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SUMMARY

The thesis is focused on an impinging synthetic jet, namely on the case of a synthetic jet or a
synthetic jet array interacting with a laminar channel flow. The thesis is mainly experimental.

The synthetic jet (SJ) was generated by the oscillating motion of the fluid. The fluid was
periodically sucked into or pushed out of an actuator cavity. Vortex rings formed at the lip of
the orifice. As these vortices developed and dissipated, the SJ took on the character of a
conventional steady fluid jet when it was far enough from the end of the orifice. For the SJ
actuator to operate optimally, it was important to find a driving frequency near the resonance,
1.e. near the natural frequency of the pulsating fluid. An actuator, which works under these
conditions, achieves the highest amplitude of fluid flow velocity at the same power. A typical
feature of a SJ is that the time-mean mass flux through the nozzle is zero. Although the
actuator works with zero time-mean mass flux, the momentum and the mass flux at a specific
distance from the lip in the axis direction is non-zero. This feature of a SJ helps to place fluid
sources anywhere without the need for piping. Another advantage, which is used in different
applications, is the high value of turbulence intensity of a generated jet flow. This property is
used mainly for heating or cooling.

This arrangement can be useful in many micro-scale applications, such as the cooling of
microelectronics or the detection of various (biological, biomedical, or chemical) species. The
flow regime on a micro-scale is usually laminar with very small Reynolds numbers; therefore,
a SJ or SJ array can be used for profile disturbance and heat transfer enhancement.

The thesis focuses on low Reynolds numbers (in order 10%). The channel was designed,
manufactured, and tested. A piezoceramic transducer (PCT) was used as a moving membrane
of the SJ actuator. The working fluid was water.

The thesis presents the following results:

= Design and construction of the tested equipment: a SJ actuator, device with a single SJ
actuator, and a device with a SJ array.

= Determination of SJ actuator resonance frequency (theoretical analysis based on
energy conservation and experimental evaluation by means of hot wire anemometry).

= Investigation of piezoceramic transducers (PCTs) by means of laser Doppler
vibrometry (LDV). Design of well-synchronized SJs in the array.
Using LDV, the membrane centre velocity was measured and, consequently,
diaphragm displacement was quantified. Considering continuity equation, the jet
velocity was evaluated during the period. The results are in reasonable agreement
(quite sufficient) with HWA experiments.

= Tin ion visualization to determine the basic character of the flow structure.
This method confirmed the proper functioning of SJ actuators, including their
synchronization, before more complicated experiments (HWA and PIV) were
performed.

= Hot wire anemometry (HWA) experiments for evaluating the resonance frequency and
for measuring velocity profiles.
The HWA results of flow field velocity were used to select the correct PIV post-
processing setting, namely for range validation. Particle image velocimetry (PIV)
experiments on a channel flow, a single SJ, or SJ array in quiescent fluid or with
affection of a channel flow.



Two PIV systems were used for the experiments — one at TU/e (Netherlands) and one
at TUL.

The use of all these methods represented a complex approach to the problem. The main
part of experiments were made using PIV. Moreover, many auxiliary experiments were also
performed to find a properly functioning SJ actuator. The following paragraph outlines the
experiments as performed consecutively.

After SJ actuator construction, it was important to find an actuator with a natural
frequency, on which the SJ actuator could work with the highest velocity magnitude.
Theoretically, the natural frequency can be found using HWA experiments. The first view of
the SJ flow field was obtained using tin ion visualization. LDV helped to understand the
behavior of the actuator membrane, and, in the case of the SJ array, it showed if all the PCTs
were working in phase. HWA was also used for flow velocity measurement, with the results
from this experiment being used for range validation in PIV post-processing. Thereafter, the
main part of the experiments could be performed by means of PIV.

Keywords

Synthetic jet, synthetic jet array, active flow control, channel flow, actuator, piezoceramic
transducer, particle image velocimetry, hot wire anemometry, laser Doppler vibrometry
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ANOTACE

Diserta¢ni prace je experimentalni a je zaméfena na vySetfovani pfipadii, kdy jeden
syntetizovany proud ¢i pole syntetizovanych proudii ovlivituje laminarni proudéni v kanale.

Syntetizovany proud (anglicky synthetic jet - SJ) je specidlni ptipad turbulentniho proudu,
ktery je generovan z periodickych pulsaci tekutiny, kterd je cyklicky vyfukovana a nasavéana
vhodnym otvorem (tryskou). Na okraji ak¢éniho ¢lenu se fazi vyfukovani zacinaji tvofit virové
prstence. Vlivem disipativnich procest probihajicich v tekuting se tyto zprvu velmi zietelné
virové struktury rozpadaji a ve vétSi vzdalenosti od trysky se ztraci periodicky charakter
proudéni a proud tekutiny je svym charakterem velmi blizky stacionarnimu vytoku z trysky.
Dutlezité pro optimalni funkci SJ je provést konstrukci a zvolit budici frekvenci tak, aby
zafizeni pracovalo blizko rezonance, tj. zvolit frekvenci blizko vlastni frekvence pulzujici
tekutiny. Zafizeni pracujici v takovémto stavu dosahuje pii stejném piikonu nejvyssi
amplitudu rychlosti vytoku, a tak je hmotnostni tok tekutiny pfi daném vykonu maximalni.
Zatizeni se vyznacuje generaci proudu bez ptivodu tekutiny. Ackoliv je stfedni hmotnostni
tok tryskou nulovy, v dostatecné vzdalenosti od trysky jsou hmotnostni tok i hybnost proudu
ve sméru osy trysky nenulové. Tato vlastnost eliminuje potfebu potrubi pro pfivod tekutiny a
davéa tak moznost mit proud tekutiny v zafizeni k dispozici na pravé pozadovaném miste.
Dalsi z vlastnosti, ktera byva vyuzivana v aplikacich, je vysoka hodnota intenzity turbulence
takto generovaného proudu tekutiny, coz byva vyuzivano hlavné pfi ohfevu ¢i chlazeni.

Takovato zatizeni mohou byt velmi dobte pouzitelnd v riznych aplikacich pifi rozmérech
fadu mikrometri, kdy rezim proudéni v kanalech mikro rozmérti je obvykle laminérni s velmi
nizkym Re. Tyto aplikace jsou napi. chlazeni mikro-elektroniky, pouziti v biologickych,
biomedicinckych ¢i chemickych odvétvich a v oblasti pfenosu tepla’hmoty, napt. chlazeni
nebo sméSovani.

Tato prace je zaméfena na nizka Reynoldsova isla (v #adu 10%). Pracovni latkou je voda.
Jako periodicky se pohybujici membrana akéniho ¢lenu je pouzit piezokeramicky meénic
(piezoceramic transducer — PCT).

Préace obsahuje nasledujici vysledky:

= Navrh a konstrukce testovaciho zafizeni: akéni Clen, zafizeni se samostatnou tryskou
SJ a zafizeni s polem syntetizovanych proudd.

= Urceni resonan¢ni (vlastni) frekvence akéniho ¢lenu (teoretickym vypoctem ze zakona
zachovani energie a experimentem pomoci metody termoanemometrie).

=  VysSetfovani chovani a zfazovani piezokeramickych méni¢li pomoci metody laserové
Dopplerovské vibrometrie (laser Doppler vibrometry - LDV).
Nejprve je pomoci LDV zméfena rychlost sttedu membrany PCT a z ni nasledné
vypocten pruhyb (posunuti) stfedu membrany. Pomoci rovnice Kkontinuity je
z rychlosti membrany vypoctena stiedni rychlost syntetizovaného proudu. Tyto
vysledky piijatelné€ souhlasi s vysledky pfimého méteni rychlosti v ose trysky pomoci
termoanemometrie (hot wire anemometry - HWA).

» Nastinéni zdkladniho charakteru proudéni pomoci vizualizace metodou cinovych
ionti.
Pro pole syntetizovanych proudd ukazuje, Ze trysky SJ pracuji ve stejné fazi a
navzajem se ovliviluji. Zaroven je vizualizace pouzita jako pfiprava pro slozitéjsi
experimenty HWA a PIV.
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= Experimenty pomoci metody zhaveného dratku (HWA) pro urceni resonan¢ni (vlastni)
frekvence akéniho ¢lenu a méfeni rychlostnich profila.
Kromé¢ toho, méteni rychlosti pomoci HWA slouzi pro spravné nastaveni parametra
experimentll PIV — pfedevSim funkce ,,range validation® v programu DynamicStudio
v.2.30, DANTEC (PIV post-procesing).

= Particle image velocimetry (PIV) pro méfeni neovlivnéného kandlového proudéni a
proudéni v kanadle, které je ovliviiovano syntetizovanym proudem, popt. polem téchto
proudd.

Experimenty jsou provedeny dvéma PIV systémy, systém pouzivany na TU/e
(Nizozemi) a systém pouzivany na TUL.

Pouziti vySe uvedenych metod piedstavuje komplexni pfistup k feSeni problému. Hlavni
experimenty byly provedeny metodou PIV. Pro celkové pochopeni problému a jeho spravné
feseni vSak bylo nutné provést i mnoho dil¢ich a pomocnych méfeni. V nésledujicim odstavci
jsou experimenty uvedeny postupné tak, jak byly provadény a proc¢, nikoliv v zavislosti na
jednotlivych metodach.

Po navrhu a vyrobé akcniho ¢lenu SJ je dilezité zjistit jeho vlastni frekvenci, pii které
akcni Clen pracuje s nejvyssim amplitudou rychlosti proudu. Vlastni frekvenci je mozné zjistit
teoreticky a zaroven experimentalné, napt. s pouzitim metody HWA. Prvotni pfedstavu o
syntetizovaném proudu lze ziskat pomoci vizualizace metodou cinovych iontti. Metodou
laserové Dopplerovské vibrometrie 1ze zjistit chovani piezokeramického ménic¢e pouzitého
jako pohybujici se membrana ak¢niho ¢lenu. Pro pole syntetizovanych proudt je LDV pouzita
pro zjisténi, zda piezokeramické ménice pracuji ve fazi. Metoda HWA je pouzita pro zjisténi
rychlostnich profilt a zaroven poslouzi pro PIV post-processing pii pouziti funkce ,,range
validation®. Po téchto pfipravnych experimentech jiz bylo mozno provézt hlavni experimenty
pomoci metody PIV.

Klic¢ova slova
Syntetizované proudy, pole syntetizovanych proudi, aktivni fizeni proudéni, proudéni
uzavienym kanalem, ak¢ni ¢len, piezokeramicky ménic, particle image velocimetry, metoda

zhaveného dratku (hot wire anemometry), laserova Dopplerovska vibrometrie (laser Doppler
vibrometry)
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Introduction

CHAPTER 1

INTRODUCTION

This thesis deals with synthetic jets, namely with a synthetic jet and a synthetic jet array in a
channel flow. The research is focused on low Reynolds numbers. Chapter 1 describes the
terms “channel flow”, “impinging jet”, and “synthetic jet”. It also incorporates historical
contents, the state of the art, and the aims of this work.

The motivation behind this work is to demonstrate an arrangement in which a SJ or a SJ
array interacting with a laminar channel flow can be useful for micro-scale applications, such
as cooling in micro-electronics. The flow regime in micro-scale is usually laminar with very
small Reynolds numbers and cooling is typically based on gradient diffusion. Therefore, this
study focuses on low Reynolds numbers; more specifically, current Reynolds numbers are so
low that they cannot initiate a transition to turbulence. Therefore, a SJ/SJ array is used as a
disturbance of laminar channel flow. A potential application of this method is to increase heat
transfer using the flow control of a main flow, as discussed in paragraph 1.1.2 below.

A Reynolds number of a channel flow is assumed for 2D simplification.

1.1. COMPONENT TASKS

1.1.1 CHANNEL FLOW

As is mentioned above, this work focuses on low Reynolds numbers. In other words, on the
laminar channel flow. The flow of real fluid is supposed (the fluid has internal friction and the
surrounding fluid elements interact with frictional force). The real flow can be laminar or
turbulent. In a laminar case, fluid elements move in layers without transfer through a cross
section (of a channel or assumed stream tube). On the other hand, fluid elements in a turbulent
flow have a fluctuation velocity, which enables moving through the cross section (of the
channel or assumed stream tube), [1].

Laminar flow in a channel can be shown in the Reynolds test: Colored fluid is put into a
running flow. At low velocities, the color
fiber stays intact — this implies that the Laminar velocity profile Turbulent velocity profile

fluid elements move in layers. At
increased velocity (over a critical value), y y
the fluid elements start to become highly J_, J_,

mixed. The fluid elements continuously
move from one layer to another,
exchanging kinetic energy. Therefore,
velocities through the cross section start Fig.1.1a Velocity profiles of developed channel flow
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ik — developing flow—— developed flow that experienced in laminar flow. Laminar

and turbulent flows have different velocity
profiles and different hydraulic loses. In
laminar channel flow, the velocity profile is
parabolic (see Figure 1.1a). In turbulent channel flow, the velocity profile is more flat, [1].

Laminar flow in a two-dimensional stationary straight duct is designated as
hydrodynamically fully developed (or established) when the fluid velocity distribution at
a cross section is of an invariant form, i.e. independent of the axial distance x (as shown in
Figure 1.1b) v = v(y,z). The fluid particles move in definite paths called streamlines, and there
are no components of fluid velocity normal to the duct axis. In a fully developed laminar
flow, the fluid appears to move by sliding laminae of infinitesimal thickness relative to
adjacent layers. Depending upon the smoothness of the tube inlet and the inside wall of the
tube, a fully developed laminar flow persists up to Re <2300 for a duct length L greater than
the hydrodynamic entry length Lyy, [80].

The hydrodynamic entrance region of the duct is where the velocity boundary layer
develops; for example, from zero thickness at the entrance to a thickness equal to the pipe
radius far downstream. In this region, the fluid velocity profile changes from the initial profile
at the entrance to an invariant form downstream. The flow in this region, as a result of the
viscous fluid behavior, is designated as hydrodynamically developing (or establishing) flow,
as also shown in Figure 1.1b, [80].

The hydrodynamic entrance length Ly, is defined as the duct length required to achieve a
maximum duct section velocity of 99% of that for fully developed flow when the entering
fluid velocity profile is uniform. The maximum velocity occurs at the centroid for the ducts
symmetrical about two axes (e.g. circular tube and rectangular ducts). The Ly, is a function of
the Reynolds number. For example, a two-dimensional case of low flow between parallel
walls can be correlated [80] as

Fig.1.1b Developed and developing laminar flow, [80]

Ly, 0315
Do, 0.0175Re+1

+0.011Re (1.1)

where Dcy is the hydrodynamic diameter, Dcy = 2H.

Laminar channel flow

A) Two-dimensional case of two parallel walls
Between two parallel walls (a 2D simplification of this work), the laminar channel flow in a

horizontal direction is created with a pressure drop Ap = p, — p,. When flow is created with a
pressure drop (pressure difference) over the distance /, the specific pressure drop i is constant,

[1]:

:A_p :d_p = const. (1.2).

/ dx
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Fig.1.2 Laminar flow between parallel walls

An isotherm flow with constant viscosity is assumed. The balance of forces for the element of
the developed channel flow is expressed by means of pressure (£},) and frictional forces (F)
(see Figure 1.2):

dr, = pbdy” —(p+2—pdx)bdy*
X

or (1.3a, b),
dF, = thdx — (t +—dy " )bdx
y
where b is unit width, p is pressure, and 7 is shear stress [Pa], [1].
The balance can be written as dF, +dF, =0, which can be rearranged as:
P,o7_, (1.42).
ox Oy

By means of replacing partial derivations with total derivations (sincer =7(y"), p = p(x))
and with Equation (1.2), the Equation (1.4a) can be written as:

dy’ (1.4b, ¢).
r=—iy" +C

In a slot axis (" =0), the velocity is maximal and shear 7 =0, the constant of integration
C=0.
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With substitution of 7 =7 ;’v* into Equation (1.4c¢), after integration, the velocity in a slot
y

1s evaluated as:

v=—(—iy*2+Cy*+Clj (1.5a).
n\ 2

Constants of integration C and C) are set by boundary conditions. On walls, the flow velocity
2

is zero, i.e. for =% and y = —% is v=0,than C=0 and C, = "L Than Equation

_L(H 2_ %2
V—277|:(2j y } (1.5b).

Velocity profile is parabolic (see Figure 1.2), [1].
Flow rate through the slot is determined by the integration of Equation dV =vbdy" over
the channel cross section H x b, in which Equation (1.5b) is inserted:

g H/2 2 .
p= (ﬁj 7l =g (L6).
2n 5,1\ 2 127

(1.5a) is written as:

The average velocity vy (averaged across the channel cross section) is defined from the

equality V= bHv,,, therefore v,, =éH 2 The maximal velocity vmax 1s calculated from
n

Equation (1.5b) for y" =0, than v_ = 8LH2 .
Ui
Ratio of mean and maximal velocity is:

vy 2
—— == 1.7).
vmax 3 ( )

B) Three-dimensional case

Consider the cross section of a rectangular duct, o

characterized by its aspect ratio a* =2b/2a, see Figure A B

1.3, with flow direction along the x axis (perpendicular to ;1:___ _‘;5:2 oo 2

the plane of paper), [80]. l Di o e 2a

The velocity profile, provided by the solution of — —
.0y 9’ : .
Equation :; +8_: =c, with the boundary condition Fig.1.3 A rectangular duct
oy z

v =0 on the walls, is:
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o
N
WH

cosh(nmb/2a) 2a

,,,,,

2
c,a 192(a] < (nﬁbj
Vy =— l-——| — —tanh| — 1.9).
. 3 { 7>\ b n;“,mns 2a (1)

Since Equation (1.8) involves considerable computational complexity, in [80] a simple

(—1)(”‘”{1 _ cosh(nay”/ 2‘1)}05(””2] (1.8),

approximation in the following form for the aspect ratio a* < 0.5 is proposed:

I S A

where m =1.7+0.5(a*)"* and n =2 for a*<1/3 or n=2+0.3(a*-1/3) for a*>1/3.
The integration of Equation (1.10) over the duct cross section yields:

S]] o
o s

For channels used in this work, Yiax 1.73, M _ 58 respectively, where a*=0.2.
Vi v

The problem is also described in [81, 82, and 83].

max

1.1.2 SYNTHETIC JET

A synthetic jet (SJ) is generated by the periodic motion of an actuator oscillating membrane.
A SJ is synthesized by the interactions within a train of vortex rings or counter-rotating vortex
pairs in axis-symmetric or two-dimensional geometry; see Smith and Glezer [4]. Vortex rings
are formed at the lip of the orifice (see Figures 1.4 and 1.5). These rings move in y direction
with a velocity, which must be high enough to prevent interaction with suction in the orifice.
It was observed that an SJ far enough from the orifice has a character of a conventional steady
jet. This is caused by the development and dissipation of vortexes. One of the main
advantages of a SJ is that the time-mean mass flux of the oscillatory flow in the orifice is
zero; hence the other common expression is a zero-net-mass-flux (ZNMF) jet. A ZNMF
eliminates the requirement of a blower and piping for the fluid inlet. Though the SJ actuator
works with a ZNMF at the orifice, the momentum of the resultant SJ at a specific distance
from the lip in y is non-zero [4-6].
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W-E

Fig.1.5 Creation of vortex rings by fluid extrusion from
the cavity of an actuator.
Results of “smoke wire” visualization [A2]

Actuation

Fig.1.4 Basic principle of SJ

The equipment for a SJ can have various designs, but the main mechanism and principle is
primarily the same. Figure 1.4 shows the simplest setting: There is an orifice at one end of the
actuator, whereby the fluid is periodically sucked/exhausted to/from an actuator cavity.
The pulsation generator of the fluid can work on the principle of loudspeaker, piezo crystal,
electromagnet, piston, or other device. It is necessary to choose an optimal type and
construction of actuator in relation to the supposed working frequency range, working
temperature, kind of working medium, and required load of the unit.

Figure 1.6 shows details of the working cycle of a SJ. The working cycle starts with a
diaphragm motion from its zero position (position 0Oa) in —y direction. This motion causes
fluid movement into an actuator cavity. If the diaphragm deviation is maximum (position /),
the fluid is extruded from the orifice of an actuator. The highest velocity of extrusion is when
the diaphragm experiences zero deviation (position 0b). Then the diaphragm moves in +y
direction to position 2. When the diaphragm reaches position 2, the fluid is sucked in again,
and the cycle is repeated.

The first pilot projects about the problems of SJ began before the term SJ was even
established. One of the first successful applications was already described 50 years ago:

Fig.1.6 One of the working cycles of a SJ. Experimental results measured by CTA with an X-wire probe.
2—0a—1 suction; 1 —>0b—2 extrusion. Colorized according to the velocity magnitude [A1]
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Dauphinee [7] used an oscillating membrane for air jet creation in calibration equipment for
a temperature probe. The heat transfer on the wall in the presence of a SJ and the boundary
layer control using a SJ are described in articles [8 and 9].

The creation of fluid jets by means of pulsating pistons was published by e.g. Mednikov
and Novitskii [10] and Tesat [11, 12]. Closely related phenomena are the so-called “acoustic
streaming”, see Meissner [13] and Lighthill [14], flows caused by oscillating bodies (Stuart
[15]; Davidson and Riley [16]), and flows created by acoustic waves — either by standing
(Ingard [17]) or traveling (Lebedeva [18]) ones.

Research linked to the problems of oscillating flow and acoustic streaming became a topic
of intensive research at the end of 20™ century. The English term “Synthetic Jet” was
introduced by R.D. James, J.W. Jacobs, A. Glezer: A round turbulent jet produced by an
oscillating diaphragm, Phys. Fluids, Vol. §, No. 9 (1996), 24842495, [84].

The term “Synthetic Jet” is translated to the Czech language as “Syntetizovany proud”.
This term was suggested in 2001 [19, research report] and published in 2002 [20, journal
paper] for the first time.

A SJ has many significant applications and the number of applications is increasing all the
time. The most important applications can be divided into two main groups:

L. Main (primary) flow control.
IL. The use of a stand-alone SJ or a system of synthetic jets.
L Main (primary) flow control

I.1 Jet vectoring

This category of applications includes the control of flow, which is parallel or

perpendicular to the driving jet. Figure 1.7 shows the principle of jet vectoring. Figure

1.7a shows the case with an activated SJ when the main flow is deflected from its direct

course and falls into a so-called collector by which the flow leaves away. If the SJ is

inactive, the main flow is not affected by the SJ and continues on a direct course (Figure
1.7b). This principle can be wused, for
example, in air distributors. In this case, the

actuator y SJ equipment is driven electrically, and it is
.J /& possible to vector substantial flow volumes
without the need for complicated mechanical

J @ components. Details on this application of a

|
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Fig.1.7 Fluid flow vectoring by a SJ, (a) activated SJ, Fig. 1.8 Schematics of the synthetic
(b) closed SJ, Smith and Glezer, [21] jet control module, [23]
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SJ are described in [21, 22].

Tamburelo and Amitay [23] investigated
the effect of the upstream location of a
synthetic jet inside the nozzle of a main jet.
Synthetic jet actuators (see Figure 1.8) were
used to manipulate the downstream
development of a free jet by capitalizing both
on the direct impact (similar to continuous
control jets) of the synthetic jet and the
manipulation  of  large-scale,  global
instabilities within the main jet flow (due to
their near-field periodic flow field) [23].

I.2 Flow field control in external
aerodynamics Fig.1.9 Using a SJ to increase lift force on a wing
SJs can be used to control turbulence, profile, (a) activated SJ, (b) closed SJ, Nishizava et a/
boundary layer separation, and drag [27]
reduction, as well as to increase lift force
and/or enable noise suppression [24, 25]. An interesting application is a concept
incorporated in the Renault Altica sports car [26], which was presented at the 2006
Geneva Motor Show. A SJ was used to reduce drag force and thereby decrease fuel
consumption. This SJ equipment, which consists of slot for air outflow and air sucking
from surroundings, is integrated on the roof of the Renault Altica close to the trailing
edge. The designers of this car concept presume a very optimistic fuel consumption
reduction of around 15 percent, whereas the SJ equipment power requirement is only 10
W [26]. Further applications of SJs can be found on airfoils [27] (Figure 1.9) or propellers
of helicopters; some of these examples are inscribed as a “virtual shaping effect” of an
airfoil [28, 29].

Recently, the so-called ‘“smart control” of airfoil shape came under intensive
discussion. This equipment allows the main characteristics of the airfoil to be adapted to
instantaneous conditions in the boundary layer or to the requirements of an external
control unit. It is possible to improve airfoil parameters and system maneuverability or to
simplify or completely remove mechanical control systems from the wings. These
technologies are perspective in small and very small pilotless planes (Micro Air Vehicle
MAYV, Unmanned Aerial Vehicle UAV), and eventually in analogous underwater vehicles
(Autonomous Underwater Vehicle [30]).

Another possible application of SJs aims to improve the properties of the propeller
wind turbines (recently analyzed at IT CAS). The main objective of this research is to
increase the lift to drag ratio and to decrease aerodynamic noise [31, 32, and 33].

The influence of a SJ on the aerodynamic drag of a “bluff body” is described in [34].
Figure 1.10 shows the results of a numerical simulation of flow past a bluff body, which
has SJ nozzles at the trailing edge; see Vit, Dancova, and Travnicek, [A8]. These nozzles
alternately push and pull the flow of fluid. The figure shows a flow field past a rectangular
bluff body in three cases: (a) nozzles do not work, (b) nozzles work in phase, i.e. nozzles
push the fluid at the same time and then pull the fluid at the same time, (c¢) nozzles work
in antiphase, i.e. if one of nozzles pushes the fluid, the second pulls the fluid and
conversely. Results show a possibility to decrease drag coefficient by about 25 percent
with the application of this equipment. It is necessary to regulate both the frequency and
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Fig.1.10 Wake past a bluff body in form of contours of x velocity — numerical simulation by Dancova et al. [A8],
inspired by [26] and [34],
(a) without SJ, (b) SJ nozzles work in phase, (c) SJ nozzles work in phase opposition

power of the SJ in relation to fluid velocity in order to achieve optimal drag reduction.
A rectangular profile represents a car model in this case.

I.3 Flow field control in internal aerodynamics

Turbulence control and control of boundary layer separation is another typical example of
SJ application. Fluid flow through a wide-open diffuser, which is susceptible to separation
from the wall, can be stabilized by using a SJ [35]. Suppression of undesirable flow
separation effectively increases efficiency while decreasing power loss.

I.4 Increase of mixing intensity

The increase of mixing intensity is important to many chemical processes, such as in
combustion [35]. A typical configuration is numerically solved in paper [36]. Air and fuel
flows move into a combustion chamber where a SJ improves their mixing. It is possible to
improve the parameters of the combustion equipment, e.g. to increase power, to decrease
NOy emissions, or to decrease overall dimensions.

A concept of a micromixer with a SJ placed at the bottom of a rectangular channel is
discussed in paper [76]. Mixing was improved noticeably by the actuation of the SJ, and
mixing efficiency was also improved by using an asymmetrical arrangement of a SJ outlet
in the channel, [76]. The numerical simulation of flow mixing in a channel using a SJ for
biosensor systems is described in [77].

The combination of a SJ and ejectors is described in [A17 and A21]. The aim of the SJ
is to excite the mixing layer in the ejector and intensify the mixing process. For ejectors
regimes with high ejection ratios, the SJ stabilizes the flow fluctuations in the diffuser,
thus achieving higher back pressure and higher efficiency. A SJ placed in the beginning of
the mixing chamber positively influences the flow in the diffuser. If the SJ is placed at the
end of the mixing chamber, the improvements are reduced. The primary stream is
deflected in the direction of the SJ outflow. Velocities of the primary nozzle in the centre
of the mixing chamber are affected during the suction and the outflow period of the SJ,
with the added effect of increasing velocity fluctuations in this area. The secondary stream
and the mixing shear layer are affected by the SJ only in the immediate vicinity of the SJ
and of course behind it.

I.5 Increasing heat transfer due to main flow control
A very interesting example of SJ application is the cooling of electronics of very small
dimensions [37] (Micro-Electro-Mechanical Systems, MEMS). At these tiny dimensions,
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there are often laminar flow regimes, and heat transfer is unacceptably small. Numerical
study [37] simulates the intensification of am electronic processor’s cooling: the laminar
airflow is heated from one-side and affected by the SJ from the other side. Laminar flow is
disturbed by the SJ (Timchenko et al. [87] suggest the term “quasi-turbulent flow”). The
study [34] shows how it is possible to improve processor cooling, including the evaluation
of effective geometry and parameters.

Fang et al in [74] experimentally investigated the thermal effects of a synthetic jet
actuator on the heat transfer performance of a single-phase water flow confined in a
microchannel heat sink. The thermal effects of the SJ are a function of the Reynolds
number. Fang’s experiments demonstrate that the jet shows a larger improvement of heat
transfer performance for the lower microchannel flow rates. He found that a hybrid
cooling scheme can enhance the heat transfer performance at a very small penalty of
pressure drop increase along the microchannel.

Chaudhari et al. [78] investigated heat transfer in a rectangular duct with and without
cross-flow and an impinging SJ. Their experiments were performed for the jet Reynolds
number in the range of 950-4000 at different offset positions of the SJ.

Tréavnicek et al. [A18] experimentally investigated heat and mass transfer caused by a
SJ array, which affected a laminar channel flow. Experiments were focused on low
Reynolds numbers and were made in air using the naphthalene sublimation method. An
enhancement of local mass transfer was quantified on the opposite channel wall. Based on
the heat/mass transfer analogy, mass data were converted to the corresponding heat
transfer data.

II. The use of a stand-alone synthetic jet or system of synthetic jets

II.1 Action of force for control of motion, e.g. for autonomous vehicles in water or
air

Recently, new generations of SJ generators have been developed, in particular a hybrid SJ
and double-acting SJ [38-42] (IT CAS, TU Liberec, Univ. Sheffield, and National Taiwan
Univ.). The purpose of these developments has been to improve SJ performance,
especially in the field of electronics cooling. In addition, the improved geometry of a SJ
generator can be used for nozzle design for an autonomous underwater vehicle (AUV) —
[30].

The function of a SJ in water is specific. Although a SJ in water works at a relative
low frequency (some tens of Hz on a macroscopic scale of centimeters), gases dissolved in
the fluid are released and cavitation increases due to considerable acceleration of the fluid
on the actuator surface. A pressure decrease in the actuator leads to the formation of
cavitations bubbles — cf. James et al. [84]. These bubbles adversely affect the stiffness of
the actuator diaphragm and operation of the actuator. The problems connected with the SJ
in water are currently under study at the TU of Liberec, Dancova ef al. [A1-A27].

IL.2 Synthetic jet used for intensification of heat transfer. Impinging synthetic jet

This group of applications contains instances of impinging SJs [8, 43, 44, 45, 46, and 47]
and instances of complex fluid fields generated solely by SJ [48]. An impinging jet (1J) is
a jet flow that impacts on a solid wall. An 1J achieves a very high forced convection
heat/mass transfer rate onto the impingement wall [2, 3] (only two- of three- phase flows
can achieve higher magnitudes of this rate). Figure 1.11 shows principle of an 1J. The jet
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Stagnation point

can be divided into three regions: free-
jet region, stagnation region, and wall-
jet region. There is a stagnation point
on the impingement plate in the
stagnation region; at this point, an
enhancement of heat/mass transfer is
expected.

The pulsation of the jet together
with a high level of turbulence

Impingement plate

3: Wall-Jet region
2: Stagnation region

Confinement plate
1: Free-Jet region

intensity leads to a significant increase : Nozzle
. |
of the heat transfer coefficient when -~ Symmetry line
the equipment is designed properly
and the heated or cooled surface is Fig.1.11 Principle of an impinging jet

placed in the correct position. Due to

this advantage, there is a wide range of possible applications in the field of cooling heavy,
thermally loaded parts in electronics or for cooling blades in combustion turbines. More
details about these applications can be found in e.g. [38-42, 45, 46, and 47].

The effect of nanoparticle concentration on enhanced heat transfer performance and
flow features of a submerged impinging jet system was experimentally investigated by Li
etal in [72]. Li’s experiments revealed that the suspended nanoparticles remarkably
increase the heat transfer performance of the base fluid in the impinging jet system and
that nanofluid has a larger heat transfer coefficient than pure water under the same
Reynolds number. The heat transfer feature of a nanofluid increases with the volume
fraction of nanoparticles, [72].

Rylatt and O’Donovan in [73] investigated the effects of confinement on the heat
transfer of a synthetic air jet. They tested a passive ducting system designed to reduce the
effect of confinement over a range of operating conditions. Their work showed that ducted
synthetic air jets provided higher rates of heat transfer in confined conditions. This was
attributed to the ducting reducing the recirculation of heated air.

I1.3 Pulsatile jets used as valves pumps

The combination of a SJ with a pump or ejector offers further options. Figure 1.12
shows an example of a valve-less pump design [49]. This valve-less pump consists of two
diffusers and of chamber with actuator. Diffusers are optimized to have more drag in one
direction than in the opposite direction. Periodic motion of the actuator produces a
sucking of fluid by the first diffusers and extrusion by the second diffusers. This

Diaphragm

Inlet /,P Cutlet Inlet @ Qutlet

—— o ?..--v—;
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Fig.1.12 Principle of valveless pump, Olsson et al [49]
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Fig.1.13 Double-acting hybrid SJ actuator, Travnicek et a/ [38, 39]

equipment can have a very high power in small dimensions. One improvement in
particular is seen in MEMS systems.

The idea to combine a SJ and a valve-less pump led to the design of a hybrid synthetic
jet actuator [50]. Figure 1.13 shows the design of a double-acting hybrid synthetic jet
actuator. Figure 1.13a shows the extrusion stroke from the front chamber (1), when the
fluid is sucked simultaneously into the back chamber (2). The opposite action (sucking
fluid into the front chamber) is shown in Figure 1.13b. The resulting flow in the actuator
orifice is non-zero-net-mass flux in character — enabling better results to be achieved in
the noted applications [38, 39].

1.1.3  SYNTHETIC JET IN CROSS FLOW

The principle of this work is a SJ in a cross flow. Current literature more often describes the
principle of a SJ without interaction of the other influences. Despite this, some authors have
investigated this problem experimentally, but more frequently numerically.

Gordon et al. in [90] investigated two circular ZNMF' jets with parameters Re; = 1,240,
velocity ratio ¢, =U; /U, =4.6, St=0.016 and Re=2,960, ¢, =7, St=0.014, in a cross

flow via PIV and compared these with continuous and pulsed jets. In [91] Gordon et al
investigated the mean passive scalar field in a round ZNMF in a cross flow. They used same
actuator as in [90]. The critical Strouhal number was St = 0.02 in their work.

The effects of periodic disturbances of a round pulsed jet in a cross flow in water as a
working fluid was investigated by Eroglu and Breidenthal in [92]. Flow visualization
experiments revealed that the structure of a traverse jet is dominated by the formation of a
curved shear layer, composed of distinct vortex loops around the jet in the near-field, as well
as the subsequent interactions among neighboring loops as the jet bends over.

Vortex generating jets (VGJs) passing through a wall into a cross-flow was investigated
experimentally Khan and Johnston in [93]. They changed VGIJs configuration, including
pitch, skew angles (@ and @), and velocity ratio (cy). For ¢, =1, the VGJs configuration of

@ =30° and @ = 60° has been identified to produce a vortex with the highest peak mean
vorticity.

! ZNMF — zero-net-mass-flux is one of the main advantages of a SJ. It means that the time-mean mass flux of the
oscillatory flow in the SJ actuator orifice is zero (described in Chapter 1.1.2).
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In [94], Lai and Lee numerically investigated a multiple tandem jet in a cross flow and
formulated a general, semi-analytical model.

1.2. MOTIVATION OF THE WORK

The thesis is focused on SJs, namely on SJs interacting with a laminar channel cross flow.
One of the first studies focusing on a channel flow under acoustic control (for heat transfer
enhancement) was presented in 1982 by Gutmark et al., [51]. Another promising alternative is
linked to the possibilities of synthetic jets — Timchenko et al., [52].

The present study places emphasis on the problem of low Reynolds numbers. This
arrangement can be useful in many applications, namely on a micro-scale, such as the cooling
of micro-electronics and the detection of various (biological, biomedical, or chemical)
matters. The flow regime on a micro-scale is usually laminar with very small Reynolds
numbers. Therefore, the transfer processes such as mixing and cooling are typically based on
gradient diffusion. It is worth mentioning that the current Reynolds numbers (in order of 10%)
are too low for an initiation of transition to turbulence. On the other hand, actuation of the
laminar channel (Poiseuille) flow can essentially enhance the transport mixing creating the so-
called “quasi-turbulent” flow character — Timchenko et al. [52]. Moreover, it should be noted
that the current subject (a laminar channel flow controlled by SJs) is different from a “SJ in a
boundary layer” or a “SJ in a cross flow”.

At the time of preparing and writing this PhD thesis (starting in 2006), studies of the effect
of a SJ on channel flows were conducted solely by means of numeric simulations, e.g. [52].
Dancova et al. in works [A13 and A14] conducted the first experiments. The geometry of
micro-electronic applications has been scaled to sufficiently large dimensions (in order of
centimeters) to allow for experiments.

The thesis is an experimental investigation with water as the working fluid. Various
experimental methods are used, namely tin ion visualization, laser Doppler vibrometry
(LDV), hot-wire anemometry (HWA), and particle image velocimetry (PIV).

1.3. AIMS OF THE WORK

* Design and development of an experimental setup:
- SJ actuator,
- experimental channel with single SJ actuator,
- experimental setup with SJ array.

» (Clarification of the resonance behavior of the developed actuator:
- theoretical analysis based on energy conservation,
- experimental evaluation of frequency characteristics by means of hot wire
anemometry (HWA).

» Preparation of the auxiliary experiments, and their carrying out:
- visualization of single SJ and SJ array using tin ion method,
- investigation of piezoceramic transducers using laser Doppler vibrometry,
- evaluation of a SJ flow field using HWA.

* Main part of experiments will be performed by means of PIV, focusing on:
- laminar channel flow itself,
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Ug extrusion stroke

Fig.1.14 Schematic view of the formulation of the time-mean velocity U,

- single SJ in quiescent fluid,

- single SJ in a laminar channel flow,
- SJ array in quiescent fluid,

- SJ array in a laminar channel flow.

= Analysis of results.

1.4. PROBLEM PARAMETERIZATION

A SJ is characterized by several independent parameters.
When considering the plug flow model (one-dimensional piston — like flow in the actuator
orifice), the main parameters of a SJ are:

=  The actuator orifice diameter D.

* The time-mean orifice velocity Uy, Upa, respectively (see Figure 1.14)

17
U, 2?.([u0(t)dt
(1.13a, b),

1517
U, =— || —|u,(t,r)dA |dt
w=7] { yI R }

where T means the time period, i.e. 7 =1/ f and f means the frequency, 7 means extrusion
time (7 =7 /2 for the sinusoidal waveform or 7}, # 7/2 for the non-sinusoidal waveform),
up(tf) means the periodical axial orifice velocity. For the sinusoidal waveform
uo(f) = Unax SIn(27ft), one can easily derive Upnax = 7 Uy. 4 as the cross-section area of the exit
orifice of the actuator and r as the orifice radius.

» The “stroke length™ L, Loa, respectively

U
LO:UO-T:TO (1.14a)
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U
Lyy=UgpT= —]‘}A (1.14b),
= The Reynolds numbers of a SJ
U,-D
Rey, =—%—
(‘]) b (1.15a, b),
Reg, , = =
v

where v is the kinematic viscosity [m?/s] and D is the orifice diameter.

= The Strouhal number is not an independent parameter; it depends on the above
parameters (Eq. (1.14)). It has been defined by V. Tesaft, S. Zhong, [53] as St = fD/U.x. For a
sinusoidal waveform:

si= S22

T T

0 0 (1.16a, b).
1D 1 D

St, =— =
7w U, 7 Lo,

» Time-averaged SJ mass flux, averaged over the entire period (cf. Eq.(1.13a))

Oy, = pU,D* | 4 (1.17),

where pis fluid density.

» Time-averaged SJ momentum flux (again, averaged over the entire period)

RTg

My, 2%2,0 [ [us . ymrdrar (1.18a).
00

Assuming the plug flow model (i.e. the uniform profile of the instantaneous velocity,
uo(r,t) = up(t)) and the sinusoidal waveform in time wuo(¢) = Umax sin(2mnft), where U is the

X

velocity amplitude, the Equation (1.18a) can be expressed as:

RT 2772 2772
¢ RU:_  27fl R°U

M, :%2ijUiax sin® (27ft)mrdrdt = P~ max e - £F 1 == (1.18b).

00

2T 2
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= Derivation of the resonance frequency of a SJ actuator

A SJ actuator works with the highest efficiency at the resonance frequency. During the
working cycle of a SJ actuator, the potential energy E, of the actuator membrane is
transformed into kinetic energy of the fluid £, in the orifice. The kinetic energy of the fluid

in the actuator cavity can be neglected compared to kinetic energy in the orifice. The total
energy of the fluid can be defined as the sum [38]:

E=E, +E, (1.19).

The oscillation of the membrane is assumed to be harmonic, and membrane displacement is
defined as:

V=Y SIN(0F) (1.20),

where y__is the amplitude of the membrane and @ =27/ . The velocity of the membrane
motion is the derivative of its displacement:
dy

—=w- cos(wt 1.21).
dl‘ ymax ( ) ( )

From the continuity equation for incompressible flow, the mean velocity of the flow in
an orifice of the cross section area 4 = 7D’ /4 can be calculated as:

4
u,(t)y=C fa) Y max COS(@01) (1.22),

where 4 = 7sz2 /4 1is the area of the membrane with diameter D_, and C is the constant,
which corrects to the deformed membrane shape (for piston C =1 and for a membrane with
pyramid shape and approximately for a piezoelectric transducer C =1/3).

The kinetic energy of the flow is defined as:

3 pL, Au;

; (1.23)

E,

where p is fluid density and L, is the so-called “equivalent length” and can be calculated as:

L, :L+8—D (1.24)
3z

where L is the orifice length and D is the orifice diameter.
When combining equations (1.22) and (1.23), the kinetic energy is written as:

A 2
pLeA[C 7“‘ P, . cos(a)t)}

E, = >

(1.25).
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The potential energy of the membrane can be written as:

1 1 .
EP - EkPAmyz - EkpAmyrznax Slnz(a)t) (126)’

where £k is the stiffness of the membrane.

At maximum membrane deflection, the kinetic energy of the flow is zero, and potential
energy is maximal. In a neutral (zero) membrane deflection, kinetic energy is maximal, and
potential energy is zero. Therefore, it can be written as:

E=E, _ =E (1.27).

k_max p_max

The maximum values of the kinetic and potential energies with respect to Equation (1.25)
and (1.26) are:

A 2
pLeA{C 7“‘60 : ymax}
E = (1.28),

k_max
- 2

1

max =7
P

E k A

2
p m.Y max

(1.29).

From Equation (1.27), the value of the resonance frequency can be derived as:

(1.30).

The second resonance follows the Helmholtz resonator frequency, [71]. When considering
isentropic expansion and compression during pressure oscillations in a cavity, the resonance
frequency can be written as:

c A

=— 1.31),
SErm A\ v (1.31)

[

where c is the isentropic speed of sound (in water ¢ =1435m/s), A=zD"/4 is the cross-
sectional area of the actuator orifice and V is the actuator cavity volume.
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Because the investigation is focused on a channel flow affected by either one SJ or an
array of SJs, it is also necessary to define:

* The Reynolds number of the 2D channel flow, (2D simplification of the flow between
two parallel plates)

D 2H
Re, = Je Pan _Ue (1.32),
19 1Y)

where U. =(2/3)-U
the maximum velocity in the channel, and H is the channel height.

(Eq. 1.7) is the time-mean velocity through the channel, Uc max is

C_max

» The Reynolds number of the 3D channel flow

U -D U -2HB/(H + B
Rech: CJDU cH _ Ycsp . ( ) (1.33),

where Dcy is the hydraulic diameter of the channel cross-section, and B is the channel width.

* The strength of the control SJs can be quantified relative to the main channel flow
in terms of the ratios of velocities, flow rates, and momentum:

1 (U,
¢y =— (_Oj (1.34),
n =\ Uc
4 (U,
S (_Oj (1.35),
AC n=1 UC
M se2( 4 YU,
Cy = s =nZ Zo (1.36a),
M ne .. 24\ BH )\ U,
pB [U*(y")dy
-H/2

2
577 A\ Uy,
Cy = Y 1.36b),

where A is the cross-section area of the SJ actuator orifice (A = zD’ /4), n is the number of
control SJs (n =1 or 4 for the current study), and Ac = BH is the cross section of the channel
(width x height). In Equation (1.36), the laminar parabolic profile of two-dimensional flow is
assumed — see Eq. (1.5b).

Eq. (1.36a) can be used if the individual SJ actuators have the same value of Uj. Eq. (1.36b)
has general validity, which is useful in the case of SJs with slightly different velocities (as will
be evaluated in the current study).
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CHAPTER 2

EXPERIMENTAL SETUP AND METHODS

2.1 EXPERIMENTAL SETUP

2.1.1 SYNTHETIC JET ACTUATOR

The first step of the SJ research was the development of a SJ actuator. The actuator (see
Figure 2.1) consists of a sealed cavity, which was equipped with an emitting orifice (diameter
D =3.0mm) and with an actuating piezoelectric membrane (KINGSTATE KPS-100 — see
Figure 2.2, diameter of the cavity Dp = 36mm). Appendix 1 shows the SJ actuator drawing
with the exact dimensions.

The piezoelectric membrane (piezoceramic transducer — PCT — see Figure 2.2) was used
because it offered several significant advantages, e.g. applicability in different fluids, in broad
temperature ranges, and in heavy-duty facilities. Further advantages of a PCT include a long
operational lifetime and low power consumption.

A PCT is composed of two basic layers — a piezoceramic layer and a metallic membrane.
The piezoceramic material is based on the oxides of lead (Pb), zirconium (Zr), and titanium
(T1) solid solutions and is piezoelectrically active. The metallic membrane is piezoelectrically
neutral. These two layers are fixed firmly together. A thin layer of silver is coated on one side
of the piezoceramic to form an electrode. The second electrode is comprised
of a piezoelectrically neutral metal plate.

All actuator sizes stem from the previous experiences of the author with SJ actuators, e.g.
[A13 and A14].

Fig.2.1 SJ actuator (a) front view, (b) view of the PCT
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2.1.2 TESTED CHANNEL FOR SINGLE SYNTHETIC JET ACTUATOR

Figures 2.3 and 2.4 show the tested channel for a single SJ
actuator. This tested channel was made for the PIV
experiments at TU Eindhoven (Netherlands). The walls of the
tested channel were made out of Plexiglas. Blackening of the
bottom plate reduces laser reflections for PIV experiments.
The channel inlet was carefully rounded to prevent flow
separation, and its end was equipped with a grid (position 7 in
Figure 2.4) to prevent flow separation at the inlet and to
control flow velocity through the channel. The channel
length, height, and width are Lyp+ Lpown = 1020mm,
H=40mm, and B =200mm, respectively. When conducting
experiments, the channel was assembled with aluminum
supports (Figure 2.3, not drawn in Figure 2.4) and was
inserted into the water circulation channel (TU Eindhoven)
with a cross section of 570mm x 450mm (horizontal x vertical dimensions, respectively).

Figure 2.4 shows a schematic view of the configuration — the tested channel inside the
circulation water channel. In this setup, the synthetic jet actuator is located at position 4
(Figure 2.4). As mentioned in paragraph 2.1.1, the actuator consists of a sealed cavity, which
was equipped with an emitting orifice and with an actuating piezoelectric membrane.
The actuator orifice was oriented vertically upwards to the exposed channel.

Fig.2.2 Piezoceramic transducer

2.1.3 SYNTHETIC JET ARRAY SETUP

In the next step of investigation, a SJ array of four SJ actuators was placed across the channel
cross section. Figures 2.5a and b show the horizontal projection of a single SJ and SJ array,
respectively. The coordinate system used is visible.

For the investigation, two experimental setups were made. The first setup (see Figure
2.6a) was made for LDV experiments to find four PCTs with the same characteristics and
phase shift and to carry out flow visualization and PIV experiments of an SJ array without
affecting the channel flow. This setup was made from Plexiglas; for exact dimensions see
Appendix 3. The upper wall is bolted on with four screws, allowing the wall to be removed.

Fig.2.3 Tested channel (a) general view, (b) detailed view of the SJ actuator on the bottom
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mre
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R=H/2
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Fig.2.4 Schematic view of the present configuration. 1 — SJ cavity, 2 — SJ
orifice, 3 — SJ membrane, 4 — SJ actuator, 5 — AC supply, 6 — tested channel,

7 — grid, 8 — water circulation channel
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R
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piezoelement
KINGSTAGE KPS - 100

m

ITI

(b)

For the experiments with a
SJ array in a channel, a
Plexiglas wall (Fig.2.6b, for
dimensions see Appendix 4)
with dimensions: length (length
with  start) X width X
thickness = (860 (880) x 200 x
10) mm was constructed. The
wall inlet was carefully
rounded, and the SJ array was
placed 520mm from the
beginning. The wall was put
into a circulation water channel
at the Institute of

Thermodynamics (described in
Chapter 2.1.4).

IIT

Fig.2.5 Horizontal projection (a) single SJ, (b) SJ array

(b)

Fig.2.6 SJ array equipment (a) with and without the upper wall, (b) plexiglass wall
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2.1.4 CIRCULATION WATER CHANNELS Water tanks

Two circulation water channels were used for the
experiments: at the Eindhoven University
of Technology (TU/e) in the Netherlands, and at
the Institute of Thermomechanics AS CR, v.v.i,
(IT) in the Czech Republic (the PIV system used at
IT was from Technical University of Liberec —
TUL). Nevertheless, the channel with single SJ/SJ
array device width and height were the same at
both facilities (see Figs. 2.4 and 2.8): B = 200mm,
and H=40mm, respectively. The device length, Pumps

Lup + Lpown Was slightly larger at the TU/e facility =~ Fig-2.7 Schematic view of the water channel at TU/e
(1020mm), while it was 880mm at the IT facility —

see Figs. 2.4 and 2.8, respectively.

Note that the channel length upstream from the SJ location, Lyp, was designed to be
longer than the hydrodynamic entrance length Ly, which is discussed in part 1.1.1, Eq. (1.1)
above.

The circulation water channel at TU/e (schematic view in Figure 2.7, see Appendix 5 for
photos) has a cross section of 570mm x 450mm (horizontal x vertical dimensions,
respectively); the length is approximately 2500mm. There are water tanks (approx.
dimensions: diameter 1000mm, height 2200mm) at both sides of the channel. Three pumps on
three sectional pipes control the water flow rate.

Channel with cross
section 570x450mm

Figure 2.8 shows the circulation water honeycomb >
channel used at IT. This vertical channel was ?ZZZ% S&
made from Plexiglas. A pump pumps water to TN

the top. Inside the channel, a Plexiglas plate
with a SJ array is placed vertically.

plexiglass wall
with SJ array

SJ actuators

Y,
Overflow
X[
SJ array
e

Flow meter

Pump N7 N

Fig.2.8a Circulation channel at IT CAS Fig.2.8b Drawing of circulation channel at IT CAS
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2.2 SIGNAL (e.g. VELOCITY) DECOMPOSITION

2.2.1 CONTINUOUS SAMPLING

In continuous sampling, the data are recorded constantly. Moreover, the driving signal also
has to be recorded (e.g. a TTL signal). This driving signal is used for measuring signal
decomposition — the principle is shown in Figure 2.9, wherein the acquired signal is divided
into N individual periods (Figure 2.9b) that are used to calculate the periodic part (Figure
2.9¢). Triple decomposition was used for velocity analysis, as described in paragraph 2.2.3
below.

Continuous sampling was used for the HWA experiments in this work. For our
experiments, the typical sampling frequency and number of samples were 7 kHz and 32 768,
respectively.

2.2.2 CONDITIONAL SAMPLING

Conditional sampling is a sampling that depends on all conditions — i.e. sampling always has
to occur at the same phase in a process. For example, the sampling starts with the beginning
of the period given by an external periodical signal (TTL or pulse). In accordance with the
external signal, the synchronization is performed. For more details, see Bruun [55].

Conditional sampling is used for PIV experiments. Figure 2.10 shows schematically the
sinusoidal driving signal from the generator, which feeds the SJ (blue), the TTL signal (green)
from the generator, which has a frequency identical to the driving signal, and the pulse signal
from laser (red). The laser starts to work with the leading edge (our choice) of the TTL signal
from the generator at the exactly set time (sampling starts at this time). Changing of this time
enables the whole SJ period to be measured.

(a) (b)
TTL TTL
1%82 CTA - :: o
15 |M A r - 17 = Q’?ﬁ ]
. Ty
e T g T T B s [ 8 i,
PP P OV R A ! Lﬂ'mw O I
] O | A A TR N N
e L [ 1] lﬂf H - AT
125 LU \ | | 13
151 SN ) Sy s , 12 :
0015 0,025 0,035 0.045 0,055 0,065 0 o002 o004 Opog 0003 OmM omz2 o014
t[s] t[s]
o (c) | | | |
Fig.2.9 (a) Continuous sampling: acquired CTA (green) and
1.8 Ete (t) ﬁ TTL (blue) signals
1.7 ’ (b) Acquired signal divided into N individual periods
15 lf_-q\ f \\ (c) Time-mean dependent signal
7z N
1.4 v
1.3
1.2

0 o002 0004 0006 0005 OO0 0012 0014
t[s]
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TTL signal

\i Jf"“\\ ]
NN
A A

| | S.J driving s?gnad | R

t(s)
1l 12 1L+ (2*T) 2+ (2*T)

Fig. 2.10 Schematic of conditional sampling (¢/, 2 is the exactly set time for
sampling; 7 means the period)

2.2.3 PHASE AVERAGING

Phase averaging is used for measured signal decomposition. Signal decomposition is used to
analyze the results of hot wire anemometry (constant temperature anemometry — CTA)
experiments (principle of CTA is described in Chapter 2.3.1). During the measurement, two
signals are recorded — the CTA signal and the TTL signal. The frequency of the TTL signal
corresponds to the frequency of an actuator. The TTL signal jumps between a maximal and
minimal value of 4.0V and 0.1V. The TTL signal is used to separate the individual periods
recorded during CTA measurement.

The recorded, instantaneous signal E(¢) is the composition of the mean time, periodic,
and fluctuating parts, i.e. E, e, (t/T), e'(t/T), respectively:

E(t)=E+e,(t/T)+€'(t/T) 2.1).

The definition of the velocity components in the stream-wise direction is the following:

w(t)=U+U,(t/T)+u'(t/T) 2.2),

where u(?) is the instantaneous velocity, U, U, and u’ are the time-mean, periodic (coherent),
and fluctuation (incoherent, random) components, respectively, and #/7T indicates the phase
during the cycle.

The time-mean component can be determined by:

= lim j E(t)dt 2.3).

To quantify of the fluctuating part ¢'(z/T), the root mean square (rms) value of the signal
is evaluated. The turbulent intensity at a particular time is defined as:

[e(r/T)]

(2.4),
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where e(t/T),  is the standard deviation in the phase #/7T calculated as:

rms

le(z/ D)., = %ﬁ:{m +nT)— [E+ e, (t/T)ﬂ (2.5),

where N is the number of the periods of the acquired signal.

Figures 2.9a, b, and ¢ show schematically the principle of phase averaging. With help
from the TTL, the acquired signal is divided into N individual periods (Figure 2.9b). The
periodic part is calculated from these periods (Figure 2.9¢).

In the case of SJ experiments in this work, the measured SJ period was divided into 12
parts of 5.5ms. Each double image gives the instantaneous figure (resultant image), i.e.
information about particle displacement represents each of these 12 parts. In time averaging,
the images are put together at the same time (the same part of the measured periods) during SJ
actuating cycles. Figure 2.11 demonstrates an example of phase averaging in PIV
experiments. It shows a single SJ without channel flow interaction at the instant of maximum
extrusion velocity (#/7 = 0.25), with the resulting vector maps averaged over 100 PIV records (i.e.
recorded in the same part of 100 periods).

R T AT
cont LTI ]
...... i ..
M.,
...... atit ...
EETIT

..... it .
et LEIRTORT

ottt T,
Lot [ ETT R
) e
sl | RN
Ry, e e

) ,75\_ I
Y | SO

orifice orifice orifice

0.060
—
0054 m/s

0.048

0.042

0.012 0.024 0.036
0.018 0.030

0.000
0.006

Fig.2.11 SJ phase average of 100 periods in #/7 = 0.25 (vectors of velocity magnitude)

2.2.4 TIME AVERAGING

Time averaging can be expressed as:

u(t)=U+U, () +1(0) 2.6),
U= }%Ti O w(t)d 2.7,
WO, = Sl -UT 2.8),

n=1

where u(?) is the instantaneous velocity, U, U, and u'(z) are the time-mean, periodic, and
fluctuation components, respectively, u(?)ms 1s the standard deviation, ¢ indicates time, and N
is the number of SJ cycles (e.g. recorded double images during PIV measurement).
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2.3  EXPERIMENTAL METHODS
2.3.1 HOT-WIRE ANEMOMETRY

2.3.1.1. PRINCIPLE

Hot wire anemometry (HWA) is one of the classical methods for measuring fluid velocities,
including a fluctuating velocity component. It was used in this study to quantify SJ velocities
in general and to evaluate the resonant frequency of SJ actuators in particular.

The method is based on convective heat transfer from a heated body (hot wire or hot film
probe) into a moving environment. The basic element of the measuring circuit is the probe,
which is a wire fixed to the prongs of the carrier. The wire (typically tungsten) is heated by an
electric current. The heat flux generated by the electric current in the wire element of length
dx can be formulated according to Joule’s law in the form:

2
40, = L Hie g 2.9),

wire

where / is the electric current, y .. is the specific resistance of wire material at the wire
temperature Tyire, and Syire 18 the wire cross section area; for more details, see Bruun [55].
The heat flux dQ, generated in the wire element dx (see Figure 2.12) must be equal to the

sum of the heat transferred into the surroundings, i.e. the convective transferred heat dQ

conv ?

the heat transferred into carriers dO the heat radiated into the surroundings dQ._,, and the

cond rad >

accumulated heat dQ,_:
dQJ = dQconv + dQcond + erad + anc (2 10)

The heat dissipated by radiation is in most cases negligible, and the heat dissipated from the
wire into the carrier can be considered as independent of the parameters of the flowing

medium [55]. The convective heat flux dQ_ transferred into the flowing medium can be
formulated as:

conv

W, VLL _T qknnu \/l -

‘?J\J —_— Armpl.

qad l qmnd

Fig.2.12 Schematic view of HWA (CT) measurement
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d0  =md  oT.. —T Vdx
. QCOnV ere ( ere o0 ) (2' 1 la, b)’
Q conv = lere ere a(TerC o0 )

where d .. is the wire diameter, « is the (overall) heat transfer coefficient, 7,  the wire
surface temperature, and 7, is the fluid temperature [55]. Based on this knowledge, HWA
can be used for both velocity and temperature measurement.

If a constant temperature mode is assumed, the thermal balance for an infinitely long wire,

where the heat transfer into the holder is ignored, is given by:

IZRWi['C = MWII‘C w1rea(Tw1re - ) (2'12)’
where Ry 1 the wire resistance on a heated wire with the temperature 7y
Ry = [£2im gy (2.13).
! wire
After a substitution of resistance R, = R,[l+a,(T,,. —7T,)] and Ohm’s law E, . =IR,,.,
the equation (2.12) becomes:
E\fnre
=(4+BU" )T, -T.) (2.14),

wire

where A, B and n are the functions of wire diameter and the material properties of the wire,
and of the surrounding fluid, whose magnitude are determined through calibration, [55].

As mentioned above, HWA probes are sensitive to both the velocity of the surrounding
fluid and its temperature. The velocity sensitivity S, cr of a probe connected in constant
temperature (CTA) regime can be calculated as:

1

oF "R Toe — 1) |2
Su ot — WIre — nBU WIre ( WIre o0 ) (2. 1 5).
’ ou 2 A+BU"
Temperature sensitivity S, can be calculated as:
aE‘wire w1re (A + BU )
Socr = =—— (2.16),
00 2l (T,.-T,)

where @ are small fluctuations in the surrounding temperature 7, [55].

HWA can be used in two regimes — constant temperature (CT) and constant current (CC)
anemometry. All our experiments were carried out in the constant temperature regime.
Figure 2.13 shows the wiring of the HWA in the CT regime.

In the constant temperature (CT) regime of HWA, the temperature of the wire is
maintained constant. The voltage change E»-E;, which is proportional to the resistance change
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of the wire, results from the fluid velocity change. The signal E»-E) is led into the amplifier,
where the supply current / is modified to keep the wire temperature constant, [55].

2.3.1.2 OVERHEAT RATIO

An important parameter of probes working in a CT regime is the so-called “overheat ratio” a:

R

a, = ﬁ (2.17)
and it is a guide for adjusting the wire e e S
temperature, [55]. From Equations (2.15) and |
(2.16), it follows that the velocity and I
|

temperature sensitivity of the probe is directly
dependent on the selection of the overheat ratio.
Therefore, for velocity measurement, it is . W
recommended select an overheat ratio as high as 1——9\" -
possible (maximum values are limited by the
material properties of the wire, especially by a j

tendency toward faster corrosion at higher
temperatures). For experiments in water, the
overheat ratio is limited by the boiling
temperature of water and by the influence of Fig.2.13 Wheatstone bridge for anemometer operating
buoyancy measurements. in CT mode

|
|
=

2.3.1.3. VELOCITY CALIBRATION
Precise calibration of the probe has to be done to obtain good quality results. Calibration is
used to determine the constants in established calibration relations for velocity measurement

E = f(U) and for temperature measurement £ = f(T).

The most common relations for HW A calibration are [55]:

1. The power law (King’s law) [58]: E*=A+BU" (2.18),
2. The extended King’s law E*=A+BU" +CU (2.19),
3. Polynomial curve fit [63] U=A+BE>+C(E*)* + D(E*)’ (2.20),

King’s law — King proposed n = 0.5, but results from Collins and Williams have shown
that a better curve fit is n = 0.45 for 0.02<Re<44. Based on later experiments, the value 7 is
considered as various parameters. The optimal value for a typical Sum wolfram probe is
n=(0.4-0.45).

Extended King’s law — Van der Hegge Zijnen [59] proposed to use a non-dimensional
heat transfer equation for a large range of Reynolds number 0.01<Re<500,000:

Nu=0.35+0.5Re”’+0.001Re (2.21).
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A similar relation was later proposed by Richardson [60] and Fand and Keswani [61]. Davies
and Patrick [62] applied this relation in the form E*=A+BU’’ +CU for a heated wire
probe, where U can be obtained by a simple inversion process.

Polynomial curve fit — George et al [64] established a polynomial equation in the form:

U=A+BE+CE*+DE’ +.. (2.22).

The expression of the velocity U in polynomial form from E has the advantage that the
requested velocity U can be expressed directly from equation (2.22).

During our experiments, a towing tank at TUL (see Appendix 7) was used as the
calibration equipment. In a long enough towing tank (5.5m for the present case), the probe
can be moved in quiescent water with a constant velocity (in a range from 0.001 m/s to
0.25 m/s). The velocity is known, the probe voltage is measured, and the calibration constants
for the chosen equation (2.18-2.20) can be easily evaluated. In the present study, the
calibration form of equation (2.22), namely, a third-degree polynomial, was used.

23.14 USING HWA IN WATER

The HWA method can be used for measurements in water and in other fluids, [55]. Hot film
probes should be used for these measurements. A few issues must be considered to obtain
reliable results:

Bubble formation on the probe: It has been observed that this problem is caused by
bubbles in water. It is recommended to allow the water to rest (long enough) before use. The
effect can be also eliminated by restricting the temperature difference between the film and
water to approximately 20°C. The corresponding overheat ratio a, =R, /R, =1.05-1.1
and its value depend on the material used (platinum or nickel), [55].

wire

Cavitation: Cavitation can be caused by high velocities and is connected with bubble
formation on the wire. For a 25 pm or 50 pm diameter probe, it is about 9 ms™ or (4.5-6)ms™,
[55].

23.1.5 HWA SETUP USED
For experiments, the DANTEC system was used: hot-film probe 55P36, anemometer 90C10,

bus bar NI CA1000, and A/D converter NI-PCI-MIO-16E-1. The measured data was
analyzed in StreamWare 3.01 and Microsoft Excel.

2.3.2 LASER DOPPLER VIBROMETRY

2321 PRINCIPLE
Measurement of the oscillating PCT membrane is based on the Laser Doppler Vibrometry

(LDV) principle. LDV is a non-contact vibration measurement technique utilizing the
Doppler Effect. LDV permits the measurement of hot, miniature, or soft surfaces, even under

47



Experimental setup and methods

water, without mass-loading. A laser Doppler vibrometer is based on a detection of the
Doppler shift of coherent laser light that is scattered from a small area of a test object. The
object scatters or reflects light from the laser beam, and the Doppler frequency shift is used to
measure the component of velocity, which lies along the axis of the laser beam, [65, and 66].

The Ometron VH-1000-D (B&K 8338) Portable Digital vibrometer is used to measure the
velocity of the oscillating membrane. This kind of vibrometer measures a vibrational velocity
according to the heterodyne interferometer principle, which generates a high-frequency carrier
signal at the photo detector with the aid of a Bragg cell. The beam of helium neon laser is
pointed at the vibrating object and scattered back from it. The velocity and amplitude of a
vibrating object generate a frequency or phase modulation due to the Doppler effect. The
object beam is thereby subjected to a small frequency shift, which is described as the Doppler
frequency f,,. The Doppler frequency is a function of the velocity component v in the
direction of the object beam according to:

1%
fo = ZE (2.23),

where A is the laser wavelength, [66]. The Bragg cell also generates an optical frequency
shift f, in the reference beam. After superimposing the measurement and the reference beam,
an electrical signal is generated at the photo detector with instantaneous frequency:

fe®1= fy+ f50 = fy + 22 (2.24).

This is a carrier frequency signal with a center frequency f,, which is the frequency
modulated with the Doppler frequency f,,(¢) . Through frequency demodulation, the velocity
signal can be decoded. In the VH-1000-D, demodulation of the Doppler signal is based purely
on a digital process, [66]. For signal processing, an analog signal output with 24-bit amplitude
resolution is available.

2322 VIBROMETER PARAMETERS

The main parameters of the vibrometer VH-1000-D are the following, [65, 66]:

= Frequency range: 0.5Hz - 22kHz

=  Measurement ranges (full scale (peak-peak)): 20 mm/s, 100 mm/s, 500 mm/s

= Spurious free dynamic range (SFDR): > 90 dB

» Best resolution: 0.02 pm/s/Hz"’

The response of a PCT to a harmonic driving signal at frequency f= 15Hz was measured.
The LabView software was used to acquire and analyze the signal obtained from the Ometron
vibrometer. Microsoft Excel was used for additional calculations and analysis.

2.3.3 TINION VISUALIZATION

Tin ion visualization (or electrolytic precipitation method) is used for SJ and SJ array primary
structures visualization. It helps to evaluate the basic character of the flow. This method is
based on the tin ion transfer from an anode to a cathode in an electrolytic solution, described
by Honji and Taneda [67]. For our experiments, a tin wire with a diameter d = 0.5 mm was
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used as the anode. A copper stick with a diameter vottage and current
6 mm and length 140 mm was used as the cathode. A source

SJ nozzle was submerged into an electrolytic solution  copeerstick - cathode

(mix of water and salt). The tin wire was attached /

close to the SJ orifice. Tin ions from the anode were tin wire - anode }

released after DC voltage was applied. The particles

were visible as a “white streak lines” with a very low

sedimentation velocity. This method is very useful for
velocities up to 5 cm/s, while the particle production — Fig.2.14 Schematic drawing of visualization
is not sufficient at higher velocities, [68].

Experiments are performed at a frequency of f= 15Hz. For electrolysis, a voltage of
E =30V and a current of /=0.1 A were used. For lighting, a continuous laser ND:YV04 with
a power output of 300 mW and a laser for PIV system New Wave Geminy with output energy
of 120 mJ in each pulse were used. By means of a cylinder optic, a thin light sheet was made,
wherein the movement of tin ions was visible.

2.3.4 PARTICLE IMAGE VELOCIMETRY

2.3.4.1 PRINCIPLE

Particle Image Velocimetry (PIV) is used for channel flow and SJ/SJ array measurement. It is
a non-intrusive laser optical measurement technique for research and diagnostics of flow,
turbulence, microfluidics, spray atomization and combustion processes [37]. In PIV, the
velocity vectors are derived from sub-sections of the target area of the particle-seeded flow by
measuring the movement of particles between two light pulses:

Al
v A (2.25),
where v is the flow velocity component, A/ is the particle displacement and A¢ is the time of
the particle displacement, see e.g. [56].

Figure 2.15 shows the principle of a PIV system. The measurement fluid has to be
transparent enough. The small particles are put into this flow environment. The particles are
illuminated in the target area with a laser light sheet. A camera lens images the target area
onto the sensor array of a digital camera. The camera is able to capture each light pulse in

Laser

Camera

Fig.2.15 Principle of PIV measurement Fig.2.16 Interrogation areas
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separate image frames. Once a sequence of two light pulses is recorded, the images are
divided into small subsections called interrogation areas (IA) — see Figure 2.16. The
interrogation areas from each image frame, I; and I, are cross-correlated. The correlation
produces a signal peak, identifying the displacement, A/. An accurate measurement of the
displacement — and thus the velocity — is achieved with sub-pixel interpolation of the cross-
correlation signal. A velocity vector map over the whole target area is obtained by repeating
the cross-correlation for each interrogation area (with one vector for each interrogation area)
over the two image frames captured by the camera [56].

2342 IMAGES ANALYSIS
For image, recording two cases are used:

= Double exposure — the start and end positions of the particles are recorded onto the

same image.

* For a single exposure, two images are used. The first image is for the start position of

the particles and the second is for their end position.

According the image scanning case, the correlation function for the displacement mean
value in a given area is used [69]. For a double exposure, the autocorrelation is used for data
analysis. According to the data in the form of the brightness value in specific camera pixels,
the calculation of discrete autocorrelation is:

@, (m,n) = lfzjjw kD) f(k+m,l+n) (2.26).

k=—0

Functional value f(k,l) is light intensity recorded with the detector on pixel position (k,/). The
result is a correlation map. For autocorrelation, there are three peaks (see Figure 2.17). The
main peak is in the middle of the autocorrelation level, and it is the comparison of itself (zero
displacement). The next two peaks are smaller and symmetrically distributed around the
central peak. By comparing each vector with all others, two times the same displacement with
opposite orientation can be calculated. It is not clear which point is initial and which is the
end. The directional ambiguity ensues from that. This problem can be solved by using a
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Fig.2.17 Graphical presentation of autocorrelation: Fig.2.18 Graphical presentation of cross-correlation
Rp is the central vector of the autocorrelation. Sa is the

resulting vector of the average displacement in this

interrogation area between central peak Rp and peaks Rp-,

Rp+R+Rr is the value of the correlation noise.
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suitable offset, [69].
More often, a cross-correlation is used. It investigates two separately exposed images. The
equation of the cross-correlation discrete calculation is:

@, (m,n) = k:fzjjw Fk,D)- gk +m,]+n) (2.27).

Figure 2.18 shows the cross-correlation result. In this case, there is no question about the start
and final positions of the particle. Therefore, the correlation plane delivers an unambiguous
result. There is only one peak and its joining with a correlation plane center determines the
resulting shift vector [69].

For this result, a vectoring map can be created. The vectoring map shows velocity vectors
from the entire measured plane between two moments. Figure 2.11 (Chapter 2.2.4) shows the
vectoring map after incorrect values filtering.

For correlation calculations, the fast Fourier transformation (FFT) is used. The time-
consuming computation of a correlation is replaced with a conjugate multiplication of
corresponding coefficient pairs of Fourier images of light intensity functions. The correlation
function is obtained back with reverse Fourier transformation of the result. Figure 2.19 shows
the calculation using FFT, [69].

Window function
The main failure of PIV is the creation of “lost pairs”. The “lost pairs” are generated when
the particle leaves the area in the

period between two expositions (more Systern  Image 1: Image 2:
about “lost pairs” is described in ipat = BTl
paragraph 2.3.5.3 below). Lost pairs + +
increase the noise value in the Image subsampling o o

. . at position (i)
correlation plane. The next correlation il

noise enhancement features FFT i%&g T
calculation. Both of these problems Fast Fourier e T {optional}

[

occur at most around the borders of
the investigated area. A special
window function assigns a low
importance to the particle image near
the borders thereby decreasing its
influence on the correlation
calculation. In practice, the Gauss

ransformation

Multiplication of
Fourier images

F (u,v) G (u,v)
|

Oiu,v) = Fluv)yGluv)

@ (1,v) - i
Filter function

. « ” Inverse Fourier FET- (optional)

function and the so-called “Top-Hat SaRsEEhat N
function are used. The “Top-Hat” B
function assigns zero importance to

int the bord d Peak detection and
POII] § near c or CI‘S' an . s subpixel nterpolation
importance to those points in the et
middle of the interrogation area. With y
application of window functions, the Conversion Vii,j)
information concerning large quantity R Yyl

particles movement 1is lost. The
interrogation area overlap solves this
problem, [69].

System output

Fig.2.19 Computation of vector map with use of FFT, [69]
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Overlap of the interrogation area Data masked

The overlap is the next possibility to e
improve the vector map calculation. Figure 2.20 ¥#| | information
shows the principle of the overlap. When using st .
a window function, the information about Lgi;’g’;:ﬂ"”i -

particles at the borders of the interrogation areas
is not effectively utilized. When using the
overlap, information about the hidden border -
particles in the first area can be obtained by . ;
processing in the adjacent area; thereby :
reducing data loss when using the windows,
[69].

50% Overlap

Fig.2.20 Principle of interrogation areas overlap, [69]

Sub-pixel interpolation

Sub-pixel interpolation is able to more exactly determine information about peak location
in the correlation plane — height, width, and place. Without interpolation application, the
maximum achievable accuracy is limited by the resolution of the camera used. Therefore, it is
not possible to detect the peak parameters beyond an accuracy of one pixel. For higher
accuracy, it would be advantageous, when possible, to place the correlation peak between the
defined pixels. This can be achieved by an interpolation with the Gaussian curve, for example.
For its interlay, it needs three points. These points represent an image of the particular
particle, [69]. If the particle does not interfere directly in at least three pixels of a sensor array,
it is advantageous to blur the camera and thereby extend the image.

Another possibility is to extend the correlation peak with special filters at the detriment of
its height. Its width must fall within a certain interval. If the top is too thin, it is not possible to
correctly interline the points for sub-pixel interpolation because the interpolation can also be
affected by small high-frequency noise due to the large width. This operation cannot change
the position of the peak in a plane and does not influence the determination of the resulting
displacement, [69].

Offset of second correlation area

By default, the interrogation areas are located at the same position within the first and the
second camera image maps. The resulting measurable particle displacement is +1/4 of the
length of the side of the interrogation area. However, it is possible to shift the velocity range
by offsetting the second interrogation area relative to the first, so that the range of measurable
displacements are no longer symmetric around zero, [69].

After correlating the particle image in interrogation area 1 with the particle image in
interrogation area 2, the resulting measurable displacement now equals the offset +1/4 of the
size of the interrogation area.

Ideally, the offset should correspond to the average particle displacement, so that every
seeding particle in interrogation area number 1 corresponds to a seeding particle in
interrogation area number 2, and so that both particles in such a pair are located at the same
position within their respective interrogation areas. In this way, the “lost pairs” can be
minimized since in-plane motion is eliminated, and out-of-plane motion is the only remaining
source of the problem.

The same offset value is applied to the entire investigated field, and should thus be chosen
on the basis of the known or expected average particle displacement for the entire field, [69].
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2343

For our experiments, a unit
“Timer box” and DynamicStudio
v.2.30 (DANTEC) software
were used. All the control boards
of the lasers, cameras, and timers
of the input and output signals
were placed directly into the
main computer. DynamicStudio
is a control and processing
program for the unit Timer box.
The system allows the computer

Timer Box
{BONTE)

®© ©
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LASER AND SYSTEM SYNCHRONIZATION

Camera

Lazer

Qgw 2

Fig.2.21 A unit Timer box with signals for laser and camera

to take on the role of a measuring center. Data communication between the PC, laser, and
cameras runs through the internal protocols of the DynamicStudio control software and are
impossible to modify. Starting signals are taken out by means of a National Instruments PCI-
6601 counting measuring card into the unit Timer box with eight BNC connector outputs and

two inputs (see Figure 2.21).

Signals for the start of every flash lamp and Q-switching of the laser are led through one
cable, whose position it is necessary to define — to Timer box to connect the starting trigger

signal into two inputs.

Figure 2.22 shows the principle of basic synchronization. From the SJ signal generator,
the TTL signal goes into the PC (Timer box). The laser and camera start with the leading edge
of the TTL. The starting point of measurement is changed during the SJ period and, therefore,

the whole period is measured.

The delay inside the electronic synchronization devices does not exceed 3 us.

sin T [—
Amplifier . 51 actuator
f sin 4
Timer box TTL Sionai
" B ‘
I generator 0.0667 0.133 0.2 Ft*[s]
- &
d+{2.T} .
d '
—] Laser —
—l @ | Laser |
0.0667 0.133 0.2 t*[s]
} } } ]
0.0667 0.133 0.2 t*[s]

Fig.2.22 Schematic of basic synchronization for PIV measurements (7 means the period), modified by

[701
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2344 SETUP PARAMETERS
In the present study, two PIV systems were used:

= Parameters for the PIV system at the Eindhoven University of Technology (TU/e)

Experiments at TU/e were performed with a channel flow without a SJ and with a channel
flow interacting with a single SJ. Seeding particles were polyamide balls' with diameters of
20 um (DANTEC), which have a density comparable to water. The particles were illuminated by
a double pulse laser with a maximum 200 mJ per 5ns pulse, at a repetition rate of 2 x 15Hz.
A typical delay time of 30 ms was used. The laser beam was expanded by a cylindrical lens
into a light sheet of about Imm in thickness. The image pairs were acquired using a 10-Bit
CCD Kodak ES 1.0 camera with a spatial resolution of 1008 x 1018 pixels and a maximum
rate of 30 frames/s. The resulting vector maps were averaged over 54 double pulses in
sequence. Velocity vectors were determined by adaptive correlation using interrogation
windows of 32 x 32 pixels at a 50% overlap and by cross-correlation using interrogation
windows of 64 x 32 pixels at a 50% overlap, respectively. Adaptive correlation was used on
the images, which shows the SJ flow in the direct vicinity of the actuator; cross correlation
was used on the images father from the SJ actuator. Data processing was done using
FlowManager 4.71 (DANTEC) software.

= Parameters for the PIV system at the Technical University of Liberec (TUL)

Experiments were focused on a single SJ and on a SJ array — both either with or without a
channel flow. Two kinds of seeding particles were used: polyamide balls with diameters of
20 um (DANTEC) and fluorescent rhodamin coated particles’ with diameters of 10.2 pm
(Microparticles GmbH). The particles were illuminated by a double pulse laser with a
maximum 125 mJ per 10 ns pulse at a repetition rate of 2 x 15Hz. The typical delay time
between two pulses was 5 ms.

The laser beam was expanded into a light sheet of approx. 1 mm thick. The image pairs
were acquired using the HiSense MKI camera (DANTEC) with a spatial resolution of 1280 x
1024 pixels.

The resulting vector maps were averaged over 100 PIV records. Velocity vectors were
determined by adaptive correlation using interrogation windows of 32 x 32 pixels at a 25%
overlap. Data processing was done using DynamicStudio 2.21 commercial software
(DANTEC).

2.3.5 UNCERTAINTY ANALYSIS

2.3.5.1 UNCERTAINTY OF CTA MEASUREMENTS

The uncertainty model combines uncertainty contributions U(y;) from each individual input
variable x; into a total uncertainty at a given confidence level, [57]. The output variable is
defined as:

" The advantage of polyamide balls is that they have the same as water, which guarantees accurate measurement
of the flow. The disadvantage is tendency for the particles to become attached to channel walls and their
consequential high reflection.

* The advantage of rhodamine coated particles is the negation of the influence of bubbles in water, foreign matter
drift with flow, and reflection from walls. During measurement, the camera’s narrow-band filter is used.
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yi=/(x;) (2.28).
The relative standard uncertainty u(y;) is a function of the standard deviation of the input
variance:
Ax.
u(y) = is(?] (229).

where § :Gy%x is the sensitivity factor and k&, is the coverage factor related to the

distribution of the input variance.

The uncertainty of the results obtained with a CTA anemometer is a combination of the
uncertainties of the individually acquired voltages converted into velocity and the uncertainty
of the statistical analysis of the velocity series.

Anemometer

Commercially available anemometers have low drift, low noise, and good repeatability, so
that these factors do not add significantly to the uncertainty in comparison with other error
sources. In certain applications, e.g. dissipation measurement, the high frequency noise of the
anemometer may be significant, [57].

The frequency characteristic of the anemometer will not add to the uncertainty when the
frequencies in the flow are below approximately 50% of the cut-off frequency (from the
square wave test), as the characteristic is normally flat up to this point, [57].

Calibration equipment

The calibration performed with a dedicated calibrator constitutes a major source of
uncertainty, [57]. The error is stochastic with a normal distribution, and the relative standard
uncertainty can be expressed as:

1
UU,,) = ——STDV (U,,(%)) (2.30).
100
The calibrator uncertainty is often given as a relative standard uncertainty, a_,, in percent
plus a constant contribution b_, in m/s:
STDV(Ucalibrator) = iacal (%) + bcal (m / S) (23 1)

For a good dedicated calibrator, the values are: a_, =+1% and b =20.02m/s. The

constant contribution b_, can usually be neglected at velocities above 5Sm/s, [57].

Linearization (Conversion)
The linearization uncertainty is related to curve fitting errors. It is stochastic with a normal
distribution, and its relative standard uncertainty can be calculated from:

UW,,)= ﬁSTDV(AUm %)) (2.32),
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where STDV (AU
points in %, [57].

) is the standard deviation of the curve fitting errors in the calibration

lin

A/D board resolution
The resolution uncertainty is stochastic with square distribution, and its relative standard
uncertainty can be expected as:

1 1E,0U

UU,.)=——
) J3U 2" OE

(2.33),

where E,, is the A/D board input range, n is its resolution in bits, U the velocity, and

8% E is the slope (sensitivity factor) of the inverse calibration curve, U = f(E), [57].

Probe positioning

The positioning uncertainty is related to the alignment of the probe in the experimental
set-up after calibration. The uncertainty is stochastic with square distribution, and its relative
standard uncertainty can be expected as:

R

V3

Normally a probe can be positioned with an uncertainty of Ad=1°,[57].

UU,,)=—=-cosb) (2.34).

Temperature variations

Temperature variations from calibration to experiment or during an experiment introduce
systematic errors. If not corrected, a change in temperature changes the sensor over-
temperature and contributes to a stochastic uncertainty with rectangular distribution. The
relative standard uncertainty is:

0.5
ulU,,)= 11 1 (Ayesyy (2.35).
v J3UT,-T,\B

where T, is the sensor temperature, 7, the ambient reference temperature, and AT is the
difference between the ambient reference temperature and the temperature during the
measurement, [57].

Ambient pressure variations

Changes in ambient pressure also influence the density and hence the calculated velocity.
It contributes to a stochastic uncertainty with rectangular distribution with a following relative
standard uncertainty, [57]:

1( A
U(U,,)= E(P()Jr—APj (2.36).
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2352 UNCERTAINTY OF LDV MEASUREMENTS

Measurement range

The VH-1000-D offers three velocity measurement ranges, with the corresponding full
scale values shown in mm/s (20mm/s, 100mm/s, and 500mm/s). If the full scale values are
divided by the four corresponding values of the output voltage swing of +4V | it produces the

respective scaling factors for the analog output signal as m y (5 M ,25 My , and
] S S

12555 V),
s

Generally, the smallest possible measurement range, which is not exceeded under the
given measurement conditions, should be used to optimize the signal-to-noise ratio. Coming
close to the exceeded measurement range (94% of the full scale) is indicated by a circular
symbol on the vibrometer display. A brief appearance of the over range indicator does not
necessarily mean the measurement is causing over range, as noise peaks caused by brief
disruptions of the optical signal level can trigger the display. However, when using the filters,
it is also possible that an internal overload outside the frequency pass band has occurred. In
this case, the over range indicator would appear without over range being apparent in the
output signal. Despite this, the next highest measurement range would have to be selected to
avoid waveform distortions, [66].

If the display over range indicator is lit up continuously, it means that the measurement
range is being exceeded. In this case, the next highest measurement range has to be selected,
[66].

Low pass filter

The VH-1000-D is equipped with switchable, digital low pass filter. Unlike typical analog
filters, the three selectable limit frequencies of 1 kHz, 5 kHz, and 22 kHz mark the upper
frequency limit for precise amplitude measurements (flatness +0.1dB), but not the -3 dB
point. The changeover to the stop band has a steep frequency roll-off of 120 dB/dec, resulting
in an effective suppression of noise and higher frequencies, [66].

High pass filter
To suppress low-frequency background vibrations, the VH-1000-D is equipped with a
switchable 3™ order Butterworth high pass filter with a cutoff frequency of 100 Hz (-3 dB).
The high pass filter is beneficial for signal acquisition if it is working with high-level
background noise, e.g. caused by machine vibrations, while measuring a relatively small,
desired signal at high frequencies.
Attention has to be paid to the following properties of the high pass filter:
= The changeover from the pass band to the stop band occurs with a more gradual
frequency roll-off (-60 dB/dec) than with low pass filters.
= A significant amplitude error occurs near the cutoff frequency
= For frequencies >140 Hz, the amplitude error is <-0.5 dB (-5%).

2353 UNCERTAINTY OF PIV MEASUREMENTS

The limitation of PIV consists of particle size, flow velocity, and saturation.
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The main limiting condition is the interrogation area length and its maximal displacement.
The maximal particle displacement should not be more than a quarter of the interrogation area
length. The equation for maximal velocity is:
— dl

4MAt

(2.37),

vmax

where d, is size of interrogation area, M is an enlargement, and Ar is the time between two

expositions.

One of the errors is linked with the “lost pairs”. Lost pairs are caused when the particle
leaves or enters the interrogation area between two light pulses. This particle does not have a
twin in a second image, thereby causing random correlations. With higher velocity particles,
the probability of leaving the interrogation area is higher. Then the particles with smaller
velocities have higher influence, and the resulting velocity looks lower than in reality. This
phenomenon is called the error of velocity taking down to zero.

Saturation

Another important parameter is the particle saturation of the flow. Low saturation
increases the probability that the particle leaves the interrogation area between two
expositions. This causes the correlation level noise rate to increase and measurement accuracy
to decrease. A recommended value of particle saturation is 5 particles in the area for cross
correlation and 10 particles for autocorrelation.

Measurement accuracy

To correctly understand flow character, it is important to select a suitable size for the
interrogation areas. To suppress the “lost pairs” error, it is necessary to choose large enough
areas. Nevertheless, for better space resolution, a sufficient quantity of vectors is need.
Finding a compromise between these two requests depends on the user’s skill. The application
of offset, overlap, window function, filters, etc. eliminates incurred errors. However, none of
these operations inserts any new information into the process. Conversely, these applications
can entirely misrepresent the results. In any case, they do not provide any information about
what happens in the flow in the time between two expositions. When a more detailed view of
the flow is required, it is necessary to adapt this time period. The main limits are the actual
possibilities of pick-up technique, lasers, and the analyzing equipment used, [56, 69].

2354 UNCERTAINTY OF USED MEASURING DEVICES

The experimental setup consisted of the following measuring devices: a Tektronix AFG 3102
signal generator, an Omnitronic MPZ-180 amplifier, a UNI-T UT70B voltmeter, a PU 510
ampere meter, and a Tektronix TDS 1012 oscilloscope.

Tektronix AFG 3102 signal generator

The frequency range, in our case a sinus waveform, was 1 pHz to 100 MHz. The
resolution of selected frequency was 1 pnHz of 12 digits. Accuracy was = 1 ppm.

The range of signal amplitude was 20 mV peak-peak 10 10 Vpeakpeak. The amplitude accuracy
was £ (1% of setting + ImV) at 1 kHz sine waveform, amplitude > 10 mV yeak-peak. 0 V offset.

Omnitronic MPZ-180 amplifier
During measurements at a frequency of 1 kHz, there can be a distortion of 0.5%.
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UNI-T UT70B digital voltmeter
For our measuring range of up to 40V effective and AC voltage, the resolution was 10mV,
and accuracy was * (1% of reading + 5 digits).

PU 510 digital ampere meter
For AC, the accuracy of the ampere meter was + (1% of reading + 0.5% of full scale).

Tektronix TDS 1012 oscilloscope
An oscilloscope was used to measure the peak-to-peak value of the amplified signal from
the signal generator. DC vertical accuracy was + 3%.
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CHAPTER 3

EXPERIMENTAL RESULTS

Five types of measurements were performed:

* Channel flow without interaction of a single SJ or SJ array,
= Single SJ in quiescent fluid,

= SJ array in quiescent fluid,

* Single SJ interacting with a channel flow,

» SJ array interacting with a channel flow.

As mentioned in Chapter 2, PIV experiments were performed with two different PIV
systems and with two different circulation water channels. First, the experiments at TU/e in
Eindhoven were conducted. Therefore, the measurement conditions (as well as the Plexiglas
channel dimensions and the setting of the channel flow velocity) were adapted to this
system’s possibilities. Subsequent experiments at TUL in Liberec and at IT CAS in Prague
were adjusted to these conditions.

In this thesis, three definitions of time origin are used: ¢* is the time related to the leading
edge of the TTL signal (used for LDV experiments and phase averaging of HWA results), #**
is related to the zero position of the membrane center at the maximum extruded velocity, and ¢
is related to the beginning of fluid extrusion from the SJ actuator (i.e. at zero velocity of the
fluid and maximum membrane displacement). These definitions will be demonstrated in
Figure 3.8, with an explanation in paragraph 3.2.3 below.

3.1. CHANNEL FLOW

3.1.1 CHANNEL FLOW USING CHANNEL AT TU/E (EINDHOVEN)

The first phase of the experiments was to visualize and measure the channel flow without the
interaction of a SJ or SJ array. The reason for this experiment was to detect and set the
laminar channel flow. For the first view of the flow, simple ink visualization was used — see
Figure 3.1. The ink was inserted about Im upstream from the test section. The laminar
parabolic profile of the channel flow corresponds quite well with the theoretical laminar
parabolic profile.

For a more precise measurement, the PIV method and polyamide particles were used. The
typical time-mean velocity profile for the (main) channel flow without SJ interaction can be
seen in Figure 3.2. It is easy to see that the measured profile compares very well with the
parabolic Poiseuille profile (denoted by U):
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Fig.3.1 Visualization of the laminar channel flow at Reynolds number Rec =Uc 2H/v= 480;
results from the experiments conducted at TUe (NL) — presented in [A16]

U=6-U.|y/H-(y/H)] 3.1),

where the origin of the crosswise coordinate y is chosen on the bottom wall of the channel —

see Fig. 2.4.

Figure 3.2 indicates that the velocity on the channel wall is not zero (see the position
y=40 mm). Obviously, this cannot be true. This error is typical for near-wall PIV
measurements, and it is caused by Plexiglas reflection. The reflections from the wall and from
the polyamide particles look like “white fog”, which prevents proper post-processing near the
wall. Reflections from the wall at distance y = 0 mm are rather well suppressed since this wall

was painted black.

The velocity profile was measured
approximately in one-half of the channel
length at location x =0 (see Fig. 2.4).
Note that the channel flow field at this
point can be considered to be fully
developed, as was discussed in Chapter
1.1.1, [80].

For evaluation of the Reynolds
number, the time-mean velocity through
the channel cross section was considered

as U.=(2/3)-U (for the two-
dimensional  case), and it s
approximately  Uc=0.006 m/s.  The
Reynolds number of the channel flow
was evaluated as Rec = 480.

max

3.1.2 CHANNEL FLOW USING
CHANNEL AT IT CAS (PRAGUE)

Figure 3.3 shows the PIV results of a
channel flow using a circulation channel
at IT CAS (see Figure 2.8). Figure 3.3a
compares the velocity laminar profile
with the parabolic Poiseuille profile
(using Eq.(3.1)). This profile was
measured at an approximate distance of
520mm from the beginning of the
Plexiglas wall in a plane of SJ array
orifices axis x=0 (see Fig. 2.8b and
Appendix 4). Figure 3.3b presents the
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Fig.3.2 Velocity profile of a channel flow without SJ;

results obtained at TU/e (Eindhoven).

red points— PIV measured profile,

green line - parabolic Poiseuille profile, Eq. (3.1)
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Fig.3.3a Velocity profile of a channel flow without SJ;
results obtained at IT CAS (Prague).

red points — PIV measured profile,

green line - parabolic Poiseuille profile, Eq. (3.1)
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results in the form of velocity magnitude vectors. 30 g = = = =~
Similar to above, the time-mean velocity s: -

through the channel cross section was evaluated -

as U.=(2/3)-U,,=0.0067m/s, and the 25

relevant Reynolds number was Rec = 536. 20

Figure 3.4 compares both velocity profiles in
a dimensionless form. The profiles shapes look
quite similar. Each profile is relative to the
corresponding Uk.

To demonstrate the three-dimensionality of

-

t
Feg
1y

Ln

—_— —_— —_— —_—
— — —
= o -

. 10 10 20 mm 30
the real channel flow, Figure 3.5a shows the orifice
velocity profile U(z). The transformation into a f—x
dimensionless form is shown in Fig. 3.5b. It is 0.00Z 0.003 0.004 0005 _ 0.005 __ 0.006
clear that the velocity profile is not fully 2007 0.008 0009 _0.009 0010 s
developed (compared with Figure 3.3). This ' _ '
confirms that the channel flow can be assumed to Fig.3.3b PIV results of velocity laminar profile

. in the form of velocity magnitude vectors;

be 2D, i.e. flow between two parallel walls. results from IT CAS

3.2. SINGLE SYNTHETIC JET

1.6

This part describes the behavior of a LA BB 4 ATCAS
single SJ. Good understanding of ™ O s Fog o™
a principle of a single SJ leads to right 12 e “ogh
proposal of SJ array. During experiments 10| Lt %
dealing with frequency characteristics 3 | L0 %
(chapter 3.2.1), the actuator was fed with = N %
a sinusoidal AC signal of a true rms AC %% o o
voltage of (18.6-19.3) V. The true rms 04115 o
AC current was (38.5-45.0) mA, and the 02 127 -
apparent electric power (the product of 0o | | | | )
the true rms AC voltage and current) was 00 02 04 06 08 10
0.8W. .
: e: : Fig.3.4 Comparison of channel velocity profiles from
During  additional experiments Tg " ani‘}T% Ag" of channel veloctty profiies iro

(chapters 3.2.2-3.2.6), the actuator was
fed with a sinusoidal AC signal at the
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Fig.3.5 Velocity profile of a channel flow without a SJ: (a) U(z), (b) U/U(z/B); results obtained at IT CAS (Prague)
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constant apparent electric power of 0.8W (at the true rms AC voltage and a current of 19.5V
and 40 mA, respectively).

For a single SJ/SJ array comparison, it is important to maintain PCT(s) at the same
voltage.

3.2.1 FREQUENCY CHARACTERISTIC (using HWA)

Finding a suitable SJ actuator nominal 24

frequency was the first step in the 22 (@) -
experiments. The maximal time-mean ) ®e

velocity of the flow was achieved via o o

the nominal frequency. For this reason, S

HWA was used. Figure 3.6 shows the  “ 16

frequency characteristic in the form of 14 o

the relationship between the HWA 12 9o ® ® e o o o
time-mean voltage and the frequency. ; ‘ ‘ ‘ ‘

The frequency was selected from a 10 20 30 40 50 60
range between 10Hz — 60Hz, and the fHzl

HWA probe was positioned at the 24

actuator orifice axis at a distance of 2.35 A . (b) -
v/ D =4 from the orifice. Figure 3.6a 23 A A 4

represents the full range of measured 2.25 i
frequencies. From a frequency of & ,, A

10Hz, the HWA voltage increased. ' ,s

The highest value of HWA voltage 91 -

was achieved at f =15Hz. From this 905

value, the HWA voltage decreased, ) | | | | | |

and from f =20Hz it exhibited a very 12 13 14 15 16 17 18 19
low, nearly constant value. Obviously, fIHl

the discovered maximum frequency of Fig.3.6 (a) Frequency characteristic of a SJ actuator,

f —15Hz was relevant to the first (b) detailed view (results of CTA experiments)

resonance of the actuator. Through
theoretical calculation, (see Chapter 1.4, Eq. (1.30)) the first resonance was estimated
at f =19.7Hz, which was in reasonable agreement with the experiment. The main reason for
the difference was caused by difficulties in evaluating PCT membrane stiffness — see the
experimental setup and measurement in Appendix 8.

In the end, the frequency f =15Hz was chosen as the nominal frequency of the SJ
actuator.

3.2.2 FLOW VISUALIZATION USING THE TIN ION METHOD

Tin ion visualization was used for a SJ without channel flow to observe the behavior of a
single SJ. The selected frequency f =15Hz was convenient for these experiments and the SJ
was clearly visible. The “white streak-lines” were recorded with a Canon EOS 40D digital
camera. For lighting, a continuous ND:YV04 laser with a power output of 300 mW was used.
The tin wire was fixed across the flow approx. 2mm from the orifice.

Figure 3.7 shows the vortex structures. The exposure time was 1/20 sec for Figure 3.7a
and 1/60 sec for Figure 3.7b, c.
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3.2.3 PCT BEHAVIOR USING LASER DOPPLER VIBROMETRY

An experiment was performed for a SJ
actuator without a channel flow. The
sampling rate for LDV measurement was
3000 Hz. The period starts with the
leading edge of the TTL signal, which
had the same frequency as the actuator
driving signal. Figure 3.8 shows the
results of LDV measurement of the
velocity of the PCT membrane center.
Figure 3.8 plots measured phase-
averaged velocity magnitude U, and
membrane center displacement Ay, which
was evaluated from the time behavior of
the velocity, taking into consideration the
sinusoidal waveform and using the least
squares fitting, which yielded
AY(t) = Aymaxsin(2fi**), where t** was
the time from the moment when

Fig.3.7 Tin ion visualization of a single SJ

membrane displacement starts. Moreover, Figure 3.8 shows the reference TTL signal
(acquired from the signal generator) and actuator sinusoidal input (the amplifier output). The
TTL and sinusoidal input are not represented at scale. The positive values of the phase-
averaged velocity magnitude (U,) mean an extrusion from the orifice while negative values

At =0.0093s
At = 0.002584s At =0.00767s
—_— -
0.04 0.004
0.03 0.003
0.02 0.0072
1 &
— 0.0 L 0001
£
E 0 0
= y
T 001 _0.001
002 -0.002
003 -0.003
‘[:Im T T T T T T —DDM
0 001 002 003 004 005 006
t* [s]
—p i — pFF —= 1

Fig.3.8 Results of LDV measurement of the oscillating membrane center. Phase shift between LDV
membrane center velocity measurement and its position calculation, TTL, and driving sinusoidal signal

o My
+ LU+lp

— i
— TTL

U+Up [m/s]
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mean suction into the actuator orifice. The highest velocity of extrusion was at zero
displacement of the membrane. The delay between the TTL and the actuator sinusoidal input
was caused by the amplifier and electrical circuit loading; it was 2.84m:s.

Figures 3.9a, b show the measured membrane center velocity and evaluated membrane
center displacement in time in comparison with the theoretical harmonic velocity and
displacement in time, respectively.

Theoretical harmonic membrane center velocity and displacement (pink curves) was
described as v(t) = vipaxcos(2mf**) and Ay(t) = AymaxSin(2nft**). The least squares fitting gave
AYmax= 0.0274mm — see Figure 3.9b. The relevant maximum membrane velocity was
Vimax = 277 fAYmax = 0.00258m/s. Taking continuity into consideration, the plug flow model of
an extruded fluid column and the parabolic shape of the membrane deflection, the maximum
velocity in the actuator orifice can be evaluated as Up,x = 0.5(DD/D)2vmaX =0.186m/s. Finally,
the sinusoidal character gave Uy = Upax/ 7 =0.059m/s and Reg;= 177.

0.005 0.03 35
0.004 L a0
_ 0.003 E 0 '
w * —_
€ +25
E. 0002 72 2 ool
% 5 0001 2 Lo o
E = M 5 f 20 3
- 2 0 E 0 2
2 o ©
2 +15 F
3 5 -0001 < f
£ £ -0.01
£ 0,002 £ g T10
< >
-0.003 3 o o
-0.004 '
-0.005 ‘ ‘ ; ‘ -0.03 ‘ et 0.0
0.0 0.2 04 - 06 08 1.0 0.0 0.2 04 0.6 08 1.0
T
(a) (b)

Fig.3.9 Oscillating membrane center: (a) LDV measured velocity, (b) calculated displacement

3.2.4 HWA VELOCITY MEASUREMENT

HWA experiments can evaluate flow velocity at a specific distance from an actuator orifice.
The results helped to set up a velocity range in the post-processing of PIV measurements
(range validation in DynamicStudio v.2.30, DANTEC). A 55P36 hot-film probe was used.
Note that the film probe in the configuration used does not enable the absolute value of
suction flow velocity to be measured. Measured velocity values of suction flow (in y
direction) were influenced by probe construction and the massive holder. However, this effect
was significant only at the vicinity of the actuator orifice). Further downstream from the
orifice, the liquid was already flowing in the direction of +y, therefore the inaccuracy of the
velocity measurement at the time of suction is not shown.

Figure 3.10a demonstrates the dependence of the phase-averaged velocity Up in a different
instant of the period and the time-mean velocity U on the distance from the actuator orifice.
There was a visible decrease in velocity as the distance increased along y direction. At a
distance of y/D =3.7, the flow oscillation practically disappeared, and the flow can be
considered as a steady jet flow. Further downstream from the orifice, the vortex structure
disappeared owing to dissipative processes, thereby decreasing the velocity. The dependence
of the time-mean velocity on the y in the logarithmic scale (in dimensionless form in Figure
3.10b) shows the slope of the line relating to two regions of the SJ. The exponents of velocity
decay U ~y" were n=-0.445 and n = —1.04, respectively.
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Similar behavior was found also in [45 and 86], where n=—-0.43 and n=-1.04. In [85],
the authors established n=-1.04. In [42], three jets were compared: a SJ, a continual
(steady) jet, and a mixed pulsed jet with an additional blowing component. Only the
exponents for the continual jet (n =—0.95) and the mixed jet (n =—-1.20) were shown. The
exponent for the SJ is not mentioned, but from the experimental results, it can be
approximated as n =—1.04.

In all these cases, the exponents are the same or very similar. This indicates that they are
not an influence of SJ actuator design or the working fluid. Exponent » = —1.04 confirms that
a SJ in the distant field has the character of a continual fluid jet. It is a well known fact that
the stream-wise velocity decay of conventional (steady) axisymmetric fully-developed
turbulent jets is U/Uo ~ /D" — see Schlichting and Gersten, [89].
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Fig.3.10 Results of CTA experiments:
(a) Dependence of the phase-averaged velocity magnitude at different instances
in the period and of the time-mean velocity on the distance from the actuator

orifice,
(b) Dependence of the time-mean velocity on the distance from the orifice on a

logarithmic scale
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Fig.3.11 Phase-averaged velocity magnitude profiles and time-mean
velocity magnitude profile at distance y/D = 1.5 (results of CTA
experiments)

Figure 3.11 shows the phase-averaged velocity magnitude profiles, which were measured
at y/D = 1.5. The oscillating character of the velocity is easily distinguishable there.

3.2.5 PIV EXPERIMENTS OF A SINGLE SJ IN QUIESCENT FLUID

The experiments were performed using the PIV system of TUL. The delay time between two
laser pulses (two images) was ¢=5ms. For a comparison with HWA results, the
dimensionless coordinates in Figures 3.13 are outspread to the orifice diameter D.

Figure 3.12a shows the results of a single SJ at different instant of the period in the form
of vectors of the phase-averaged velocity (actuator, see Figure 2.1). For comparison, Figure
3.12b shows the contours of the phase-averaged velocity magnitude. Figures 3.12a, b plotted
at t/T=0, 0.25, 0.5, and 0.75 show a SJ at the beginning of the extrusion from the actuator,
maximum extrusion velocity, beginning of suction, and maximum suction velocity,
respectively. Figure 3.12b clearly shows the formation of vortices and their propagation
downstream in y direction.

Figure 3.13a shows the phase-averaged velocity magnitude profiles during the actuation
cycle for the distance of y/D = 1.5 without channel flow influence. There was evidence that
the highest velocity was in phase with the maximum extrusion velocity from the orifice at the
instant #/T = 0.25. At a distance of y/D = 11.5 (Figure 3.13b), the periodical “jet synthesis”
process seemed to be practically completed, and the jet appeared nearly non-periodic.

3.2.6 PIV EXPERIMENTS OF A SINGLE SJ IN A CHANNEL FLOW

These experiments were performed at TU/e (Netherlands). The delay time between the two
laser pulses was ¢ = 5ms. The interaction of the channel flow with the SJ at the instant of
maximum extrusion velocity (#7=0.25) is shown in Figure 3.14 in the form of phase-
averaged velocity magnitude contours and phase-averaged velocity magnitude contours in a
discrete drawing style. This experiment clearly demonstrated SJ bending and its propagation
downstream of the main channel flow. The SJ deflection can be evaluated approximately as
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Fig.3.12b Single SJ — contours of the phase-averaged velocity magnitude (results of PIV
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Fig.3.13 Phase-averaged velocity magnitude profiles of a single SJ during the
actuation cycle at: (a) y/D = 1.5, (b) /D = 11.5 (results of PIV experiments)

@ =22° in the middle of the channel, as is shown in Fig. 3.14. Further downstream, at
¥ =24 mm, the deflection angle reaches a value of 55°. Moreover, the SJ reached the opposite
wall (y =40 mm), where an oblique jet impingement was identified (at x = 30 — 40 mm, see
the ellipse mark in Figure 3.14). Obviously, heat/mass transfer enhancement can be expected
in the impingement area — this effect is desirable in various applications. Nevertheless, even
more important than this local effect could be the overall modification on the channel flow
further downstream from the impingement area. Note that the experimental results are plotted
in Figure 3.14a, while Figure 3.14b shows a post processing smoothing of the results.

Figures 3.15a, b, and ¢ show the phase-averaged velocity magnitude profiles at different
distances x from the orifice of the SJ actuator in dimensionless form.

Figure 3.15a shows that the velocity profiles were significantly influenced at the top of the
channel — i.e. near the wall opposite the SJ actuator, where the SJ impingement effect occurs
and where the velocity U+U, reached nearly 0.02m/s, i.e. (U+U,)/Uc was nearly 3.34.
Obviously, this was caused by the relatively high velocity of the SJ — the velocity U, was one
order higher than U, as evaluated below.
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Further downstream, the flow development was propagated downwards to the bottom
channel wall (see Figures 3.15b, c). The flow profile again redistributed towards a parabolic
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Fig.3.14 Velocity magnitude contours of the channel flow interacting with a single
SJ. Phase-averaged for #/T = (.25,
PIV experiments: (a) discrete drawing style, (b) post processing smoothing

profile, however at x = 115 mm this profile had not yet been achieved.

The time-mean velocity through the channel and the synthetic jet time-mean orifice
velocity were evaluated as approximately Uc = 0.006m/s and Uy = 0.059m/s. The associated

maximum Reynolds numbers were Rec = 480 and Res; = 177, respectively.
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Note that the different order of magnitude of the velocities Uy and Uc and the limits of the
dynamic resolution of the PIV method resulted in the basic impossibility to measure a higher
velocity at the SJ actuator orifice and slow velocity of a channel flow simultaneously. In other
words, it was impossible to set up a time delay, which would be appropriate for both orders of
the velocity magnitude — thus many ‘lost-pairs’ (non-correlated interrogation areas) occurred
in the higher velocity area of the SJ. Therefore, the above-mentioned measurement of the
velocity profiles started from x = 10 mm, as shown in Fig. 3.15a.

3.3 SYNTHETIC JET ARRAY

The SJ array consisted of four SJ actuators located side by side across a channel. They were
electrically connected in parallel. The actuating membranes were made out of PCT. It was
very important to use PCTs with identical or very similar characteristics. In spite of PCT
producer guarantees of identical electrical properties, it is very important to take care during
the phase shift of the particular PCTs used.

For a proper comparison of a SJ array with single SJ, the PCTs have to be fed with a
sinusoidal AC signal with the same voltage as for a single SJ. In the case where PCTs are
connected in parallel, the electrical current automatically set. The set values for the
experiments were the following: a true rms AC voltage of 19.5V, a true rms AC current of
approx. 0.164 A, and an apparent electric power of 0.8W for each actuator (3.2W for the
entire SJ array). The actuators working frequency was 15Hz.

3.3.1 SYNCHRONIZATION OF THE PIEZOCERAMIC SYSTEM (using LDV)

33.1.1 UNSELECTED PIEZOCERAMIC TRANSDUCERS

The first group of randomly chosen PCTs only had the same impedance. In spite of their
identical electrical properties, later experiments proved the phase shift between these PCTs.

Figures 3.16a, b show results from the LDV measurement. The sampling rate for this
measurement was 450Hz. The period starts with leading edge of the TTL signal. Curves 1, 2,
3, and 4 are the velocity (Figure 3.16a) or displacement (Figure 3.16b) of the actuator
membrane center in time. The blue curve is the TTL signal. There is visible phase shift
between PTCs. These phase shifts, especially PCTs number 1 and 3, when compared with
PCTs number 2 and 4, are unsuitable for the proper actuation of a SJ array. Therefore, new
PTCs without phase shift had to be found. See experiments in Appendix 9.

3.3.1.2 SELECTED PIEZOCERAMIC TRANSDUCERS —
DIFFERENT POWER OF SJ] ACTUATORS

After discovering that the previous PCTs were not in phase, a second group of PCTs was
tested. The sampling rate for LDV measurement was 3000Hz. Figures 3.17a, b show nearly
the same phase shift among PCTs. Moreover, curves numbers 1, 2, and 4 have very close
values of membrane center maximum velocity and, consequently, membrane center maximum
displacement. PCT number 3 has the highest values — approx. 20% higher than the other
three. The experiments described in Appendix 10 show a higher power in SJ actuator
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number 3, which influenced its surroundings more than the other three actuators. Therefore,
this actuator was replaced by one with the same power characteristics as all SJ actuators.

3.3.13 SELECTED PIEZOCERAMIC TRANSDUCERS —
SIMILAR POWER OF SJ ACTUATORS

Subsequently, the above described selection process had to be repeated. Figures 3.18a, b show
LDV measurement of the final four PCTs (sampling rate of 3000Hz). They demonstrated the
same phase shift and a very similar velocity and displacement of the membrane center. The
results confirmed that these PCTs were the proper ones for conducting the next experiments.

From the membrane center velocity, and considering continuity, the plug flow model of an
extruded fluid column, the parabolic shape of the membrane deflection, the sinusoidal
waveforms, the time-mean orifice velocity, and the Reynolds number of a particular SJ
actuator were evaluated (as described in paragraph 3.2.3 above). The results were:
U()_1 = 0.057m/s, U()_2= 0066m/s, U()_3 = 0063m/s, U()_4 =0.053m/s and Resj_l = 170,
Resj_z = 199, Resj_3 = 190, R€5J_4 = 158.

3.3.2 FLOW VISUALIZATION OF A SJ ARRAY USING THE TIN ION METHOD

For technical reasons, the visualization of a SJ array using the tin ion method was made in
quiescent fluid, without the channel flow and even without the upper wall of the channel. The
upper wall represents a water free surface at H =40mm. Figure 3.19 shows the influence of
the individual jets and the vortex structures. The first three vortex rings behind the SJ actuator
orifice are visible, as is indicated by arrows (demonstrated by SJ 2): The first one is near the
actuator orifice, the second one drifts away from the orifice, and the third one is still clearly
visible — obviously, the cascade process dissipates a bit further downstream. This experiment
quite easily confirmed the evaluation of the SJ “stroke length” from the above-described Uy
velocity evaluation (based on the LDV measurements) and Eq. (1.14); Lo is marked at SJ 1 in
Figure 3.19. Evaluation from the visualization gives approx. Lo | = 3.64 mm, Lo » = 4.36 mm,
Lo 3=4.07 mm, and Lo 4 = 3.06 mm. It is worth noting that very similar values resulted from
Eq. (1.14), i.e. from the LDV measurements: Ly 1 =3.8 mm, Ly , =4.4 mm, Lo 3 =4.2 mm,
and L()_4 =3.54 mm.

Instantaneous pictures were recorded using a NIKON D300 camera, with an exposure
time of 1.3 sec. For lightning, the laser for the PIV system New Wave Gemini, with output
energy of 120 mJ per pulse, was used. The frequency of the SJ actuators and the laser system
was set at 15Hz and 3Hz, respectively. The tin wire was fixed 10mm to the side of the

g

g
=)
<

*  <«4— Third vortex

H

<4— Second vortex
<«4— First vortex

Fig.3.19 Tin ion visualization of a SJ array in quiescent water on plane III (see drawing in Appendix 2), without channel
flow
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Fig.3.20 Dependence of the phase-averaged velocity magnitude at different instances in the period and of the time-
mean velocity magnitude on the distance from the SJ array actuator orifices (results of CTA experiments)

orifices’ axes. Electrolysis was running for only few seconds to make a tin ion “fog” but not
long enough darken the water.

3.3.3 SJARRAY VELOCITY MEASUREMENT USING HWA

As in the previous case of a single SJ, a 55P36 hot-film probe was used. Velocity profiles at
two distances from the orifice and the dependence of average velocity on distance from the
orifice were measured. The results are presented in Fig. 3.20 in non-dimensional coordinates,
and velocities are related to the corresponding Uj.

Figure 3.20 demonstrates the dependence of average velocity at different times and time-
mean velocities along the distance from the orifice of each actuator. As distance increases,
velocity (in principle) decreases. From the time-mean velocities, it was visible that the
oscillations of the flow decrease from distance y/D = 6.3.

Figure 3.21 shows the dependence of time-mean velocity on the orifice direction on a
logarithmic scale, and it shows the slope of the line of each SJ. Note, that the bottom and top
channel walls are located outside of the plotted area, namely at y/D = 0 and 13.33,
respectively. It is a known fact that a non-influenced single SJ in a distant field has a line
slope of n=-1.04, which corresponds with the continual fluid jet (see Figure 3.10b) — e.g.
Schlichting and Gersten, [89]. In a SJ array, SJs are under the influence of mutual
interactions, and the slope of the line has the exponent n = (-0.37 - -0.57). A comparison with
Fig. 3.10 clearly demonstrates that the SJs in the array could not reach a developed stage with
an exponent of n ~—1.
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Fig.3.21 Dependence of the time-mean velocity magnitude on the distance from the SJ actuator orifices on a
logarithmic scale

(CTA experiments); the bottom and top channel walls are located outside of the plotted area, namely at y/D =0 and
13.33, respectively

Figures 3.22 and 3.23 show phase-averaged velocity magnitude profiles at distances
v/D=0.5 and y/D = 1.5. The time-mean velocity magnitude profile is plotted as well. Despite
some individual differences between SJs 1 —4, Figs. 3.22 and 3.23 demonstrate that they
operate sufficiently in phase.

3.3.4 PIV EXPERIMENTS OF A SJ ARRAY IN QUIESCENT FLUID

The experiments were performed with the TUL PIV system. The delay time between the two
laser pulses was ¢ =5ms Due to the large size of the SJ array equipment, the images were
scanned on two cameras. Only one camera did not record all four actuators in high-quality
resolution. During post processing, these two pictures were composed into one and
consequently processed. The Matlab program was used for composing (see Appendix 11).

The SJ array experiments were performed with the upper wall of the device attached
(Figure 2.6). Figures 3.24a, b demonstrate the results of the SJ array at different instances in
the period in the form of phase-averaged velocity magnitude contours together with vectors,
which show flow direction. The monitored plane was aligned to the collective centerline of all
orifices. Figures 3.24 plotted at #7=0, 0.25, 0.5, and 0.75 revealed the influence of
individual SJs — a collision of the vortexes is seen in the upper third of figures.

Figure 3.25 represents the SJ array’s phase-averaged velocity magnitude profiles during
the actuation cycle y/D =1.5. In comparison with the relevant results from CTA (Figure
3.23), it exhibited similar values and developments in velocities profiles.
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(results of CTA experiments)
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Fig.3.25 Phase-averaged velocity magnitude profiles of a SJ array during the actuation cycle at y/D = 1.5

(results of PIV experiments)

Figures 3.26 show the SJ array’s phase-averaged velocity magnitude profiles at the instant
of maximum extrusion velocity (/7 = 0.25) at different distances from the actuators’ orifices.
As the distance from the orifices increased, the velocity decreased, and velocity profiles
widened.

3.3.5 PIV EXPERIMENTS OF A SJ ARRAY IN A CHANNEL FLOW

The experiments were performed at the IT CAS. The delay time between the two laser pulses
was ¢ = 5ms. The results plotted in Figure 3.27 are in the form of velocity magnitude contours
in time #/7= 0.25 (maximum extrusion velocity), measured in the plane of SJs 1, 2, 3, and 4,
i.e. z=(-72, -24, 24, and 72) mm, with all SJs (1 —4) operating. SJs 1, 2, 3, and 4 exhibited
visible bending, which was smaller than that exhibited by a single SJ. SJs 1, 2, 3, and 4
reached the opposite wall (y = 40 mm) at the location of x = (6—16) mm.

Figures 3.28 — 3.31 present phase-averaged velocity magnitude profiles at different
distances from the orifices of the SJ array (all SJs were working) in the planes of SJs 1, 2, 3,
and 4, i.e. z = (-72, -24, 24, and 72) mm, respectively.

Figures 3.28a, 3.29a, 3.30a, and 3.31a show the velocity profile of the channel flow
upstream of the SJ actuators. At a distance of x =-5mm, a small influence of the SJs was
visible because (U+Up)/Uc reached a value of 0.4 at a distance of y/H = 0.01.
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Fig.3.26 Phase-averaged velocity magnitude profiles of a SJ array at the instant of maximum extrusion velocity
(#/T = 0.25) (results of PIV experiments)

Figures 3.28b, 3.29b, 3.30b, and 3.31b show the influence of the velocity profiles on the
top part of the channel. The velocity ratio (U+Up)/Uc even achieved a value of (2.7-3) at a
distance of x = 10 mm.

Further downstream, flow development was propagated downwards to the bottom channel
wall, and the velocity profiles relaxed back towards parabolic profiles (Figures 3.28 — 3.31c,
d). Obviously, the parabolic profiles of the developed channel flow cannot be achieved in the
rather short test section, limited by x = 350 mm — as is shown in Figures 3.30e, f, and g.

Figure 3.32 shows the results at Plane I, i.e. between SJ 2 and SJ 3, at z=0mm (see
Figure 2.5 and Appendix 2) in the form of phased-average velocity contours. The delay time
between the two laser pulses was ¢ =25ms. The influence of the laminar channel flow from
SJ 2 and SJ 3 was visible. In front of the SJ array, the flow velocity decreased markedly due
to the blockage effect of SJs on the channel flow (see ellipse mark in Figure 3.32). Behind the
SJ array, the channel flow relaxed back to the laminar profile very slowly — cf. velocity
profiles shown in Figures 3.28 — 3.31 discussed above.

The time-mean velocity through the channel and the synthetic jets’ time-mean orifice
velocities were evaluated at approximately Uc=0.0067m/s and U ;=0.057m/s,
Uy »=0.066m/s, U 3=0.063m/s, Uy 4=0.053m/s. The associated maximum Reynolds
numbers were Rec=1536 and Res; =170, Res;»=199, Res;j3=190, Regsj4=158,
respectively.

83



Experimental results

(syuowrrodxa AT JO SINSAT) G7°0 = I/7 10] pagderaae-aseyd Jurgjoows Jurssaooid 3sod - axmord
wopoq 9[A1s Jurmerp 93219s1p - oxord 1oddn {(ww 7/ - =z 9°1) | (S Jo duerd oy uo painsesws ‘Aelre S € YIM SUNORINUI MO[J [SUURYD T} JO SINOJUOD IpmuFews AJIO0[OA B/ 7 €1

a 8eo'o oz0'0 +Z0'0 1200 j STO'OD ETO'0D TTO°0D 600°0 900°'0 +O00'o coo'o ooo'o
X l|+
29a1yl10
DET WW 021 0O1tT 00T 06 og ot a9 05 or 0E oe aT é 0T- oz- 0E- OF- 05- 09- 04~ 08-
(R R RN RN R R R RN N RN R RN AR R N RN RN R R R RN N N R R R N R R NN R NN N NN RN RN NA NN RN N} (RN RN RN R R R R R RN RN RN N RN AR AR R RN RN RN RN AR AR ARA R R

s/W 00D gzo0'o 9z0'0 +e0'0 1200 6100 2100 STO0 ETOD T10°0 600°0 9000 +oo'o cooo 0000
X -—b
aouLIo
OET WW 0T 01T 00T 06 o8 173 09 (118 or 0E 174 1] é oT- 0e- DE- OoF- 05- 09- 04- o8-
ferpnprntnnpnRnentrirprerrnrtrrererprpnenrnrenenenentppnrernnn PRrenenenrntprenintntiepnrnrnrntprrnterpninrnrnennenenrgtenpntngn Prrrrererreretpnpninrneinenenrnrprpnrnterenreenrnernrnrnretenentnnnninrnrnrnennnni

84a



Experimental results

(syuowrtodxa AT JO SINSAI) G7°0 = .17 10] pagderaae-aseyd Jurgjoows Jurssaooid 3sod - axmyord

woy0q ‘9[A1s Surmerp 93210s1p - axord roddn f{(ww $z- = z *9'1) 7 (S Jo dueld ayj uo panseow ‘Aelie (S e PIm JuOBIdUI MO[J [SUURYD ) JO SINOJUOD dpmtuFews AN00[OA qL7 € 314

| I
s/W pEOD 820°0 ofroo +Zon Te0o 6100 ATOD CTOO ETO'O T’ 600°'0 900’0 +oo'o e00'o ooo'o
X -4
891110
OET Ww 021 OTT 00T 06 og 11 o9 115 oF 0E o ot é oT- oe- 0E- 1] = 05- -09- 04 - 08-
patviintninibiinibinienieinteirnlninabaanimipiatininipipiteininapaiiiniebeainteinatninivipninininteginlnipitainibinininintvapatnin Pnibiniininintoipareinibaeninininbigintvanabivnibapnininieteainlnipiviinibiniobini

I
s/w 0E0°0 8<00 9200

oo Teo'o 6100 ATOFO

OET Ww O7T 01T 00T 06 o8 17 09 0s or 0t
1

(S ig1] 100 TTI00 600'0 o000 +00'0 zZoo'o 0000
W tl|+
89110
0z o1 é O1- oz- oe- OF- 0s-  09- 0:- 08-
[} 1

84b



Experimental results

(syuowrrodxa AT JO SINSAT) G7°0 = I/7 10] pagderaae-aseyq Jurgjoows Jurssaooid 3sod - axmord
wonoq 9[A1s Surmerp 93210s1p - axmord 1oddn {(ww 7 =z *9°1) € (S Jo duepd oy ur parnsedw ‘Aelre (S € [Im SUnOBIOIUL MO[J [OUURYD U} JO SINOJUOD dpmrugewt AJO0[OA 9/7 € 31

| I
s/W 0E0°D 8co'o Erdipi] ¥Z0'0 Teoo 6100 AT0°D STO'O ETO'0 TTo'o 6000 9000 o000 200’0 0oo'o
xil|+
2901110
DETWw gzT  OTT 0ot 06 08 02 09 05 ok DE 0z ot é 0I-  0Z-  0e- ob- 0E-  09- Ol ne-
RN RN R NN N NN NN RN NN RN NN NN NN RN NN RN NN NN RN N NN N N R NN RN RN NN RN NN NN NN NN R RN AR R RN AR E RN NN AR NN

A
ot
Z oz
0OE
i
oF
. I
s/W DED'D 820°0 oFzoo Feora 1200 6100 LTO'D CTO'D ETOD'D TTo'o 600°0 900’0 +oo'o coo'o ooo'o
X -
20110
DET WW OZT OTT 00T 06 og 11 09 oS or 0E oc 1) 8 é 0T- 0z- oe- 0F- 05- - 09- 04- 08-
(N RN RN RN NN R R N N N R R RN N N R R R R NN RN R NN N N R N R R R RN RN RN RN RN RN R RN RN RN RN AR) ternrerenenrntnepererprpnpn el rernrneneRepnrnrretenenirnnnnrnrnrnrnennnni

85a



Experimental results

(syuowrrodxa AT JO SINSAT) G7°0 = I/7 10] pagderaae-aseyd Jurgjoows Jurssaooid 3sod - axmord
woy0q ‘9[A1s Surmerp 93210s1p - aamord 1oddn {(ww gz =z *9°1) § (S Jo due[d 9y Ul paInsedws ‘Aeire (S B YIm SunorIoIUL MO[J [OUURYD S} JO SINOJU0D apmrudewt AJ00[9A PLT €814

s/W DED'D 8720°0 9z0'0 +2on Teoa 6T0°0 LTO0 STO00 ETO0D T100 6000 900°0 000 oo ooo'o
Y —t
=R
DET WW OZT OTT 00T 06 o8 oL 09 05 oF 0E oe o1 é oT- 0Z- DE- OF- 05- -09- 0s- 08-
pnibiptininintenpatninibiiiininieteainteivibiveinipnaiininbonialnigavainininaeninin

e ::::E:::E:::E:::E::E:::E:::E.ﬁ a.ﬂ

1] A
Z oz
1}
i
oF
| I
s/w DED'D geoo gzoo 200 Teoo 6100 FANINI] CTO0 ETOO0 TT00 6000 900°0 +00o coo'o oooro
X tl|+
89110

DET WwW 07T 01T 00T 06 o8 0L 09 oS o¥ oe 0e 1] é aT- 0Z- DE- 1] 05- -09- os- 08-
]

85b



Experimental results

3
(a) SJ1
2.5
2
O
2
315 abag
: NELISSELLET
21 ??:..-.--.-..f;‘i
i‘ .o!
] ‘8,
05 a ol |
° 9I‘ ..
R o R
0 +B -
3
(b) ..
2.5 =
|
| |
2 = -
O
2 [ ] A
§15 xyf:{x --;Xf i.
. @4 X . ) o
5 3 e ot gxyxkl ﬁig"&uf*
1 t%aa Bleageeese? Ao
i  * A a
5;“"’-":;\ X
ﬂ‘- -
ate .
0.5 -k
o
0
3
2.5 A (C)
2
S
5 15 '*xi!ﬂ.fﬁyﬁi
o [ LJ [ B B s 2
2 A - $3¢c
1 - 41
" A
" ]
n
05— 2
[}
0~ 1
3
d
a5 (d)
2,
(8]
2 S
T15 I..! 'g o
54 s |‘. §3s
7 c88,° sela?
=) 3 a 8
Ty gat L2
ye ¥
3 4
| I 8
0.5 ne
we' ¢
0 T T T T
0 0.2 0.4 0.6 0.8 1

yH

X [mm]
= -30
*-25
a-20
o-15

-10
-5

X [mm]
= 10
* 15
A 20
o 25

30
* 35
x 40

x [mm]
= 45
* 50
A 55
o 65

75

X [mm]
= 85
* 95
4 105
o 115

125
® 135

Fig.3.28 Phase-averaged velocity magnitude profiles of the channel flow measured in the

plane of SJ 1 (i.e. z=-72 mm), #T = 0.25

(a) x = (-30 = -5)mm, (b) x = (10 = 40)mm, (c) x = (45 + 75)mm, (d) x = (85 = 135)mm

(results of PIV experiments)
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Fig.3.29 Phase-averaged velocity magnitude profiles of the channel flow measured in the plane

of SJ 2 (i.e. z=-24 mm), #/T = 0.25

(a) x=(-30 + -5)mm, (b) x = (10 + 40)mm, (c) x = (45 + 75)mm, (d) x = (85 + 135)mm

(results of PIV experiments)
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Fig.3.29 Phase-averaged velocity magnitude profiles of the channel flow measured in the plane
of SJ 2 (i.e. z=-24 mm), #/T = 0.25

(e) x = (145 + 215)mm, (f) x = (225 + 285)mm, (g) x = (295 + 350)mm

(results of PIV experiments)
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Fig.3.30 Phase-averaged velocity magnitude profiles of the channel flow measured in the plane

of SJ 3 (i.e. z=24 mm), /T = 0.25

(a) x = (-30 = -5)mm, (b) x = (10 = 40)mm, (c) x = (45 + 75)mm, (d) x = (85 = 135)mm

(results of PIV experiments)
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Fig.3.31 Phase-averaged velocity magnitude profiles of the channel flow measured in the plane
of SJ 4 (i.e. z=72 mm), /T = 0.25

(a) x=(-30 = -5)mm, (b) x = (10 + 40)mm, (c) x = (45 + 75)mm, (d) x = (85 + 135)mm

(results of PIV experiments)
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3.4 OVERVIEW OF THE MAIN RESULTS

The investigation described in this work was focused on a laminar channel flow influenced by
a single SJ or SJ array. This configuration can be effective in many micro-scale applications,
e.g. in the cooling of microelectronics.

All the experiments were performed using water as the working fluid. The measurements
were done at TU Eindhoven (Netherlands), TU Liberec, and IT CAS.

Four SJ devices and two circulation water channels (both described in Chapter 2) were

used:

* Synthetic jet actuator, equipped with a sealed cavity and an actuating piezoelectric
membrane (KINGSTATE KPS-100); actuator dimensions: orifice diameter
D = 3.0mm, cavity diameter Dp = 36mm.

= Tested channel for a single SJ actuator, dimensions: channel length, height, and width
were Lyp+ Lpown = 1020mm, H = 40mm, and B = 200mm, respectively.

= SJ array setup, dimensions: length, height, and width L =210mm, H = 40mm, and
B =200mm, respectively. The upper wall was connected with four screws for easy
removal.

» Plexiglas wall with SJ array, dimensions: length (length with start) x width x
thickness = (860 (880) x 200 x 10) mm.

* Circulation water channel at TU Eindhoven with cross section 570mm x 450mm
(horizontal x vertical dimensions, respectively); length approx. 2500mm. There were
water tanks (approx. dimensions: diameter 1000mm, height 2200mm) at both channel
sides. Three pumps on three sectional pipes controlled the water flow rate.

» Circulation water channel at IT Prague with Plexiglas wall equipped with pump to
raise water to the top.

For measurement of the problem, the following methods were used:

* Ink visualization: This very simple visualization method was used to obtain the first
view of the laminar channel flow. The method was used at TU/e . The ink was put
approx. 1m in front of the test section. Due to the geometry of the circulation water
channel, it was not possible to visualize the flow with the tin ion method; therefore ink
was used because of its simplicity.

* The tin ion method was used for the visualization of a single SJ and a SJ array without
channel flow influence. A tin ion transfer was completed between an anode and copper
cathode in an electrolytic solution. The experiments were performed at a frequency of
f=15Hz. A voltage of £ =30V and current of /=0.1 A was used for electrolysis. For
lighting, a continuous ND:YV04 laser with a power output of 300 mW and a New Wave
Geminy laser for the PIV system with a power output of 120 mJ per pulse were used.

» Hot-wire anemometry in constant temperature mode was used for determining the SJ
actuator’s natural frequency and for measuring SJ velocity. For experiments, the
DANTEC system was used: a hot-film 55P36 probe, a 90C10 anemometer, a
NI_CA1000 bus bar, and a NI-PCI-MIO-16E-1 A/D converter. The measured data was
analyzed using StreamWare 3.01 and Microsoft Excel.

= Laser Doppler vibrometry was used for PCT behavior investigation. Using LDV, the
velocity of a membrane center was measured, from which membrane center
displacement was calculated. After considering the continuity equation, the jet velocity
was evaluated from the membrane center velocity during the period. LabView software
was used to acquire and analyze the signal obtained from the Ometron vibrometer.
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Microsoft Excel was used to make additional calculations and analysis. LDV was also
used to find PCTs, which worked without phase shift, for the SJ array.

» Particle image velocimetry was used to investigate channel flow without the interaction
of single SJ/SJ array, to investigate a single SJ/SJ array in quiescent fluid, and to
investigate a single SJ/SJ array in a cross-flow. Two PIV systems (TU/e and TUL) were
used. To properly complete the experiments, the SJ actuator (master) and the laser
system (slave) had to be synchronized.

Five types of experiments were carried out:

* Channel flow without the interaction with the single SJ or SJ array,
* Single SJ in quiescent fluid,

= Single SJ interacting with the channel flow,

» SJ array in quiescent fluid,

» SJ array interacting with the channel flow.

All the experiments with the single SJ or SJ array were made at a constant true rms AC
voltage of 19.5 V. For the single SJ, the true rms AC current was 40 mA, and the apparent
electric power was 0.8W. For the SJ array, the true rms AC current was approx.0.164 A, and
the apparent electric power was 0.8W for each actuator (3.2W for the whole SJ array).

The working (resonant) frequency was 15 Hz.

Table 1 compiles the main results of this work.

Table 1. Channel flow, single SJ, and SJ array parameters for the presented experiments in water

Channel flow
Uc at IT CAS (m/s) 0.0067
Recat IT CAS 536

Uc at TU/e (m/s) 0.006
Recat TU/e 480

SJ actuator nominal frequency

Resonant frequency acquired | 15.0 Calculated resonant frequency | 19.7

from the experiments (Hz) (Hz)
Single SJ
U, (m/s) 0.059
LyD = Uy(fD) 1.31
Reg; = UyDNv 177

St = (1/x)D/L,

0.25

SJ deflection ¢ (°) in the middle of the channel

22°, from y=24mm, the deflection is 55° from

(Fig. 3.14) vertical position
cy = Uy'Uc 9.84
cq = Upd/(UcBH) 0.009
em =(57°/24)(A/Ac)(Uy/Uc)’ 0.18
SJ array

SJ1 SJ2 SJ 3 SJ 4
U, (m/s) 0.057 0.066 0.063 0.053
LyD = Uy/(fD) 1.27 1.46 1.4 1.2
Reg; = UyD/v 170 199 190 158
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SJ array
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Because a single SJ and each actuator in a SJ array use the same power (0.8 W), SJ array

bending is smaller than the bending of a single SJ (see Figures 3.14 and 3.27).
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CHAPTER 4

CONCLUSIONS

4.1 SUMMARY AND EVALUATION OF THE WORK

The aims of this thesis were formulated with five objectives in paragraph 1.3. All of these
objectives were fulfilled, as summarized below point by point.

The thesis investigated the influence of a laminar channel flow with a single synthetic jet
or a synthetic jet array; the working fluid was water. The investigation was focused on low
Reynolds numbers (in order 10%) because the arrangement can be useful in many micro-scale
applications, such as the cooling of microelectronics or the detection of various (biological,
biomedical, or chemical) species. The flow regime in micro-scale is usually laminar with very
small Reynolds numbers.

The experiments were carried out at Eindhoven University of Technology (Netherlands),
the Technical University of Liberec, and the Institute of Thermodynamics AS CR (both Czech
Republic).

Two PIV systems (TU/e and TUL) were used. To properly complete the experiments, the
SJ actuator (master) and the laser system (slave) had to be synchronized.

The aims of the work were carried out:

= Design of experimental setups:

- SJ actuator: consisting of a sealed cavity and a KINGSTATE KPS-100 PCT, orifice
diameter of D = 3.0mm, orifice height of 5 mm, cavity diameter of Dp = 36mm, and
a cavity height of 5 mm.

- Plexiglas test channel with a single SJ: inner dimensions of the channel — width x
height x length = (200 x 40 x 1020) mm; SJ actuator was placed 520mm from the
beginning.

- Two experimental setups with a SJ array: consisting of four SJ actuators across the
channel cross section:

a) SJ equipment with SJ array: width x height x length = (200 x 40 x 210) mm.

b) Plexiglas wall with SJ array: length (length with start) x width x
thickness = (860 (880) x 200 x 10) mm. The SJ array was placed 520mm from
the beginning.

= The resonance frequency of the developed actuator was theoretically analyzed as 19.7Hz
and during the hot wire anemometry experiments obtained as 15Hz.

» Auxiliary experiments prepared and carried out:
- Flow visualization was performed using two methods:
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a) Ink visualization for laminar channel flow was used at TU/e because of its
simplicity and the impossibility to use the tin ion method. The ink was put
approx. Im in front of the test section.

b) Tin ion method for visualization of a single SJ and SJ array without laminar
channel flow.

Laser Doppler vibrometry was used to measure the velocity of the PCT membrane
centre. LDV was also used to find PCTs that worked without phase shift for the SJ
array.

Hot wire anemometry in a constant temperature mode was used to determine SJ
actuator natural frequency and to measure SJ velocity.

» The main part of experiments was performed by means of particle image velocimetry.
The following were investigated using PIV:

Laminar channel flow itself,

Single SJ in quiescent fluid,

Single SJ in a laminar channel flow,
SJ array in quiescent fluid,

SJ array in a laminar channel flow.

» The obtained results were analyzed:
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PCTs were fed with a sinusoidal signal. A single SJ was fed with a constant true rms
AC voltage of 19.5 V; the true rms AC current was approx. 40 mA, and the apparent
electric power was 0.8W. The SJ array was fed with a constant true rms AC voltage
of 19.5 V; the true rms AC current was approx. 0.164 A, and the apparent electric
power was 0.8W for each actuator (3.2W for the entire SJ array).

From LDV experiments and the continuity equation, the velocity in the orifice uo(?)
was evaluated; the mean time orifice velocity and Reynolds number were calculated
as Up=0.059m/s and Res; =177 for a single SJ and U, ;=0.057m/s,
Uo_2= 0066m/s, Uo_3= 0063m/s, U()_4= 0.053m/s and ResU = 170, R€5J_2= 199,
Resy 3= 190, Resy 4= 158 for a SJ array.

Using HWA, velocity profile experiments in the horizontal plane (axis x) and in the
flow direction (axis y) were performed. Results of these measurements were also
used for setting the velocity range in the post-processing of PIV measurements
(range validation in DynamicStudio v.2.30, DANTEC). The precise calibration of
the hot film probe was performed using a towing tank at TUL.

The main experiments were performed using PIV. Two different PIV systems were
used — one at TU/e and one at TUL. Since the first experiments were conducted at
TU/e, all experimental conditions (Plexiglas channel dimensions and the setting of
channel flow velocity) were adapted to possibilities offered by their laboratory.
Subsequent experiments at TUL and IT CAS were adjusted to these conditions. SJ
and SJ array experiments without channel flow were performed. The channel flow
with and without interaction of a SJ and SJ array was measured. The experiments
investigated how the laminar velocity profile in a channel was disturbed by the
interaction of a SJ/SJ array.

Based on the performed experiments, it can be stated that this configuration (on a
micro-scale) is very useful for (micro) cooling applications.

Despite the experiments being carried out in three different laboratories, with
different systems and setups, the results corresponded closely with each other and
provided a perfect view of the SJ problem.



Conclusion

4.2 FUTURE WORK

Based on this work, further possibilities of future research in the field of SJs can be planned.

The results of the experiments are affected by fact that the influenced flow was not
stabilized back to laminar due to the insufficient length of the test channel. It would be wise to
carry out the experiments with new longer test channel.

In a task of a channel flow with a single SJ, the angle of the SJ and the influence of the
channel width can be investigated. The issue of SJ array affection, the influence of various
arrangements of SJs (location, shape, or even angle) orifices, can be investigated.

Measurements can be performed on micro-dimensions using a micro-PIV system.

This arrangement is very suitable for heat and mass transfer. Mass transfer in air, with the
help of a SJ, using the naphthalene method has been investigated by Travnicek et al e.g. in
works [41, 42, 44, 45, 46 and A18]. Heat transfer can be investigated using a glue film probe
(e.g. from DANTEC, type 55R47). Nevertheless, this type of probe only enables the
investigation to be conducted in air. For measurements in water, a different probe must be
used, or an entirely new probe must be designed and constructed.
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APPENDIX 1

DIMENSIONS OF A SYNTHETIC JET
ACTUATOR
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APPENDIX 2

DIMENSIONS OF A SYNTHETIC JET ARRAY
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APPENDIX 3

DIMENSIONS OF A SYNTHETIC JET ARRAY
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APPENDIX 4

DIMENSIONS OF A PLEXIGLASS WALL
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APPENDIX 5

WATER CHANNEL AT TU EINDHOVEN

(a) view on the water channel left side

(b) view on the water channel right side

(c) view from the channel inside

(d) tested channel with aluminium bench
inside water channel, camera, mirrors

and lenses for PIV measurement

(e) water channel with laser, PIV
measurement
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APPENDIX 6

DIMENSIONS OF WATER CHANNEL AT IT CAS

honeycomb g
I c‘> Ry of
N
NN,
/O’
plexiglass wall
with SJ array
e
SJ] actuators
Y,
i
X] |
] Ky

/BN

117




118



APPENDIX 7

TOWING TANK AT TU LIBEREC

Towing tank at TU Liberec

Detailed view on traverse system
with motor

Detailed view on traverse motor
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APPENDIX 8

PCT STIFFNES INVESTIGATION

To derive the natural frequency of SJ actuator, it is necessary to know the stiffness &, of the
PCT membrane, which is defined as:

4
- (AS.1),
z
where p is static pressure [Pa] and z is membrane deflection [m].

Static pressure is measured with use of a water column, which places a load on the PCT
membrane, defined as:

p=pgy (A8.2),

where p = 1000 [kg/m’] is water density, g = 9.8/ [m/s”] is gravity acceleration, and y is the
water level height [m].

The experimental setup is shown in Figure F1; for the setup drawing, see Figure F2.
Measurement of membrane stiffness is described in Table T1. In the measured range of loads,
the setup can be considered as linear. Therefore, the stiffness is represented by the average of
the measured values. The results of a numerical simulation of PCT membrane deflection are
shown in Graph G1. Equation (1.24) from Chapter 1 is used for natural frequency calculation:

1 D |k
2r-C D, \ pL,

f (1.29),

where C is a constant, which is influenced by a deformed membrane shape. D and D, are
orifice diameter and membrane diameter, respectively. L. is a so-called “equivalent length”,
defined in Equation (1.24), Chapter 1. The constant C is calculated from the results of the

numerical simulation in Graph GI, [A4]. After substituting, £k, = 4139443N/m’,
L, =0.00755m, (D/D,)=(0.003/0.044) and C=0.41, the natural frequency is calculated
as f =19.7Hz. For smaller deflections, i.e. for a smaller &, = 1.962-10°N/m*, Eq. (1.29)

gives a smaller value of f =~ 13.5Hz. The experimental value of 15Hz is between these.

Table T1 Experimental results of PCT membrane stiffness

Water level height Max. membrane PCT stiffness
Y [m] Pressure p [Pa] deflection K, N /m3]
Z [mm] p

0 0 0.191
0.041 402 0.205 1962000
0.088 863 0.230 3753391
0.139 1364 0.274 4976606
0.174 1707 0.291 5865773
Average value 4139443
Mean-root-square deviation 1463844
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0.000

Fig.F1 Experimental setup for measuring PCT
membrane stiffness

Used experimental setup:

=  PCT membrane

= Plexiglas cylinder for water column
= Drift meter
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Graph G1 Result of numerical simulation of PCT membrane deflection, [A4]
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APPENDIX 9

PIV EXPERIMENTS OF UNSELECTED PCTs

These figures show PIV measurement of a SJ array with unselected PCTs at different times
during the period. The monitored plane was aligned to the collective centerline of all orifices.
Measurement was focused on the two middle orifices. The typical delay time between two
pulses was 5 ms to achieve maximum particle displacement of (5-6) pixels. The outlet
velocity from the SJ orifice was determined to be 6 cm/s. These (5-6) pixels correspond to the
orifice velocity recorded with the relevant scale factor.

The results are presented in the form of velocity magnitude contours. It is evident that
PCTs work with phase shift and at different power levels.
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APPENDIX 10

EXPERIMENTS OF SELECTED PCTs -
DIFFERENT POWER OF ACTUATORS

PIV experiments of SJ array with the equipment upper wall

Figures show PIV result of SJ array in different time during the period. There is visible that
PCTs work in same phase (i.e. without phase shift), but SJ 3 has higher power than the other
three.
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APPENDIX 11

PROGRAM IN MATLAB FOR COMPOSING OF
PICTURES RECORDED WITH TWO CAMERAS

DURING PIV MEASUREMENT

[}

% clear all;close all;clc;

global TempInput;

global TempDataset;
global Output;
Output.type = 'image';
Output.name = 'Spojeni';

pocetsnimku=size (Input{l,1}.dataset);

Output.timeBtwPulses=Input{l,1}.timeBtwPulses;

Output.pixelPitch=Input{l,1l}.pixelPitch;
Output.scaleFactor=Input{l,1l}.scaleFactor;

Output.pixelDepth=double (Input{l,1l}.pixelDepth) ;

Output.sensorSize=Input{l,l}.sensorSize;
Output.cameraName=Input{l,1}.cameraName;
Output.cameralndex=Input{l,1l}.cameralndex;
Output.gridSize=Input{l,1}.gridSize;
Output.imageOffset=Input{l,1}.imageOffset;
Output.imageSize=Input{l,1l}.imageSize;
Output.startTime=Input{l,1l}.startTime;

Output.datasetCount=Input{l,1l}.datasetCount;

Output. fromMethod=Input{l,1}.fromMethod;
Output.dataType=Input{l,1l}.dataType;

for i=1l:1:pocetsnimku(2)

Leval=Input{l,1l}.dataset(1l,1i).framel;
Leva2=Input{l,1l}.dataset(1l,1).frame2;
Praval=Input{l,2}.dataset(1l,1i) .framel;
Prava2=Input{l,2}.dataset(1l,1i) .frame2;

yT1=905; %vzdalenost horniho okraje
yD1=415;%vzdalenost dolniho okraje
xL1=0;%vzdalenost leveho okraje
xR1=123;%vzdalenost pravehoho okraje
yT2=905; %vzdalenost horniho okraje
yD2=415; %vzdalenost dolniho okraje
xL2=44; %vzdalenost leveho okraje
xR2=0; %vzdalenost praveho okraje
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POJENIL Prava LeVa . e v e ee oot et eeeeeeeeeeeeeeeeeeeaeeaeeaens
1; %x-ova druhy index
1

[
°S

4

00 R X

for yy=170:1:625
for yy=(1025-yT1):1:(1024-yD1) %zvlastni prepocet
for xx=1+xL1:1:1280-xR1
Spojenil (y, x)=Leval (yy, xx) ;
Spojeni2 (y, x)=Leva2 (yy,xx);
x=x+1;
end
x=1;
y=y+1;
end

x=1280-xL1-xR1;
y=1;

for xx=1+x12:1:1280-xR2
% for yy=165:1:620
for yy=(1025-yT2):1:(1024-yD2)
Spojenil (y,x)=Praval (yy,xx);
Spojeni?2 (y,x)=Pravaz (yy, xx) ;
y=y+1;
end
y=1;
x=x+1;
end

B A= o = T @ - A

Output.dataset (l,i) .index = i;
Output.dataset (l,i) .timeStamp = 250* (i-1);
Output.dataset(l,i) .framel = Spojenil;
Output.dataset(l,i) .frame2 = Spojeni2;

end
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