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CHAPTER 1

OUTLINE AND SCOPE OF THE THESIS

I'his habilitation thesis introduces a selection of important publications that are
the results of scientific research during the last four years (2004-2008). The results of
research into the problems of flow behind a heated bluff body in water and problems ot
synthetic jets (SJ) are presented here. As all the publications are in English the

introductory and concluding chapters of this thesis are also provided in | nglish

1.1. Flow Behind a Bluff Body

[he problem of the flow behind a bluff body has been studied for over a hundred
years (V.Strouhal-1878; F.Albhorn-1902: A.Mallock-1907: T.von Karman and
H.Rubach-1912; Lord Rayleigh-1915) and has always been a topical problem. Perhaps
it 1s because this apparently simple problem involves three shear layer interactions:
a boundary layer. a separation shear layer and a wake. Each of these shear layers
significantly influences the global character of the flow. The problem is usually solved
experimentally and by analyzing the stability of the boundary layer, or by numerical
simulation.

The research on the wake behind a bluff body covers a vast number of topics.
It involves the seemingly simple problem of determining the value of the critical
Reynolds number but also deals with 3D effects, such as problems of parallel x oblique
vortex shedding or the influence of end effects. The onset of 3D structures in a wake
such as an 4-mode and B-mode transition is also studied. The combination of different
structures of bluff bodies is important from an engineering point of view.

Another interesting group of experiments is non-isothermic experiments.

In these experiments the influence of the temperature on the onset of the von Karman
vortex street (for low values of overheat- see Chapter 4) and the development of 3D
structures (for higher values of overheat) are studied.

From this enormous
range of topics the problem
of stability of the flow behind
a heated bluff body in water
was chosen and studied.
[he presented work shows the
experimental setup, results
and comparison of these

results with previous

experiments carried out in air

and with theoretical
Fig. 1.1 von Karman vortex street at Re=75. assumptions.

Unpublished results.
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1.2. Synthetic Jets

Chapters 5 to 10 present the problem of a synthetic jet from primary
experiments that were carried out to get a general idea of the character of the flow. This

work presents a range of experiments and problems that were solved in the previous

['he theory

four years. and shows the basic principle and applications of a synthetic jet
of synthetic jet actuators and basic experiments carried out in air and in water as
working fluids are also presented. From the large family of application areas of
synthetic jets the problem of intensifying heat transfer was chosen for the research. Four
different constructions vnthetic jet. hvbrid jet. mixed jet and continuous jet are
compared with respect to intensity of heat transfer from the affected wall. Other analysis
18 focused on the dynamics and characteristics of the actuator. Both numerical
simulation and experimental study are used to identify the motion of the actuator and 1ts
response to difterent driving signals

['he presented publications are not the work of a single author but a team
of scientists. The author of this thesis was mainly responsible for preparing and carrying
out the published experiments and numerical simulations

[hese publications are presented as they were published in journal proceedings.
Some reformatting has been done and typographical errors have been edited for use in

this thesis.

Fig. 1.2 The structure of Synthetic Jet - results from 2D HWA experiments.
Frequency of the actuator is 72Hz. a/ velocity; b/ angle of the velocity vector
From [2]. '
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While bluff body flow and synthetic jets seem to be different topics in fact they
are very closely related fields and the findings obtained from studying the flow behind
a bluff body can be very useful tor the \lud_\ 0l H_\I'}[hn.‘!ic jets and vice versa. SJ tlow

can be used to control the wake in certain applications and the temperature of

the circumfluence wall (see Vit[1]). Such cases will be presented in the following
chapters.

1.3. Structure of the Thesis

The introductory chapters describe the observed phenomena and the progress in
research during the previous years as later presented in particular publications.
The details of the observed problems that were not published in presented publications
are mentioned in Chapter 2

Most of the presented projects are in connection with experiments using CTA
methods and flow visualization. The third chapter therefore contains a brief description
of the basic principle of CTA. The chapter mainly focuses on special techniques such as
phase averaging of the acquired data or the use of CTA in water and conducting liquids.
Also mentioned are the basic principles of visualization methods used, such as smoke
wire visualization, tin ion visualization and the basic principle of the naphthalene
sublimation method, which is frequently used to determine the heat transfer coefficient.

Selected papers from the years 2004-2008, which show an overview of the
achieved results, are presented in the next chapters (Chapters 4 - 10). Issues of the

stability of a heated bluff body wake are covered in the article “The influence of

temperature gradient on the Strouhal-Reynolds number relationship for water and air™.

published in “Experimental Thermal and Fluid Science (2007)”. The problems of

synthetic jet flow and related topics are presented in the articles “Synthetic jets
actuation at the resonance frequency/[CTAM20047; “Hybrid synthetic jet intended for
enhanced jet impingement heat/mass transfer/ IHTC-13"; “"Heat/mass transfer of the
pulsatile impinging jets/THMT-5"; “Analysis of SJ Piezo-Ceramic Pulsation
Generator/Developments in Machinery Design and Control 2007”; and “Analysis of the
Synthetic Jet/JASTFM2008™.

The concluding chapter reviews the fundamental findings and presents some
ideas for future research in the fields of boundary layer stability and synthetic jets.

=~



CHAPTER 2

INTRODUCTION TO RESEARCH TOPICS

2.1. Flow Behind a Bluff Body

Chapter 4 of this thesis is focused on the experimental study of the influence of

temperature and temperature gradient on the St-Re relationship in water. Research on
non-isothermal effects connected with the wake and stability of the flow is just a small
part of the research activities carried out in many laboratories and research centers

worldwide. Because the present article deals with non-isothermal flow it provides only

a short overview of the problem of flow behind a bluff body in the isothermal case and
the stability of the flow. Fundamental information about the flow past the bluff body
and the stability of the flow are mentioned below.

v, 4

Fig.2.1 Vortex street in the
wake of Selkirk island -
caught by LANDSAT 7 on
9/15/1999 (top)

Flow in a bundle of tubes in
alternate rows-from Henri
Werlé, Courants et Couleurs
published in 1974 by
ONERA (bottom)

= — - :
= k. N p

2.1.1. Regimes of vortex \fh‘d](i’if'!.’.'.:

Examples of flow behind a bluft body can be
everywhere, from
motion to

found almost microcomputer

systems and insect airplanes and the
atmosphere (Fig. 2.1). Although it has been a subject of
interest to engineers and scientists for more than
a hundred (Strouhal [5]. Rayleigh [6],
Karman [7]). many phenomena still lack a satisfactory
explanation. The flow behind a bluff body is not only

of interesting to scientists, but is also a kind of art made

years

by nature. Pictures of the so-called von Karméan vortex
street and other regimes of flow behind a bluff body
can be found in many varieties in
publications as well as on the internet.

scientific

['he following regimes are observed as the
Reynolds number increases:

Potential (creeping) flow Re —0

According to potential theory, the flow around
a circular cylinder experiences no drag. The zero net
pressure drag results in a symmetric streamline pattern
(Fig. 2.2a).

Low Re (Re<Re.,)

I'he boundary layer in the vicinity of a solid
wall is a source of vorticity and reverse pressure

nto Selected Types of Flow



Fig. 2.2 Regimes of the flow past bluff body: a/ creeping flow Re—0; b/ Re=0.16; c/Re=1.54;
d/Re=9.8; e/l Re=13.1; f/ Re=26. (From Van Dyke[9] )

a

Fig. 2.3 Von Karman vertex street: a/ Re=68; b/ Re=85 (unpublished results)
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Fig. 2.3 Von Karman vertex street: c/ Re=2000; d/ Re=10000 (From Van Dyke[9] )

Q' NCRRLY

Fig. 2.4 Examples of 3D structures a/parallel vortex shedding in turbulent regime Re=10000;
b/oblique vortex shedding in turbulent regime Re=10000 c/chevrons structures. (a/ and b/
from Williamson[8], ¢/ form Williamson[10).
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gradient. Even for a small Re,
the flow separates from the
surface and results in asymmetry
between the front and rear of the
cylinder. The symmetry in x 1s
lost and vorticity is generated at
the rear end of the cylinder (Fig.
2.2b). When the Re increases
beyond 4. the flow remains
steady but a recirculation bubble

composed of two counter-rotating

Fig.2.5 A-mode (Re=200) and B-mode (Re=208)

instabilities. Wavelength of the instabilities is 4d

for A-mode and 0.8d for B-mode. From ; ; :

Williamson[8]. the recirculation area increases
with the Reynolds number
(Fig. 2.2d-1).

vortices appears behind the

cylinder (Fig. 2.2¢). The length of

Von Karman vortex streel (Re>Re,,)

At a Reynolds number beyond 40 the wake becomes unstable and a so-called
von Karman vortex street appears. At 47<Re<80, the vortex street does not interact with
the pair of attached vortices (Fig. 2.3a). As Re increases beyond 80 the vortex street
forms close to the cylinder (Fig. 2.3b). While the eddy on one side is shedded. the one
on the opposite side forms.

High Re

At Re<300.000 the boundary layer around the cylinder remains laminar
(Fig. 2.3¢c), while in the range from 300,000 to 3.000,000 the boundary layer undergoes
a transition to  turbulence

(Fig. 2.3d).

e @ @ 3D effects
]
K> ’ ® At low values of Re two

different regimes — parallel and
B oblique — of vortex shedding are
observed (Fig.2.4a.b). These
regimes are assumed to be caused
by end effects (see
Williamson [10]).
/ I'he flow behind a bluff

! L body remains 2D up to Re of
_‘J-":,/ (o , O \u'flund 190. For the highest values
of Re, three  dimensional

S Instability (primary vortex core

and braid layer) starts to develop.

Fig 2.6. The influence of the temperature on a [hese instabilities
structure of the wake-so called E-mode
transition. Mushroom type structures are

evident at the top of individual vortices.

are often
denoted as mode-4 and mode-B
instabilities (Fig. 2.5a.b).
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mas Vv

[hese instabilities are of

Mode B great interest nowadays. Much
: o . attention is also devoted for
{ a4 ;.-' - example to research on the
™ Mode 8 influence of induced heat on 3D

R / i structures (Ren [11]- Fig. 2.6).
¥ _ [he development of the
R L e & ¥ ‘ flow behind a bluff body.
| 4 - he & Provanal (95 especially the non-dimensional
s - - frequency expressed by
' the Strouhal number. as a function
0 l--’i'rlli i g . " B of the }\’L'_\ nolds number. 1s shown
in Fig. 2.7. It shows the onset of
Fig. 2.7. Strouhal number as a function the von Karman vortex street, the
of a Reynolds number increase of the Sr with the Re and

the areas of the A-mode and
B-mode transitions.

2 f.‘!.\!u‘hﬁ’a‘!_'l of tHlow

According to the experimental observations. some spatial-developing shear
flows such as co-flowing shear layers or wakes at Reynolds numbers below the onset of
the Karman vortex street behave as noise amplifiers Huerre [12] that are sensitive
to external noise. Other flows such as the wake below the critical Re value behave as
flow oscillators operating on a well-defined frequency insensitive to low noise levels.

This means that the wake behind the cylinder undergoes a transition from noise
amplifier to flow oscillator when the Re increases to the critical Reynolds number.

The characteristic of flow instability is determined by the behavior of its impulse
response. The velocity profile is denoted as locally absolutely unstable if localized
disturbances spread upstream and downstream and contaminate the flow.

The velocity profile is denoted as locally convective unstable if disturbances are
swept away from the source. According to experimental observations of Provensal [13]
the onset of the Karman vortex street results from the time-amplified global instability.
This confirms the role of absolute instability in the onset of the von Karman \'orlt:‘.\
street.

Any type of flow that occurs in nature must satisfy the equations of fluid
dynamics and must be stable. It means that small perturbations should decrease with
time. The description of the stability of the flow behind a bluff body with respect to
infinitely small perturbations is given below (Landau [14]).

We can define the instantaneous velocity u(x.r) as the superposition of
the steady velocity U(x) and perturbation u (x, 1) as wulx.7)=Ul(x)+u'(x.t). When we
substitute this into the momentum and continuity equations we obtain the equations for
u’ in the form:

=(U-VW'+u'- VU =- Vp +Wu';V-u'=0 21
ol o, : }

12
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The general solution of these equations can be represented as a sum ol particular

solutions in which u'~e¢ '™ . The solution for @ = @ +iy must satisfy Eq. (2.1) with
appropriate boundary conditions. For the flow to be stable it is necessary that
the imaginary part 7 is negative. The perturbation will then decrease exponentially with
time.

2.1.3. Onset of the von Karman vortex streel

'he velocity u" can be written as

u'lx.r)=olxalr). (2.2)

where @(x) is the function characterizing the spatial distribution of the flow oscillator
and a(r) is the complex amplitude function

af)=age’ (2.3)
where @ is the initial value of a(f). This expression is valid only for a short interval of
time after the disruption of the steady flow.

The linearized form of the Landau equation can be derived. With respect to

|a| =a,e”" it can be written as:

uH uf| =
L =2y ”‘ _ (2.4)
dt

Even if the solution to this equation is extremely complicated and the solution
for flows such as a flow past a cylinder has not been found vet, we can derive some
findings by analyzing this equation.

When Re<Re., all disturbances are stable with »<0. When Re=Re., just one
normal mode takes place ()=0). which is marginally stable. When the Re is larger than
Re,,, there is only one mode with positive growth rate. y,>0. and all other modes have
a negative growth rate (y,<0). As the Reynolds number grows larger these modes also
become unstable. This instability can not be described by this linearized form of
the Landau equation.

The Landau equation can be extended to include fourth-order terms as:

:{J:H:

dt

=2yla| - /r"u ' 2.5)
the solution of this equation is:

- d.e I, (2(‘!}
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When r— = then

2
~J

.i'l’ I ..- {
}{l

Ihe real part of ¥ %. is proportional to the departure from the critical point.
Re-Re.,, and the real part of £, is positive for shear flows and the flow past a bluff body.

Since 3 ~ Re-Re., it must be from (2.7) that a(«)~ (Re-Re.,) ~.

Based on the analysis of transient records (or impulse response) and
measurements of the amplitude and frequency, the variation of the real growth rate with
the Reynolds number was determined (Mathis [15]. Provansal [13], Sreenivasan 16|,

Oertel [17] ) in the form:

(Re—Re_, )
5d

(2.8)

2.1.4. Bifurcation® theory

| [he bifurcation system iIn

s our case 1s described by the Landau

equation (2.5). The behavior

2 [\ N / characterized by the Landau
| " X -
= %
/

» equation is called a Hopf bifurcation

/
X p
- ©
\ ‘> (in the case of a wake behind a bluff
\ /
\.u

body it is a supercritical bifurcation,

see Hourre [12]). It refers to

REeRE, RExRfathe development of periodic orbits
Fig. 2.8 - Bifurcation diagram. Onset of the ("self-oscillations") from a stable
instability. fixed point, as a parameter crosses
a critical value.
lal A dissipative system s
A Stable lim characterized by attractors, toward which
Stable fixed point neighboring trajectories approach when 1—o. An
: attractor can be a fixed point (Fig.2.8a)
: representing a stable steady flow or a closed
: curve. 1.e. a limit circle (Fig. 2.8b), representing
! a stable oscillation.
i Unstable fued: polnt As Re increases, the flow transits from
—p One steady state to another. In the phase space it
Re,, Re is described by a fixed point turning into a limit
Fig. 2.9. - Increase of the cycle. In Fig.2.8b a repeller with spirally
amplitude of fluctuations outgoing trajectories is shown. It specifies how

A bifurcation occurs when a small smooth change made to the parameter values (the bifurcation
parameters) of a system causes a sudden 'qualitative' or topological change in its behavior. (From
Wikipedia, the free encyclopedia)

14
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the Hlt.".ld_\ flow becomes

3 T unstable to perturbations. It
; ' | is obvious in this case how

. = = f""""'- the trajectories are then
[ C" : attracted by a limit cycle,
\ which means that
) \ the unstable steady solution
| leads to a \1L'LIL|_\ oscillation.

i R | In the case of a bluft

3 body the stable steady

y _ ) solution bifurcates to a limit
Fig. 2.11- Velocity profiles after (2.10). (a) -1<R<1;

(b) R=-1; (c) R<-1; (d)effect of increasing N at R=-

Cy cle as Re ‘f\'t'_ re ['his

phenomenon can also be
described, and has been
proved by many experiments, in a diagram of a dependent variable a(X) as a function of
Re (Fig.2.9.). At Re., the solution breaks into two paths. The two values of X In
Fig. 2.10 correspond to the maximum and minimum values of amplitude. The size of
the limit cycle grows as Re increases.

2.1.5. Analysis of the bluff body wake

Another example of the solution of stability of bluff body wakes is a local
analysis by Monkewitz [18]. The mean flow is modeled by the non-dimensional
velocity profile

U(y;R,N)=1-R+2RU (y;N) (2.9)

with the shape function

Uy:N) [I + sinh>" |y sinh (1]:] (2.10)

It has been proven that the velocity profiles described by (2.9) faithfully
reproduce the measured velocity in the near wake of a circular cylinder in the range n'r‘
Reynolds numbers Re<48.5 (which is a value of Re,,). The example of such profiles is
shown at Fig. 2.11.

R is defined as:

eUEl
: ; §
= (2.11)

where U is the free stream velocity and U. is the centerline velocity.
The stability of this flow is studied numerically by solving the Orr-Sommerfeld
equation for the family of profiles described by (2.9). where the Reynolds number is

defined as:

P G i)
Re = where U = = (@12

12
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and o is a half-wide of the wake. The

results are presented in Fig. 2.12,

[n the inviscid flow (Re—w)
the absolute instability first occurs for
a coflowing wake R=-0.85. This
means that the velocity profile may
undergo a transition to absolute
instability, even in the absence of
counterflow. The transition is delayed

when viscous effects are taken into

~12

account. In the case of viscous flows

0

N the transition curve 1s gradually

Fig.2.12. Results of stability solution. '\iixplalcud towards the counterflow
A-absolutely unstable; C-convectionaly where R<0.
unstable Important conclusions were

derived from this analysis by
Monkewitz. In the interval S<Re<25 which corresponds to 2< Re <10 the sinuous mode
becomes locally convectively unstable in the gradually increasing streamwise domain
around x=d. In the interval 25<Re<48.5 which equals 10< Re <16 a pocket of local
absolute instability is nucleated around x -4, its streamwise extent increasing with Re
to cover a larger and larger portion of the recirculation bubble. From the local stability
point of view, the cylinder wake experiences the following transitional scenario: a
locally stable everywhere region of local convective instability. i.c. a region of local
absolute instability embedded within a convectively unstable domain.

A number of studies in recent years have shown the importance of three-
dimensional phenomena in the wake of nominally two dimensional bodies. mainly
circular cylinders, and have pointed out the importance of end effects in creating some
of the three-dimensionalities Williamson [8]. Various patterns appear such as oblique
vortex shedding Ramberg [19] cells of different frequencies Tritton [20], "chevrons"
(Fig. 2.4c) Williamson [10]. and vortex dislocations. This phenomenon can not be
explained by the theory described above, but by an extended analysis of the Ginzburg-
Landau equation.

16
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2.2. Synthetic Jet

2.2.1. Content of the presented papers

The work connected with the research on H}tht‘[i( it.'l“x 1S Pt't.'\t.‘lllt'ti in
Chapters 5 to 10. Chapter 5 contains a detailed description of the topics of the latest and
current research as well as the main areas of SJ applications. The article presented In
Chapter 6 shows the results of basic experiments such as determining the operating
frequency and time-dependent velocity profiles in crosswise and streamwise directions.
The article presents the results from CTA experiments and from “smoke wire”
visualization. It also derives the equation for calculating the resonance frequency of the
actuator.

Chapter 7 provides the construction of the unique experimental setup and
the results from the analysis of the synthetic jet in water. It includes the results of
preliminary experiments — identifying the resonance frequency. measuring the time-
mean velocity in the streamwise direction, measuring the dependence of the average
velocity as a function of time in spatial and time coordinates, and measuring the
velocity profiles in the streamwise direction. These results are compared to the results
obtained by axisymetric FVM numerical simulation.

The article presented in Chapter 8 deals with intensification of heat transfer.
Four different configurations were studied: the zero-net-mass-flux synthetic jet (SJ). the
non-zero-net-mass-flux hybrid synthetic jet (HSJ). the mixed jet (MJ). and the
continuous jet (CJ). The article shows the differences in aerodynamic behavior of the
SJ, HSJ, MJ and CJ and shows the feasibility of intensifying the heat transfer. The
article in Charter 9 compares the zero-net-mass-flux synthetic jet with the so-called
mixed pulsed jet, which is a combination of a continual jet with a synthetic jet. The
article also studies the influence of the jet configuration and characteristics on the value
of heat transfer. Paragraph 2.2.3 gives a description of the construction of the different
types of jets.

Lastly. the article in Chapter 10 focuses on the dynamics of the actuator.
The response of the piezo-ceramic actuator to different driving signals (sinusoidal and
square) and to different driving frequencies is studied. It also provides the results of the
numerical simulation of the dynamic response of the piezo-ceramic actuator.

2.2.2. Derivation of the resonance frequency
{ ;

During the working cycle of the actuator the potential energy £, of the actuator
membrane is transformed into the kinetic energy of the fluid £, in the orifice.
The kinetic energy of the fluid in the cavity can be neglected compared to the kinetic
energy in the orifice. The whole energy of the fluid can be defined as the sum [21]:

E—Ei-rFE (2.13)
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When we assume the harmonic oscillations of the membrane the displacement ol
the membrane is defined as (it is assumed that the loud speaker membrane acts as

a piston):
sinlear ) (2.14)

where z,. is the amplitude of the membrane and @ =272/ . The velocity of

the membrane motion is the derivative of its displacement

dz g
_ -z L'li‘\lf"fl (2.15)
dl

When we take into account the mass balance for incompressible flow, the mean

Td

velocity of the flow in an orifice of cross section area A4 can be calculated as:
A -
{ ®-z_ . -cos(ar), (2.16)
A
D" . _ S
where 4, = ——is the area of the membrane with diameter D.
The kinetic energy of the flow is defined as:
, pL, Al
E - (2.17)
5 |

where L. is the so-called “equivalent length™ and can be calculated as:

8d
L =1 S (2.18)
where L is the length of the orifice with diameter d.
Substituting (2.16) into (2.17) we get the equation for the kinetic energy:
A,
pL, A : WZ o COS(O1) |
E, = ' = : (2.19)
The potential energy of the membrane can be written as:
E = 1 koA z
kol (2.20)

where £, is the stiffness of the membrane.
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The maximum values of the kinetic and potential energies with respect to

eq. (2.19) and (2.20)are

By 221 a>0)

) L&

Since Ej ma=E, mar. the value of the resonance frequency can be derived as:

1 d K

27 D\ pl

2.2.3. Construction of the different types of jets

Chapters 8 and 9 deal with the problem of intensifying the heat transfer. Four
different setups are studied. namely the zero-net-mass-flux synthetic jet (SJ), the non-

SJ ﬁ Orifice HSJ a

& Orifice

) _— .} | Q‘m%‘ \\ I .'"-._]
ubes - Closed Uper
.";'::o.“

Loudsp ' T Loudspeakersis
acting ' acting
MJ ﬁ Orifice CcJ

acting

Fig. 2.12. Charts of different setups of actuator.

zero-net-mass-flux hybrid synthetic jet (HSJ), the mixed jet (MJ) and the continuous jet
(CJ). The construction of the jets and the principle of functionality are shown in
Fig. 2.12. The cavity, the loudspeakers acting as an actuator and the orifice were
the same in each setup. Different behavior was provided by opening and closing
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the intake tubes in the case of SJ/HSJ. by connecting the intake tubes to the laboratory
air supply (MJ). and by shutting out the actuator and connecting the intake tubes to
the laboratory air supply (CJ)
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CHAPTER 3

EXPERIMENTAL METHODS

[his chapter describes the basic experimental methods, such as tlow
visualization, naphthalene sublimation and hot wire anemometry. used in the research
covered by the presented papers

3.1. Flow Visualization

It 1s worthwhile using certain visualization techniques at the beginning of the
research to get a basic idea of the flow patterns and main flow parameters. The methods
of smoke wire visualization and tin ion visualization were used in the presented
publications.

3.1.1. Smoke wire visualization (used to visualize the S.J in air)

The smoke wire method was developed by Respet and Moore in the early 1950s
{see Yang [22] for details). The basis of this simple but powerful method is a resistively
heated thin wire (about 0.15mm in diameter). onto which an oil layer is applied. As the
wire is heated by means of electricity.
the oil evaporates and the aerosol of b
condensed oil vapor produced in this
way is sufficient to visualize the air
flow. Cornell [23] studied the structure
of substances used for smoke generation
and concluded that the “smoke™ does not  x=504
contain products of combustion but
condensed particles approximately 1pm
in diameter. This method is suitable for
roughly identifying the direction of flow
and for identifying large structures in the = x=25d
flow. It is suitable for velocities not
exceeding approximately 4m/s. This
velocity is limited by the ability to
saturate a large amount of air on the one
hand and by the magnitude of the critical X0
Reynolds number of the wire on YRYY 4 ¥ ' A “4 ' A ‘ ‘ ‘ #
the other hand. so that the von Karman
vortex street behind the wire does not Fig.3.1. Visualization of Karman vortex
occur. street by “Smoke Wire” method at

T.=144.5°C; Re=61: a/ Isothermal case

T*=1; b/ cooled cylinder T*=0.70 (After
Travnicek[24])
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3.1.2. Tin ion visualization (used to visualize the SJ in water and to visualize the
von Kdrman vortex street)

Visualization by tin ions is one of the “electrolytic precipitation methods™ used
for flow visualization, described by Honji and Taneda [25]. In this method the test body
is coated with a thin layer of solder, or tin wire is used, as the anode. The cathode (in
most cases copper) can be placed in any desired position in the flow field. Normal tap
water may be used but it is recommended to add salt for better results. When the voltage
is applied a cloud of white dye separates from the anode and follows the flow.

The dye is the metallic salt and consists of nearly spherical particles
The particles have a very low sedimentation velocity. This method is sufficient for
velocities up to Scm/s. At higher velocities it is difficult to produce enough dye

The diameter of the anode must be small enough with respect to the formation of
the von Karman vortex street. Another disadvantage is contamination of the test fluid by
tin particles.

3.2. Naphthalene Sublimation Method

Heat transfer coefficients in complex geometries can be determined by mass
transfer measurement on similar geometries under similar flow conditions using volatile
solids such as naphthalene and utilizing the Reynolds or Chilton-Colburn analogy
between heat and mass transfer at low mass flux conditions (see Geankoplis [26]).

The Reynolds analogy can be derived from the momentum and energy equations
for negligible pressure gradient and Pr~1. It is usually written in the form:

Nu=C R (3.1)

3 ]

where we define the Stanton number as

; Nu
St = (3.2)
Re Pr
Equation (3.1) transforms (for Pr~1) to:
o C

~

The Reynolds analogy was expanded on the basis of empirical results to

the form:
=5 Pr = f [34]

where j; is the Colburn factor for heat transfer. The Chilton-Colburn analogy is valid
for 0.6<Pr<60. It is applicable to laminar flows if dp/dx ~ 0 and to turbulent flows
without restriction on dp/dx.
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The amount of mass transfer during a specified time period is determined by
weighting the model or measuring the surface recession

3.3. Hot Wire Anemometry

Although the basis of the HWA method is well-known (for more information see
Bruun |27], Perry [28]). we will mention here the basic principle of this method and
solutions to certain problems that arise
when using HWA to measure velocity

A : : : s 4
in non-isothermal fluid flow and in “ PR
. s S ll i
different media. Qraall lT 4
» v —
: a7 v, | Yconv
3.3.1. HWA principles —»
_—
The HWA method is based on e
convective heat transfer from the heated i
body into the surrounding moving Urad |f |
. 55 : - l Ykond
environment. The basic element of the

measuring circuit is the probe which, in

the Slmplc:.»'l case, Is in the form of a Tl e e e e
tungsten wire fixed to the prongs of the from the wire element

carrier. The wire is heated by electric

current. We can formulate the heat

generated by the electric current in the wire element of length dx according to Joule's
law in the form:

dO

oS
]

dx (2

In the stationary case, the heat generated in the wire element (Fig.3.2) must
equal the sum of the heat transferred into the surroundings. i.e. the convective
transferred heat dO . the heat transferred into the carrier dQ__, . and the heat radiated

into the surroundings dQ, ,. The heat dissipated by means of radiation is in most cases

(except for measurements near the wall) negligible and the heat dissipated from the wire
into the carrier can be considered as independent of the parameters of the flowing
medium. The convective heat transferred into the flowing medium can be formulated
according to Newton's law for heat transfer:

dao..=n,.d,  +«T, -T.) (3.6)

The transferred heat is then proportional to the fluid velocity and to
the temperature difference of the wire 7,,,. and the fluid 7... This means that HWA can

be used for both velocity and temperature measurement. Simultaneously however.
a consequence of the above-mentioned dependence is the inaccuracy of the velocity

measurement in non-isothermal fluid flow.
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If we assume an infinitely long wire where we can ignore heat transfer into
the holder, the thermal balance is given by

N
/)

LER M d _ hlT I ) (37

If we substitute the relation for temperature dependence of resistance
= f\’,.}ll +a (7 1 l] and the relation for voltage calculation / I°R,.. ., WE

R

can rewrite equation (3.7)) in the form

wire

E: 4+ BU" [T ) (3.8)

where A, B and » are the functions of wire diameter and material properties of the wire
and of the surrounding fluid whose magnitude we get through calibration.

As mentioned above, HWA probes are sensitive to both the velocity of the
surrounding fluid and its temperature. Velocity sensitivity of the probe connected in
constant temperature (C'7A) regime S, -7 can be calculated as follows:

Sy cr = oE,,. nBU| R, (1 ) (3.9)
ol 2 _ A+ Bl

Temperature sensitivity Sg 7 can be calculated as:

oF._ 1 (4+BU" R :
Bacr — === | (3.10)
5,0 Z \Z,.. -T,)
There are two regimes of measuring by means of a wire anemometer in practice.
All our experiments were carried out in the constant temperature regime.
In the constant temperature (CT) regime of HWA. the temperature of the wire is
maintained constant. The wiring of HWA in the CT regime is illustrated in Fig.3.3.

<

Fig. 3.3 Wheatstone bridge for
anemometer operating in CT mode

and temperature (dotted) sensitivity (for
CTA bridge) with velocity for temperature
differences T,,.-T, of: a/10K, b/100K,
c/250K (After Bruun[27])

Fig. 3.4 The variation in the velocity (line)
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The voltage change E>-E,. which is proportional to the resistance change of the wire
results from the velocity change in the flowing medium. Signal E>-E; is led into an
amplifier whose output is current / which is inversely proportional to the wire
resistance. Conducting this current back into the bridge results in a repeated adjustment
of the initial resistance value of the wire

An important parameter of the probes under the CTA regime is the so-called
overheat ratio. The overheat ratio is formulated as follows:

R A
o (‘Iii

R

and is a guide for adjusting the wire temperature. From the relations (3.9) and (3.10) it
follows that the velocity and temperature sensitivity of the probe is directly dependent
on the selection of the overheat ratio. Therefore it is recommended for the velocity
measurement to select an overheat ratio as high as possible. Maximum values are
limited by the material properties of the wire, especially by a tendency toward faster
corrosion at higher temperatures. In experiments performed in water. the overheat ratio
1 limited by the boiling temperature of the water and by the influence of buoyancy
measurements.

3.3.2. Probe calibration

Precise calibration of the probe used is an essential part of each measurement.
During calibration the constants shown in the calibration curve E=f(U) for velocity
measurement and £=f(7) for temperature measurement are determined. The most
common relations for HWA calibration are:

1. The power law (often called King's law) in the form:

&= A4+BU"

2. The extended power law (see Van der Hegge Zijnen [29]) in the form:

E’=A4+BU" +CU

3. Polynomial curve fit (see Swaminathal [30]):

U=A+BE*+C|\E*)| +C|E*] -

4. Cubic spline fit - the range of measured velocities is divided into »n subranges

and in each of these subareas a cubic function is fitted using the recorded values.

To perform experiments precisely it is important to calibrate before each
measurement and. if necessary. at the end of each measurement. and sometimes also
several times in the course of measuring. We can consider the results of experiments as
satisfactory if the values from both the initial and final calibrations do not differ.

The DANTEC Flow Unit was used to calibrate the probes in air. During
the experiments in water a towing tank or calibration by free water jet was used.

3.3.3. Using HWA in water

The HWA methods as described above may be used in water and in other fluids
as well. A few aspects must be considered to obtain reliable results:

Fragility: the standard hot wire probes are not robust enough to be used in water.
A bigger and more robust hot film probe is used instead.
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l':'.’.t’t‘f.!'mf'_l sis: Coated hot wire/film probes must be used to overcome Pl'nhln.‘lll:w
connected with electrolysis-like formation of bubbles on the wire or by reducing the
diameter of the wire. Nowadays a thin quartz coating on hot-film probes 1s frequently
used. The thin protective layer has a negligible effect on frequency response and coated
probes can be used for frequencies up to 50 kHz

Bubble formation on the probe: It is observed that this problem is caused by
bubbles suspended in the water. It is recommended to allow the water to stand before
use. The effect can be also eliminated by restricting the temperature difference between
the film and the water to about 20°C. The corresponding overheat ratio is then about
R05:1.1.

Cavitation: Cavitation, which is also connected with bubble formation on the
wire, may occur at sufficiently high velocities. For a 25um or 50pum diameter probe it is
at about 9ms' or Sms’’

Temperature drift: The temperature difference, 7,-7.. for a hot-film probe in
water is usually only about 20°C (compared to a typical difference of 250°C in air).
The temperature difference that occurs in Eq. (3.8) results in a large shift in the
measured velocity, even for a change of a fraction of a degree of water temperature.
This problem can be minimized by monitoring the water temperature and then applying
a temperature correction (see Bruun [27] for details).

Probe fouling: A gradual build-up of scale. algae and minerals on the probe
could cause inaccuracies in reading the velocity. In recirculating test facilities and tanks
these problem can be minimized by using de-ionized water. a bypass filtration unit and

algae inhibitors.

3.3.4. Phase averaging

Both the Synthetic Jet and Karman vortex street represent flows where the
velocity fluctuations are superposed on the main harmonic velocity. The velocity should
be separated into the mean U, harmonic wu(r) and fluctuating u'(r) parts

Sonnenberger [31]:

U)=U +ult)+u'(r) (3.12)
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-
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The mean velocity can be determined as:

—
[ Ultdr (3.13)
!j '

However, in many applications it is useful to separate the values of fluctuating
velocity from the harmonic and mean part of the velocity. This can be done by so-called
phase averaging.

In the phase averaging technique the measured velocity (or voltage) is divided
ito parts which correspond to individual periods. This can be done with the help of
adriving TTL signal from the actuator of the SJ. If the driving signal is missing, which
18 the case of the flow behind a bluff body, a special procedure (mostly based on FFT
analysis) must be used to find the periods U(r),,. .

Fig. 3.5 shows a typical record of anemometer voltage and driving TTL signal.
With the help of TTL the acquired signal 1s divided into individual periods (Fig. 3.6).
Finally, the mean time dependent velocity U(¢)=U +u(r) and standard deviation in
time are derived from the acquired data.

_ 1 :
Ult)= Kz;s(r.f\) (3.14)

voltage[V]

12 - : Obr.3.7 Mean time
0 0002 0004 0006 0008 001 0012 0014  gependentsignal

time[s]
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. i e 3
Ulr), > |ulr, K)-U(r)] (3.15)
K-14

The turbulence intensity at a particular time is defined as

U\t
) (3.16)
Ult)

The presented papers used a number of other experimental and numerical
methods, such as Doppler vibrometry, 2D-HWA (see. Fig 1.2), and simulations using
finite elements and final volumes. Due to the limited scope of this thesis the details of
these methods may be found in the references
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Abstract

This paper focuses on the wake flow behind a heated circular cylinder in the
laminar vortex shedding regime. The phenomenon of vortex shedding from a bluff body
1S an interesting scientific and engineering problem. Acquisition of reliable
experimental data is considered an indispensable step to deeper physical understanding
of the topic.

An experimental study of the wake flow behind a heated cylinder in the forced

S convection regime is performed using water as the working fluid. Firstly, qualitative
B visualization experiments have been performed. and the parallel vortex shedding mode
was adjusted. Sequentially. hot-wire anemometry was used for Sr-Re data acquisition.
- Data analysis confirmed the so called thermal effect in water: cylinder heating increases
Mthe vortex shedding frequency and destabilizes the wake flow. Further, the effective
S temperature concept has been used and the Sr-Re data have been successfully
Mtransformed to the Sr-Re.; curve. The formula for evaluation of the effective
1 tenmerature in water has hccn experimentally derived by this transformation.
; Finally, a comparison with air as the working fluid is discussed. All the data
(from the present experiments in water and known data for air) hmg been compared
twith the thermodynamic Sr-Re equation derived by Marsik et al.' and a satisfactory
agreement has been observed.
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1. Introduction

Fluid flow around a heated bluff body. namely a circular cylinder, is of principal
importance for fluid dynamics as well as for heat transfer (see, e.g.. Schlichting &
Gersten K, 2000°; Incropera. 1996°). The low Reynolds number range, when laminar
vortex shedding occurs, is considered very important from a scientific as well as an
engineering point of view. The phenomenon of vortex shedding from a bluff body has
been studied by many authors e.g. hundreds of references can be found In
the comprehensive monograph by Zdravkovich 1997'. This phenomenon is of
fundamental importance in the theoretical study of hydrodynamic instability which
includes many problems dealing with wake flow dynamics (e.g.. Monkewitz ef al..
1996°), such as the onset of vortex shedding, the passing frequency of vortices. and
the influence of geometrical and material parameters. From the engineering point of
view, the phenomenon of vortex shedding is considered as one of the sources of flow-
induced vibrations, noise, or even body collapse. It influences drag as well as heat
transfer in an external flow.

This paper focuses on the wake flow behind a heated bluff body. namely
acircular cylinder in the laminar vortex shedding regime. It is known that the
temperature can be treated as a passive scalar contaminant only if (1) the heating rate is
relatively low and if (2) the wake flow is far from any instability (Mi & Antonia.
1994%). However. in many other cases the structure of the near wake can be controlled
by means of thermal effects.

1.1. Thermal effects in air and water for forced convection

The forced convection regime occurs at a low level of heating. The working
fluid properties such as viscosity. density and thermal conductivity are fundamentally
important for the thermal effects. In the text below two of the most common working
fluids such as air and water are discussed.

In air, a heat input stabilizes the wake flow, thus laminar vortex shedding can be
completely suppressed by heating the cylinder. The onset of vortex shedding (the lower
limit of the vortex shedding regime) for an unheated cylinder has been studied many
times. Commonly accepted critical Reynolds number (Re d U/ v. where d is
the diameter of the cylinder, U the velocity of the undisturbed flow and v the kinematic
Lwiscosity at the temperature of the undisturbed flow) ranges from 40 to 49 (e.g., Re,
40 by Kovasznay, 1949”; 44 by Collis & Williams, 1959% 45.9 by Lange et al.. 1998
47 by Fey et al.. 1998': 49 by Williamson, 1996'"). Cylinder heating suppresses this
onset of instability. thus the Re. value increases with heating. This increase was
evaluated in the range of Re.=47.7 to 70, if the cylinder temperature increases to nearly
290°C, Wang et al.. 2000". A possible explanation for this thermal effect in air is
the increase of the kinematic air viscosity with temperature, which causes a decrease of
the local Reynolds number. Another known explanation of the thermal effect in air

emphasizes a reduction of fluid density by a temperature increase, thus a reduction of

labsolute instability (Yu, Monkewitz. 1990"). Another approach. based on the analytical

§'ﬂcscriPti0n B the variable properties of fluids, was suggested by Herwig & Wickern,
1986,

If the idea of the so called effective temperature is applied, the onset of vortex

dding even for a heated cylinder case can be described by the critical effective
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Reynolds number Re..; which is the same for both heated and unheated cylinder cases.
A value of Re. .= 47.5+0.7 was evaluated by Wang et al., 2000~

The idea of the effective temperature was }\I'Hpu‘w‘\i nlr"l:.__'ill.l“_\ h_\ [Lecordier el
al., 1991 15 and used later by Dumouchel er al, 1998'°. who worked out this concept
and calculated the effective kinematic viscosity v.4 from an effective temperature 7,
that is defined by

where 7. and 7, are the free-stream and cylinder surface temperatures,
respectively. Recently, the effective temperature was evaluated by Wang er al.. 2000
in the following form

Top= T 0.28(T,, —TL). (2)

A recent numerical study by Shi, Gerlach and Durst. 2004"'" concluded that
the effective temperature defined by Eq. (2)" agrees well with their results'’. It is
obvious that a quite opposite situation occurs in water. where the kinematic viscosity
idecreases with temperature. Therefore, cylinder heating destabilizes the wake flow in
Swater. This was confirmed experimentally by Lecordier ef al.. 2000'7. However, a lack
lof adequate experimental data for quantitative confirmation (or adaptation) of the 7, -
‘concept at different fluids than air is evident.

It is worth mentioning that the effective temperature is not “only an artificial
walue”, like the well known film temperature, (which is defined as the arithmetic mean
iof the wall and free-stream temperatures, 7..+ 0.5(7,, —7..). The effective temperature is
ielose to the hot recirculation zone temperature according to Dumouchel et al.. 1998,
and the maximum temperature in the wake measured by Yahagi. 1998"” has been
lapparently very close to the effective temperature, according to the evaluation by Wang
@t al., 2000'°. However, no consistent and reliable experimental confirmation of this
fidea has been published in available literature so far. a fact that is one of the main
motivations of this study.

The dynamics of the wake behind a bluff-body is commonly quantified by
ans of the Strouhal number (S7. denoting a non-dimensional frequency: St = d f/U.
where 1 is the flow frequency). For the Si-Re relation of the isothermal case. several
uations have been presented in the literature. e.g.. Roshko. 1954*°. Williamson.
'98921, and Fey e al., 1998'". The influence of heating on the frequency of vortex
edding was studied recently in air, and it was concluded that vortex shedding
equency decreased with increasing cylinder temperature. This frequency decrease was
tified by means of the effective temperature concept. When Re,y is evaluated at 7,
ed above in Eq.(2), the derived relationship St-Re.; was found to be "universal",
¥e. valid for both heated and unheated cylinder cases (Wang et al., 2000'%):

: 1.0160 s
St = 0.2660 — (3)

Re .,
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temperature (Eq. (2) ).

It can be presumed
now, that this (or a similar) relation is valid for the vortex shedding in water as well.
where the cylinder heating (logically) increases the frequency of the shedding of
vortices. However, no studies have focused on this problem.

It is worth noting that a precise evaluation of the Sr-Re curve is intrinsically
complicated if the wake is under the influence of the so-called end effects caused by
the end conditions of the tested cylinder. Under these circumstances. the vortex
shedding from the cylinder is not parallel but slanted to the cylinder axis. and typical
discontinuities in the St-Re curve exist (Williamson, 1996'"). There are a few different
end-manipulating methods to isolate the end effects and generate parallel vortex
shedding. They have been shown by Williamson, 1989°'; Eisenlohr & Eckelmann,
1989”°; Miller & Williamson, 1994**; Hammache & Gharib, 1991%° and Wang er al.,
2000" to be very effective.

1.2. Thermal effects for mixed convection

The forced convection regime occurs at a low level of heating. On the contrary.
at a higher level of heating buoyancy effects are added to the viscous phenomena and
amixed convection flow occurs. The vortex shedding frequency can be basically
~ altered. Typically, the Strouhal number increases with the Grashof number. However.
Bthe vortex shedding can also be suppressed. which is denoted as a "breakdown of
Pthe von Karman vortex street” (Michaux-Leblond & Bélorgey. 1997 Chang & Sa.
3 199027). For not too high heat inputs the vortex street can be deflected (Kieft er al..
199928). and the 2D wake flow can be turned into 3D structure (Maas et al.. 2003°").
POf course, all these mixed convection effects depend on the Grashof and Reynolds
numbers (Gr and Re respectively). as well as on the orientation of the free stream with
lrespect to the buoyancy force (buoyancy effects can be opposite or parallel or cross to
Bthe free stream). Different criteria for the mixed convection region to occur are

Mthe exponent s is within the range of 1.8 to 3. The value s = 2 is very common when
Mhe ratio of the Gr/Re- is called the Richardson number, Ri. The criterion for mixed
dgonvection to occur in the cross flow situation is Ri '!)1.5. as used by Wang et al., 2000'?
land by Wang & Travnicek. 2001 . Maas et al., 2003°" found that for water at Ri = 0.3

Suggested in the literature. all based on the ratio Gr/Re’. A typical used value of
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the flow becomes 3D. Other criteria are mentioned by Dumouchel er al., 1998'° and by
Wang & Travnicek, 20017, In fact, the maximum Rivalue in the experiments by
Dumouchel er al., 1998° and by Wang er al, 2000 were much lower, around
Ri< 0.012 and 0.02. respectively, to avoid mixed convection in the laminar vortex
shedding regime.

The main goals of the present study are: (1) Experimental identification and
qualification of the thermal effects in water on the Reynolds-Strouhal number relation.
{2) Comparison of the observed results for water to the results for air. (3) Verification of
the effective temperature conception by means of comparisons with (a) the Si-Re
relationship for the isothermal case (e.g., the relationship proposed by Williamson and
Brown, 1998’") and St-Rer relationship for the non-isothermal case (Wang er al..
2000'2), and with (b) the relation derived theoretically from wake flow dynamics by
Marsik et al.’.

The measuring methods of and the experimental setup used to define the St-Re
relation for water are briefly described in the following chapter. The construction of
the towing tank and of the heated cylinder are described too. Possible sources of errors
and inaccuracies of non-isothermal flow in water are also described here. One paragraph
deals with the problems of parallel vs. oblique vortex shedding. The results of
B the experiments are presented in chapter 3. These results are used here to prove (a)
B the conception of the "effective temperature”, and (b) the theoretical derivation by
- Marsik et al.’.

- 2. The Experimental Facilities and Techniques

The experiments were carried out in a towing tank installed at Eindhoven
 Technical University (a detailed description of the structure is given by Kieft, 2000*%).
P Main sizes and arrangement of the towing tank are schematically shown in Fig. 1.
WA towing mechanism enables movement of the cylinder with a speed range 0+2cm/s
through the tank which corresponds to a Reynolds number interval Re = 0+90 with the
Puse of a cylinder with diameter d =4.5mm. The heated cylinder was designed from
'@ copper tube with an external diameter d=4.5mm. as is schematically shown in
' Figs. 2. 3. The cylinder was equipped
with end cylinders from Plexiglas
with a diameter of 10 mm on both
ends. The cylinder together with the
end cylinders were attached between
the end plates (detail in Fig. 2) that
are tightly mounted to the solid frame
of the towing device. The presence of
end cylinders and end plates. as were
proposed by Eisenlohr & Eckelmann,
End Cylinder 11)8_9"'" l\\'hc‘rc the diameter of end
cylinders i1s  recommended in
the range of D=1.8+2.2d and the
length of end cylinders should be at
| least /=5d) should ensure parallel
- Fig. 2 - Construction_ of the end cylinders and vortex shedding during
 the end plates. Position of the thermocouple the experiment. The free length of

3 the cylinder between these both end

End Plate
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4 o cylinders was
= 11 |=250 this
Y e =2 mm
- r corresponds to the
<'I "‘ .
& (4 aspect ratio
h1 Th2 1 : ! o
> TS A= 1l/d=56).
. . B ~ S
 ceemmEmmammmammma _ SN ['he constr
FECCICGRK = 4 i FEEE
: - s { N 4 uction of the hea-
2 ' 11 : ting element is
k-1 5 = S
1 1 depicted in Fig. 3.
i 2 £
! ) Heating 1S

Fig. 3 - Construction of the heated cylinder and positions of provided by a

the thermocouples Th. 1 and Th. 2; 1, ceramic capillary; 2, manganin
copper cylinder; 3, end cylinder; 4, end plate; 5, to the power resistance wire
supply. with a length of

250  mm and
an electric resistance of 2142, which is placed in a ceramic capillary. When the electrical
load is as high as possible it can produce approximately 80W. This is sufficient enough
to overheat the surface of the cylinder with more than A7 = 5K in slowly moving water:
the range of the temperature differences A7 was from 0 to 2.8K for all experiments.

The experiments carried out in the water are very sensitive to
the temperature of the liquid. That’s why special attention was dedicated to precise
measuring of this temperature during the experiments. The form of heating of
the cylinder corresponds to a boundary condition of constant heat flux, and that’s why it
was necessary to carry out a temperature calibration before the actual experiment
started. That means that we had to define the characteristic: AT = 7,,-7..= f (Re, ).

where [ 1s the value of
Overheat ratio 0.12 - amperage through the resistant
. wire. To measure the tem-

Over temperature 40 € il
§ — perature on significant places,
B Offsct 2.766 - Alumel-Chromel thermo-
LP filter 03 kHz couples with diameter 0.076
% = mm were used. The fir
Sampling rate 0.05 kHz = e o
=" _ thermocouple to measure
Number of samples 8192 - the temperature inside the cy-

linder was placed between
the copper tube and the ceramic
capillary (Th. 1 in Fig 3). This
thermocouple was used to define a steady state of the system. Experiments started only
‘after the temperature on this thermocouple settled on a constant value. The second
thermocouple

_ (Th. 2) was placed on the cylinder surface. During the calibration, Th. 2 was
fplaced in the center of the cylinder span: after that Th. 2 was replaced at the end of
:ﬂle cylinder to avoid wake disturbances during experiments (see Fig. 3).. The third
dthermocouple (Th. 3 in Fig 2) has been placed 30mm in front of the cylinder to measure
'the free stream temperature 7.. It is possible to presume that relative error in
ithe temperature measuring didn’t exceed 1%.

Table 1. Parameters of CTA bridge

34



Tomas Vit - An Investigation into Selected Types of Flow

2.1. Temperature calibration

If we do not take the heat flow to the end desks and to the end cylinders into
consideration we can consider the value of heat flow from the surface of the cylinder to
the fluid as directly proportional to the current flow through the resistant wire. During
the calibration for a known value of the Reynolds number and a selected value of
current I, the temperature difference A7 = 7,-7.. was measured. The calibration
characteristic will be deduced from the following overall convective heat transfer
equation:

O =aAAl (4)

where « is the mean heat transfer coefficient and A4 is the overall surface of the
exposed body.

The heat transfer for forced convection for a moderate temperature loading can
be expressed by the following non-dimensional form:

Nu=(A+c Re") Pr™, (5)

where Nu is the Nusselt number (Nu = ad/A), Pr is the Prandtl number, A is

the kinematic viscosity. and 4. ¢, n, m are experimentally determined constants.
Evidently, heat transfer varies predominantly with the Reynolds and

Prandtl numbers and many other parameters affect the process such as temperature
loading, boundary conditions, aspect ratio (end effects). blockage effects due to
the wind tunnel and wakes, and free-stream turbulence. It is worth noting here that the
overall heat transfer in general form should include the so called temperature loading
factor — see, e.g. discussion by Wang & Travnicek. 2001°". However, as the temperature
differences in the present experiments are relatively small, the so called temperature
loading factor is neglected in Eq.(4).

The material properties of water (heat conductivity, kinematic viscosity and
Prandtl number) as function of temperature can be expressed in the following forms:
i ! ‘ ! w

N :
! By = f’.": = [()}
1l WA

78 —
1)

where T} is the reference temperature, 7. < 7 < 7T,.

Taking into account Egs. (4 and 5), the Ohm's law (which gives Q = RF, where
R is the resistance). and presuming that A<<cRe" in Eq.(5) (in the investigated Re -
range), the calibration function can be expressed as

I=[(1/R)(Wd)cRe" Pr"A(T,-T-)]'">. (7)

For the specific resistance of the wire used (R), the cylinder used (d, 4). the use
of water as the working fluid (Pr, 4). and postulating that Eq.(5) is valid for material
properties Pr, A matching 7. (this postulate is possible for the present relatively small
temperature differences in water). Eqgs. (6 and 7) yield:
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E CRE AT /To) (T -T2 (8)

where 2= (o 1+m w3).

The purpose of the calibration was to find the values for the constants C, £, m,
and 7 so that function (8) would correspond to values measured during the calibration.

For selected values of Re and A7, the value of heater current / was set before
each experiment. Real temperature values 7..,(7) and 7, (f) were measured during
the experiment. The mean value of the actual temperature difference

W.,rI

L : -
AT_,, = J(l —1 : }f! was calculated from these lemperatures. (onsecutiy L']_\ =
[

the error of measuring £= AT — AT, was evaluated. If this error was smaller than 0.1K
the results were used for further processing.

The aim of the experiment was to carry out measurements in the forced
convection range. The value of the Richardson number didn’t exceed the value of
Ri=0.15 (Re.. = 56.3, Gr = 483.53). According to Wang ef al., 2000"* the influence of
buoyancy effects can then be considered as minor.

Two experimental methods have been used to identify the velocity field behind

the heated cylinder.

2.2. Visualization

Ions of tin were used for visualization. A tin wire (actually four wires formed
into a grid) with diameter 0.6mm was used as an anode. More information about
the method can be found in Maas e al., 2003°". It was noticed during the experiments
that the grid formed by the wires as well as the tin wire itself influence the results of the
experiments too much and that it led to a decrease of the frequency of vortex shedding.
That is why the results of the visualization were used only to study the structure of the
flow, mainly to show the parallelism of vortex shedding. The frequency results
extracted from the visualization experiments were not taken into consideration in
the final results.

2.3. Frequency measurement using C'TA

Even though there were problems mainly due to the low velocity of the water
Mflow (approx. 10-20mm/sec) and transfiguration of the velocity field (parallel versus
oblique vortex shedding), the Constant Temperature Anemometer (CTA) with a film
probe proved suitable to find Sr-Re dependence correctly even for the non-isothermal
flow.

A “hot film™ probe (type P55R36). and StreamWare system together with the

ssoftware StreamLine produced by DANTEC were used to perform experiments. The
parameters of the CTA circuit were adjusted as shown in Table 1. The probe was placed
in the axis of the cylinder at a downstream distance of 40-50mm during the experiments
~as shown in Fig. 2.
Even though the perfect acquirement of the velocity is not important for the
‘present study on the Si-Re relationship. the calibration £ = E(U) was carried out. The
pl'obe was fixed to the [U\\iﬂ‘:‘ ;l[‘]"]iLlIlCL‘ and 1t was towed with known \dnci{} Ihl'()ll‘:’h
the tank. Fig. 5 shows typical time line record of the voltage over the CTA Bridge.
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2.4. Discussior f nerin

Before we evaluate the re ts 1t necessary to point out several errors that were
made while using CTA. ai
evaluate the time line record of the development of the velocity field with regard to
the following factor

2.4.1. Parall

It 1s a well known fact that vortex shedding from a circular cylinder is influenced
by the so called end effect vhich are related with transition to oblique vortex shedding
modes. thus with discontinuitie n the 5S/-Ke relattionship (Wilhi amsor 198Y
Eisenlohr & Eckelmann, 1989"). Parallel vortex shedding is related to the continuou
St-Re curve.

Initially, after the start of the cylinder motion in the towing tank, the shedding
pattern 1s parallel. However, if the end effects change the mode of shedding at the
gylinder ends, these changes diffuse over the whole cylinder span. This time
development is demonstrated in Figs. 4 and 5

Fig. 5 demonstrates a response of the parallel and nonparallel vortex shedding

b)

Fig. 4 - Parallel and oblique regimes of vortex shedding at Re = 70, AT = 1.4 K.
Pictures past (a) 7s i.e. 25d and (b) 63s i.e. 225d from the beginning of the
experiment.

The nonparallel (oblique) vortex shedding is characterized by the decrease of recorded
frequency on the time line record. The distortion of the vortex street always appeared
after a certain period during the experiments and the regime of shedding was no longer
possible to be considered parallel
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The results of the flow field visualization showed parallel vortex shedding along
almost the whole length of the cylinder for different temperatures of the wall — see Fig.

4. The effect of the end cylinders is clearly visible behind them. If the movement of

the cylinder lasts longer the influence of the end effects appears and the flow 1s no
longer parallel. To make a comparison, Fig. 4 shows the velocity field after the cylinder
was moved 25d and 2254 from the beginning of the experiment.

Parallel vortex shedding was confirmed on the base of visualization (an example
1s shown in Fig. 4) and only the data obtained under the parallel vortex shedding were
collected for evaluation. Parallel vortex shedding was also proved in the spanwise
direction by CTA measuring. Typical results of CTA and visualization, obtained at
the same parameters, are shown in Fig. 7. This demonstrates that the frequency along
the span was practically constant except in the vicinity of the cylinder end (y = 100
mm), where a decrease of the frequency has been found. This end-effect agrees very
well with a spanwise measurement of the vortex shedding frequency, which is known
from literature (e.g., Williamson, 1996""; Kénig. Eisenlohr. and Eckelmann, 19907).

2.4.2. “Motion" of wake due to the large structures in the tank

The presence of the large structures in the tank leads to a motion of the wake in
the vertical direction. This motion increases the acquired frequency as shown in Fig. 6.
This effect has the biggest influence at low Re numbers. The presence of the secondary
flow is the most important reason for difficult detection of the critical Re number in the
towing tank.

2.4.3. Disturbances in the towing tank

In comparison with similar experiments carried out in air, several problems
complicate the experiments in water. Obviously, precise measurements require well
stabilized flow and temperature fields in the standing water of the towing tank. Fluid
flow in the tank is practically stabilized after a long time when the experiment was
earried out — it was necessary to wait approximately for two hours between experiments.
On the other hand. large eddy structures are formed during this time which undermines
the experiments (this effect complicates an evaluation of the frequency — see the

E[V]

3.16 /r_ﬁl

ﬁmmmm ’

812 ’

I: VALV
3.04 : , ,

o 5 4 6 8 0 ©” ¥ B 18 20
—_ 3> 34 36 38 40 42 44 46 48 50 52

Time [sec]
Fig. 5 - Time record of the CTA signal. A change in the frequency during the
experiment results from the change from the parallel to oblique modes of vortex
shedding. Recorded at Re = 71, AT = 0, at the beginning (0-20 s - black line) and at the
end (32-52 s — grey line) of the experiment.
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i : " Of previous paragraph 2)
E[V] Vel. of motion of large structures | .

' Another
significant complication
I\.‘lj.i\ i ?lll\' [l‘ }TL‘
mentioned 1S a non-

uniformity of the tem

[‘L'.’.l[lll’\' |-|k|\.1 E\‘ .l\n‘l\l

this non-untformity

- s filled up at
Time [sec] the tank was filled up a

least one \ll\ betore the

Acquired freq

Real" freq experiment Lo ensure an

4 equalization of the water

Fig. 6 — Error due to the motion of the large structures iemperature with
the laboratory tempe-

rature However.

the temperature uniformity cannot be ideal — residual thermal drifts, which are partly
connected with the large eddy structures and partly with a natural thermal stratification,
remain permanently. A maximum difference between the highest and the lowest
temperature of the water in the tank during one experiment of 7. pa-7 e min = 0.2K was
measured during the experiments. Inaccuracies caused by the non-uniformity of the
temperature field influence the experimental results by changing the thermo-physical
quantities of the fluid. It is good to point out that in contrast with air (with relatively
weak temperature dependencies of the thermo physical properties) the differences in the
kinematic viscosity of water are much bigger. For example. a rather small temperature
increase 1K from 290K to 291K decreases the kinematic viscosity by 2.5%

Taking into account all these experimental difficulties, the uncertainty of the St
number based on the CTA measurement was estimated within 1% (this deviation is
shown in Fig. 9).

St

0.160

g
i 0.155

0.145

120 100 80 60 40 20 0
y(mm)

Fig. 7 — Variation of Stin lengthwise direction; Re = 87; T,/T. = 1.0072. Corresponding
visualization is shown on the background; flow is oriented bottom-up.
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Fig. 8 —-The St-Re relationship of the unheated and heated cylinder in the water flow.
Comparison of the measured data (points) with the reference unheated cylinder by
Eq.(9) - Williamson and Brown, 1998”".

3. The Results

3.1. St-Re relationship

Fig. 8 presents an example of results: Si-Re relationships for the unheated
cylinder (7,/7..= 1.0000) and for several heated cylinders (7,/7..= 1.0024 to 1.0096).
The scale on the vertical axis is shifted by Sr=0.01 for each of the temperature
differences to make the chart well-arranged.

For comparison purposes. the curve corresponding to the unheated cylinder
according to Williamson and Brown, 1998 is drawn to each of the data series. This
curve is considered the reference one for the isothermal case; its form is’’

1.0175

St = 0.2665 — ; (9)
Rt’

It is noteworthy here that the “universal” (i.e. valid for both heated and unheated
eylinders) St—Re.; relationship defined by Eq.(3)' gives practically the same results in
the isothermal case where Re.;= Re and the maximum deviation of Eqs.(3 and 9) is less
than 0.23% — see Wang ef al.. 2000~
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Fig. 9 — The St-Re., relationship of the unheated and heated cylinder in the water
flow; Re.; was evaluated from Eq. (1) with ¢ = 0.97. Smooth line represents correlation
Eq. (3)'%, dotted lines correspond to 1% error from it.

Fig. 8 confirms the expected thermal effect in water: cylinder heating
causes an increase in frequency. The perturbation of the data does not exceed 1.5%.
which can be considered a satisfactory result corresponding to the good arrangement of
the present experimental facilities.
Quantification of the thermal effect is discussed in the following two paragraphs
(3.2) and (3.3) by means of (3.2) the effective temperature concept'> and (3.3)
the thermodynamic derivation of the St-Re relationship’.

3.2. Effective temperature and St-Re g relationship

The idea of the effective temperature presumes flow similarity at the onset of
vortex shedding. An original construction of the effective Reynolds number presumes
that critical effective Reynolds numbers are the same for both unheated and heated
cases (Lecordier er al.. 1991 " Dumouchel er al, 1998'° Wang et al., 2000").
However, the present 7,4~ evaluation could not use the mentioned approach. It has been
impossible to find the critical Re exactly at different A7 because of the experimental
limits mentioned above. Therefore. the definition of the effective temperature was based
on the whole St-Re curve instead of the critical Re number only. In other words. instead
: of the commonly used approach >® > which postulated that the critical effective
S Reynolds number is independent of temperature, we postulated that all the present data
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for different temperature ratios (A7 = 0 to 0.28) collapse to the “universal™ Sr-Recp-
gurve by using the Re.p-concept, if 7.y is computed from Eq.(1). Sequentially, the
constant ¢ in Eq.(1) has been found

[t was found out from the measured data that the best fitting is reached at
e = 0.97. The dependence of St-Re.s for ¢ = 0.97 is shown in | 1g. 9. All frequency data
of the non-heated and heated cylinders collapse to the “universal” Si-Re.g-curve of
ECI(3} The dotted lines in }!;; Y t'l‘['I'L‘\I\L)]j._i to the differences *+1% trom IL{.{“'.
Deviations that appears at lower Re and particularly at 7,,/7 1.0072 and 1.0096 point
probah]y at influences of free convection, which causes an increase of the frequency.

The present value of ¢ = 0.97 for water is different from the known ¢ = 0.28 for
air(Eq.(E)“}, A reasonable explanation for these differences for water and air seems 10
gorrespond to the different Prandtl numbers and to the different thicknesses of
the momentum and temperature boundary layers.

The effective temperature is not “only an artificial value™. the 7.i appears to be
close to the hot recirculation zone temperature (Dumouchel et al.,1998'°). Moreover.
the maximum temperature in the wake measured by Yahagi. 1998 is apparently very
close to the calculated 7. — according to the discussion by Wang er al.. 2000 °. The
rather high present value of ¢ = 0.97. which has been found for water, indicates that the
maximum temperature of the water wake appears to be quite close to the cylinder
temperature 7. However, the measurement of the water wake temperature lies outside
the scope of this work.

3.3. Thermodynamic St-Re relationship

The second possible approach to the interpretation of the measured frequency is

St St
0.17 0.22
K T =1.0096
0.16 021 | T = 1.0072
. - T = 1.0048
g 15 [ D20 s T = 1.0034
0.14 | +—1 0.19 T" = 1.0024
f,...-::’t: } ) T* = 1.00 (unheated)
0.13 - i e L - T =1.00 (unheated)
,,4-_-".‘;:." == i~ i 017 | x = T=1.10
0.12 ST 2 o e SO
L . o . _=* i gy
012 VAR £ A & 0.16 s T =180
b * -
i { Gl
.12 .‘-" == (D)
012 el B L ! I [ 0.14 - - ---Eq. (9)-isothermal
1 0.12 T 3 13
.12 0.12
0.11 ' ' 0.11
100 120 140 160

Re

Fig. 10 - The St-Re relationship of the unheated and heated cylinder in air and water.
Comparison of the experimental data (open symbols denote the present experiments
in water, full symbols denote experiments in air by Wang et al., 2000'*) with the

' reference unheated cylinder (Eq.(9)""), with the correlation based on the experiment in
" air (Eq. (12)*) , and with the theory (Eq. (10) ).
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based on the thermodynamic derivation of the Si-Re relationship by Marsik er al.”. This
approach, contrary to the effective temperature conc ept, is based on the detailed analysis
of the \-’L‘ll)l,‘il_\ and temperature fields. The derivation takes into account the [\1:_\ sical
properties of various fluids. The resultant equation, which constants 0.2665 and 1.0175
match Eq. (9) (i.e. the isothermal case by Williamson and Brown. 1998"), has
the following form:

St(Re_.T",Pr.)=0.2665 (T°0 == ‘ (10)

where 7 is the temperature ratio 7° I/T.. and wis the exponent In the
dependence of the viscosity on temperature defined as

m=m (11)

where 1 and g are molecular (dynamic) viscosities at temperatures 7 and 75,

Eq. (10) is valid for various fluids, and their different material properties are
embodied through their different @ and Pr-. The exponent @ for water and air was
discussed by Marsik e al. '

e For water in the temperature range of 15-30"C, the exponent ®» was found from
g 314 . i
data by Gebhart, 1993 in the temperature range 7' € (10; 30)°C as © 7.00.
® The exponent for air was taken ® = 0.7774.

The Prandtl number of water and air at the atmospheric pressure and
temperature /.

e Prandtl number of water monotonically decreases from Pr=7.99 at 15°C to
Pr=5.39 at 30°C (by Gebhart, 1993**). The curves plotted in | ig. 10 have
been evaluated at Pr- = 7.053 (7= = 20°C).

e Prandtl number of air monotonically decreases from 0.71 at 20°C to 0.68 at
300°C (e.g.. by Hilsenrath and Touloukian. 1954°"); curves plotted in Fig. 10

have been evaluated at the common approximation by the constant value of

/.

The comparison of the present experimental data with Eq.(10) is shown in
Fig. 10. All the present experimental data are plotted in St-Re coordinates (the scale on
the vertical axis is shifted by St=0.01 for the experiments in water to make the chart
well-arranged — similarly as in Fig. 8. Because the temperature and frequency
differences in air are much bigger, the data of the experiments in air are not shifted).
Moreover, available data of the heated cylinder in air by Wang er al., 2000'* are plotted
into the same graph too.
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For the comparison purpose, an expansion of the St-Re.; relationship for air
(i.e. Eqs.(2 and 3)) into the St-Re domain was made according to the derivation by

Travnicek er al., 2002°". which yielded the following formula

v 1.0160 ]
St = 0.2660 > l072+028 (12)

J"]\’L Jfr

Moreover, the different thermal effect in two different fluids (water an air) can
be elucidated in Fig. 10: Cylinder heating in water increases the vortex shedding
frequency thus it destabilizes the wake flow. On the other hand. cylinder heating in air
causes the [‘I‘L‘L|tlt.'|l\.'_\ decrease thus the wake flow is stabilized

4. Conclusions

This paper is concerned with vortex shedding behind a heated circular cylinder
in water and air. The first experimental step related to an adjustment of the parallel
vortex shedding mode was performed using the flow visualization in water.
Sequentially, the hot-wire anemometry in water was used for Sr-Re data acquisition.

e [t has been confirmed that the frequency of vortex shedding is changed with
the temperature gradient in the boundary layer. It has been found out that
the cylinder heating in water increases the frequency (thermal effect in water).
This increase has been measurable even for a relatively small temperature

difference AT = T,,-1

e The effective temperature (7,4 concept has been used for processing of the St-
Re data from the hot-wire measurement. The present evaluation of the 7,; has
been based on the fitting of all Sr-Re data onto one St-Re.; curve (instead of
a commonly known evaluation by means of the flow similarity at the onset of
vortex shedding). The resultant effective temperature in water has been found
as Top= T+ 0.97(T—T).

e The present results confirm that the concept of the effective temperature.
originally suggested for heated cylinders in air. is suitable and extendable for
the heated cylinders in water. The validity of the universal St-Re.z correlation
equation has been confirmed.

The results of measuring were also compared to thermodynamic St-Re equation
derived by Marsik ef al.'. which has the form of St = f(Re=., T*, Pr.), and which is valid
for various fluids. The present experimental data for waterflow have been completed
with available data for the heated cylinder in airflow. A satisfactory agreement between
St-Re equation by Marsik er al ' and experimental data for both fluids was achieved.
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Summary

Equipments which work on principle of SJ should be found in aerospace
industry, in automotive industry, in design of pumps and ejectors. for cooling and
heating applications. or for intensification of mixing in chemical reactors. The main
advantage of these applications is relative simplicity of SJ equipment. This article
introduces the most important works in SJ field. Out of short description of basic
mechanism of SJ principle, main part of article 1s devoted to various field of SJ usage.
as is jet vectoring. flow control in external and internal aerodynamics, intensification of
heat transfer.

1. Introduction

At the 2006 Geneva Motor Show the new sporty
estate by Renault the Altica was presented. Most of
studies like this are the demonstration of the virtuosity
and professional skills of designers as usual. but this
Renault Altica shows many new technical solutions as
well. One of these solutions is application of equipment.
which works on principle of so-called Synthetic Jet (SJ).
for reduction of drag force and thereby decreasing fuel
consumption. This SJ equipment. what consists of slot for
air outflow and air sucking from surroundings, is inbuilt
near to the trailing edge on the roof of the car Renault
Altica. Authors of this car concept presume very

membrane

Fig.1 Principle of SJ
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optimistic value of fuel consumption
reduction of about 15 percent, wherea
the SJ equipment power requirement
only 10W (!) 1]

However the Renault Altica is
only a pilot project likely never lunched
mnto the series production lines, it shows
clearly possibility of outcomes
application from present fundamental
research.

An example of similas

: : : Fig. ] I i
appllcalum 1S a concepl ol Korean cai g€ One of workng cyceof )

i Experimental results measured by CTA
company Kia Motors Corp. [2]. when  method with X-wire probe. 2—»0a—1
the car rear bumper is furnished by many  suction; 1->0b—2 extrusion
circular nozzles which generate SJ (this
idea hasn’t been presented in Europe up
to the present days). Both of these concepts seem to be futurological at least but it has
not been refused or neglected.

Equipments which work on principle of SJ should be found not only in
automotive industry, but also in aerospace industry (where it helps to increase the lift

force or to reduce e
aerodynamic  drag). in 40
design of pumps and
ejectors, for cooling [ 1 %
(electronics or gas turbine) ) o0
and heating applications. or

15

for intensification of mixing
in chemical reactors. The
main advantage of these

applications is  relative EUCEREE - D e,
-

. = - = -
simplicity of equipment —
because there is no need TFig.3 Creation of 2
neither of external flow  wortexrings by fluid | 7 o~ :

source (e.g. compressor or extrusion from cavity

: ; 25 of an actuator. \\\_‘_
fanner) nor incoming piping. - 05

Results of ,,Smoke
It is pity that by missing  wire“ visualization _/’_‘\—_——’_ ]
communication between  —Fig.4 Development —; i
scientists and engineers  of flow in nozzle axis
during one cycle

(\

(U+

these equipments are not
used much more in the
practical applications.

2. History and Present of SJ Research

The first pilot works about problems of SJ are older than the term SJ has been
established. One of the first successful applications was already described 50 years ago:
Dauphinee [3] used the oscillating diaphragm for the air jet creation in the calibration
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equipment for temperature probe. The heat transfer on the wall in presence of SJ and the
boundary layer control using SJ are described in the articles [4 and 5]

The creation of fluid ets h_\ means of pulsating pistons was p[[[\[i\hui h_\ e.g
Mednikov and Novitskii [6] or Tesar |7, 8]. Some special applications as so-called
Sacoustic streaming” (see Meissner [9] and Lighthill [10]), flow caused by oscillating
body (Stuart [11]; Davidson and Riley [12]), flow created by acoustic wave — whether
stationary (Ingard [13]) or progressive wave (Lebedeva [14]) relate very closely to
problems mentioned above

Research connected with problems of oscillating flow and acoustic streaming
has become a theme for intensive research at the end of 20th century. English term
woynthetic Jet” was defined by Smith and Glezer in their paper The formation and
evolution of synthetic jets in 1998 [15].

There has been extensive research in many important world laboratories at the
beginning of the 21st century. For example we can mention some of the largest SJ
research centers and some of their significant papers.

USA: Georgia Institute of Technology [15-20, 57, 64]
Georgia Technical Research Institute [16, 17, 19]
Univ. of Wyoming [17]
Boeing Comp. [17]
Los Alamos National Laboratory [18, 21, 25
Utah State Univ. [21, 23, 25, 30]

Univ. of Florida

22, 23, 28]
George Washington University [23, 28]
Univ. of Texas at Austin [24]
lexas A&M Univ. [26, 27]
NASA Langley Research Center [29]
Auburn Univ, [31]
Univ. of Washington [32]
Australia: Univ. of Technology Sydney [33]
Univ. of New South Wales, Sydney [34]
Monash University, Melbourne [35, 36]
New Zealand: Univ. of Auckland [37]
England: Univ. of Manchester [38, 39]

Univ. of Sheffield [39. 40, 55]

France: CNRS [41,42]
Italy: Politecnico di Torino [43
Japan: National Aerospace Laboratory of Japan [44]

National Institute of advanced Industrial Science & Technology [44]

Taiwan: National Taiwan University [53. 58. 59, 6

South Korea: Seoul National University [45, 56]
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Summary of institutions listed above should v
pot be complete. There 1s a wide range of possible
applications of SJ and there are many more research ctuator  Bey L

and industrial organizations which attend to ™ ——f
problems of SJ.
Research of SJ whose quality can be |
& compared to the top world research centers is also
" made in Czech Republic. Valuable research 1s made
at the Institute of Thermodynamics AS CR since \_/
22001. For example the article Travnicek & Tesaf ‘4
48] 1s one of the first two known publications e———— -
I‘ dealing with application of SJ for cooling. Other
Sinstitutions which make research about SJ are e g. _I
& Technical University of Liberec or Czech Technical
University in Prague.
The term “Synthetic jet” is translated to the Fig.5 Fluid flow vectoring by
Czech language like “Syntetizovany proud”. This SJ, Al activated SJ,
term was presented in 2002 [47] for the first time. B cipesd 2

T1IE.]

= 3. Basic Principle of SJ

Synthetic Jets are jets of fluid, which are generated by periodic pulsations of
Mfluid. The oscillating force pushes and pulls this fluid through an orifice (nozzle) from
P eavity of an actuator. Vortex rings are formed at the lip of the orifice. These rings move
Swith the velocity U, that must be high enough to prevent interaction with suction in the
borifice. Vortex rings develop and dissipate and SJ has a character of free jet when 1t 1s
ofar enough from the end of the orifice. The main advantage of SJ is the zero-net-mass-
Mflux jet that eliminates the requirement of piping for the fluid inlet. Though the nozzle
"works with zero-net-mass-flux, the momentum in z direction is non-zero.
i The equipments for SJ can have different design, but the main mechanism and principle
518 mostly the same. Fig.1 shows simplest setting: There is some orifice on one end of
“the actuator, whereby the fluid 1s periodically sucked/exhausted to/from an actuator
cavity. The pulsation generator of the fluid can work on principle of loudspeaker, piezo
erystal, electromagnet, piston or other equipment. It 1s necessary to choose an optimal
Mype and construction of actuator in relation to supposed working frequency range,
iworking temperature, kind of working medium and required load of the unit.

Fig.2 shows the working cycle of SJ. Working cycle starts with diaphragm
motion from zero position (position 0a) in —z direction. This motion causes fluid
sucking into actuator cavity. If the diaphragm deviation is maximum (position 1), the
fluid is extruded from orifice of actuator. The biggest velocity of extrusion is in zero
ideviation of diaphragm (position Ob). Then the diaphragm moves in +z direction to
sition 2. If the diaphragm achieves position 2, the fluid is sucked again and the cycle
is repeated.

Fig.3 shows the vortex rings which are formed at the end of the orifice by fluid
trusion (2D case — there are formed counter-rotating vortex pairs, [15]). Fig.4 shows

development of flow in z direction.
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For optimal function of SJ equipment it
IS 1mportant to choose driving frequency to
work In resonance, i.e. eigen lrequency ol
pulsating fluid column is the same or very
close like eigen frequency of actuator. For
equipment, which is actuated by pair counter-
rotating oscillating diaphragms in air [49-51] 1t

IS possible to calculate this frequency from

equality for Kinetic and potential energy of
equipment like

1 d [K,
feer
:,T /)v 2;?/._

B/

Fig.6 Using of SJ for lift force
increasing on wing profile, A/ : y :
activated SJ. B/ closed SJ of loudspeaker diaphragm [N/m’], D 1is

diaphragm diameter and L, is ..equivalent

length™ of fluid column (see [49]).

d 1s an orifice diameter, K, is stiffness

Equipment, which works at these conditions, will have the highest amplitude
with the same power requirement (i.e. mass flow is the maximum by given power
requirement).

There are some advantages of SJ: flow generation without requirement of
manifold for operating medium. Even thought the time-mean mass flux through
the nozzle is zero the momentum and the mass flux in the sufficient distance from
the nozzle is non-zero. This feature of SJ helps us to place sources of fluid flow
anywhere we want without the need of piping.

Another advantage. which is used in different applications. is a high value of
turbulence intensity of generated fluid flow. This property is used mainly for heating or
cooling.

4. Application

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

A) The main (primary) flow control
B) Using of stand-alone SJ or systems of them
A) The main (primary) flow control

Al Jet vectoring [18, 30]:

This category of applications includes the control of flow, which is parallel or
perpendicular to the driving jet. Fig.5 shows the principle of jet vectoring. Fig.5a shows
Mthe case with activated SJ when the main flow is deflected from direct course and falls
into so-called collector whereby leaves away. If the SJ is inactive main flow is not
affected by SJ and has direct course (fig.5b). The equipment, which works on this
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principle, can be used for example in air distributors. In this case the SJ equipment 1S
driven by electric current only. This equipment which is able to vector substantial flow
volumes works without need of complicated mechanical components. Details about this
applicati{)n of SJ should be found in [18] or [30]

A2 Flow field control in external aerodynamics

For example it is control of turbulence and control of boundary layer
separation. It can be used for a drag reduction, increasing lift force or for noise
decreasing [17, 19]. One of applications is concept of Renault Altica [1] (which is
mentioned above). Other applications of SJ are possible to find on airfoils [44] (Fig.6)
or propellers of helicopters, some of these examples are inscribed as ..virtual shaping
effect” of airfoil [28. 29].
So-called ..smart control* of the airfoil shape is intensively discussed
presently. This equipment allows adapting of main characteristics of the airfoil to
instantaneous conditions in the boundary layer or to the requirements of external control
unit. It is possible to improve airfoil parameters and the system maneuverability or to
psimplify or completely remove mechanical control systems on wings. These
B technologies are a special perspective in small and very small pilotless planes (Micro
Air Vehicle MAV, Unmanned Aerial Vehicle UAV), eventually in analogous
underwater vehicles (Autonomous Underwater Vehicle [53]).
: The other perspective application of SJ is focused on improvement of
wind power plant propellers characteristics (presently analyzed at IT CAS). The main
bobjective of this research is to increase lift to drag ratio and to decrease aerodynamic
noise [54.55].
Example of SJ flow influence on aerodynamic drag of “bluff body™ is
described in [56]. Fig.7 shows results of numerical simulation of flow past a bluff body,
which has nozzles at the trailing edge. These nozzles alternately push and pull flow of
Mfluid. This figure shows flow field past rectangular bluff body in case a/ nozzles don’t
Bwork, b/ nozzles work in phase, i.e. nozzles push fluid at once and pull fluid at once. ¢
nozzles work in antiphase. i.e. if one of nozzles push the fluid. the second pull the fluid
and conversely. Results show ability to decrease drag coefficient for about 25 percent
Swith application of this equipment. It is necessary to regulate frequency and power of SJ
in relation to fluid velocity to achieve optimal drag reduction. The rectangular profile
should represent a car model in this case.

>
w
R WS
= %

ig.7 Wake past bluff body (numerical simulation), A/ without SJ, B/ SJ nozzles work in
hase, C/ SJ nozzles work in phase opposition
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B1.q. Flow field ‘ontrol in internal ae rodvnam

['urbulence control and control of hmmd.u_\ layer separation 1s another
typical example of SJ application. Fluid flow through wide-open diffuser, which 1s
susceptible to separate from the wall, can be stabilized by SJ [42]. Suppression of
undesirable flow separation increases efficiency effectively and decreases power loss

AA. Increase of mixing intensin
Increase of mixing intensity has importance in many chemical processes, such as
in combustion [42]. Typical setting is numerically solved in paper [57]: The air and fuel
flows move into combustion chamber where SJ improves their mixing. It is possible to
improve parameters of the combustion equipment, e.g. to increase power, to decrease

Noxious emissions, or to decrease overall dimensions eventually

e 3. Increasing of heat transfer due to main flow control

Very interesting example of application of SJ is cooling of electronics with very
small dimensions [34] (Micro-Electro-Mechanical Systems. MEMS). In these small
dimensions there is often laminar flow and heat transfer is unacceptably small.
Numerical study [34] simulates intensification of electronic processor’s cooling: the
laminar airflow is heated from one-side and affected by SJ from other side. Laminar
flow is disturbed by SJ (authors discuss pseudo-turbulence). For proper setting and for
proper flow parameters the study [34] shows how it is possible to improve processor
cooling.

B) Using of stand-alone SJ or systems of them
i Action of force for control of motion, e.g. for autonomous vehicle in the

water and in the air.

Recently, there were developed new generations of SJ generators. in particular
hybrid SJ and double-acting SJ [58-62] (IT CAS, TU Liberec., Univ. Sheffield
a National Taiwan Univ.). The purpose of these works has been improvement of SJ. in
particular on the field of electronics cooling. In addition to the improved geometry of SJ
generator can be used for nozzle design for autonomous underwater vehicle (AUV).

Function of SJ in the water is specific. Though SJ in the water works in relati
low frequency (some tens of Hz by macroscopic scale of centimeters). gases dissolvea
in the fluid are released. cavitation increases due to considerable acceleration of fluid on
Pactuator surface. The decrease of the pressure in the actuator leads to the formation of
BMeavitations bubbles. These bubbles affect adversely the stiffness of the actuator and
Boperation of SJ. The problems connected with the SJ in the water are solved at the TU
- Liberec nowadays.

Membrane

Outflow  Inflow outflow

2

eless Q__-J// ﬁ U_ L’J \Vg:e/ug
B L [
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Fig. 9. Double-acting
hybrid synthetic jet
actuator

B.2 SJ used for intensification of the heat transfer

This group of applications contains cases as impact SJ [4. 20, 48. 50. 51] and
cases of complex fluid fields generated by SJ only [64]. A pulsation of the jet together
with the high level of turbulence intensity leads into the strong increase of the heat
transfer coefficient when the equipment is designed properly and the heated or cooled
surface is placed in the right position. Due to this advantage there is a wide range of
applications in the field of cooling of heavy thermally loaded parts in electronics or for
cooling of blades in combustion turbines. More details about these questions are
possible to find in e.g.[50. 51, 58-62]

Combination of SJ with pump or ejector brings other options. Fig.8 shows an
example of valve-less pumps design [65]. This valve-less pump consists of two
diffusers and of chamber with actuator. Diffusers are optimalized to have bigger drag in
one direction than in the opposite direction. Periodic motion of actuator produces
sucking of fluid by first of diffusers and extrusion by second of diffusers. This
€quipment is able to have very heavy duty by very small size. Improvement in particular
is by MEMS systems.

An idea to combine SJ and valve-less pump led to design of hybrid synthetic jet
actuator [66]. Fig.9 shows a design of double-acting hybrid synthetic jet actuator. Fig.9a
shows period of extrusion from front chamber (1), if the fluid is sucked simultaneously
in back chamber (2). Opposite period (sucking into front chamber) is shown on fig.9b.
Resulting flow has time-mean mass flow of fluid in actuator non-zero — it enables to
achieve better results in noted applications [58.59].

5. Conclusion

Equipments, which work on SJ principle, have simple construction and many
advantages. It depends on ingenuity and confidence of designers and managers if they
resolve to use new technologies in their products.
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Summary

An air round jet was generated by a zero—net-mass—flux actuator. A satisfactory
jet synthesis was confirmed experimentally by smoke visualization and hot-wire
Panemometry. The choice of suitable operating frequency was found near the resonance
by means of theoretical as well as experimental approach. In the far field.
Pthe streamwise decay of the time-mean velocity is comparable with a conventional
(steady) jet.

.l. Introduction

Synthetic jets are generated by an oscillating force which pushes and pulls
@ fluid through an orifice (or nozzle) from a cavity [1]. The synthetic jets have many
iperspective applications such as control of primary flows [1, 2] and a valuable
ialternative for cooling applications [3].

'the output orifice (diameter D). and the “stroke length™ L, [1]; another name is

e the orifice velocity over the extrusion (discharge) stroke [1]. The Strouhal number is
n only slightly modified ratio of the length scales D and Ly: e.g.. at harmonic actuation
= (1/x) £ D/U, = (1/m) D/Lo (2], where f is ﬁ'cqucng_\.‘ Up in_thc time—mean orifice
elocity during the extrusion stroke. i.e. Uy = Lo I. and T is the time period, i.e. 7= 1/f,

The synthetic jets are characterized by two length scales: The length scale of

the “equivalent extruded (fluid) column length™, [2]: the L; is defined by integration of
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There are many possible definitions of the Revnolds
number, one of them sounds as Re = [/,DA (1]

2. Results and Discussion

The present actuator consists of a sealed cavity.
which is equipped with an actuating pair of \ii.li‘}ll.l;_'[l.l“-
Dp = 66.5 mm in diameter, and with an emitting orifice
D = 8.0 mm in diameter. The jet is oriented \L.'TT]\'JH\
upwards, a sinusoidal current feeds the actuator
An initiation step of the experiments was made by flow
visualization by the smoke-wire technique. Further.
the velocity distribution was measured by a hot-wire
anemometer (DANTEC: CTA Bridge 56C17. Mean
Walue Unit 56N22, Streaml.ine 90ON10 Frame, and CA-
1000) in the constant temperature mode

\

Ana{l’.\'i.\'.' resonance frequency of the actuator Fig. 1

Svnthetic jet visualization

From the point of view of energy transformation. 0 Hz. /D = 3.2

the potential energy of the pair of diaphragms is

transformed into the kinetic energy of fluid during each

period. The oscillating diaphragms are assumed as harmonic motion. and
the relationship between the velocities of the actuating diaphragms and the flow in
the orifice satisfied the continuity equation (incompressible flow). In the top/bottom
dead centers of the diaphragms, the kinetic energy of fluid is zero and the potential
energy is maximum. On the other hand. in the neutral position of the diaphragms.
the kinetic energy is maximum. The potential energy of the diaphragms can be written
@s for linear springs. and the resonance frequency can be derived as:

1Y D
—| =

— (1)

= | w7\ D ‘v 2 pl

_ where Kp is the diaphragm (spring) constant (it was evaluated by an auxiliary
experiment), p is fluid (air) density. and L, is the “fluid column length™ which captures

Bthe kinetic energy. For the present geometry, Eq. (1) gives /= 78.5 Hz.

. The “nominal operating frequency” has been refined according to

the experimental results as /= 75.0 Hz.

Experimental results: Flow visualization and hot-wire measurement

Fig. 1 presents the visualization of the typical synthetic jet obtained using
Pmultiple exposures at low frequency actuation (30Hz) during ls, (it means, 30
“Superimposed frames were exposed). Fig. 1 shows the so—called “short L,” (or “high
- Sr%) synthetic jet, which was generated at Ly/D 3.2,1.e. 5t=0.10, and

"Re = 400, i.e. U, =0.78 m/s.

’ Counter-rotating vortex pairs are formed at the nozzle exit, and they are
distinguishable duringh their upward motion from the nozzle. According to Fig. 1,
Mhe streamwise distances from the nozzle to the first and second vortex pairs are
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Y

approximately 10D and 4D. thus

Bthe average pitch of the train of (Y*VYd/Ug U t/ T
individual  vortex pairs is S BRI § pon T
- approximately Ax, 3D. This F«:c _ —0.10
| K R B i v \ vortex pairs 020
Axy — vaiLlLl 1s rather well _ ¢ dosal /| A \._ propagation o
b comparable with the “equivalent ° % L\ N\ . :t‘. ;‘LL;
~ extruded column length” 4 ﬁ«:‘a ; VLY. SN ) “ ;'IU
B0 = 3.2 D. Fig. 2 shows results ' [P OAEALKR, ™ S ARH
of hot-wire measurements of the . : _o =5 W
M¥long L, (or “low Sr”) synthetic ° =t |-080
bjet, which was generated at the —-— :"-"J 90
S *pominal operating point™: =75 ! Sk e 2 el s cod

e LoD = 143, i.e., St = 0.022, 0 10 15

band Re = 4400, i.c., U)= 8.7 m/s. x/D

L Fig. 2 shows the centerline Fig. 2 Phase averaged centerline velocity
velocities during the actuating

peycle namely the phase averaged velocity: U is the time-mean velocity and U is
Sthe periodic component. This plotting demonstrates a formation of the pulsatile jet when
Mfluid “puff” travels downstream, thus the velocity amplitude moves downstream. and
bthe velocity oscillations gradually diminish. The time-mean velocity [/ along
bthe centerline is plotted as well. The maximum velocity in the orifice is approximately
3.05U). Behind the orifice, the maximum velocity increases slightly at first. mainly
because of the velocity profile formation there: the highest value is nearly 3.5 U, at
0% = 2.5D. From x/D = 3.75, the maximum velocity starts to decrease. In fact, a periodic
dcharacter of the jet is clearly distinguishable approximately up to x/Dy= 20. Further
ddownstream, the initially pulsatile jet remains a conventional (steady) fluid jet with
1@ constant monotonically decreasing streamwise velocity. The streamwise decay of
ithe centerline time-mean velocity of the investigated (originally pulsatile) jet was
fevaluated as U ~ x —1.04. It is very close to the well known proportionality U/ ~ x—1.0 of
iconventional axisymmetric fully developed turbulent jets.

3. Conclusion

{

! A round air jet was generated (synthesized) by means of a zero-net-mass—flux
factuator from a train of counter-rotating vortex pairs. The choice of suitable operating
frequency was found by means of both theoretical as well as experimental approach:
':The resonance frequency of the actuator was derived theoretically. In addition. the hot-
BWire measurement revealed a relationship between the time-mean velocity and the
Mdriving frequency. The chosen “nominal operating frequency”, /= 75.0 Hz, agrees very
iwell with both the theoretical and experimental results.

The expected function of the actuator has been tested experimentally by smoke
Visualization (using phase-locked multi-expositions) and hot-wire anemometry.
fThe hot-wire data were processed using the phase-averaged technique. and the velocity
was decomposed into the time-mean velocity. pc:jndigund ﬂuquhatiun components.
he experiments have confirmed a satisfactory function of the “fluid jet synthesis”. Two
typical synthetic jets have been presented here, 11;1mc?> the “long—" and “short

extruded columns L, cases. The maxima of the centerline local and the time-mean
Velocities reached approximately 27 m/s and 8.7 m/s, respectively; it was occurred at
“nominal OpCI‘ﬂling poim" which prnducm the "|Ung Ly H,\I'!thcli(.‘ _it‘l-
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The maximum Reynolds number was R 4400. The svnthetic iet is formed by
travelling of fluid “puffs" downstream. thus the velocity amplitude moves downstream
and the periodic component of the velocity gradually diminishes. The investigated.

originally pulsatile jet resembles a conventional (steady) jet for the axial distance
greater than 20 diameters from the orifice, where the streamwise decay of the centerline

time-mean velocity was evaluated as [/ ~ x —1.04
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Abstract

This paper focuses on research into the properties of a Synthetic Jet operating in
water. It presents the design of a unique experimental setup and the results of various
experiments and numerical simulations.

Also presented are results of visualizations via an electrolytic precipitation
method — a so called Tin ions visualization, results of experiments achieved by Hot-wire
Anemometry and numerical simulations carried out by means of the Finite Volume
Method. The Hot-wire Anemometry experiments were focused on determining
the nominal frequency of the actuator and on measuring different velocity profiles.

Based on the presented results, a parametric experimental investigation is
planned for the future.

1 Introduction

A Synthetic Jet (SJ) is generated (synthesized) by interactions within a train of

vortex rings or counter-rotating vortex pairs in axi-symmetric or two-dimensional
geometry, [1, 2]. The main advantage of a SJ is a flow without fluid supply
Specifically, the SJ actuator has zero-net-mass-flux (ZNMF). ZNMF eliminates the need
for piping to accommodate a fluid inlet.
A SJ has many significant applications. of which the number is increasing
continuously. The most important applications can be divided into two main groups:
1) The main (primary) flow control:
A SJ is used for jet vectoring, flow field control in external and internal
aerodvnamics and for increasing the intensity of mixing.
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Use of a stand-alone SJ or systems inc luding a SJ

A SJ 1s used for intensification of heat transfer

2 Synthetic Jet Parameters

A SJ 1s characterized by various parameters. The main parameters are

- I'he actuator orifice diameter D

- ['he “stroke length™ |

/ (n (1)di (1)

where uy(t) is the periodical axial orifice velocity, and T is the time period
- I'he time-mean orifice velocity Uy is defined as the axial orifice velocity
on the axis over the extrusion (discharge) stroke as

{ ——= NGt (2)

where f is the actuator frequency.
- The Reynolds number of a SJ is defined as:
)

Re=—— (3)
v

- The Strouhal number is defined with the use of eq. (2) as:

f-D 1D
TR e vy (4)

|
Q==
a L
- The nominal frequency of a SJ actuator had to be established. Frequency can
be calculated theoretically as:

where D is the actuator orifice diameter: D is the inner diameter of the actuator:
K, is the stiffness of the actuator (latex membrane and loudspeaker membrane).
K= 2901628N/m’; p is the density of the working fluid. p = 1000kg m” for water; L. is
the equivalent length of the orifice, L. = 6.74mm.

The theoretically evaluated nominal frequency (eq.(5)) in the studied case is

f=30.1Hz.

'3 Experimental Setup and Methods

The actuator (Fig. 1) consisted of an actuating part — loudspeaker (ARN-226-
W03/40)), cavity and nozzle. The actuator cavity was constructed from two aluminum
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Figure 1: Schematic view of the actuator — actuating part
and nozzle

gomponents with an inner diameter of D; = 30mm and a wall thickness of s = 2.5mm.
Both of these components were furnished with flanges. A latex membrane. with
pa thickness of 0.5mm was placed between the flanges. This latex membrane was
gonnected by an aluminum rod (d = 3mm. length=80mm) to the loudspeaker membrane.
fThere were four holes with diameters of 8mm in the upper aluminum part - above
the latex membrane. These four holes facilitated water flow and thereby. a partial
€ompensation of hydrostatic pressure differences on the latex membrane. For a SJ
measurement in water, the actuator (nozzle) orifice was oriented vertically downwards
10 the bottom of the tank. The inner dimensions of the tank were 1000mm x 1000mm x
1000mm.

The entire setup was connected together with the aluminum profiles.
The positioning system was attached to these aluminum profiles. The equipment was
secured on the upper edge of the tank.

The SJ was actuated by moving the latex membrane, which was connected to
e loudspeaker membrane.

The loudspeaker was fed an amplified sinusoidal signal. All experiments were
nducted with a constant electrical charge of P = 2.48W. The temperature of the water
Was uniform throughout the tank. It fluctuated slightly during the experiments within
arange of 18°C to 22°C. It was approximately the same as the ambient air temperature
in the laboratory.

For a first impression of the SJ. a Tin ions visualization was made. This method

8= 5mm) to a cathode (copper plate) in an electrolytic solution (a mixture of water and
mmon salt). The SJ actuator was placed into the electrolytic solution and a tin wire
fixed across the opening of the orifice. The tin ions detached from the anode after
wire was connected to a direct voltage source. I'hese particles were visible as

88 based on the transfer of tin ions from an anode (a tin wire with a diameter of
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@ white “smoke”. An ND:YV04 continuous wave la er was used for hghting. A laser
sheet from the laser beam was made by using cylindrical optics. In this laser sheet.
the ions were observed to be moving Measurements were made at a frequency ¢
§= 10Hz, due to the higher visibility of ion motion at this frequenc

The Hot-wire Anemometry method, in a constant temperature regime. was used
for flow velocity measurement. The use of this regime creates better conditions for

VCIOCil)’ and a velocity fluctuation measurement. A DANTEC 90C10 anemometer and
Pantec 55R36 film probe were used for the measurements. Commercial software wa
used for data processing (StreamWare version 3.01 and Matlab R13)

Commercial software was also used for numerical simulations (Fluent 6.1.22)
The Standard k-e model of turbulence with a segrecated solver was used for
galculations. The k-m, realizable k-&. RNG k-&¢ and Revnolds Stress models of
turbulence were used for comparison. The geometry of the ._1L1||\1lv-| was generated In
G&I’I’lbll 21() ”11..‘ \\UI'!\ was \l"\ \\1 ds .\|). axi-symmetric. unsteady. Mechanical and
thermodynamical properties of the working fluid (water) were assumed to be constant
and were prescribed as follows: fluid density (incompressible fluid) and dynamic
wiscosity. The inlet of the SJ was modeled using a user defined function of velocity
The time dependent function of velocity had a harmonic characteristic. The constant
pressure was used to model the surrounding at the outlet

4 Results and Discussion

4.1. Tin ions visualization

An Olympus E20P camera was used to photograph the “white smoke™. Figure 2
Shows the vortex ring formation near the orifice. as well as the second vortex. which has
wafted from the orifice. Also visible is the decay of the third vortex. As noted above,
the frequency for the visualization was f = 10Hz in order to make the structures visible

N e

Figure 2: Tin ions visualization
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Figure 3: The dependence of the time-mean component of velocity on
actuator frequency

4.2. Hot-wire Anemometry

As previously noted, the Constant Temperature regime of HWA was used for
surements. The nominal (resonance) frequency was scanned in a range from 10 to
65 Hz on the orifice axis. Figure 3 shows the measured values at a distance of z/d=4 at
248W of electrical power. The highest time-mean velocity (time-mean voltage) was
found to exist at a frequency of = 36 Hz.

Figure 4 shows the change in time-mean velocity U as a function of the distance
from the nozzle.
Figure 5 shows the time change in average velocity and time-mean velocities in

| .T
!
‘ 0 '__—_-_h_h =
E —— — =
[ . s g™ Tl
1 \“.
o
=g .
— R .
[ %
g -
%
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[ ] L
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Fig;lre 4: Change in time-mean velocity in a stream-wise direction
(logarithmic scale)
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Figure 5: Dependence of average velocity in different times and time-mean
velocity in a stream-wise distance
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Figure 6: Velocity profiles at different times and distances from the nozzle

8 stream-wise direction. Time-mean velocity decreased as the distance from the orifice

eased. As the distance from the orifice increased. the vortex structures dissipated

to turbulent processes and velocity decreased It was l.lh\lllLl.\I Il.m flow oscillations
not evident in distances exceeding z/D=20. The existing flow took on

e characteristics of a free jet from this point onward (see figure 6).

Velocity profiles were measured on the x axis at distances z/D = 2, 4, 7, 10 and

20 from the orifice. A comparison of time mean velocities U is shown on figure 7.
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Figure 7: Velocity profiles [/ /[

4.3. Numerical simulations

Figures 8a and 8b show the velocity profiles of U/U0 on the x axis at various
dlstances z/D from the orifice. which were calculated by different models of turbulence.

': Welocity profiles measured at the same distances via Hot-wire Anemometry method are

also shown in these figures for results comparison.

, Figures 9a and 9b show the velocity U/U0 on the orifice axis. This figure also
presents the results of different models of turbulence compared with the results of HWA

- measurements.

Tab.1: Acronym of the used model of turbulence

Acronym Model of turbulence
Ske Standard k- model
RNGke RNG k-& model

Rke Realizable k-& model
kw Standard k- model
RSTR Reynolds Stress model

S Conclusions

The characteristics of a Synthetic Jet in water were investigated in this paper.

Aumque experimental setup was designed. and multiple experiments were conducted.
The actuator consisted of an actuating part - loudspeaker and actual nozzle.

€ main parameters of the nozzle were: orifice diameter, D = Smm: distance from
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the membrane to the orifice. | 17.5mm: and membrane diameter. D 30mm
The IOUdspcakUr wads Tk"\' d \ll]ll\l‘I\Lll ‘-If..'[]{i!. \l[I\l L“\.'k“iLJ' [\"\\\'l was I' _‘ 48\

['he Tin 1ons method was used to obtain the first impression of the flow. During
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Figure 8a: Velocity profiles. Points correspond to measured values
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Figure 8b: Velocity profiles Points correspond to measured values
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the eXpefimL’lllH it became clear that a [1n-10ns
velocities exceeding 0.5 m/s.

visualization was not useful for

A thermoanemometry measurement revealed the velocitv field in detail
The initial step of the CTA experiments was to determine the I\."*-HI.I.HILL' frequency ol
the actuator. The resonance ll'uquunu; obtained from our experiments was 36Hz. This
- was not far from the theoretical resonance frequency of 30 1Hz which was calculated
fl'()m equali“” (5) above. I'he difference between the theoretical and \.'\F‘L‘I'IIHL'HL||
pominal frequency was probably due to the simplicity of the analytic calculation
The velocity profiles in the x and z directions show the evolution of the flow in time and
in a stream-wise direction.

Cavitation bubbles, which were generated on the membrane in the cay iy, acted
Bas an artificial fluid stiffener. They influenced not only the stiffness of the setup but
the flow character as well. The bubbles can influence thermoanemometry experiment
results when they are discharged from a nozzle.

A Standard k-e model was used for numerical simulations. For comparison,
other models of turbulence were also used. A comparison of the numerical simulations
and experimental results shows that models of turbulence. which are part of commercial
CFED software (in this case Fluent), do not depict complex phenomenon. in this case
@ Synthetic Jet, with adequate accuracy. The very rapid decrease of the flow time mean
welocity, as distance from the orifice increased was especially obvious. However.
the results achieved by using common models of turbulence can be used to help design
equipment for determining pressure relations on membranes or comparing individual
gonstruction variants of an actuator.
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Abstract

A possibility to enhance the “synthetic jet™ has been studied. Instead of
the typical zero-net-mass-flux synthetic jets, the non-zero-net-mass-flux hybrid
synthetic jet was proposed. An additional volume rate is entrained (pumped) through
@ pair of auxiliary channels into the actuator cavity. Not any fluid supply is added from
any external source (neither blower nor compressor are needed).

Three variants are experimentally studied, namely (a) the synthetic (zero-net-
imass-flux) jet, (b) hybrid synthetic (non-zero-net-mass-flux) jet. and (¢) continuous jet.
Flow visualization, hot-wire measurement, and mass transfer measurement using
the naphthalene sublimation technique have been performed.

The present experiments confirmed that the hybrid synthetic jet achieves higher
extrusion volume flow rate in comparison with the common synthetic jets.
An appreciable enhancement of the impingement heat/mass transfer was achieved.
The main reason for the heat/mass transfer enhancement 1s the speedup of the time-
flow by means of higher extrusion volume flow rate.

Nomenclature

continual (steady) jet D, mass diffusion coefficient of

jet orifice diameter, 1) = 8 mm. naphthalene vapor in air

(see Figure 1) f actuating frequency. Hz
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h local shcul transfer  coetticient, S Strouhal number of the harmonic
S
W/m K actuation, (1/m)D/1
Bn local mass transfer coefficient, SJ synthetic (zero-net-mass-flux) jet
m/s
I tme
g orifice-to-wall yacine oy
H o spacing, (SCC 7 time lk'!lll\i 1 /1
Figure 1)
; _ / extrusion time
BHSJ hybrid synthetic (non-zero-net- :
- Ly wall temperature, K

mass-flux) jet

, ug(r) oritice velocity
S Loa extruded fluid column length, ( ; bt A b e

o { time-averaged velocity

Nu local Nusselt number Up  periodic component of the

g velocity

Res;. Reys) Reynolds numbers of SJ :
aI'Id lls]_ I’CSPL‘L‘H\CBL [ A D/ v ) na time ‘1\le:_ui orifice velocities.
(see equations (1 and 2).

Rec Reynolds number of the continual
jet, UD/

respecty L.‘|_\ )

' : X axlal coordinate, (see Figure 1)
0S8k local Sherwood number. A,, D/D, s

1. Introduction

1[ Impinging jets have been widely studied from the heat/mass transfer point of

Bview. The most important results are collected in monographs, such as the outstanding
¥book by Dyban and Mazur (1982), and the distinguished work by Martin (1977)
Theoretical, experimental and numerical research of the topic has continued up to the
present time — as presented, e.g., in the recent review by Garimella (2000) (who
bdiscussed his own results as well as 122 relevant references).

Despite the fact that continual (steady) impinging jets can achieve very high heat
Mransfer onto exposed walls, utilization of pulsations can intensify the transport process
feven more. (However, the jet pulsations cannot enhance heat transfer automatically. the
effect can be sometimes increasing. sometimes decreasing or little — see Herman
12000)). A promising alternative focusing on heat transfer augmentation can be based
fon “fully” oscillating flows, i.e. on zero-net-mass-flux synthetic jets.

Synthetic jets (SJs) are generated (synthesized) by pushing and pulling of fluid
ithrough an orifice. by the interactions within a train of vortices — see Smith and Glezer
1998). A time-mean mass flux of the oscillatory flow in this orifice is zero. therefore
the other common expression is the zero-net-mass-flux jet. A typical SJ actuator
gonsists of a sealed cavity bounded on one end by a wall with an emitting orifice or
Mozzle and on the other end by an actuating diaphragm or piston. Contemporary
:'experimental and numerical investigations concerning the basic principles and
apphcatlons are being carried out in papers — see e.g. Cater and Soria (2002), Glezer and
Amitay (2002), Holman et al (2005). Lee and Goldstein {“llf.Hl_i. Mallinson er al.
{2001) Gordon and Soria (2002), and Tesar and Zhong (2003). Several studies which
gus on various operational characteristics as well as on actuators design — see e.g.
Smith and Swift (2003). Gallas ez al (2003). and Gilarranz et al. (2005a, 2005b). Sls
Ve many perspective applications, which can be divided into two distinct groups:
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e Control of primary flows. SJs can be used for fluid jet (thrust) vectoring — Smith
and Glezer (2002). active control of turbulence or flow separation hoth in
external  (( Amitay and Glezer (2002), Tensi er al (2002), Mittal and

Rampunggoon (2002), and Chen and Beeler (2002)) and internal (Ben Chiekh
et al. (2003)) aerodynamics. Many other possible applications involve control
of turbulence, flow separation. mixing and fluid I]I..\\ Seoime i A Vanete ol
cases. ' : '

e Use of stand-alone SJ (or system of SJs) without any primary flow: a typical
promising application is for cooling. One of the first investigations was briefly
described by Yassour er al. (1986), more recent studies are Travnicek and
Tesar (2003), and Kercher et al. (2003)

. A classical reciprocating (diaphragm or piston) pump consists of a cavity which
s connected to inlet and outlet pipes through one-way valves. It is desirable to
Psubstitute problematic mechanical valves with elements without movable parts:
the reciprocating pump without mechanical valves is called the valve-less pump
2Of course, the essential recrification (or streaming) function of the one-way valve has to
be fulfilled — it is particularly possible by means of fluidic principles

_ There are several known types of fluidic elements with the rectification function
= See, e.g., an earlier review by Yastrebova (1971), or the paper by Priestman and
Plippetts (1985). The rectification elements are frequently called “fluid diodes”
Bor “dynamic passive valves” — see Gerlach and Wurmus (1995)).

Rectification elements can be shaped as convergent/divergent ducts — these
Mdiffuser/nozzle elements with rectification effects were first described by Stemme and
BStemme (1993). The prevailing fluid flow direction of these elements corresponds to
bthe divergent flow. Similar rectification elements. but in quite different regime
M(prevailing direction corresponds to convergent flow. because of much higher duct
dangle and governing flow separations), was proposed by Gerlach and Wurmus (1995).
Another rectification element (the so called Tesla-type) was developed and optimized
*by Williams and Forster (2001).

Recently the synthetic jet principle was combined with a periodic fluid pumping
Pthrough a valve-less displacement pump, and the so called ..avbrid synthetic jet (HS])'
Swas proposed by Travnicek er al. (2004a), and sequentially studied by Travnicek et al
B(2005a, 2005b). HSJ is generated partly from a train of individual vortical “puffs™ by
Smeans of the mechanism of a common zero-net-mass-flux synthetic jet and, partly by
.-means of the pumping function of the actuator cavity. The resulting HSJ is basically
48 non-zero-net-mass-flux one. and its volume flow rate as well as fluid momentum can
¥be higher in comparison with a pure (zero-net-mass-flux) sy nthetic jet.

Recentlv. a similar combination of synthetic jet actuator with a valve-less pump
‘was proposed 1'1} Luo and Xia (2005) to design a new synthetic-jet-based micropump.
Another type of an actuator was proposed by Tesaf er al. (2006): a fluidic (self-excited)
flow oscillator without any moving components, which is supplied by the mean-flow
from a compressor.

The present paper focuses on an impingement heat/mass transfer between
a surface and fluid. An oscillation character of SJs is used to enhance the heat/mass
ansport process. Moreover. a nnn-/cm-ncl-ma.la.\-ﬂu.\ \chumclc‘r uf IlIH'.ln is used to
amprove transport effects even more. [hree variants of rnund Impinging air jets are
perimentally studied in this paper: (a) zero-net-mass-flux SJ. (b) non-zero-net-mass-



ﬂux HSJ, and (¢) the continuous jet (CI). Flow visuali
and mass lrunx]L'r measurement using the ;u!1}|]h‘1|

performed.

zation. hot-wire measurement,

ene sublimation technique have been

2. Experimental investigation

The synthetic round jets are characterized by two length scales — the length scale
of the output orifice (diameter D). and the “stroke length’ / see Smith and Glezer
B(1998), another name is the “equivalent extruded (fluid) column length” — see e o. Tesar
pand Zhong (2003)); Loa is defined from the time-mean orifice velocity over the
extrusion (discharge) stroke: Loy = UyaT. where T is the time period, i.e. T' = 1/f, where f
88 frequency. The time-mean orifice velocity U/;s can be defined either from the axial
prifice velocity on the axis — Smith and Glezer (1998)

| .
( - I.’:lf}ula‘ ey

or from the cross-stream velocity — see e.g. Cater and Soria (2002), Holman ez

al. (2005), and Smith and Swift (2003):

1 f( 1
Il — —
7 ) A

]

‘H (t,7)-dA |-dt - (<)

where 75} is the extrusion time (7g = 1/2
. . . - AUXILIARY 1
at tl'{e sinusoidal \\'al‘\'c!nrm]. and A is the u_n_w._ CHANNELS JL ] !
section area of the actuator orifice.

Alternatively, the time-mean orifice velocity

-
= —

)

can be defined from the mean momentum of oi 1
ieach pulse at the orifice exit plane — see Cater \ ﬁ |
‘and Soria (2002). cavry N g{

The Reynolds number can be typically F 1
idefined as Resy= UpnD/v — see Smith and A e 4
Glezer (1998). The Strouhal number is o &

a slightly modified ratio of the |U|‘|g1h scales D TR - TSI 2

@nd Lox; at harmonic actuation St=(1/7) —r

D/Uoa = (1/7) D/Lox. Fig. 1. The actuator and
Figure 1 shows a schematic view of the configuration tested in this study.

ipresent actuator and the configuration tested in

ithis study. The actuator consists of a sealed cavity. which is equipped with an emitting

orifice (diameter D = 8.0 mm) and with a pair of actuating diaphragms, running in

the opposite direction. The orifice is oriented vertically downwards to the exposed wall

0.5 x 0.5 m in size. The working fluid is air. Instead of a typical SJ actuator design. the

" gsent actuator is equipped with a pair of auxiliary channels. They are perpendicular to
image plane of Figure 1. and their inner diameter is 5.0 mm. Due to this
gement, one of three jets can be generated:

@) zero-net-mass-flux SJ. For this purpose. the auxiliary channels are closed and SJ is

generated Simi]ul‘l\ as il] Ihc [’-I‘L’\i“uf‘ f-ill,ldi\_'\ h\ IT'Q'I\I’H.CL’]\ el l’..n"t’I l:[]“-l-b 2“{}5L



2006). In the present study, the actuator was
the input electrical power was kept constant 4.0 W

fed with sinusoidal current, and

{b) non-zero-net-mass-flux HSJ. The auxiliary channels are connected with the
Bmbience via a pair of conical ducts to create the rectification effect. This idea was
recently used to develop the coaxial HSJ actuator by Travnicek er al. (2004a, 2003a,
2005b). In the present study, the actuator was u'cd.'\\ll.'i sinusoidal current. and the
input electrical power was L‘L'[” constant 4.0 W (identically with SI)

(C) The reference continual jet (CJ). The input electrical power into the actuator 1s zero,
and the auxiliary channels are supplied by a compressor. The air flow passes through
a flexible plastic tube, which is connected via T- adaptor to both auxiliary channels
of the actuator. The flow rate is kept constant and measured by the rotameter
In the present study, the cross-stream velocity through the nozzle was /= 9.9 m/s
(i.e. the Reynolds number Rec = UD/v = 4 900 and 5030 for the hot-wire and mass
transfer experiments, respectively).

The smoke-wire technique was used for flow visualization Travnic¢ek and Tesar
M2003), Travnicek er al. (2005b). The phase-locked flow field pattern (streaklines.
diffused because of the flow turbulence) were observed under stroboscope light
synchronized with excitation frequency. and pictures were taken by digital camera
{described in detail in Travnicek and Tesar (2003)).

The velocity distribution was measured by the hot-wire anemometer system
DANTEC (StreamLine 90N10) in the constant temperature mode, by the single-sensor
ware probe (55P11). The typical sampling frequency and number of samples were
15 kHz and 131 072, respectively. The phase averaging of the velocity during one cycle
was carried out by means of the velocity decomposition = U+ Us+ u’, where U is
the time-mean velocity, Uy is the periodic phase-locked component, and u’ is
the fluctuation component. Taking into account the pulsating velocity character at
the actuator orifice, positive (extrusion) and negative (suction) flow orientations were
assumed and the velocities during the

suction stroke were inverted to U (m/s) r=0, xD =12

teflect the flow direction (the same A s ERT, B SR

@approach as Smith and Glezer - ‘ ~

(1998): 10 _ ! |
Local mass transfer was F S o—HSJ

measured using the naphthalene O . _

sublimation method (Travnicek and - o s S g

Tesai (2003), Goldstein and Cho 6 A oY

(1995)) and the local mass transfer

coefficient was calculated from the 4

‘sublimation depth as

N
e R e T T T T
4
- O
\‘ J
| T

hm: Pnltnl yAX (3) 0
PsaD
100 200 300
where p, is the density of f (Hz)

solid naphthalene. R, is the gas

constant f Nl T : Fig. 2. Frequency characteristics.
cons or naphthalene, [y 1S

~]
wn



the surface temperature, Ax is the net loca

pressurc of naphthalene at 7, (Goldstein and Cho (19951) :

Ihe non-dimensional expression of the mass transfer eoefficient i< the Sherwood
number. Sh= h,, D/D,. where D the ma liffusion coef L nE e - van
in air, calculated for measured ten perature and pre I.: l,. Far -, o -“
Unccrluim_\ unul_\w-\ was pertormed according I K "-.‘]\(. | 1953)
method for a single sample experiment. The uncertainty of the mass transfer coefficic
and the Sherwood number is within 6% and 9 tiol
the experimental method and uncertainties were written by Travnicek and Tesaf (2003)

Mass transfer data can be transformed to predict the heat transfer the
heat/mass transfer analog) ee e.2. Dyban and Mazur (1982) d G " ..
Cho (1995):

Sh Vu
j\)l bY /[1'1 J'“} g
where Nu, Pr and Sc are the Nusselt, Prandtl, and Schmidt number
gespectively: 4 is the local heat transfer coefficient, and 4 is the thermal conductiy

he values of the exponents m and n, which are usually accepted at continuou
impinging jets, range 0.5-0.8 and 0.33-0.42, respectively

3. Results and discussion

l"igurc 2 shows the fre-

quency characteristics of (8) (b)
the actuator for SJ and HSIJ
generations. [he hot-wire
measurement was performed on the
axis (r = 0). The measurement was
made rather far from the actuator
/D = 12), where the velocity is
always positive, as is discussed
below. The maximum time-mean
velocity was achieved
approximately at 75 Hz and 95 Hz
for SJ] and HSJ. respectively.
The value 75 Hz of SJ agrees well
with the recent theoretical
prediction of the present SJ actuator
resonance — see lravnicek er al
{2004b), the value 95 Hz of HSJ is
il tune with the resonance
derivation by Travnicek er al
! (2005a). Ilc'ncc. the ‘“‘nominal Fig. 3 Smoke visualization of SJ
operating points” of the present a- displacement stroke, b- suction stroke
Study were chosen 75 Hz and 95 Hz
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SJ and HSJ cases, respectively. These “nominal operating points
2 as two circles, and the me: isurements of flow field
follOWlﬂi-; text are performed at these frequencies.

A proper actuation was demonstrated using the flow visualization. Figure 3
monstrates SJ at two typical patterns of the actuation period: the C\l\“l\lﬂll
splacement) and suction strokes, r respectively (to smooth out the deviations of
andividual cycles. Figure 3 shows multiple exposures of 75 pictures). An extrusion
_é* through the actuator orifice, and formation of the large vortex structure near

tnozzle is well visualized in Figure

are presented in

and mass transfer In

Later, this large vortex structure Ut Uy, (mis) x=0,r=0
: downstream independently of 30
Iocal situation at the orifice, where " M SJ
» flow orientation is reversed 20 + & R,
ure 3(b) shows the suction of 10 | 3 3% i
pexternal fluid from the vicinity of ',
prifice into the actuator cavity. 0¥ 1, -
Hot-wire  measurement  in 10 |
ctuator orifice exit plane began il
1 a preln_mnar_\-' traversing ulu!mg | %‘_@f/ YT
perpendicular diameters. Quite  -30 ! ‘ : : -
axi-symmetry of the jet was 0.0 0.5 1.0

uded. Then the centerline
ity cycle was measured at x = 0,
, and the results of the phase
ing (approximately 690 and 850
for SJ and HSJ. respectively) are presented in Figure 4. The distinguishable gap
ad zero velocity results from the consideration of the flow orientation (velocities
g the suction stroke were inverted), from small velocities there (smaller than
alibration range). and from high turbulence level (especially during the flow
eration around /7 = 0.5).

 Figure 4 demonstrates that the simplified consideration of sinusoidal actuation is
jer far from the real situation. The real experimental waveform of the centerline
0 ity is not a precise sinusoidal function. Moreover. the extrusion times of SJ and
Mare different from the half-period: 7:/7=0.49 for SJ and 0.55 for HSJ.
ations of this waveforms give the time-averaged orifice velocities: according to

(a) (b)

Fig. 4. Centerline phase averaged velocity
during one cycle of SJ and HSJ

/T UsUy, (mis) x=0 —2LL
Xe= —_— | 0.01
— : 0.00] 30 E : ==weon ] | 010
o—H—D—U—HH:L 0.10 g .-,-08 =
——0— -:-g | e ‘[EE “"3, A—p—t—o—ooa—8 R e B E | —=—0.20
—aooonooﬂf"c’%-—ﬂ——O?D la I al | < 0.30
& ﬁ—ﬂ—ﬂ—ﬁ—u—ﬁ—mh |—¢'——0JO 10 i- | 3 0.40
a . 040 i -t ® S L LT R SR L R R = 0.50
== |l o 0.50 mﬂ_‘ﬁh—cq—c—)—ﬂm, ,(,—.o | : 0.60
OO -c.-l-“.:r_i" - 0.60 1 { | . 0 ?a
\...C"'....'...'ooC.‘ ‘ 072 10|’ '-l : s
.- - s 080} ~ | R B B L IR L B T = -0.80
Al 0.80 [T LL bty I—-’)—U )
- B -s-da-a I - adla 4
R N e
) s o | 30 __
025 o0 o025 os0 7P 050 025 000 025 050 7D

Fig. 5. Velocity profiles across the orifice exit during one cycle; (a) SJ, (b) HSJ

~J

~J



(@) (b)
/D U+U,, (m/s) i r/D
048 | 30 - 0.48
0.0 0.0
+ 0.48 : . 0.48
10 Ix
A

ig. 6. Phase shift of the velocity cycles: the v elocity cycle in the boundary layer precedes
the velocity cycle on the axis; (a) SJ. (b) HSJ

jation (1), Uy = 8.9 m/s and 10.8 m/s for SJ and HSJ: the value of HSJ is higher by

Figure 5 compares the phase averaged streamwise velocity profiles of SJ and
I8 across the orifice exit. The time-mean velocity profile is also plotted in Figure S.
Midently, the profiles are different from the simple quasi-steady model. when
€ common top-hat steady profiles are multiplied by a sinusoidal function in time.
iegrations of the velocity profiles according to equation (2) give the time-mean cross-
n orifice velocities Uy = 8.3 m/s and 10.4 m/s for SJ and HSJ: the value of HSJ is
!) Further relevant parameters are:

e for SJ: Resy; =4 100,
Loa/D = 14.1, and

— 0023
R 023, (U+UIU,, UIU, T
® for HS): Reysy = 4 r — = 0.00
5 100. L[p_.\ }r) I?K n === b 1AL
Further, the net-volume N Ereg s
was found by integration 2 }33‘:'-;{ v, . =+ -gsa
the entire cycle: instead : '=.| . | ——U
ivial zero net-volume flux .l ‘:-"""j'?1-' . 0 o e
, the HSJ actuator yields g B
Sitive net-volume flux and _;‘1:‘,._ ,L,_‘»m-\g‘—«—rwr "ﬂ'"_""""f-*—.»—--l
atio of the extrusion and 0 = ‘
tion volume fluxes is 1.30. 3
8 the time-mean cross- -1 e ]
}am orifice velocity over the 0 10 20 x/D

Beycle is 23% of Upa).

Figure 6 shows phase
raged velocity on the axis
in the boundary layer at

Fig. 7. Centerline phase averaged velocities
of SJ during the actuating cycle, and the time-
mean centerline velocity.
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e orifice wall. Obviously.

velocity cycle in the U (mis)
yundaad laycr precedes 1000 |
e velocity cycle on [
gaxis. This remarkable
e shift seems to be an
jportant characteristic i
e of the flow in the -

stuator orifice. The phase 10.0 PTooT = N
ads of SJ and HSJ are - : R
proximately 7 = 0.025 [ ; N N
id 0.032, respectively (i.c.. n =-0.985 % '«
B lead angles are
yproximately 9.5° and 127, B0 e it )
spectively). 0.1 1.0 10.0 100.0
Figure 7  shows x/D

e centerline phase avera- Fig. 8. Time-mean centerline velocity decay
velocities  during ' '

g actuating cycle of SJ:
 time-mean velocity [/ is
80 plotted in Figure 7. The maximum velocity in the orifice was approximately
’ Up, and the highest value was nearly 3.5U; for x/D = 2.5. The range of the actuator
gtion was approximately x/D = 1.1, (further downstream only a positive orientation of
£ X velocity component exists during the cycle). The periodic character is clearly
Blinguishable approximately up to x/D=17-20. Further downstream. the initially
le jet remains a conventional (steady) fluid jet with a monotonously decreasing
wise time-mean velocity.

Figure 8 shows the streamwise variation of the time-mean velocity along the jet
fterline. Firstly, the time-mean velocities of SJ an HSJ gradually increases from
pactuator (from zero velocity of SJ, and from non-zero velocity of HSJ) — the jets are
ithesized. The maximum time-mean velocities are approximately 9.3 m/s and 11.2
tor SJ and HSJ,

spectively,

¥D=1t03. Further  NwPr®* = Sh/Sc®*

along the axis

vnstream, the velocity 80 | e
adually decreases. After k SJ - HD = 2] |
transition range and 60 &

L 3
=L
O
I
»

Bmstream x/D > 15-20,
 welocity decays for SJ
d HSJ fulfil the pro-
tionality U~ (x/D)"
the exponent
roximately n = —1.15.
e described results are in
: ance \.\'ilh B

sussions of SJ from

vni¢ek er al. (2004b. Fio. 9. Local heat/mass transfer onto exposed
5¢): SJ from the pre- i wall for SJ impingement

[ actuator starts to be
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_.'i ctively ]l()]]-l’lL‘["il)diC 1.|‘nm v/ [)

3 The time-mean
elocity of CJ at
pproximately 11.2 m/s at
= (). This velocity ver
ly decreases along the
gt core up to 10.2 m/s at
25 .\It‘rl‘c
fownstream  the  slope
isibly increases: this
pehavior of CJ agrees with
he well known streamwise
elocity decay of the
nventional (steady)
axisymmetric fully
eveloped turbulent jets
Bth U~x/D '’ (in fact,
ge present CJ exhibits a bit
maller slope with »

, which can manifest
not fully developed

starts

: Figure 9 presents
ee profiles of the mass
ansfer measurement at
/D=2, 6 and 16 (because
i the satistactory
ymmetry, the curves were
aluated by averaging the
halves of each
ental profile).
owing the heat/mass
ansfer analogy equation
). the mass transfer data
fre recalculated into the
tio of Nu/Pr'*= SwSc"'
¢ predict heat transfer
Stribution. According to
I expectation, the highest
at/mass transfer occurs in
} stagnation point on
baxis, and increasing
ce-to-wall spacing /1/D
ses a reduction of the
/mass transfer.

All three
fibutions from Figure 9
e monotonously

" the radial distance

Nu/Pr®*
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comparison with literature; Res;
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[

20,

= Sh/Sc¢"* ;

—SJ
w— CJ
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Fig. 10. Heat/mass transfer distribution -

NwpPr’* = Sh/Sc”*
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ror the stagnaliun p\lirll as hc||~\|l;i[‘ck| curves. | he so-called “secondary In;.l]\\“ of the
cal transfer distribution do not occur distinctly in Figure 9. It is in .;g_'ruu:num with
literature: the secondary peaks may be reduced by the turbulence promotion and
eriodic excitations — see e.g. Garimella (2000). On the other hand. the curves for the
1 ice-to-wall spacing H/D = 2.5 and 6 trend the “secondary peaks” effect in places ol
adius /D ~ 2.0, which could be comparable with the so-called “saturated zone”
iecording to Lee and I.ee, (1999),

Figure 10 compares the present results of the heat/mass transfer distributions of
Sand CJ at //D =2 with the experimental data for CJ from literature. Two reference
Xperiments are plotted in Figure 10: heat transfer distribution by Lee and Lee, 1999
ad the stagnation heat transfer correlation by Garimella and Rice (1995). In the
tagnation area both references exhibit a bit higher heat transfer. Outside the stagnation
gea (for 7 > 0.7D), a relatively good agreement of the SJ and CJ can be stated: finally.
pthe wall-jet region for » > 3D, the SJ data are a bit bigger then both CJ- data.

Figure 11(a) compares the heat/mass transfer distributions of SJ. HSJ and CJ at
D = 6. The highest heat/mass transfer was achieved by HSJ - the enhancement in
€ stagnation point of HSJ against SJ is 17 %. We can deduce that this enhancement
Sults from the time mean-velocity increase: Taking into consideration the Reynolds
imber effect in a general form of the proportionality Nu ~ Re’” (see equation (4)). the
fat/mass transfer enhancement should agree with the ratio of (Reysy/Res))’” = 1.17.
§€ experimental heat/mass transfer enhancement 17% shown in Figure 11(a) and
€ heat/mass transfer prediction based on the time-mean flow speedup correspond very
ell each other.

The results from Figure 11(a) were recalculated into the ratio of
Re°‘7Pr0'4) = Sh/(Re"7Sc""). SJ and HSJ exhibit in Figure 11(b) practically identical
iEves. It supported very well the idea that the main reason for the heat/mass transfer
pcement is really the increase of the Reynolds number, i.e. the speedup of the time-
ean flow.

onclusions

Two synthetic round air jets were experimentally tested, namely the common
fo-net-mass-flux synthetic jet, and the newly proposed non-zero-net-mass-flux hybrid
athetic jet. The proper function of the actuator was confirmed experimentally using
P flow visualization and hot-wire anemometry. For comparison purposes.
ontinual (steady) jet was also measured.

Hot-wire measurement confirmed that the hybrid synthetic jet achieves higher
Fusion volume flow rate in comparison with the common synthetic jets. The volume
X increase results from the entrainment (pumping) effect of the actuator cavity and
ami g effect of its auxiliary channels — not any fluid supply was added from any
imal source (neither blower nor compressor were needed).
| Mass transfer measurement using the naphthalene sublimation technique has

§ achieved. Obviously. the enhancement results from the increase of the volume flow
he hybrid synthetic jet.

n performed. An appreciable enhancement of the impingement heat/mass transfer
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tract

The present study focuses on the pulsatile round impinging jets. To enhance
pgement heat/mass transfer. a continual (steady) jet is combined with the synthetic
-net-mass-flux) jet. The resulting mixed pulsed jet exhibits a significant non-zero
ing component: the ratio of the extrusion and suction mass fluxes are
pximately three in the actuator orifice exit. Measurements of the flow field velocity
mass transfer on the wall (using hot-wire anemometer and naphthalene sublimation
ghnique) have been performed. An anticipated heat/mass transfer enhancement of the
ed pulsed jet was experimentally confirmed..

Introduction

Continual (steady) jets (CJs) can achieve very high heat transfer at their

\eties [4] for a possible control of primary flows [S. 6] and for cooling applications
9]. The present paper focuses on an impingement heat/mass transfer. An oscillation
gracter of SJs is used to enhance the transfer and. moreover, a non-zero blowing
mponent is added to improve the transport processes even more.

singement onto walls [1-3]. The sy nthetic jets (SJs) are studied since the end of
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. Hot-wire and mass transfer
xperiments

_ The velocity distribution was
peasured by the hot-wire anemometer
DANTEC Streamline 90N10) by
he single-sensor wire probe (55P11).
the phase averaging of the velocity
gring one cycle was carried out, and
e velocity decomposition gives
U + Ug+ u’, where U is the time
pean velocity, U; is the periodic
ase-locked component, and u’ is the
Juctuation component (represented by
e rms velocity fluctuations). [ocal
transfer was measured using the
aphthalene sublimation [7-9]. Three
pund (D=8.0 mm) air jets were
udied:
(1) zero-net-mass-flux  SJ
out blowing component (purely
fternating jet with zero mass-flux).
actuating  frequency  was
=75 Hz, the input electrical power
W [8, 9]. The typical time-mean

5

afice velocity component was the
as the tinTC‘IT]CHn Cross-stream
fifice velocity of SJ (U = 8.3 m/s).

Y (3) Continual (steady) jet (CJ).
input electrical power into the
ator was zero; the jet was created
ely from a compressor supply. The
cal cross-stream velocity through
g nozzle was U = 9.9 m/s (Reynolds
imber Rec, = UD/v =5 000).

Fig. 1 shows results of the hot-
measurement in the actuator
fice (x = 0), on the axis (r=0):
e positive and negative velocities
fan the extrusion and suction.
spectively. The velocity cycle of SJ
~ nearly sinusoidal one.

U+ U, (m/s)

(a)
J| ) *1’
20 &
10 I—
0o £ :
= to ! ’./
V4
o . _‘.v
L
-30 :
u', (mvs) EED.F50
(b)
SJ
s | MJ
: CJ
T
(N e ek
SSRPO ek =, N
0 |
0.0 05 10 t/T

Fig. 1. Centerline velocity during one cycle of

SJ and MJ; (a) phase averaged velocity.
(b) rms velocity fluctuations.

§-stream orifice velocity (integrated over the extrusion stroke [4,5]) was
oA = 8.3 m/s (i.e. the Reynolds number Reg;
(2) Mixed pulsed jet with an additional blowing component (MJ). The actuating
quency was f =95 Hz, the input electrical power was identical with SJ. The actuator
psupplied by the mean flow from a compressor, the added mean-flow cross-stream

Uoa D/v = 4 100).

Fig. 2. rms velocity fluctuations during
one cycle in the boundary layer and on
the axis; (a) SJ. (b) MJ.
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he additional blowing com-

ent of MJ causes an U (m/s)
gsential deformation of the 100.0
yele. Surprisingly. an increase f Sy
£ the maximum extrusion '
glocity of MJ is very small.
he main effect of the blowing | ~—CJ
ymponent is the extension of 10.0 PN e
¢ extrusion stroke: the :. Xt
ktrusion times of SJ and M) f R
Te/T=0.49 and 0.66. ' n=-095 \ %% \
gspectively (where T is the o 42
B period, ie. T = 1/1). 1.0 Lt by 0 e o N o
he resulting time-mean cross- 0.1 10 10.0 100.0
ream orifice velocity x/D .
grated over the extrusion
B4, 51) is Upsa=12.2 m/s
ynolds number Rey = U,

Fig. 3. Time-mean centerline velocity decay.

W = 6 100), and the ratio of  NuPr’* = Sh/Sc"* e
e extrusion and suction mass L e ¥ i 1 HD = 6
uxes is 3.1. [ ; o H/D = 10
. 60 8 5 iy
1 Fig. 1(b) shows the rms oo, B - a—H/D = 16
locity  fluctuations.  Both i B, Vo, ST L0
] . . 40 toatasana,, “oiy
Jctuation curves have two IT R g 22800,
> : e e B ek o3 G aas s 00
axime during the L’}.LIL, first 201 & 6m“"*§§¢fﬁ%m@$
IXima occur at t/1-0.07 _ LAt
‘ are linked with the g bee —3e - Ay Witio, of Ny el e
flection point on the velocity 0 2 4 6
rves; the second maxima are r/D
sed by the starts of Fig. 4. Local heat/mass transfer onto
E suction strokes,  when exposed wall for MJ impingement,
g velocity changes the orient- Reniy=6120-6150.

ion (see Fig. 1(a)).

Fig. 2 shows that the

§ velocity fluctuations are quite different in the boundary layer at the orifice wall.
ere the fluctuations increase dramatically for both SJ and MJ several times. It occurs
o the extrusion stroke only. On the other hand. the increase of the fluctuations in
:boundary layer is relatively smaller during the suction stroke — in fact the level of
Hfluctuation on the axis and in the boundary layer is rather comparable. An obvious
son is that the actuator draws in a relatively quiescent air during the suction stroke.
Fig. 3 shows the streamwise variation of the time-mean velocity ;110111% the jet
jterline. Firstly, the time-mean velocities of SJ an MJ gradually increases from the
jator (from zero velocity of SJ. and from non-zero blowing velocity of MJ) — the jets
 synthesized. Further downstream. the velocities gradually decrease: downstream
D> 15-20. the velocity decays for SJ and MJ fulfill the proportionality U ~ (x/D)"
th the exponent approximately n = —1.15 and —1.20. respectively. The described
s are in accordance with discussions of SJ from Travnicek et al. [9]: SJ from the
8sent actuator starts to be effectively non-periodic from x/D > 15-20.
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(a) I'he time-mean velocity of

CJ (Fig. 3) starts at approximately

Nu/Pr®* = Sh/Sc°*
80

11.2 m/s in the orifice. Then the
velocity very slowly decreases
60 along the jet core up to 10.2 m/s at
x/D = 2.5. More downstream the
40 \]t\[\t.' 1S \l\ih]_\ steeper, this
behavior of CJ agrees with the well
20

known streamwise velocity decay

of the conventional (steady)

axisymmetric  fully  developed
turbulent jets with U ~x/D 'Y (in
fact, the present CJ exhibits a bit

Nul(Re"'Pr’*)=Sh/(Re"’sc"*) (b)

0.3 b
smaller slope with n~-0.095.
oy which can manifest still not fully

02 r ";;,nn-'\.h“ . developed CJ).
*,I"t;lj’ . Fig. 4 presents four profiles
01 | ““"‘t:“-'-‘-"w-. of [}l_c‘muas. transter measurement
R ageoRees at orifice-to-wall spacing H/D = 2
g to 16 (because of the satisfactory
0.0 ' ' : ' ‘ i symmetry, the curves were
0 g < : ®  evaluated by averaging the two
halves of each experimental
Fig. 5. Comparison of the heat/mass profile). Following the heat/mass
transfer distribution for SJ, MJ and CJ. transfer analogy [1. 8. 9]. the mass
Res; = 4240, Reyy =6120, and Recy = 5020. transfer data were recalculated into

the ratio of Nu/Pr’*= Sh/Sc¢”* to
: predict heat transfer distribution.
gcording to our expectation, the highest heat/mass transfer occurs in the stagnation
on the axis, and increasing orifice-to-wall spacing causes a reduction of the
mass transfer. It is worthy to note here that the so-called “secondary peaks™ occur
ctly at H/D = 2. 1/D = 1.9: other distributions decrease monotonously with the
distance from the stagnation point as the bell-shaped curves.

Fig. 5 compares the heat/mass transfer distributions of MIJ. SJ. and CJ at
D =2. The stagnation heat/mass transfer of SJ and CJ is practically identical.
€ highest value was achieved by MJ - the enhancement in the stagnation point is
oximately 22 %. Obviously, this increase is partly caused by the higher Reynolds
berReMJ.

To eliminate the Reynolds number effect and following the heat/mass transfer

alogy [1. 8, 9]. the results were recalculated into the ratio of

9% Fig. 5(b) shows that the highest heat/mass transfer

=

ePr’*) = Sh/( Re’’Sc

. Conclusions

The hot-wire and naphthalene mass transfer experiments have been performed
th three round air jets: (1) zero-net-mass-flux synthetic jet. (2) mixed pulsed jet with
"additional blowing component, and (3) continual (steady) jet. It was shown that
ditional blowing component causes an essential deformation of the velocity cycle:

ase of the maximum extrusion velocity of is rather small, the main effect of
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the blOWIIlg component 1S the extension of the extrusion stroke (up to 0.66 of the tume
- period).

. An anticipated enhancement of the impingement heat/mass transfer was
bachieved for the mixed pulsed jet.
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Abstract

This paper presents results of measurements based
the vibrometry principle: the results of an Eigen

uency measurement, a diaphragm motion velocity
easurement, and an FEM simulation of piezoelectric
element dynamics.

. Basic Principle of a Synthetic Jet (SJ)

Synthetic Jets are jets of fluid. which are generated
periodic pulsations of fluid. An oscillating force pushes Piezo-ceramic transducer
pulls this fluid through an orifice (nozzle) from the Fig.1 Basic principle of
:_'wty of an actuator. Vortex rings form at the lip of the a8y
fifice. These rings move with the velocity Uy, which must
)¢ high enough to prevent interaction with any suction in
g orifice. The vortex rings develop and dissipate. and the SJ takes on the
teristics of a free jet when it is far enough from the end of the orifice. The main
tage of a SJ is the zero-net-mass-flux jet which eliminates the necessity of piping
b the fluid inlet. Though the nozzle works with zero-net-mass-flux. the momentum in
gction z is non-zero. Equipment for a SJ can have various designs, but the main
hanism and principle is mostly similar.
The pulse generator for the fluid can work on the principle of a loudspeaker,
0 crystal, electromagnet. piston or other device. [t is necessary to choose an optimal
s and construction of an actuator in relation to the supposed working frequency and

89



Tomas Vit - An Investigation into Selected Types of Flow

amplitude range, working temperature., type of working medium and required load of

the unit.

2. Piezoceramic Transducer Characteristics

Piezoceramic transducers (PCT) are used as
jactuators in  many microelectronics or medical
applications. Typical uses in microelectronics include
miniature cooling devices or in medical applications as
nebulizers or drug dosing devices.

Use of a PCT as a pulse generator has many
significant advantages, e.g. applicability in different
fluids, in broad temperature ranges, and in heavy duty
ilities. Other advantages of a PCT are a long
prational lifetime and low power consumption.

It is necessary to know both static and dynamic
aracteristics of a PCT for a correct description of SJ  Fig.2 The Piezoceramic
unction (behavior). Transducer

A PCT is composed of two basic layers — a
pceramic layer and a metallic membrane. The piezoceramic material is usually
d on the oxides of lead (Pb), zirconium (Zr) or titanium (T1) solid solutions and is
gzoelectrically active. The metallic membrane is piezoelectrically neutral. These two
ers are fixed firmly together. A thin silver layer is coated on one side of the
pceramic to form an electrode. The second electrode is mostly comprised of a
oelectrically neutral metal plate.
A physical description of piezoceramic characteristics include the following
ations, which describe the elastic (1). electric (2) and piezoelectric behaviors of state

) and (4)
V.T=0 (1)
V-D=0 (2)
e —c5, e E, (3)
=g S St e tF (4)

e 7. D, S. E, ¢, e and ¢ are stress tensor, vector of electric flux density, strain tensor,
ictor of electric field. elastic modulus tensor. piezoelectric coefficient tensor and
rmittivity tensor respectively.

The stated equations describe the interaction between elastic and electric
ies of a structure.

Some parameters are in the form of elastic moduli tensor, piezoeigclri‘c
cients tensor and permittivity tensor. When the axi-symmetry of piezoceramics is
into account. these tensors can be written in a matrix form as follows:
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3. Vibrometry Measurement

The analysis of a PCT is based on the Laser Doppler Vibrometry principle.
Laser Doppler Vibrometry (LDV) is a non-contact vibration measurement technique
using the Doppler Effect. A LDV permits the measurement of hot, miniature or soft
surfaces, even under water. without mass-loading.

A Laser Doppler Vibrometer is based on the principle behind the 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
1S used to measure the component of velocity. which lies along the axis of the laser
beam.

The Ometron VQ-1000-D (B&K 8338) Portable Digital vibrometer is used to
measure precisely the velocity of membrane. Below the main
parameters of the vibrometer:

Frequency range:

the oscillating are
0.5 Hz - 22 kHz
Measurement ranges (full scale (peak-peak)): 20 mm/s, 100 mm/s, 500
mm/s
Spurious free dynamic range (SFDR): > 90dB
Best resolution: 0.02 pum/s/Hz0.5

. The response of a PCT to a harmonic or square driving signal at different
Mfrequencies was measured. In both cases, the frequency of the driving signal was
iSelected in a stepwise manner — 50, 60. 100. 200, 950 and 1200 Hz.

An Fast Fourier Transform (FFT) of the response of a single pulse was used to
idetermine the eigenfrequencies of the piezoceramic transducer.

LabView software was used to acquire and analyze the signal obtained from
the Ometron vibrometer.
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4. Numerical Simulation

A numerical simulation was carried out to obtain information about the dynamic
response to the driving electrical signal:

to discover any deformation of

the membrane at different frequencies
(frequency analysis), to find Piezo
gigenfrequencies, and to show modal § ABS
shapes (Modal analysis). Numerical Brass
simulation of the piezoelectric element Foam
motion was carried out using the Finite PlexiOl
Elements Method (FEM). An FEM Al
simulation makes numerical
simulations of such a complex
phenomenon as a piezoceramics-
actuator-fluid interaction possible

It is necessarv to set the Fig. 3 Utilized materials and boundary
; conditions

+10V

ov

boundary conditions and the material
characteristics of the PCT to achieve
gorrect simulation results. Utilized boundary conditions and materials are shown in
Fig. 3.

The boundary conditions were as follows: the PCT was fixed on the perimeter:
the piezoceramic was fed with a voltage of £10V on the top surface, the voltage of
the metallic membrane was kept constant at a value of O0V. No influence of the working
fluid was modeled.

The material coefficients of the electromechanical characteristics, i.e. elastic (c).
piezoelectric (e) and dielectric (g) characteristics. are the tensors from section 2. For our
PCT, the tensors can be written in the following form:

5.le+10 2.0e+10 2.0e+10 0 0 0 ,
2.0e+10 6.4e+10 2.0e+10 0 0 0 I
20e+10 2.0e+10 6.4e+10 0 0 0 &
B 0 0 0 2.0e+10 0 0 ‘ )
0 0 0 0 2.0e+10 0
0 0 0 0 0 2.0e+10
0 0 0 125 0)
- 0 0 123 0 ni (9)
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£ ) 1.53174¢ -8 () (10)

I'he Young modulus £, density p and Poisson constant x of other materials were
as follows: Brass: E = 100GPa, p = 8600kgm™, u = 0.34: ABS: E = 4300MPa. p = 1050
kgm". pu=0.38; Plexi Glass: | 1000MPa. p 1000 kem™. u 0.38
Foam: E = 4MPa, p =400 kgm™, p = 0.4

The simulations were prepared. processed and analyzed using MSC.Marc and
Marc Mentat software

5. Results

a1 Determination of the PTC Eigenfrequenc)

The determination of the PCT eigenfrequency is the first step in conducting
measurements. The PCT eigenfrequency is determined from the FFT response to
asingle pulse (see Fig. 4). It is evident that the first eigenfrequency of the PCT
corresponds to a value of 960Hz.

0014 ——
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0.006 - i
0.004 .

0.002
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Fig.4 Results of an FFT response to a single pulse f

e J e

5.2 Vibrometry Measurement

Figures 5 and 6 show the results of vibrometry measurements. In this case, the
driving signal is harmonic and has frequencies of 50, 60, 100, 200 and 950Hz.
The value of frequency 950Hz is close to the eigenfrequency determined in previous
experiments. The amplitude of the actuating voltage on the piezoceramic was adjusted

to £10V.
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Fig. 5 The membrane center deviation in time (sinusoidal driving
signal)

v [mm/s]

Fig. 6 The velocity of the center membrane motion in time
(sinusoidal driving signal)

Figure 5 shows the time deviation of the center of the membrane. It is evident
that the largest displacement of the membrane center was achieved at the frequency
950Hz, which was close to its eigenfrequency of 960Hz.

Figure 6 shows the time deviation of the velocity of lhc\mcmhrunc center.
The highest velocity was achieved at the driving signal I'_rcqucm-) of USHHz._ [he value
of the velocity at 950Hz is at its maximum, two orders higher than the velocity at other
frequencies. That is why its range is shown on the right side axis.
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Fig. 7 The membrane center deviation in time (square driving signal)
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Fig. 8 The velocity of the membrane center motion in time (square
driving signal)

Figures 7 and 8 shows the results of vibrometr) measurements in_lhc case of
a square driving signal at frequencies 50. 60. 100. 200 and 950 Hz. i:‘g, 7 shows
membrane displacement. In all cases except at 950Hz. peak \Iulu‘c_x of m‘cm_hr;u_w
displacement are lower than the results achic\cd.fmm the harmonic .~;1gm\11 (cf. 1 ig. 5).
The peak values and the shape of the time deviation are nearly the same for the driving

frequency of 950Hz. It is also evident that membrane displacement at a frequency of

950Hz is sinusoidal in character, regardless of the square character of the driving signal.
Figure 8 shows the values of membrane center velocities, which are much higher
than the velocities generated by the harmonic signal. Consequently, a PCT fed with

a square driving signal is more pow erful (has a higher pumping output) than a PCT fed
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with a sinusoidal signal. When the operating frequency is close to the eigenfrequency of
» ) X » . o 1 " - -
the PCT. the response on the driving signal 1s nearly the s:

-1 : ime regardless of the shape of
the driving signal.

‘ [t is worth mentioning the phase shift which occurs at the maximum
displacement of the membrane centre. This shift results from the electro mechanical
behavior of the piezoceramic element. It is necessary to take this effect into account in
such applications as active control of a boundary layer or active drag reduction

Figures 10a,b.c show a comparison of the displacement of the membrane center
for square and harmonic driving signals for frequencies 200, 950 and 1200Hz.

.‘

9.9, FEM Simulation

Figure 9 shows the results from a modal analysis of the PCT. The first calculated
eigenfrequency is 931.6Hz. This corresponds to the value of 960Hz achieved from
vibrometry. The small deviation in the results is caused by an inaccuracy of the values
of the material properties in the numerical simulation.

Figure 11 shows the numerical simulation of the response of a PCT on a single
step 10V applied to the top surface. The frequency of the outstanding waves
corresponds to the first eigenfrequency of the PCT at 960Hz.

6. Conclusion

This article brings together the
results of actual measurements and the
numerical simulations of a PCT which is
used as an actuator in SJ devices. I
The effect of the shape of the driving |
signal and the effect of the driving signal ||
frequency were investigated. i

Obtained results show  that I .
the shape of the driving signal has a §-
strong influence on the velocity and |
deviation of the PCT membrane. The
influence is significant at frequencies
which are  dissimilar from the
eigenfrequency of the PCT.

A comparison of the experimental
and numerical results demonstrates that
the usage of numerical simulations for
vibration analysis of piezoceramic elements is possible. This paper reveals that
the results of numerical simulations agree almost completely with the results of our
experiments. Numerical models should be used for reliable dc?cnplmna _Rit Ilhc nlud_lcld
be used to improve the design and efficiency of SJ

Fig. 8 The displacement of the
membrane at the first eigenfrequency

phenomenon. These results should
device actuators.

Follow-up research will show the interaction between the movement of
the membrane and the motion of the working fluid. Experiments in both air and water

are planned.
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CHAPTER 11

CONCLUSIONS

. [he particular results for each research topic are presented at the ends of
individual chapters. Hence only the most significant results will be mentioned here

It has been found that cylinder heating in water increases the frequency of the
vortex shedding (thermal effect in water). The present results confirm that the -mmupl
of effective temperature — originally suggested for heated cylinders in a
and extendable to heated cylinders in water. I

r — 1s suitable

Based on these successful experiments a new towing tank has been built at the
Technical University of Liberec. This tank allows us to prepare. among other things.
even more detailed experiments and to repeat the set of experiments not .uui_\ for water
and air but for other liquids as well. For example, the flow behind a cooled body or the
control of a bluff body wake by pulsatile jets seems to be a motivation for further
research. Experiments carried out for different values of temperature ratio or for liquids
with different viscosity would be very helpful in analyzing the stability of the boundary
layers. ; '

The first papers which deal with the SJ
were focused on the main parameters of SJ. the
selection of suitable experimental methods and
the validation of the first experimental results.
The first experiments were based on the work of

Swift and Glazer. The experiments presented in
Chapter 7, however, show the results of unique
experiments with water as the working fluid. In
the latest research these basic experiments help
to study another complex problem which is the
interaction of the SJ with a crossflow (see [32]).

The results presented in Chapter 8 and
Chapter 9 are closely connected with the
practical application of SJ for improving the
efficiency of heat transfer. This research shows
four different setups of heating/cooling devices
and their influence on the value of the heat
transfer coefficient.

We must mention the great interest from Fig.11.1. Towing tank at TU Liberec

industry in developing an applicable device.
Currently there is intensive cooperation with : |
companies working in the field of plastics manufacturing to develop a device m'hcm up
molds that will work on the principle of SJ. Projects focusing on the construction of a

SJ principle used in the technology of

valveless pump to be used in practice, and on the
nanofiber production, are also under preparation.

98



Tomas Vit - An Investigation into Selected Types of Flow

REFERENCES

(1]

(2]

(3]

(4]

(5]

(6]
[7]

(8]

(0

[10]

[11]

(12]

[13]

[14]

[15]

(16]

[17]
(18]

Vit T: Experimental and Theoretical Study of the Heated Coanda Jet, Dissertation
Thesis, TU Liberec 2004

Vit T, Dancova P, Kotek M, Pirkova L' Pouziti ruznych experimentalnich metod
pro analyzu proudeéni typu ,Synthetic Jet* XXIV mezinarodni ved. konf. kateder a
pracovist mech. tekutin a termomechaniky, pp. 45-49, Blansko, CR, 2005

Kovasnay L.S.G_, (1949) Hot-wire investigation of the wake behind cylinders at
low Reynolds numbers, Proc.R.Soc.London, Ser. A 198. 174-190

Collis D.C., Williams M.J. (1959) Two—dimensional convection from heated wires
at low Reynolds numbers, J. Fluid Mechanic. 6. 357-384

Strouhal V. :Uber eine besondere Art der Tonerregung. Wied. Anna Phys. und
Chem. (Leipzig),Series 3 216-251 (1878)

Rayleigh L..Aeolian tones. Phil. Mag. 29 433 (1915)

von Karman T.: The Wind and Beyond: Theodore von Karman Pionneer in
Aviation and Pathfinder in Space , New York: Little, Brown (1967).

Williamson C.H.K. (1996) Vortex dynamics in the cylinder wake, Annual. Rev
Fluid. Mech., 28, 477-539.

Van Dyke M.:*An Album of Fluid Motion”, New York: Parabolic (1982)

Williamson C.H.K. (1989) Oblique and parallel modes of vortex shedding in the
wake of a circular cylinder at low Reynolds numbers, J. Fluid Mech., 206, 579-
627.

Ren M., Rindt C. C. M., van Steenhoven A. A., "Experimental and numerical
investigation of the vortex formation process behind a heated cylinder,” Phys.
Fluids 16, 3103 (2004).

Huerre P.: 4.Open Shear Flow Instabilities, in Perspectives in Fluid Dynamics,
Edited by G.K. Batchelor, H.K.Moffatt, M.G.Worster, Cambridge University Press
2000

Provansal M., Mathis C., Boyer L., “Bénard-von Karman instability: transient and
forced regimes” J. Fluid Mech. 182 1-22 (1987).

Landau L.D.. Lifshitz E.M.: Fluid Mechanics, Second Edition: Volume 6 (Course
of Theoretical Physics), Butterworth-Heinemann; 2 edition (January 15, 1987)

Mathis C.. Provansal M., Boyer L.,“The Bénard-von Karman instability: an
experimental study near the threshold” J. Physique Lett, 45 L-483-L-491 (1984).

Sreenivasan K.R., Strykowski P.J., Olinger D.J., “Hopf bifurcation, Landau
equation and vortex shedding behind cylinders”, in Forum on Unsteady Flow
Separation (eds.K. N. Ghia), New York ASME, FED 52 1-13 (1986).

Oertel H.:Wakes behind blunt bodies. Ann. Rev. Fluid Mech. 539 (1990).

Monkewitz A.-The absolute and convective nature of instability in two-

dimensional wakes at low Reynolds numbers. Phys. Fluids 31, 999-1096, 1988

99



Tomas Vit - An Investigation into Selected Types of Flow

(19]

(20]

[21]

(22]

(23]

(24]

[25]

[26]

[27]
(28]
[29]

(30]

[31]

[32]

Ramberg S.E., “The effects of yaw and finite length upon the vortex wakes of
stationary and vibrating cylinders.” J. Fluid Mech. 128 81 (1983)

Tritton D.J., “Experiments on the flow past a circular cylinder at low Reynolds
numbers.” J.Fluid Mech. 6 547 (1959)

de Boer P., Coherent structures in synthetic jets and non-isothermal wakes

Research Report, Institute of Thermomechanics AS CR, No. Z-1333/03 Prague
2003.

Yang, W-J.: Handbook of flow visualization Hemisphere Publish. Corp., 1989

Cornell, D.: Smoke generation for Flow Visualisation Mississippi State Univ
Aerophysics Res. Rep, 54, 1964

TravniCek, Z., Wang, A-B., Marsik, F.: Flow visualization of the laminar vortex
shedding behind a cooled cylinder, In: Int. Symposium on Experimental
Mechanics ISEM (CD- proceedings), 2002 - Taipei, C209

Honji H., Taneda S., Tatasuno M., "Some practical details of the electrolytic
precipitation method of flow visualization," Rep. Res. Inst. Appl. Mech. (Kyushu
Univ.) 28, 83 (1980)

Geankoplis, C.J. Transport processes and separation process principles (2003)
Fourth Edition, p.475.

Bruun, H. H.:Hot wire anemometry, Oxford Univ. Press, 1995
Perry, A. E.:Hot Wire Anemometry, Clarendon Press, Oxford, 1982

van der Hegge Zijnen, B. G: Modified correlation for the heat transfer by natural
and by forced convection from horizontal cylinders, Appl. Sci. Res, A6, 1956, pp
129-140

Swaminathal, M. K., Rankin, G. W., Sridhal, K.: A note on the response equations
for hot-wire anemometry, Jour. Fluids Eng, 108, 1986, p. 115-118

Sonnenberger R., Graichen K., Erk P.: Fourier averaging: a phase-averaging
method for periodic flow, Journal Experiments in Fluids, Volume 28, Number 3 /
March, 2000, pp. 197-283

Dancova P, de Lange R, Travniéek Z, Vit T: PIV Measurements of a Synthetic
Jet in a Channel Flow, 12th International conference: Developments in Machinary
Design and Control, September 9-12, 2008, Nowogrod, Poland pp.23-24 + CD

100



