owing to the heat generated by 
internal power dissipation.

Dynamic Range
Type 26AG can handle both single and dual-sided 
power supplies. The supply can vary between 
28 Vpj, and 120 single-sided or ±14Vp(, and 
±60 Vpg dual-sided. When using the high supply 
voltage (120Vpj,or ±60Vp^), the dynamic range 
exceeds 140 dB.

Noise
The electrical circuit in Type 26AC is built on a 
ceramic substrate using selected low-noise com
ponents to gain very low self-noise. The electrical 
self-noise is so low that system noise is mainly 
determined by the microphone capsule’s thermal 
noise.

Fig. 1 Ya" Preamplifier Type 26AC

Frequency response
The low-frequency cut-off of the Type 26AG pream
plifier is mainly determined by the input impedance 
of the preamplifier and the capacitance of the micro
phone capsule (see Fig. 3). The capacities 20 pF, 
6.5 pF and 3 pF equal the typical capacitances of 
V2 , Vi and %" microphone capsules respectively.

The high-frequency cut-off is determined by the 
preamplifier’s ability to drive capacitive loads (slew 
rate), caused by the cable. For large-signals, the 
effects of these parameters must be accounted for 
when measurements are performed. Fig. 4 shows 
the large-signal response for Type 26AG for various 
capacitive loads corresponding to different cable 
lengths. The output level is in decibels relative to 
1 Volt. Typical capacitance for the cable is lOOpF/m 
(30pF/foot).

Connector
Preamplifier Type 26AG (Fig. 1) is provided with a 
3-m lightweight cable terminating in a 7-pin LEMO 
series IB  plug (Fig. 2). The cable is only 2.5 mm 
in diameter and will withstand temperatures from 
-40“0 to +150 “C. An adaptor (GR0010) for G.R.A.S. 
V2" microphones is included.

Power Supply + (6  ̂ j a ,  Not used
/ o o \

Not used (5) | o  O  O j  (2) Signal Ground

\p |o /
Signal Output ( 4 ) ^ * + ^ ( 3 )  Polarization 200 V 

(7)
Power Supply -  

(Ground)

Fig. 2 7-pin LEMO plug 1B male (ext. view)

G.R.AS.
SOUND & VIBRATION

Skovlytoften 33, 
2840 Holte, Denmark 

www.gras.dkgras@ gras.dk



%" Preamplifier Type 26AC, General-purpose

Specifications
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Fig. 3 Typical low-frequency response o f Type 26AC  
for V2 ” (20 pF), V4” (6.5 pF) and  Vs" (3 pF) m icro
phones

Technical Data

Frequency response (18pF/small signal):
2 H z -2 0 0  kH z....................... ............................±0,2 dB

Slew rate:
20 V/ps

Input impedance:
20 GO, 0,4 pF

Output impedance (Cs = 20 pF, f  = 1000Hz):
T y p ic a l................................... .................................55 Q

Noise (measured with 20 pF ' A "  dummy mic.):
A-weighted: .......................... ...................5 2 ,5 p V  rms

(typically 1,8 pV  rms)
Linear (20 H z -2 0  kHz): . . . .....................< 6 p V  rms

(typically 3,5 pV  rms)

Gain:
Typ ica l:................................... ..........................-0 ,25dB

Power supply:
Single: .....................28V  (0,7m A) to 120V (2.5m A)
D u a l:....................... ± 14V (0.7m A) to ±6 0V  (2.5m A)

Maximum signal-output voltage (peak):
from ± 1 0 V  to ±5 0V

Temperature:
O peration:............................... ............-3 0 ''C to + 7 0 °C
S to ra g e :................................. ............-40°C  to+ 85 °C

Relative humidity:
O peration:.............................. ....................... 0 to 9 5 %
S to ra g e :................................. ....................... 0 to 9 5 %

Dimensions and Weight:
D ia m e te r:.............................. ................ 6,35m m  (%")
L e n g th :................................... ...................43m m  (1,7")
W eight (without cab le ):. . . . ................... 6 g (0 ,2 o z )
W eight (with cable + LEMO conn,): 50 g (1,8 oz)

G.R.A.S. Sound & Vibration reserves the right to change
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Fig. 4 Typical max. rms output signal with 120 V and  
30 V supply

Accessories
Included

GR0010: to Vi" adapter for use with 

G,R,A,S, V-i microphones

Optional

RA0001: Right-angled (90°) Adapter for 

Vz microphone and preamplifier

RA0003: Adapter for Vz microphone and 

Vi preamplifier

RA0006: Angled (90°) Adapter %" to Vi",

AA0008: Extension cable, 3 metres

AA0009: Extension cable, 10 metres

AA0012: Extension cable, 30 metres

AA0014: Extension cable, 100 metres

AA0020_XX: Extension cable, XX metres 

(customer-specified length)

AA0013: Tripod adapter for Vi" preamplifier

RA0096: Tripod adapter for %” preamplifier 

with angular adjustment

and accessories without notice.

GR.A.S.
SOUND & V IB R A TIO N

S kov ly to fte n  33, 
2840  H o lte , D e nm a rk  

w w w .g ra s .d k g ra s @ g ra s .d k



Power Module Type 12AN

Product Data and Specifications

Typical applications and features

■ General-purpose measurements 

m Precision measurements

■ Acoustic monitoring

■ Microphone calibration 

m Four channels

■ OV or 200 V polarization

The G.R.A.S. Power Module Type 12AN (Fig. 1) is 
a four-channel power supply for preamplifiers used 
with condenser microphones. It is for general use in 
acoustic measurements; both in the laboratory and 
in the field.

The Type 12AN can be powered either by internal 
standard batteries or an external DC supply (6V - 
20 V), e.g. the supplied mains/line adapter. It is built 
into a sturdy anodized aluminium cabinet.

The polarization voltage for the microphones fitted 
to the preamplifiers can be set to:

• 0 V —  for prepolarized microphones, or

• 200 V —  for externally polarized microphones

The Type 12AN also supplies ± 1 5 V  to power the 
preamplifiers. With four G.R.A.S. preamplifiers, it 
will run for approximately 25 hours on fresh stand
ard alkaline batteries. A Low Batt LED indicates the 
condition o f  the batteries.

Fig. 1 Power Module Type 12AN

Not u sed  (6) Supply +15 V
(Sig. gnd.)

S ignal ground  (2) |o  O o | (5) Not u sedVpioy
P olarization  200  V (3 )^ = 4 “ ^ ( 4 )  Signal Input 

(7)
Supply  - 1 5  V

Fig. 2 7-pin LEMO female socket IB (external 
view)

The inputs are 7-pin LEMO sockets on the front 
panel, which are wired up (see Fig. 2) for G.R.A.S. 
microphone preamplifiers, e.g. Types 26AB, 26AC, 
26AJ and 26AK, but are also compatible with other 
available makes o f  similar microphone preamplifi
ers.

The signals fi'om the preamplifiers are AC coupled 
to their respective outputs which are standard BNC 
sockets also on the front panel.

G.R.A.S. 
Sound & Vibration

Skovlytoften 33 
2840 Holte, Denmark 

Tel +45 45 66 40 46 Fax +45 45 66 40 47 
e-mail: gras@ gras.dk www.gras.dk



Power Module Type 12AN

Specifications
Input/Output sockets:

4 X Inputs: ......................... 7-pin LEMO IB female
4 X Outputs: ..................................  BNC coaxial

Output voltages:
Preamplifier supply: ..................................  ±15V
Polarization voltage: .........................  OV or 200 V

Frequency response:
0.05 H z -2 0 0  kHz: ..................................  ±0.2dB

Battery life (valid for 23 °C and alkaline cells):
With 4 G.R.A.S. preamps.: ................»25 hours

Operating temperature range:
-1 0  °C to +50 °C

Dimensions:
Height: ........................................... 44 mm (1.73 in)
Width: ..................................  210m m  (8.27in)
Depth: ..................................  194mm (7.64in)

Output impedance:
30 Q

Power supply:
4 X  LR6 (AA) standard alkaline cells, or
Mains/line adapter: .........................  6 V - 20 V DC

Power consumption using an ext. power supply:
With 4 G.R.A.S. preamps.: ................  135mA

Fuse:
200m A  (Slow), 250V

Weight:
Without batteries ................  1.2 kg (2.65 lbs)

Accessories included:
ELOOOl: ................  4 X  LR6 (AA) batteries
Mains/line adapter supply regulated to 15 V DC
AB0002: ..................................  for 230 V A C
or
AB0003: ..................................  for 120 VA C

G.R.A.S. Sound & Vibration reserves the right to change specifications and accessories without notice

G.R.A.S. 
Sound & Vibration

Skovlytoften 33 
2840 Holte, Denmark 

Tel +45 45 66 40 46 Fax +45 45 66 40 47 
e-mail: gras@gras.dk www.gras.dk
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MKS Instruments UK Limited - Teivac Engineering

Certificate of Calibration
Certificate Number; 
Date:
Calibration Data: 
Nifg:
Instrument Model: 
Serial number: 
Identifier:
Test Gas: 
Nameplate Gas: 
Range (seem): 
Accuracy (%fsd):

090265827
12-Jan-2009
Final
MKS
1179A24GS1BVAB
090265827

N2
Air
20000
1.00%

GCF
GCF

1.00
1.00

Setpoint STD DUT
% seem seem

0% 0.00 0.00
25% 5000.00 4964.00
50% 10000.00 10020.00
75% 15000.00 15004.00
100% 20000.00 19980.00
110% 22000.00 21844.00

Error Error Error
seem mV %

0.00 0.00 0.00%
-36.00 -9.00 -0.18%
20.00 5.00 0.10%
4.00 1.00 0.02%

-20.00 -5.00 -0.10%
-156.00 -39.00 -0.78%

The above calibration data was measured on the MKS 
Mass Flow Standard identified below:

UK Ref.:
Range (seem): 
Nameplate Gas: 
Serial Number 
Part number: 
Commissioned: 
Last eal da te : 
Cal by: 
Technique:
Cal Gas:

FS111
20000
N2
477879
1179A24CS1BV
03-Apr-2001
16-Jun-2008
MKS-UK
ROR
N2

Leak Check: Valve <0.5% FS Ext: <1.0E-9 mb/L/s

Data By: GD

Checked By:.

Comment: MANUFACTURE

Next Cal. due date: 12-Jan-2010

MKS Instruments UK Limited - Teivac Engineering., Pegasus Court. Stafford Park 7, Telford TF3 3BQ 

Tel:+44 (0) t952  200664 F a x:+44 (0) 1952 200341 www.mksinst.com

Registered in England No: 6391618 

CERTIFICATE No. 0964508



ISO 9001 CERTIFIED

RdF Corporation 
23 Elm Avenue
Huoson. New Hampshire 03051-0490 
Tele: (603) 882-5195 1-800-^45-3367
Fax: (603)882-6925 
E-mail: sensor(grdfcorp.C3m

Q;.n6=ai.BE/A.
^ -1 1 6 -0 3  R F V  A
Q-116-13 REV A

CALIBRATION 

RdF PART N0,_ 

SERIAL NO. _

MICRO-FOIL™ HEAT FLUX SENSOR 

- /

HEAT FLUX SENSOR:

Output at 70°F:. 

Polarity:

iki.
(For heat flow into the surface) 
White - Positive (+)
Red - Negative (-)

-^iVBTU/ fP hr

Temperature Multiplication Factor See Attached Graph

'Thermal Resistance: • 0 ( ^ 3 ___________ ^F/BTU/ft^ hr (Typ)

'Heat Capacity: • C  ) BTU/ft^ hr/°F (Typ)

Response Time: . sec (62% response to step function) (Typ)

THERMOCOUPLE;

1 ANSI TYPE 1 MATERIAL I POLARITY COLOR
1 T j Copper 1 Pos. (+) Blue
11 1 Constantan 1 Neq. (-) Red

Output per ANSI MC96.1-1975 and NBS Monograph 125

Thermai resistance is the temperature difference between the front surface and rear mounting 
surface of the sensor per unit of heat flow through the sensor. Heat capacity is the amount of 
heat required to raise the mean temperature of the sensor 1°F. Typical values of these two 
properties are given primarily to indicate sensor^pabflitles and are required for heat flow 
calculations only jn very rare instances.

DATE:

RdF Corporation 
Specialists in Temparature Measurement
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MICRO-FOIL HEAT FLUX SENSOR 
OUTPUT MULTIPLICATION FACTOR VS RECEIVING SURFACE TEMPERATURE (70°F)

ISO 9001 CERTIFIED
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OMEGA ENGINEERING LIMITED 
ONE OMEGA DRIVE 
RIVER BEND TECHNOLOGY CENTRE 
NORTHBANK 
IRLAM
MANCHESTER
M44
UNITED KINGDOM

T*l: ♦44(0)161 777 6611 
Fax; +44 (0)161 777 6622

FREEPHONE SALES OtOO 418 4Sa (UK ONLY)

IS09002 im. N t iw r u t t  I —N

/ s o m e g a H
o m e g a , c o . u k ^ — ^

V.A.T. REG No. GB 620 0439 89 COMPANY REG No. 2564017

Certificate o f Calibration

Certificate Number: M04481 Issue Date: 14-04-2003

Customer.: University of Dublin
Description.: RTD Probe S. 0 . No.: 09971
Type No.: PR-11-2-100-M30-200-1/10DIN Serial No.:- 4

aJUiM, i/n/Jt/ujmmi luiA coMoa/W. rnAcuM/ymx/rdA, maxL umji> 'vijxAmoul to- d/mda/uL oj,

tk i tal<y>aiaM  ̂ uJmt, ixiluM, oaa tAocM illi to- U X  Jhdiawd hioMLa/uL. CypuA aj, tiiiL t

oAt (m jiiL  o i ^mujOi Jtimuiul, T/lo/acAwivu o/ntL ou cuxiilalh ujyyni w^wbd.

0.00 0.05 0.15
49.95 50.10 0.18
99.90 100.05 0.20

200.20 200.20 0.27
300.20 300.1 0.37

Test Conditions Humidity 35%
Temperature 22 °C

(nstramentsitJsed: ^ OE01,OE204, OE52

j.'i i-sS* S. C. Roach / 7  /?

Signed:

Ref: RTD.doc
Quality Manager

The expanded uncertainties are based on the standard combined uncertainty multiplied by a 
coverage factor of K=2 providing a confidence probability of 95%



OMEGA ENGINEERING UMITEO 
ONE OMEGA DRIVE 
RIVER BEND TECHNOLOGY CENTRE 
NORTHBANK 
IRLAM
MANCHESTER
M44SB0
UNITED KINGDOM

T«l: +44(0)181 777 8611 
Fax: +44(0)181 777 6822

FREEPHONE SALES 0800 4S8 488 (UK ONLY)

ISO §002
RSGCT96D C9MPANT

NEWPORT*-^.

inS : OMEGA*
^  o m e g a .c o M U k  ■ ^
VAT. REG No, GB 620 0439 89 CONPANY REG No. 2564017

Certificate o f Calibration

./T O M E G A
Jhim SM EERING.M C

One Omega Drive, Box 4047, Stam fo^ CT 06907 
(203) 359-1660 •  htcp://www.(HDegB.com •  e*nuul: info<9omega.coin

CERTIFICATE OF CALIBRATION

Model c . L i L  Serial Number
Omega Engineering, inc., certifies that the atx>ve listed instrument has been calibrated 
using standards whose accuracy is traceable to the U.S. National Institute of Standards 
and Technology, and meets or exceeds its published specifications. Calibration 
traceability of the above listed instrument is in full compliance with ANSiyZ540-1-1994 
standards and requirements.

fo
DATE

TESTED BY

AUTHORIZED SIGNATURE

M0*4 CCopyrtghi 19M OnMgt EnginMrlng. inc.


