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ABSTRACT

FIN OPTIMIZATION IN A FLOW FIELD INDUCED BY
PIEZOELECTRIC FAN

EROL UG
Master of Science, Department of Mechanical Engineering
Supervisor: Assist. Prof. Dr. Ozgiir Ekici

April 2018, 100 pages

In recent years, piezoelectric fans have been investigated for forced convection
heat transfer applications as an alternative to conventional fans. Basically, it
consists of a piezoelectric and a non-piezoelectric patch. When AC current is
applied, piezoelectric part vibrates with a certain amplitude at that specific AC
frequency. In this study, forced convection heat transfer driven by a piezoelectric
fan is investigated for fin optimization problem. A 3-dimensional numerical model
is implemented with CFD approach employing a commercial CFD solver: Ansys
Fluent 17.2. In this model, a piezoelectric fan with a known movement function is
simulated in time domain to generate air flow first with a horizontal fan
arrangement. The generated air flow is directed to a fin block which is placed at a
certain distance from the piezoelectric fan. As a design parameter, the number of
fins in fin block is increased. The fin block is formed by attaching conjugated
cylindrical fins side by side. The number of conjugated fins is increased from 1 to
10, resulting in 10 different fin block configurations. In this study, there are two
boundary conditions applied. Firstly, the total amount of applied heat remains the

same. In each configuration 0.8064 W heat is applied to the base of fin block as a



boundary condition. Secondly, the applied heat flux remains the same. In each
configuration 50400 W/m? heat flux is applied to the base of fin block as a
boundary condition. The average surface temperature of fin blocks, the average
surface temperature difference between natural and forced convection, heat
transfer augmentation ratio and average base temperature of fin blocks are
compared. This comparison results in the optimum number of fins for each
criterion. When the heat transfer augmentation ratio is evaluated, the 2-fin-block
configuration for the constant total heat boundary condition and the 1-fin-block
configuration for the constant heat flux boundary condition gives the best results,
respectively. Additionally, a vertical fan arrangement is employed and the results
are compared to a horizontal fan arrangement for a specified fin configuration. For
the studied fin geometry the horizontal fan arrangement is found to provide better
cooling performance in all fin configurations compared to the vertical fan

arrangement.

Keywords: piezoelectric material, piezoelectric fan, fin optimization,



OZET

PIEZOELEKTRIK FAN KULLANILARAK OLUSTURULAN BIiR AKIS
ALANINDA FiN OPTIMiZASYONU

EROL UC
Yuksek Lisans, Makina Muhendisligi Bolumu
Tez Danismani: Yrd. Dog. Dr. Ozgiir Ekici
Nisan 2018, 100 sayfa

Son yillarda, geleneksel fanlara alternatif olarak piezoelektrik fanlar zorlanmis
iletimsel 1s1 transferi uygulamalari igin arastirilmistir. Bu fanlar, temel olarak, bir
piezoelektrik ve bir piezoelektrik olmayan parga icerir. Alternatif akim
uygulandiginda, piezoelektrik parga belirli bir alternatif akim frekansinda belirli bir
genlikte titresir. Bu calismada, fin eniyileme problemi igin bir piezoelektrik fan
yardimiyla zorlanmis iletimsel s1 transferi arastinimistir. Ticari bir CFD
¢bzumleyicisi olan Ansys Fluent 17.2 kullanilarak CFD yaklagimi ile 3 boyutlu bir
sayisal model uygulanmaktadir. Bu modelde, bilinen bir hareket fonksiyonuna
sahip bir piezoelektrik fan, ilk olarak yatay fan dizenlemesi ile hava akigi
olusturmak Uzere zaman etki alaninda benzesim yapilmigtir. Olusan hava akigi
piezoelektrik fanin belirli bir mesafesine yerlegtirilen bir fin bloguna
yonlendirilmistir. Bir tasarim parametresi olarak, fin blogundaki finlerin sayisi
arttinlmistir.  Fin  kanali, eslenik silindirik finlerin yan yana eklenmesiyle
olusturulmustur. Eslenik finlerin sayisi 1'den 10'a ¢ikarilarak 10 farkh fin blogu

konfigurasyonu elde edilmistir. Bu ¢alismada, uygulanan iki sinir sarti



bulunmaktadir. ik sinir sarti olarak uygulanan toplam isi miktari sabit tutulmustur.
Her konfigurasyonda, sinir kosulu olarak fin blokun tabanina 0.8064 W 1si
uygulanir. ikinci sinir sartinda uygulanan s akisi sabit tutulmustur. Her
konfiglirasyonda 50400 W/m? 1sI akigi sinir kosulu olarak fin blogun tabanina
uygulanir. Fin bloklarinin ortalama yuzey sicakhgdi, dogal ve zorlanmis
konveksiyon arasindaki ortalama yuzey sicakliklar farki, 1si transfer artis orani ve
fin bloklarin ortalama taban sicakligi karsilastiriimistir. Bu karsilastirmanin nihai
sonucu, her kriter icin optimum fin sayisidir. Isi transferi artis orani
degerlendirildiginde toplam sabit is1 sinir kosulu igin 2 finli konfigurasyon en iyi
sonucu verirken; sabit Is1 akisi sinir kogulunda 1 finli konfiglrasyon en iyi sonucu
vermektedir. Ayrica dikey fan dizenlemesi kullaniimis ve dikey fan dizenlemesine
ait sonuglar belirtilen fin konfigirasyonu igin yatay fan dizenlemesi ile
karsilagtinimistir. Cahlgilan fin geometrisi igin, yatay fan yerlesiminin dikey fan
yerlesimine gore tum fin konfiglrasyonlari i¢in daha iyi bir sogutma performansi

sagladigi gorulmustar.

Anahtar Kelimeler: piezoelektrik malzeme, piezoelektrik fan, fin optimizasyonu,
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CHAPTER 1
INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

In recent years, with the extensive development of technology and the shrinking
dimensions of electronic systems, the importance of heat transfer and cooling has
increased in parallel to power consumption and thermal management
requirements of these systems. So that, the limits of progress in electronics are to
be determined by how much the thermal problem issues are solved. In this case,
the current research in the area of electronics cooling seeks new ways to increase
the heat transfer by various approaches such as incorporating multi-phase cooling,

much stronger fans, magnetic cooling and utilizing the material technologies [1],
[2].

Besides the advantages of existing conventional heat transfer methods, there are
also disadvantages, some of which are high power consumption, larger volume,
narrow operating temperature range, high noise and high failure rate. Therefore in
mobile systems, computers and PDAs, piezoelectric fans have emerged as an
alternative in recent years with advantages such as low volume requirement, low

power consumption, silent operation and a long life expectancy [3]-[5].

1.2 Principles of a Piezoelectric Fan

Piezoelectric materials convert electrical energy into mechanical energy when AC
voltage is applied and vice versa. The piezoelectric fan is generally formed by
inserting a metal or non-metal patch to a piezoelectric patch. The parts forming a

typical piezoelectric fan are given in Figure 1.1.
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Figure 1.1 General view of a typical piezoelectric fan [6]

The first three mode shapes of a piezoelectric fan are shown in Figure 1.2. The
largest amplitude is seen in the first mode, also known as the fundamental mode
or frequency. In the case where the piezoelectric fan is supplied with AC voltage
whose frequency is equal to the fundamental natural frequency, it oscillates in the
mode shape corresponding to this natural frequency. The amplitude of the
piezoelectric fan depends on the voltage of the AC power; the higher the applied

voltage is, the larger the generated amplitude is.
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Figure 1.2 First three mode shapes of a piezoelectric fan [7]

There are three basic features about the piezoelectric fans.

Firstly, the important point here is to ensure that the frequency of the AC voltage to
be supplied is equal to or very close to the fundamental natural frequency of the
two-piece piezoelectric fan. In this case, the piezoelectric fan will resonate and the
oscillation amplitude will increase. This is one of the basic features that distinguish
a piezoelectric fan from conventional rotary fans. In his work, Kimber et al [8] has
found that it is possible to generate more flow with much less power compared to

rotary fans.

Secondly, since the relevant properties of the material used are not affected by the
environmental conditions, piezoelectric fans can work under very wide
environmental conditions. It can operate from -55°C to +125°C without loss of
performance under relative humidity values up to 95%. Thus, cooling under
extreme conditions is one of the most convenient features of piezoelectric fans
which makes them suitable for demanding applications such as those existing in

aerospace & military fields.

Thirdly, piezoelectric fans have a very long service life without any maintenance
requirement. This is because materials requiring maintenance and limited-life such
as rotors and bearings are not used. The resulting flow is created by using the

property inherent in the natural structure of the material. The Piezoflo firm has



already stated that it will have a lifetime of more than 15 years, while still carrying
out the tests [9].

1.3 Literature Review

The piezoelectric fan was first discovered and introduced in 1979 by Toda [10].
Then there was no new work in this area until the early 2000s. As a result of
scientists' research into new methods to meet the increased cooling needs of
electronic units, efforts have been made to work more seriously on piezoelectric

fans.

A piezoelectric fan, as mentioned above offers various advantages compared to
conventional fans. This first appeared in 1979 when Toda [10] and his team
vibrated a piezo ceramic material easily when AC power was applied at its
fundamental natural frequency. Also as the AC voltage was increased,
piezoelectric fan amplitudes increased as well. By inducing a flow induced by
vibrating on a piece of television receiver with a sample piezoelectric fan, they
experienced an additional temperature drop of 17°C with an increase in heat

transfer compared to natural convection only.

Acikalin et al. [11] performed an experimental study in 2004 with horizontal and
vertical orientations with full, half and no coverage locations for a given fin block.
This experimental work is important because it is the first study to prove that a
piezoelectric fan can be used as a commercial product. In this study, valuable
information such as heat transfer augmentation ratio, fan curve and fan efficiency
are generated. As a result, it is concluded that piezoelectric fans are more suitable
to be used with conventional rotary fans for larger devices such as laptop and

computers, and suitable for stand-alone use for smaller devices.

In another work of Agikalin et al. [3] five parameters related to piezoelectric fan
and heat source interaction were investigated experimentally. These parameters
are; voltage and frequency of AC power, length of piezoelectric fan, horizontal and
vertical distances to the heat source from the piezoelectric fan tip. The
temperature of the heat source is plotted according to the specified parameters. In
the same study, a CFD solution model was also implemented. A 2-D CFD solution
were created because the preferred 3-D solution requires computational time on

the order of years to complete. However, this model did not reflect reality well, 2-D



CFD simulation could not predict results accurate enough for the complete

domain.

In earlier literature, piezoelectric fan studies started with establishing experimental

setup to find out fan characteristics, then cooling performance studies were

conducted. With the development of computing power, 2D and 3D CFD solutions

have been introduced. In this thesis, 3D CFD solution will be implemented.

The studies were conducted recently can be summarized under 5 different

categories. These 5 different categories are described according to:

o different methods: experimental or CFD simulation,

o different number of piezoelectric fans: 1, 2 or multiple with magnetic effect,

o different piezoelectric fan arrangements: vertical or horizontal,

o different fin configurations: plate, channel, cylinder fin or square fin,

e (different

purposes:

measurement or comparison.

optimization,

piezoelectric

fan

performance

The tabulated literature survey for 5 different categories is given in Table 1-1.

Table 1-1 Tabulated literature summary

Author of the Number of| Piezoelectric
Year Method Piezoelect Fan Fin Purpose
Study i
ric fan | Arrangement
C.H. Huang et al Experimental + . Lo
[12] 2012 CED Simulation 1 Horizontal Plate Optimization
. Experimental + . Lo
C.N. Lin [13] 2012 CED Simulation 1 Vertical Plate Optimization
Experimental + . T
T. Agikalin et al [3]| 2007 CED Simulation 1 Vertical Plate Optimization
. Piezofan
P. Blrmann et al 2003 | CFD Simulation 1 Horizontal NOt Performance
[14] Applicable
Measurement
S.F. Sufian et al Experimental + . Lo
[15] 2013 CED Simulation 1 Vertical Channel | Optimization
S-F Sl[JI'g]n etal 2013 | CFD Simulation 2 Vertical Plate Comparison
Not Piezofan
M. Choi etal [17] | 2014 | CFD Simulation 2 Vertical . Performance
Applicable M
easurement
T. Aikalin et al 2004 Experimental 1 Horlzo_ntaI+V Plate Comparison
[11] ertical
. . Piezofan
M. Kimber et al 2009 Experimental 2 Horlzo_ntaI+V NOt Performance
[18] ertical Applicable
Measurement




Horizontal+V Piezofan
S.F. Liuetal [6] | 2009 Experimental 1 . Plate Performance
ertical
Measurement
Fin Piezofan
H.Y. Lietal [19] | 2016 Experimental 2 Vertical Performance
(Square)
Measurement
C.N. Lin etal [20] | 2013 | CFD Simulation 1 Vertical F_|n Comparison
(Cylinder)
Magnetic Piezofan
H.K. Ma et al [21] | 2014 Experimental Fan Vertical Channel | Performance
Arrays Measurement
Experimental + Magnetic Piezofan
H.C. Suetal [22] | 2013 pert . Fan Vertical Channel | Performance
CFD Simulation
Arrays Measurement
Experimental + . Lo
H.K. Ma et al [5] | 2012 CED Simulation 1 Vertical Channel | Optimization
M. K'sz;jr etal 2009 Experimental 1 Horizontal Plate Optimization
M.K. Abdullah et Experimental + . Lo
al [24] 2009 CED Simulation 1 Horizontal Plate Optimization
Not Piezofan
M. Choi et al [25] | 2012 | CFD Simulation 2 Vertical . Performance
Applicable
Measurement
: Experimental + : Lo
J. Petroski et al [4]| 2010 CED Simulation 2 Vertical Channel | Optimization
Magnetic
H.K. Ma et al [26] | 2014 Experimental Fan Vertical Plate Optimization
Arrays
Experimental + . Horizontal+V Lo
M.K. Abdullah [27]| 2012 CED Simulation Multiple ertical Channel | Optimization
Not Piezofan
M. Kimber et al [8]| 2009 Experimental 1 Horizontal . Performance
Applicable
Measurement
. Piezofan
M. Kimber et al 2008 Experimental 1 Horizontal NOt Performance
[28] Applicable
Measurement
C.N.Linetal [29] | 2014 | CFD Simulation 2 HorlzqntaI+V Fin Comparison
ertical (Cylinder)
' Experimental + . ,
S.F Sufian [30] | 2014 CED Simulation 2 Vertical Plate Comparison
H.Y. Lietal [31] | 2013 Experimental 1 Honzo_nta|+V Fin Optimization
ertical (Square)
Piezofan
M. Toda et al [10] | 1979 Experimental 1 Horizontal Plate Performance
Measurement

As a result of the literature survey, the following deductions have been made:

* A flow is generated when the piezoelectric material structure vibrates at its

resonance frequency.

» Convective heat transfer is increased when this flow is directed to a heated

material.



* Orientation, coverage and distance of fan tip and fin block relative to each other

are important factors that affect the fan performance.
» CFD simulations show results close to experimental results.
* Piezoelectric fans are more energy efficient than conventional rotor fans.

* By placing magnets at the tip of the fans, one active fan and two passive fans

can be used to increase energy efficiency.

Referring to the previous studies and the categories presented in Table 1-1, this

study will employ;

e 3-D CFD simulation as a method,

e 1 piezoelectric fan as a flow source,

e Horizontal piezoelectric fan arrangement with vertical piezoelectric fan
arrangement comparison,

e Cylinder fin blocks as a fin configuration,

e Fin optimization as a purpose.

1.4 Aim and Scope of the Thesis

Recent years, since piezoelectric fans have been recognized as a remarkable
technology that can be utilized in heat transfer problems, a significant number of
studies have been performed on piezoelectric fan applications. After these studies
were introduced, different parameters were used to study the usage areas of the
piezoelectric fan. Nevertheless, these conducted studies mainly focused on the
cooling of a single cylinder or square cross section or a duct cooling. To the best
of author’'s knowledge, there is no literature investigating the domain of influence
of the piezoelectric fan by changing the target width. In the conducted studies, the
fin arrangement within a constant cross-sectional envelope or the height of fin
block are the only geometric parameters changed. In this study, the number of fins
is increased to examine the effects of increasing target width on the cooling
performance. In this way, the largest fin block is formed up to 3 times wider than

the width of the piezoelectric fan.
The aims of this thesis are;

e To establish a validated model by referring to a similar piezoelectric fan

study from the literature



To investigate the optimum number of fins in a row so that the piezoelectric
fan provides an efficient cooling

To investigate the maximum average surface temperature difference
between natural and forced convection cooling configurations

To investigate the minimum average base temperature of the fin block

To compare and reveal the cooling performance of vertically and
horizontally oriented piezoelectric fan arrangement for a specified fin block
geometry



CHAPTER 2
THEORY AND MODELING

In this thesis, a 3D CFD model of the flow generated and directed onto a fin block
using a commercial piezoelectric fan is developed. The design parameter is
specified as the number of fins in the fin block. The structure consists of identical
fins lined up side by side. The number of these fins is increased and an attempt to
find an optimum number of fins by focusing on different interpretations of obtained
results will be made. The validation of the model is done by comparing the results
of the current study against the results obtained using a similar model of Lin's [20]

work.

2.1 Motion of the Piezoelectric Fan
A commercial piezoelectric fan is used in this study [9]. The general view of the

piezoelectric fan used in this study is given in Figure 2.1.
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Figure 2.1 General view of piezoelectric fan geometry [12]

The total length of the piezoelectric fan given in Figure 2.1 is 76.7 mm. The
moving part of the piezoelectric fan is 64 mm which includes both ceramic and
piezoelectric materials. The 28 mm from the left of the 64 mm length of the
oscillating part is a piezoelectric material. The last 36 mm of the 64 mm length of
the oscillating part is Mylar material. In the CFD model, the 12.7 mm section used



for fixing the piezoelectric fan is not included and only the oscillating part
(piezoelectric and non-piezoelectric part) is modeled.

The oscillation of piezoelectric fans is in the form of a sinus curve due to the shape
of the AC voltage. In addition, the fan motion curve changes depending on the
choice of material, dimensions, AC frequency and the applied voltage. For a given
piezoelectric fan in which the piezoelectric material is PZT, the motion of the
piezoelectric fan curve at a given frequency and voltage can be tracked and
generated by the measurements with a laser displacement sensor. In this thesis,
the motion of a specific Mylar piezoelectric fan is modeled as the transverse
displacement of slender beam [3], [32], [33].

The seventh-degree polynomial, which simulates the motion of a piezoelectric fan,

is given Eqg. (1):

2(y)=-42.34x y*+33587 x y*-2.732x10° xy*+9.053 10" xy*

(1)
-1.265%10° x y°+6.34496 x 10° x y”,0<y<64mm

where z(y) is the dimensionless amplitude of the piezoelectric fan and y is the
length of the piezoelectric fan. Dimensionless fan amplitude is calculated as the

piezoelectric fan tip amplitude divided by the length of the piezoelectric fan.

The sinus function of the AC voltage is given below:

sin(mxfrxt) (2)
where fr is the frequency of the AC power and t is the time. Multiplication of Eq. (1)

and Eq. (2) gives the motion of the piezoelectric fan with respect to time.

In the works carried out within the scope of the thesis, the commercial
piezoelectric fan was operated at 100 Hz which is very close to its fundamental
natural frequency. The amplitude of the piezoelectric fan is 25.4 mm and the
length of the piezoelectric fan is 64 mm. According to the frequency and amplitude
of the AC voltage supplied, the main modes of the fan movement are shown in
Figure 2.2. This figure represents the piezoelectric fan movement normalized with
the amplitude of fan displacement by the variable phase angle (Theta, 6) values.

This normalized height is defined as dimensionless height and calculated as the

10



height of the piezoelectric fan divided by the length of piezoelectric fan. Phase
angles simulate alternating phase angles of applied AC voltage.

MOVEMENT OF PIEZOFAN
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Figure 2.2 Dimensionless positions of piezoelectric fan

2.2 Model and Domain of the Study

The Reynold number is calculated as about 200 with the following parameters:
hydraulic diameter is 2 mm, mean velocity is 2 m/s, kinematic viscosity is
2.056x10° m?/s. Regardless of the calculated value, as has been discussed in in
the explained in Bejan [34], the Re numbers at which the transition from the
laminar to turbulent could occur at small number on the order 102. In addition, the
piezoelectric fan creates vortices while vibrating. Thus a turbulence modeling is
preferred and the standard k-¢ turbulence model is used in this study to solve the

governing equations.

Continuity, momentum and energy equations used in the mathematical model for
thermal and flow fields modeling in transient form are given in Eg. (3). This set of

equations in Eqg. (3) is used to obtain the transient solution when the piezoelectric

11



fan is on. For natural convection comparisons steady state solutions are obtained

taking the time dependent terms zero.

op O

—+—(pu,)=0

o " ox (pu;)

0 0 op o
—(pu)+—(puu)=———+p—>+

o, () ox (puy;) ox M o P9 3)
0 0 o°T

—(pc, T)+—(puc T)=k—

e PeT)+ S U, =k

j

Transport equations for standard k-€ model are given in Eq. (4). For turbulent
kinetic energy, K is;

0 0 0 | 4 Ok
— () +—(piwy) :_l:__:|+2/utEi' E;—ps (4)
ot OX. OX; | 0, OX, ik
Where, 0«=1.00.
For dissipation ¢ is;
0 0 O | W Ot € g
—(pe)+—(peu,) = _{_t_} +C, — ZutEijEij —-Cp— (5)
ot OX; OX; | ©, OX K K
Where, 0:=1.30; C1¢=1.44; C2:=1.92.
2
B, =pC, — 6)
e

Where, Cy=0.09.

The buoyancy forces in the air due to temperature differences in the domain is

modeled by employing Boussinesq approximation with an ideal gas assumption

B=1/T,. The equation is given in Eq. (7):

P=pPy —PT—To) @)

Figure 2.3 and Figure 2.4 show the dimensions of the piezoelectric fan, fin block
and the CFD domain. Accordingly, the domain of the flow is 200 X 200 X 130
(Height x Width x Length) mm. This domain consists of two parts. The first part is

200 x 200 x 70 mm and consists of the dynamic mesh in which the piezoelectric

12



fan is located and the model moves with respect to time. The second part is 200 x
200 x 60 mm. This part is the fixed part where the fin block is located and the
mesh does not change over time. These two domains are interconnected by the
interface. The gap between piezoelectric fan tip and fin is also 12.7 mm as the
piezoelectric fan width, shown in Figure 2.5 and Figure 2.6. As a boundary
conditions, the inlet is defined as pressure inlet; outlet is defined as pressure outlet
and the ambient temperature is 300 K. Side walls are treated as pressure

boundaries, permitting the airflow inward or outward with ambient temperature of
300 K.
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Figure 2.3 CFD domain in side view (in mm)
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Figure 2.5 Dimensions of the piezoelectric fan and 1-fin-block in side view (in mm)
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Figure 2.6 Dimensions of the piezoelectric fan and 1-fin-block in top view (in mm)

For the aluminum fin block used, a fin with a height of 30 mm and a diameter of 2
mm was used on a 4 x 4 mm? base with a height of 1 mm as shown in Figure 2.5
and Figure 2.6. The same fin is used when it is desired to increase the number of
conjugate fins mounted side by side in the fin block. The dimensions for the 10-fin

configuration is given in Figure 2.7 and Figure 2.8. The units are mm.
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Figure 2.7 10-fin-block geometry in front view (in mm)
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The CFD model is implemented using a commercial package, Ansys Fluent 17.2
solver, after the 3D CAD model was created. The movement of the fan is coded
with a user defined function (UDF) which is given in Appendix E. In this CFD
method, the pressure and velocity coupling equations are solved using the
SIMPLE scheme, in which the convective terms are discretized with an upwind
scheme. The k-¢ model is used for turbulence transport. The motion is oscillating
at a frequency of 100 Hz, almost coinciding with the fundamental natural
frequency of the fan. Each period of piezoelectric fan is divided into 200 parts and
5x10° s time step is used. With this time step, the dynamic mesh is defined as the
skewness is not allowed to be above 0.85. So the CFD package remeshes the
volume mesh for each time step using this criterion. If the time step is used above
5x107° s, the solution fails before the pseudo steady-state solution is reached since
the skewness of some elements exceeds the skewness criterion. The air is
modeled using Boussinesq approximation in which the nominal density value was
taken as 1.2 kg/m?3 and the B was set to 0.0033 1/K.

In this study, the simulation results were evaluated based on three different
parameters, which are the heat transfer coefficient augmentation ratio (&), the
base temperature of fin block and the average temperature difference between

natural and forced convection. The formulation of the heat transfer augmentation

ratio is given in Eq. (8):

Qs
a _ % _ Ts,pf - Ta _ Ts,n - Ta (8)
hn s Ts,pf B Ta
Ts n__ Ta
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In order to examine whether the solution in the study is mesh independent, mesh
independency test is done as in the studies [20], [29]. Simulations were performed
with different computational domains having 226823, 782642 and 2797777 cells in

1-fin-block configuration. The results are given in Table 2-1.

Table 2-1 Mesh dependency study results

Case 1 Case 2 Case 3
N“mbgr of Cells in 226823 782642 2797777
omain
Average Surface
Temperature after 454.40 451.98 453.12
Natural Convection (K)
Variation from Case 1 NA 0.53% 0.28%
(%)
Variation from Case 2 0.53% NA 0.95%
(%)
Average Surface
Temperature after 344.46 339.56 339.67
Forced Convection (K)
Variation from Case 1 NA 1.4204 1.39%
(%)
Variation Z‘(E/g)m Case 2 1.42% NA 0.03%

The steady state solution under natural convection resulted in average fin surface
temperature of 454.40 K, 451.98 K and 453.12 K, for three different mesh
configurations tested. After the piezoelectric fan vibrates, those temperature
values dropped to 344.46 K, 339.56 K and 339.67 K, at the time when the pseudo-
steady state is reached. The maximum variation in average surface temperatures
is about 1.42% for Case 1 and Case 2. The maximum variation in average surface
temperatures is below 0.25% for Case 2 and Case 3. For this reason, a mesh of
782642 cells was used. The same mesh properties are employed for the other fin

configurations.

As a solution procedure the following steps are performed: Under natural
convection, first, the steady state solution is achieved with the given boundary
conditions. Then, the transient solution is activated using the steady state solution
results as initial conditions. Under the transient forced convection conditions
provided by a piezoelectric fan, pseudo-steady state is reached. This means heat

transfer augmentation ratio and average surface temperature differences between

17



forced and natural convection could be calculated as well as average base
temperature values. Solution steps performed in this study is summarized in
Figure 2.9.

Figure 2.9 Solution Steps of the Study
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CHAPTER 3
VALIDATION OF THE MODEL AND MODEL PARAMETERS

In order to validate the computational model before proceeding to fin optimization

cases the work of Lin [20] presented in 2013 will be used.
The reasons for using this study are listed below:

1. Experimental and 3D CFD solutions worked together and the results were
compared.

2. Piezoelectric fan width and piezoelectric fan amplitude used in the study are
the same as the piezoelectric fan model used in the thesis.

3. The heat flux applied on a cylinder which is similar to fins used in the
current study was tried to be cooled.

4. The surface to be cooled is at a similar distance with the current study.

For these reasons, the model in Lin's [20] work is created to check whether
comparable results are achieved as has been detailed in the following sections.
Thus, a model validated by the test results will be used in the validation study to

model the motion of another piezoelectric fan.

3.1 Model of the Validation Study

In Lin’s study [20] , a cylinder having a height of 50.8 mm, a diameter of 22.2 mm
and a thickness of 0.5 mm is used, the dimensions of which are given in Figure
3.1. In the experimental study, heaters were placed on the inner surface of the
cylinder and an average heat flux of 1000 W/m? was applied. This heat flux

corresponds to a total heat load of 3.52 W.
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Figure 3.1 Geometry of the cylinder (in mm) [20]

The geometry of the piezoelectric fan used is defined by the dimensions of 75 x
12.7 x 0.5 mm. The measured natural frequency of this particular fan is 35.714 Hz.
The function of the movement of the piezoelectric fan is given in Eq. (9):

y,(X) =a(c, +C,X+C,X* +C,x°);0<x <L,

9)

Y,(X) =a(c, +CX +CoX° +¢,x° +cx*)iL, <x <L,

where,
L, =29 mm, L, =75 mm,
Cc, =-8.772x107°, c,=1.819x10*mm™,
c, =7.000x10*mm?, c,=-4.763x10°mm?,
c, =1.159, C, =-9.419x10”°mm™,

C, =3.567x10°mm?, ¢, =-2.488x10°mm?,
€ ,=9.372x10°mm™, a=254
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Figure 3.2 simulates the piezoelectric fan positions normalized to the fan's
amplitude value according to the phase angle values of the AC power source:

MOVEMENT OF PIEZOFAN
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Figure 3.2 Dimensionless positions of piezoelectric fan

As shown in Figure 3.3, the heated cylinder is positioned at a certain distance to

the piezoelectric fan and then cooled by piezoelectric fan vibration.

)
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X
(0,0,0)

Figure 3.3 Dimensions of CDF domain (in mm) [20]
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The flow domain is selected as 600 x 400 x 170 (Height x Width x Length) mm
which is compatible with the reference work [20]. The left 600 x 400 x 90 mm part
of this domain consists of the dynamic mesh in which the piezoelectric fan is
located. The rest of the domain is fixed, includes the cylinder and the mesh does
not change over time. These two domains are interconnected by an interface. The
inlet is defined as pressure inlet; outlet is defined as pressure outlet and the
ambient temperature is 295 K. Side walls are treated as pressure boundaries,

permitting the airflow inward or outward with ambient temperature of 295 K.

By changing the distance between the cylinder and piezoelectric fan and the
amplitude of the piezoelectric fan different cooling quantities are obtained. The

governing equations used are discussed in Section 2.2.

An image and a schematic of the experimental setup of Lin’s work [20] are shown

in Figure 3.4.
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Figure 3.4 General view of experimental setup [20]
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3.2 Study of Validation

Results were obtained by varying the dimensionless amplitude of piezoelectric fan

(a

a / w) and the dimensionless distance between piezoelectric fan tip and

heated surface (& = d / w). In the reference study, the a value was taken as 1, 2,

and 3, and the ® value was taken as 0.5, 1, and 1.5. In the validation study, a

value was taken constant as 2 as in the thesis study and & value was changed to

0.5, 1, and 1.5. A general view of the computational domain is given in Figure 3.5.
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Figure 3.5 General view of the CFD domain with 6=1.5

The results were compared by heat transfer coefficient augmentation ratio (&).

The formulation of these parameters is given in Eq. (10):

ds
. Ts,pf _Ta _ Ts,n _Ta
- Qs - Ts,pf - Ta
TS,FI - Ta
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As has been explained earlier, CFD model was created and Ansys Fluent 17.2 is
used for simulations. The movement function of this particular piezoelectric fan is
defined by a UDF and given in Appendix F. Each period of the fan is divided into
400 parts and 7x10° s time step is used.

After establishing the CFD model, natural convection solution was obtained. Then,
piezoelectric fan is vibrated and the forced convection solution is found. The
tabulated natural and forced average temperatures and the number of time steps

for different & values are given in Table 3-1.

Table 3-1 Average surface temperature for natural and forced convection

06=15 6=1.0 6=0.5
Number of Time Steps 7400 3300 3300
Average Surface Temperature
after Natural Convection (K) 362 362 362
Average Surface Temperature
after Forced Convection (K) 340 335 330.2

The heat transfer augmentation ratio as dimensionless distance between the

piezoelectric fan tip and the heated cylinder is given in Figure 3.6.

2‘5_|||||IIII|IIIIIIII|||||||||
2.4 [—experiment simulation A
2.3 N A 8=0.5 B
| ---- 06=10
2.2
o X —-— 0=15 A

heat transfer augmentation ratio, &
oo

|
L L LN L L L L L L L

| 11 1 1 I 11 1 1 | 11 1 1 | 1 11 1 I 11 1 1
1.5 2 2.5 3
dimensionless fan tip amplitude , o

JL I
0.5 1

F¥]
h

Figure 3.6 Variations of heat transfer augmentation ratio as function of
dimensionless distance between piezoelectric fan tip and heated surface [20]
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As a boundary condition, 1000 W/m? is defined at the inner wall of the cylinder. In
the steady state of natural convection, the average temperature of the cylinder
surface was fixed at 362 K while the outside was 295 K. Then the piezoelectric fan

started to vibrate.

The solution for & = 1.5 after ~0.5 s flow time, the average temperature of the
cylinder surface was fixed at 340 K. In this case heat transfer augmentation ratio

becomes;

Qs
Ts,pf _Ta _ Ts’n _Ta _ 363 - 295 _
h, 4 T, -T. 340-295
Ts,n _Ta

151 (11)

The corresponding value for this result is 1.64 for the experimental result and the
numerical one is 1.52 as shown in Figure 3.6. The heat transfer augmentation ratio
results for & = 1.5, 1.0 and 0.5 are given in Table 3-2.

Table 3-2 Heat transfer augmentation ratio results

5=15 |d5=10 |d=05
Lin’s Study [20] (Exp.)¢ 1.64 1.88 2.00
Lin’s Study [20] (Num.)¢& 1.52 1.64 1.75
Validation Study¢ 151 1.67 1.90

3.3 Results of Validation

The results obtained for the heat transfer augmentation ratio is calculated for

different ® values and a = 2 are compared against experimental and numerical

ones obtained by Lin [20] and presented in Table 3-3.
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Table 3-3 Heat transfer augmentation ratio comparison

Error of Validation Study Error of Validation Study
Compared to Experimental Compared to Numeric
Results Results

5=15 | 94151 100-806 | 1°2=151 160-0.6%

1.64 1.52

Heat Transfer _ _

Augmentation 6=1.0 188-167 x100=11% 1.64-1.67 x100=1.8%

Ratio 1.88 1.64
5=05 | 297190 100-5% %xlOOzBE%

It is worth to note that, the Lin’s [20] results show about 10% difference in between
experimental and numeric results. In the corresponding work, it is suggested that
the main reason of this difference is the lack of radiation however experimental
uncertainties and the turbulence modelling could also be the other reasons. When
the Table 1-1 is examined, the maximum of 11% difference is found between the
validation study and the Lin’s [20] experimental results for 8=1.0. On the other
hand, the maximum difference of 8.5% is found between the validation study and
Lin’s [20] numerical results for 6=0.5. In cases with 6=1.0 and ©=1.5, these

variations are even lower than 2%.

The error rate for & = 1.0 and a = 2, which is the case with the same parameters
as the work done in the thesis, is 1.8%. As a result, considering the specific error
margin, it can be concluded that the results of the study with the results of the
article are compatible with each other and the presented method and the solution

are successful.
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CHAPTER 4
RESULTS AND DISCUSSION

In the solution procedure, a steady state solution is achieved first under natural
convection. After reaching the steady solution, it is as initial conditions then a
pseudo steady state is reached by using the transient solver with dynamic mesh.
Two different types of boundary conditions are defined at the base of the fin block
arrangements. As a first type of boundary condition, the total amount of heat
applied to the base of fin blocks is kept constant for all fin block configurations.
Second type of boundary condition applied to the base of fin blocks is the constant
heat flux for all fin block configurations. These two kind of boundary conditions are
implemented for both horizontal and vertical piezoelectric fan arrangement. With
these boundary conditions, simulations were performed separately by changing
the number of fins in a fin block from 1 to 10, and the total of 20 different solutions
were obtained for horizontal fan arrangement. For vertical fan arrangement 2, 5
and 10-fin-block configurations have been solved in order to compare the results
against the ones achieved with horizontal fan arrangement. The solutions are
discussed in terms of the applied boundary conditions, i.e., the constant heat flux

and the constant total heat.

Horizontal and vertical fan arrangements are shown in Figure 4.1 and Figure 4.2.

Figure 4.1 Horizontal fan arrangement with 10-fin-block configuration
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Figure 4.2 Vertical fan arrangement with 10-fin-block configuration

The studies which include experimental setups in the literature, the experiments
last for minutes to reach pseudo state equilibrium. In the transient solution, the
time step was used as 5x10° seconds so that the model could operate without
showing any numerical instabilities due to dynamic mesh operation. When real-
time CFD solution is implemented, at least 10 million time step will be needed to
obtain the pseudo steady state solution. In this case, even if the CFD code runs
without any problems, it will require an excessive amount of time in the order of
years. In order to reduce the computational time to reasonable duration without
facing any numerical errors, the density and the heat capacity of the material of
the fin block have been reduced to 1/1000 of their original values. This reduction
affects only the time constant of the problem without changing the obtained
temperature distribution since the pseudo state solutions are used in this study.
That can be seen in the Eqgs. (12) and (13). Although density and heat capacity are
important for transient solution, they do not affect the result of steady state
solution. The only property that affects the steady state solution for temperature
distribution is thermal conductivity.

ar _

12
ikt (12)
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oT
+k—=h(T-T
p” (T-T,) (13)

i
In the transient solution pseudo steady state is obtained in between 3500 and
5000 time steps. This corresponds to the real time values of 0.15 to 0.25 s. In
each fin configuration simulations, these results were achieved in about 1 week by
running in parallel processors on a computer which have 2.3 GHz processors with
24 GB ram.

4.1 Flow Field Analysis

The velocity vectors, velocity and temperature fields of the flow created by the
horizontal and vertical piezoelectric fan arrangements for the 5-fin-block geometry
configuration are given below. Figures are belonged to the time when piezoelectric

fans are moving from their neutral positions.

Figure 4.3 and Figure 4.4 clearly show how the airflow changes for horizontal and
vertical fan arrangements. In horizontal fan arrangement, air flow created by
upward and downward motion sweeps the whole fin height while in the vertical fan
arrangement air flow created by right and left motion sweeps the whole fin block
width at different strengths. In other words, central fins are most affected in the
horizontal and upper section of complete fin height is most affected in the vertical
fan configurations. Top views at z=15 mm plane (middle height of the fin block)

are presented in Figures 4.5 and 4.6.
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Figure 4.3 Velocity distribution of the airflow for horizontal fan arrangement front
view
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Figure 4.4 Velocity distribution of the airflow for vertical fan arrangement front view
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Figure 4.5 Velocity distribution of the airflow for horizontal fan arrangement top
view
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Figure 4.6 Velocity distribution of the airflow for vertical fan arrangement top view

Figure 4.7, Figure 4.8, Figure 4.9, Figure 4.10, Figure 4.11 and Figure 4.12 show
the velocity vectors of the airflow. In these figures vortices and separation regions
in the flow created by two different fan configurations can be seen clearly.
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Figure 4.7 Velocity vectors of the airflow for horizontal fan arrangement front view




Figure 4.8 Velocity vectors of the airflow for vertical fan arrangement front view




Figure 4.9 Velocity vectors of the airflow for horizontal fan arrangement top view-1
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Figure 4.10 Velocity vectors of the airflow for vertical fan arrangement top view-1
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Figure 4.11 Velocity vectors of the airflow for horizontal fan arrangement top view-
2
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Figure 4.12 Velocity vectors of the airflow for vertical fan arrangement top view-2
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Figure 4.13, Figure 4.14 Figure 4.15 and Figure 4.16 show temperature
distributions in the domain for two different fan configurations. In the horizontal fan
arrangement, the temperature distribution is more uniform from bottom to top while
it shows more variation in temperature distribution in the vertical fan arrangement.
Temperature values in the upper middle height of fin block is lower than the top
and bottom regions since the air flow is directed to the slightly upper middle height

of the fin block in the vertical fan arrangement.

Figure 4.13 Temperature distribution of the airflow for horizontal fan arrangement
top view
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Figure 4.14 Temperature distribution of the airflow for vertical fan arrangement top
view

Figure 4.15 Temperature distribution of the airflow for horizontal fan arrangement
front view
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Figure 4.16 Temperature distribution of the airflow for vertical fan arrangement
front view

4.2 Results for Constant Total Heat Boundary Condition with Horizontal
Fan Arrangement

In the simulations, first, the fin block is cooled down by natural convection only,
keeping the piezoelectric fan off. The solution was repeated by giving a fixed
amount of heat instead of a constant heat flux as a boundary condition to the base
of the fin block. Since the number of fins in fin blocks are increased from 1 to 10, a
finite number that can be divided by the numbers 1 to 10 is found. The least
common multiple for 1 to 10 is 5040. In order to see temperature differences occur
during forced convection clearly, 5040 is multiplied by 10. So the chosen heat flux
is 50400 W/m? for 1 fin configuration and 1/10" of that value for 10 fin
configuration. For example, the heat applied for constant total heat (ga) boundary
condition is calculated by multiplying 50400 W/m? by the base area of 1, 5 and 10-
fin-block configuration.

ga (W) = applied heat flux (w/m?) x width of base (m) x length of base (m)
ga1 = 50400 X 0.004 X 0.004 = 0.8064 W

gas5 = 10080 X 0.004 X 0.020 = 0.8064 W
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Ja,10 = 5040 X 0.004 X 0.040 = 0.8064 W

This is the total heat provided at the base of the fin block regardless of the number
of fins. After steady solution was achieved, piezoelectric fan started to vibrate with
horizontal fan arrangement. Then pseudo-steady state solution was achieved. This
procedure was repeated with 1 to 10 fins added side by side across the

piezoelectric fan.

For the 1-fin-block, the average surface temperature of the fin block was 451.98 K
for the steady state solution for natural convection. After the natural convection is
reached a steady state, transient simulation is turned on. With the vibrating
piezoelectric fan, the average surface temperature of the fin block was found to be
339.56 K after the pseudo steady state solution. In this case heat transfer

augmentation ratio becomes;

Qs
i:%:Ts’pf_Ta :TS,H_TB :451.98_3002384 (14)
h, ds T, —T. 33956-300
Ts,n _Ta

For the 1-fin-block, the result is 3.84 times better cooling performance than the

natural convection under the flow generated by the piezoelectric fan.

The change in the average surface temperature of the fin block with time in the
transient solution is shown in Figure 4.17, in which the initial temperature is

obtained from the natural convection solution.
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Figure 4.17 Average surface temperature of 1-fin-block for constant total heat

The temperature distribution for 1-fin-block is shown in Figure 4.18. The

temperature distribution for the other fin block configurations are given in Appendix
A
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Figure 4.18 Temperature distribution (in K) of 1-fin-block after natural convection
(a) and piezoelectric fan cooling (b)

Table 4-1 shows the tabulated results for the heat transfer augmentation ratio
values and the average temperatures of the surface of the fin blocks consisting of
fins of 1 to 10. The results in the table are obtained after the steady state solution
is reached under natural convection and then after the pseudo-steady state
solution is reached under forced convection by the flow created by the

piezoelectric fan.

Table 4-1 Heat transfer augmentation ratio and the average surface temperatures
of fin blocks for the constant total heat of 0.8064 W

Boundary Temperature After Temperature After Heat Transfer

Condition = | Natural Convection | Piezoelectric Fan Cool | Augmentation
0.8064 W Cooling (K) Down the Fin Block (K) Ratio
1 Fin 451.98 339.56 3.84
2 Fins 393.20 323.05 4.04
3 Fins 368.08 318.65 3.65
4 Fins 354.00 315.79 3.42
5 Fins 344.91 314.42 3.11
6 Fins 338.46 313.15 2.92
7 Fins 333.76 312.39 2.72
8 Fins 330.07 311.69 2.57
9 Fins 327.16 310.81 2.49
10 Fins 324.54 309.87 2.51
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The average surface temperature results for different number of fins are given in
Figure 4.19.

M Natural ™ Forced
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Figure 4.19 Average surface temperatures of fin blocks for constant total heat
boundary condition for natural and forced convection cooling

The heat transfer augmentation ratio results for different number of fins are shown
in Figure 4.20.
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Figure 4.20 Heat transfer augmentation ratio for constant total heat
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According to these results, the highest heat transfer augmentation ratio is seen in
the 2-fin-block case. Then the value of the heat transfer augmentation ratio
continues to decrease with increasing number of fins. When examined as a
percentage, it is steadily decreasing by 7.5% on average from 2-fin-block to 8-fin-
block.

The differences between the average surface temperatures of fins obtained under
the natural convection and obtained under the forced convection created by the

piezoelectric fan are given in Figure 4.21.
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Figure 4.21 Temperature difference between natural and forced convection for
constant total heat

As a result of the natural and forced convection solutions, when the average fin
block temperatures are compared, the highest average temperature difference is
1-fin-block as expected because the total heat supplied remains constant. The

resulting temperature differences were reduced regularly from 1 to 10-fin block.

The base temperatures of fin blocks cooled down under the forced convection

generated by the piezoelectric fan is given in Figure 4.22.
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Figure 4.22 Base temperature of the fin blocks

Some electronic equipment requires a certain base temperature to operate when
there is a constant total heat boundary condition. The maximum average
temperature is defined on the specification sheet for the surface on which devices
are mounted. This value is defined as the base temperature and the base
temperature must be lower than that value for the electronic device to operate. If
this value is exceeded, the device will not work because it is not cooled down
enough. When the Figure 4.22 is examined, it is observed that the base
temperature of the fin block decreases with increasing number of fins. This change
is sharp between 1 and 2-fin-block, then decreases with a constant slope of
approximately 3%. The number of fins in a fin block can be chosen from the Figure

4.22 according to desired base temperature criterion.

4.3 Results for Constant Heat Flux Boundary Condition with Horizontal Fan
Arrangement

As has been explained in the previous section, after the computational model is
built, first the simulation is performed under natural convection condition while
keeping the piezoelectric fan off. A fixed 50400 W/m? heat flux was applied to the
base of each fin in a fin block as a boundary condition. The transient solution with
the forced convection was started after a steady solution with natural convection is
reached. A pseudo steady state was obtained for the average surface temperature
of the fin block under the flow generated by the piezoelectric fan vibration with
horizontal fan arrangement. This simulation was repeated for 1 to 10 fins attached
side by side.
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When a constant heat flux of 50400 W/m? was given for each fin, the heat transfer
augmentation ratio was achieved with the following results. As an example, the
average surface temperature of the 2-fin-block was obtained as 347.35 K after the
piezoelectric fan was vibrated while the temperature value for the natural
convection steady-state solution was 476.67 K. In this case, heat transfer
augmentation ratio;

_ 9%
- My Topr=Ta _ Ton—T. _476.67-300 _, ., (15)
h, ds T.n—T. 347.35-300
Tsn _Ta

For the 2-fin-block, according to heat transfer augmentation ratio calculation, the
result is 3.73 times better cooling performance than the natural convection under

the flow generated by the piezoelectric fan.

The change in the average surface temperature of the fin block with time in the
transient solution is shown in Figure 4.23, again it is worth noting that the initial

temperature value is obtained by the natural convection solution.
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Figure 4.23 Average surface temperature of 2-fin-block for constant heat flux
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The temperature distributions for the 2-fin-block with and without piezoelectric fan
vibration are shown in Figure 4.24. The temperature distribution for the other fin

block configurations are given in Appendix B.
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Figure 4.24 Temperature distribution (in K) of 2-fin-block after natural convection
(a) and piezoelectric fan cooling (b)

Table 4-2 shows the tabulated results for the heat transfer augmentation ratio and
the average temperatures of the surface of the fin blocks consisting of fins of 1 to
10. The results in the table are given after the steady state solution under natural
convection and after the pseudo steady state solution under forced convection by
the flow created by the piezoelectric fan.
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Table 4-2 Heat transfer augmentation ratio and the average surface temperatures
of fin blocks for constant heat flux of 50400 W/m?

Temperature of the | Temperature of the Fin

Boundary Fin Block After Block After Heat Transfer
Condition = | Natural Convection | Piezoelectric Fan Cool | Augmentation

50400 W/m2 Cooling Down Ratio

1 Fin 451.98 339.56 3.84

2 Fins 476.67 347.35 3.73

3 Fins 485.73 353.63 3.46

4 Fins 490.51 364.75 2.94

5 Fins 493.67 373.63 2.63

6 Fins 495.60 378.12 2.50

7 Fins 497.55 385.04 2.32

8 Fins 498.92 387.35 2.28

9 Fins 499.92 393.14 2.15

10 Fins 500.90 399.09 2.03

The average surface temperature results for different number of fins are given in
Figure 4.25.

Natural Forced

TEMPERATURE (K)

1FIN 2 FINS 3 FINS 4 FINS 5 FINS 6 FINS 7 FINS 8 FINS 9 FINS 10 FINS
NUMBER OF FINS IN FIN BLOCK

Figure 4.25 Average surface temperatures of fin blocks for constant heat flux for
natural and forced convection cooling

The heat transfer augmentation ratio results for different number of fins are shown
in Figure 4.26.
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Figure 4.26 Heat transfer augmentation ratio for constant heat flux

According to these results, the highest heat transfer augmentation ratio is obtained
for 1-fin-block. Then as in the constant total heat boundary condition solution, the
value of the heat transfer augmentation ratio decreases as the number of fins
increase. When examined as a percentage, a decline in augmentation ratio is

relatively sharper from 3-fin-block to 5-fin-block then it becomes smoother.

The differences between the average surface temperatures of fins obtained under
natural convection and obtained under the forced convection created by the
piezoelectric fan are given in Figure 4.27.
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Figure 4.27 Temperature difference between natural and forced convection for
constant heat flux

As a result of the natural and forced convection solutions, when the average fin
block temperatures are compared, the highest average temperature difference is
found to be in the 3-fin-block case contradictorily to the results in Section 4.2.
Then the resulting differences decrease with an increasing number of fins and the
minimum value was reached for the 10-fin-block case. When these results are
examined, the 1-fin-block and the 7-fin-block perform approximately the same
amount of average surface temperature difference, although the heat transfer
augmentation ratio is the highest in 1-fin-block. 2-fin-block and 4-fin-block have

seen similar total average surface temperature difference.

The base temperatures of fin blocks cooled down under the forced convection
generated by the piezoelectric fan is given in Figure 4.28.
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Figure 4.28 Base temperature of the fin blocks

As explained in Section 4.2 the base temperature is important for electronic
equipment. When Figure 4.28 is examined, it is observed that the base
temperature of the fin block increases constantly with increasing number of fins
from 1-fin-block to 10-fin-block configuration. For constant heat flux boundary
condition, it is seen that 10-fin-block configuration has the highest average base
temperature. In real applications, the number of fins in a fin block can be chosen
form a similar figure to the one presented with Figure 4.28 according to desired

base temperature criterion.

4.4 Results for Constant Total Heat Boundary Condition with Vertical Fan
Arrangement

In this section, the effects of the orientation of the piezoelectric fan on cooling
performance are investigated by rotating the fan by 90 degrees. For this case, a
constant 0.8064 W heat was applied to the base of the each fin block as a
boundary condition as explained in Section 4.2. The transient solution with the
forced convection, i.e., with fan movement, was started after cooling simulation
with natural convection condition. A pseudo-steady state was obtained for the
average surface temperature of the fin block under the flow generated by the
piezoelectric fan vibration with vertical fan arrangement. This solution was

repeated for 2, 5 and 10-fin-block configurations.

The average surface temperature of the 2-fin-block was fixed at 344.36 K after the
piezoelectric fan was vibrated while the natural convection steady-state solution

was 394.04 K. In this case, heat transfer augmentation ratio;
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ds
Tt —Ta  T,,—T, 394.04-300
h, g, T, —T. 344.36-300
Ts,n - Ta

2.12 (16)

For the 2-fin-block, the result is 2.12 times better cooling performance than the

natural convection under the flow generated by the piezoelectric fan.

The change in the average surface temperature values of the fin block for both
horizontal and vertical fan arrangements as a function of time of transient solution
after the natural convection solution are shown in Figure 4.29. It is seen that the

horizontal arrangement provides a more effective cooling for the same fin
configuration.
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Figure 4.29 Average surface temperature of 2-fin-block for constant total heat

The temperature distributions with and without a piezoelectric fan for the 2-fin-
block are shown in Figure 4.30. The temperature distribution for the other fin block

configurations are given in Appendix C.
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Figure 4.30 Temperature distribution (in K) of 2-fin-block after natural convection
(a) and piezoelectric fan cooling (b)

Table 4-3 shows the tabulated results for the average temperatures of the surface
of the fin blocks consisting of fins of 2, 5 and 10. The results in the table are given
after the steady state solution under natural convection and after the pseudo-
steady state solution under forced convection by the flow created by the

piezoelectric fan.

Table 4-3 Average surface temperatures of fin blocks for constant total heat

Average Surface Average Surface
Boundary Temperature of the Temperature of the Fin Heat Transfer
Condition Fin Block After Natural | Block After Piezoelectric | Augmentation
50400 W/m2 Convection Cooling Fan Cool Down Ratio
2 Fins 394.04 344.36 2.12
5 Fins 345.34 319.46 2.33
10 Fins 324.66 310.29 2.40

The average surface temperature results are given in Figure 4.31.
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Figure 4.31 Average surface temperatures of fin blocks for constant total heat

The heat transfer augmentation ratio results are given in Figure 4.32.
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Figure 4.32 Heat transfer augmentation ratio for constant total heat
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According to these results, the heat transfer augmentation ratio for 10-fin-block
configuration is higher than 2 and 5-fin-block configuration and contradicting the
results discussed in Section 4.2. When compared with horizontal fan arrangement,
these values are lower than the horizontal fan configurations. Also average
surface temperatures for vertical fan arrangement is higher than horizontal fan
arrangement. So it can be concluded that, for this fin geometry, for all fin
configurations vertical fan arrangement could provide a lower heat transfer
performance. According to the fin geometry studied in the thesis, the horizontal
arrangement shows better thermal cooling results. The reason is that the height of
the fin is 30 mm and the width of the fan is 12.7 mm.
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Figure 4.33 Temperature distribution (in K) of 10-fin-block for constant total heat
boundary condition with (a) horizontal and (b) vertical fan arrangement

As shown in Figure 4.33, only the middle part of the fin block can be cooled, and
the top and bottom parts are not sufficiently cooled for vertical fan arrangement. In
the horizontal fan arrangement, the middle fins in the fin block are found to be
having lower temperature values compared to the values of outside fins, however
in the vertical fan arrangement it is hard to distinguish the fins from each other by
referring their temperature values. Although the temperature distributions are
different for 10-fin-block, the heat transfer augmentation ratio is same since the
average surface temperature is same for both vertical and horizontal fan
arrangement. The heat transfer augmentation ratio values which are given in
Table 4-4 show that the difference between horizontal and vertical fan
arrangements, while it is substantial for 2-fin-block, the difference decreases for 5-
fin-block and 10-fin-block. In addition, in 10-fin-block configuration there is almost

no difference is achieved between cooling performances. This means the
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performance of vertical fan arrangement is getting closer to the one of horizontal

fan arrangement when the number of fins in a fin block is increasing.

Table 4-4 Heat transfer augmentation ratio comparison between horizontal and

vertical fan arrangement

Boundary Heat Transfer Augmentation Heat Transfer Augmentation
Condition Ratio for Horizontal Fan Ratio for Vertical Fan
50400 W/m? Arrangement Arrangement
2 Fins 4.04 2.12
5 Fins 3.11 2.33
10 Fins 2.51 2.40
4.5 Results for Constant Heat Flux Boundary Condition with Vertical Fan
Arrangement

In this section, the orientation of the piezoelectric fan is changed by rotating it by
90 degrees to investigate its effects on cooling performance with constant heat flux
boundary condition. For this case a fixed 50400 W/m? heat flux was applied to the
base of the each fin block as a boundary condition as explained in Section 4.3.
The transient solution with the forced convection was started after cooling with
natural convection. A pseudo-steady state was obtained for the average surface
temperature of the fin block under the flow generated by the piezoelectric fan
vibration with vertical fan arrangement. This solution was repeated for 2, 5 and 10-

fin-block configurations similarly in Section 4.4.

The average surface temperature of the 2-fin-block was fixed at 387.4K after the
piezoelectric fan was vibrated while the natural convection steady-state solution

was 477.2K. In this case, heat transfer augmentation ratio;

qs
&= Mo Tep=Ta _ Ton=Ta _477.2-300 _, (17)
h, g, T, —T. 387.4-300
Tsn _Ta

For the 2-fin-block, the result is 2.03 times better cooling than the natural

convection under the flow generated by the piezoelectric fan.

The change in the transient average surface temperature values of the fin block for
horizontal and vertical fan arrangements are shown in Figure 4.34 in which the
initial values show the natural convection solution. It is seen that the horizontal fan
arrangement delivers faster and more effective cooling for the condition under

investigation.
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Figure 4.34 Average surface temperature of 2-fin-block for constant heat flux for

horizontal and vertical fan arrangement

The temperature distributions with and without a piezoelectric fan for the 2-fin-
block is shown in Figure 4.35. The temperature distribution for the other fin block

configurations are given in Appendix D.
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Figure 4.35 Temperature distribution (in K) of 2-fin-block after natural convection
(a) and piezoelectric fan cooling (b)

Table 4-5 shows the tabulated results for the average temperatures of the surface
of the fin blocks consisting of fins of 2, 5 and 10. The results in the table are given
after the steady state solution under natural convection and after the pseudo-
steady state solution under forced convection by the flow created by the

piezoelectric fan.

Table 4-5 Average surface temperatures of fin blocks for constant heat flux

Average Surface Average Surface
Boundary Temperature of the Temperature of the Fin Heat Transfer
Condition Fin Block After Natural | Block After Piezoelectric | Augmentation
50400 W/m2 Convection Cooling Fan Cool Down Ratio
2 Fins 477.20 387.40 2.03
5 Fins 493.60 395.22 2.03
10 Fins 495.96 402.47 1.91

The average surface temperature results are given in Figure 4.36.
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Figure 4.36 Average surface temperatures of fin blocks for constant heat flux

The heat transfer augmentation ratio results are given in Figure 4.37.
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Figure 4.37 Heat transfer augmentation ratio for constant heat flux

According to these results, there is no difference in heat transfer augmentation
ratio for 2 and 5-fin-block configurations. The heat transfer augmentation ratio for
10-fin-block configuration is lower than 2 and 5-fin-block configuration. When

compared with horizontal fan arrangement, these values are lower than the
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horizontal fan configurations. Also the average surface temperatures for vertical
fan arrangement are higher than the ones with horizontal fan arrangement. So it
can be concluded that, for this fin geometry, for all fin configurations vertical fan
arrangement have worse heat transfer performance as in Section 4.4. According
to the fin geometry studied in the thesis, the horizontal arrangement shows better
thermal cooling results. The reason is that the height of the fin is 30 mm and the
width of the fan is 12.7 mm.
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Figure 4.38 Temperature distribution (in K) of 10-fin-block for constant heat flux
boundary condition with (a) horizontal and (b) vertical fan arrangement
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As shown in Figure 4.38, the lower temperature values in the middle part of the fin
block are seen for the horizontal fan orientation while it is visually hard to
distinguish the temperature differences amongst fins in the vertical fan orientation.
Although the temperature distributions are different for 10-fin-block, the heat
transfer augmentation ratio is same since the average surface temperature is
same for both vertical and horizontal fan arrangement. The heat transfer
augmentation ratio values are given in Table 4-6 show that the difference between
horizontal and vertical fan arrangement significant for 2-fin-block and 5-fin-block
cases, whereas it is relatively low for the case with 10-fin-block. Additionally, it can
be concluded that there is almost no difference between cooling performances for
different fan orientations in 10-fin-block configuration. This suggests that the
performance of vertical fan arrangement is getting closer to the one of horizontal
fan arrangement when the number of fins in fin blocks is increasing similarly as in
the Section 4.4.

Table 4-6 Heat transfer augmentation ratio comparison between horizontal and
vertical fan arrangement

Boundary Heat Transfer Augmentation Heat Transfer Augmentation
Condition Ratio for Horizontal Fan Ratio for Vertical Fan
50400 W/m? Arrangement Arrangement
2 Fins 3.73 2.03
5 Fins 3.63 2.03
10 Fins 2.03 1.91
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK

In this study, forced convection, which occurs under the influence of a commercial
piezoelectric fan, is computationally investigated for the fin blocks with changing

number of fins.

Two different types of boundary conditions have been applied during this work.
First, a total fixed heat load of 0.8064 W was applied to the fin base for each fin
configuration. In the second case, 50400 W/m? constant heat flux is applied to the

fin base for each fin configuration.

As the result of the first boundary condition application, the heat transfer
augmentation ratio was the highest in the 2-fin-block at 4.04. This value decreased
to 2.48 as the number of fins increased. The maximum temperature difference
between the natural and the forced convection conditions is found to be 112.42 K
for 1-fin-block. It then drops with a decreasing slope towards the case of 10-fin-
block with increasing number of fins. For the average base temperature, the
lowest temperature is obtained as 348.45 K for the 1-fin-block. This value
increases uniformly as the number of fins increased and found to be 408.98 K for
the 10-fin-block.

As a result of the application of the second type of boundary condition, the
maximum heat transfer augmentation ratio was found to be 3.84 for the 1-fin-
block. This value decreased to 2.27 as the number of fins increased. Another
criterion, the difference between the average surface temperature values for the
natural convection and the forced convection condition simulations, is obtained as
132.1 K as the highest of all for 3-fin-block case. Based on this criterion, the best
cooling occurs in 3-fin-block and the corresponding temperature difference for the
natural and forced convection conditions has a lower value for increasing and
decreasing number of fins. For this criterion, the 1-fin result and the 7-fin-block
show almost the same result as around 112 K. Another critical criterion for
electronic unit cooling is that the base temperature of a fin block. The lowest
average base temperature value is found as 348.45 K for the 1-fin-block case.
This value then increased by an average of 2.5% with each fin as the number of
fins increased. For the 10-fin-block this value is predicted as 101.8 K.
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For constant total heat boundary condition with the vertical fan arrangement, the
heat transfer augmentation ratio is obtained lower than the one in the horizontal
fan arrangement. For example, in 2-fin-block configuration, the heat transfer
augmentation ratio is predicted as 4.04 for the horizontal fan arrangement, and
2.12 for the vertical fan arrangement. Similarly, for constant heat flux boundary
condition with the vertical fan arrangement, the heat transfer augmentation ratio is
shown to be lower than the one in the horizontal fan arrangement. For example, in
2-fin-block configuration, while the heat transfer augmentation ratio is found as
3.73 for the horizontal fan arrangement, it is decreased to 2.03 for the vertical fan

arrangement.

The cooling performance of vertical fan arrangement with constant total heat
boundary condition is increasing with the increasing number of fins in a fin block,
on the contrary the result of horizontal fan arrangement. The cooling performance
of vertical fan arrangement with constant heat flux condition is nearly same for all
fin configuration. Additionally, there is almost no difference observed in cooling
performance for 10-fin-block configuration for two different fan orientations. As a
result, horizontal fan arrangement has better cooling performance than vertical fan

arrangement for the fin geometries in this study.
For the future work, it is concluded that 3 basic studies can be done in the future.

e Working with a multi-piezoelectric fan structure with different orientations to
be used as a prime source

e Creation of different piezoelectric fan geometries depending on fin structure

e Complicated and nested piezoelectric fan and fin design such as given in

Figure 5.1
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Figure 5.1 Nested fin and piezoelectric fan arrangement example [4]
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APPENDIX A
Constant Total Heat - Temperature Distribution in Transient

Solution - Horizontal Fan Arrangement
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Figure 7.1 Average surface temperature of 1-fin-block
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APPENDIX B
Constant Heat Flux - Temperature Distribution in Transient

Solution — Horizontal Fan Arrangement
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APPENDIX C
Constant Total Heat - Temperature Distribution in Transient

Solution — Vertical Fan Arrangement
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APPENDIX D

Constant Heat Flux - Temperature Distribution in Transient
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APPENDIX E

UDF of Thesis Study
#include "udf.h"
#define freq 100.0 //hz
#definea0 254
#define pi 3.14159

DEFINE_GRID_MOTION(beam,domain,dt,time,dtime)
{

Thread *t=DT_THREAD(dt);

face tf;

Node *v;

real NV_VEC(omega), NV_VEC(axis), NV_VEC(dx);
real NV_VEC(origin), NV_VEC(rvec);

int n;
SET_DEFORMING_THREAD_FLAG(THREAD_TO(}));

real sign_fung=a0*pi*cos(freq*time*2*pi);

NV_S(omega, =, 0.0);

NV_D(axis, =, 0.0, 0.0, 0.0);

NV_D(origin, =, 0.0, 0.0, 0.0);

begin_f_loop(f,t)

{

f_node_loop(f,t,n)

{

v = F_NODE(f,t,n);

if (NODE_POS_NEED_UPDATE (v))

{

NODE_POS_UPDATED(v);

omegal2] = sign_fung * ((-42.34*pow (NODE_X(v),2.0))+(33587.0*pow
(NODE_X(v),3.0))-(2.732*pow (10,6.0)*pow (NODE_X(v),4.0))+
(9.053*pow (10,7.0)*pow (NODE_X(v),5.0))-(1.265*pow (10,9.0)*pow
(NODE_X(v),6.0))+(6.34496*pow (10,9.0)*pow (NODE_X(v),7.0)));
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NV_VV(rvec, =, NODE_COORD(v), -, origin);
NV_CROSS(dx, omega, rvec);

NV_S(dx, *=, dtime);
NV_V(NODE_COORD(v), +=, dx);

}

}

}

end_f_loop(f,t)

}
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APPENDIX F

UDF of Validation Study
#include "udf.h"

#define freq 35.714 //hz
#define a0 12.7

#define pi 3.14159
#define L1 0.029

#define L2 0.075

#define c0 0.00008772
#define c1 0.00001819
#define c2 0.00007
#define ¢3 0.0000004763
#define c4 1.159

#define ¢5 0.09419
#define c6 0.002567
#define c7 0.00002488
#define ¢8 0.00000009371

DEFINE_GRID_MOTION(beam,domain,dt,time,dtime)
{

Thread *t=DT_THREAD(dt);

face tf;

Node *v;

real NV_VEC(omega), NV_VEC(axis), NV_VEC(dx);
real NV_VEC(origin), NV_VEC(rvec);

int n;
SET_DEFORMING_THREAD_FLAG(THREAD_TO(t));

real sign_funq=a0*2.0*pi*cos(freq*time*2*pi);
NV_S(omega, =, 0.0);

NV_D(axis, =, 0.0, 0.0, 0.0);
NV_D(origin, =, 0.0, 0.0, 0.0);
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begin_f loop(f,t)

{

f node_loop(f,t,n)

{

v =F _NODE(f,t,n);

if (NODE_X(v)<=L1 && NODE_POS_NEED_UPDATE (v))

{

NODE_POS UPDATED(v);

omega[2] = sign_fung * (-cO+c1*10e3*pow (NODE_X(v),1.0)+c2*10e6*pow
(NODE_X(v),2.0)-c3*10e9*pow (NODE_X(v),3.0));

NV_VV(rvec, =, NODE_COORD(v), -, origin);

NV_CROSS(dx, omega, rvec);

NV_S(dx, *=, dtime);

NV_V(NODE_COORD(V), +=, dx);

}

else if (NODE_POS_NEED_UPDATE (v))

{

NODE_POS_UPDATED(v);

omega[2] = sign_funqg * (c4-c5*10e3*pow (NODE_X(v),1.0)+c6*10e6*pow
(NODE_X(v),2.0)-c7*10e9*pow (NODE_X(v),3.0)+c8*10el12*pow
(NODE_X(v),4.0));

NV_VV(rvec, =, NODE_COORD(v), -, origin);
NV_CROSS(dx, omega, rvec);

NV_S(dx, *=, dtime);
NV_V(NODE_COORD(v), +=, dx);

}

}

}

end_f_loop(f,t)

}
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