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1. Introduction

It is a common practice to use wind-driven natural ventilation to improve indoor thermal
comfort in tropical climates [1]. Therefore, a reliable prediction method is important for
optimal utilization of wind-driven ventilation. The most widely used method to calculate the
steady flow rates Q of wind-driven ventilation through building openings is the orifice
equation:

2/AP|
P

Q=Cy-A- (1

where A is the cross-section area of the opening, P is the time-averaged pressure difference
across the opening, is the air density, and Cy is the discharge coefficient. Typical discharge
coefficients given in the literature are in the range of 0.60 ~ 0.67 for sharp-edged openings [2,
3]. However, several studies [4] have pointed out that the orifice equation could be used to
predict the flow rate of wind-driven cross ventilation, but fail to predict the flow rate when
wind direction is too large.

For example, for the case of single opening on the lateral side-wall and the wind is
parallel to the opening fagade when wind direction 6 = 90° (see Figure 1).
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Figure 1. Schematic diagram of shear-induced ventilation for two-sided opening.

The time-averaged pressure difference between the external and internal pressures is
close to zero AP = 0, therefore the flow rate Q ~ 0. But the shear layer on the side wall can
produce bi-directional, unsteady air flow across the opening. This phenomenon has been
observed by Chu et al. [5] in wind tunnel experiment and by Hu et al. [6] using Large Eddy
Simulation (LES). This is called shear-induced ventilation by Straw et al. [7]. The
shear-induced ventilation is likely to dominate the ventilation process when there is only one
opening, or when time-average pressure difference across the opening is small, but large
pressure fluctuation [8, 9]. But they [5 — 7] did not give a quantitative analysis of this kind of
ventilation.

Kato et al. [10] used wind tunnel experiments and tracer gas technique to investigate the
shear-induced ventilation (wind direction® = 90°) in single-sided openings. Their results
showed that the dimensionless flow rate:

Q' :AQ—U=0.015 )

where U is the external wind speed at the building height. However, for porosity ratio r =
12.25%, wind direction © = 90°, the dimensionless flow rate Q* =0.02.

On the other hand, Warren [11] used tracer gas technique to study the wind-driven
ventilation with single opening on the windward fagade (wind direction®= 0°). His results
demonstrated that the dimensionless flow rates are in the range of Q"= 0.023 - 0.026 in
smooth flow (low turbulence flow), Q" = 0.035 in grid-generated turbulent flow. Larsen and
Heiselberg [12] used a full-scale model and tracer gas technique to investigate the air flow
through an opening in single-sided ventilation. Their experimental conditions included
wind-driven and buoyancy-driven ventilation under various wind directions. Bu et al. [13]
used a scale model and constant injection tracer gas technique to investigate the purging flow
rates in a residential basement with areaway for a variety of opening configurations. They
found that wind direction appears to be an important factor affecting wind-driven ventilation.

In view of above studies, there is a need to improve our knowledge on the shear-induced
ventilation. Also, it is essential to quantify the influence of wind direction on the flow rate.
This study conducted a series of wind tunnel experiments to investigate the shear ventilation
for buildings with single-sided and two-sided openings. The ventilation rates were measured
by the tracer gas technique. The influences of external wind speed, wind direction and
opening size were investigated.
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2. Experimental setup

The experiments were carried out in an open-circuit, blowing-type wind tunnel. The total
length of the wind tunnel was 8.3 m, the test section was 1.8 m long and 1.2 m wide. A cubic
model (length, width and height H = 0.40 m) was mounted on the centerline of the test section.
The wind direction is defined as the incidence angle of the approaching flow. When wind
direction® = 0° it is cross ventilation for building with two openings on two opposite walls
(two-sides opening); when wind direction© = 90°, it is shear-induced ventilation. The details
of the wind tunnel and building model could be found in Chu et al. [14].

The ventilation rates were determined by using the of tracer gas decay method. This
technique is based on perfect-mixing assumption inside the building [15] and has been used
by numerous studies [16-17]. The transient evolution of the spatial-averaged concentration
C(t) in the model was monitored and used to calculate the average air flow rate Q between
time t; and t,:

In(C(t,)/ C(t,))
t, -t

Q=V 3)

where V is the interior volume of the model. Diluted CH4 gas was used as the tracer gas and
was measured by a flame ionization detector (FID), with a resolution of 5 ppm. There are four
sampling tubes (inner diameter 1 mm, outer diameter 2 mm, length 200 mm) evenly
distributed inside the model. All the sampling tubes were connected to an air-pump, and
passed to the FID.

Before the start of the experiment, all of the openings on the model were sealed. The
tracer gas was injected into the model, then a small mixing fan inside the model was turned on
for 2 minutes to mix the tracer gas inside the model. Next, the mixing fan was turned off
and the wind tunnel fan was turned on. After several minutes, the opening (or openings) on
the model was opened to start the sampling procedure. The sampling procedure took about 15
- 40 min, depending on the flow rate.

3. Results and Discussion

This section presented the results of single opening ventilation measured by the tracer
gas technique. The influences of porosity ratio, wind speed and wind direction on the
ventilation rate will be analyzed. Figure 2 shows the relationship between the dimensionless
flow rate Q" and porosity ratio for wind direction® = 90° (shear-induced ventilation), wind
speed U = 4.2 m s™. The present results is close to the value Q* = 0.015-0.02 measured by
Kato et al. [10]. This demonstrated that the accuracy of tracer gas technique used in this study.
Figure 2 also indicates that the dimensionless flow rate Q" is independent of porosity ratio
(and opening area A).
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Figure 2. Dimensionless flow rate Q" as a function of porosity ratio for single-opening shear
ventilation (wind direction ® = 90°).
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Figure 3. Dimensionless flow rate Q" as a function of wind speed U for single-opening shear
ventilation (wind direction © = 90°). Porosity ratio r = 1%.

The influence of external wind speed on the dimensionless flow rate Q" is shown in
Figure 3. Wind direction® = 90°, porosity ratio r = 1% (A = 40 mm x 40 mm). As can been
seen, the value of Q" is independent of wind speed U.

Figure 4 shows the dimensionless flow rate Q" as a function of wind direction 6 for
single-sided ventilation. Porosity ratio r = 1%. The experimental results of Warren [11],
Larsen and Heiselberg [12] are also plotted in the figure for comparison. When the opening
facade is on the windward side (wind direction® = 0°), the value of Q" of present study was
slightly smaller than the results of Warren [11] and Larsen and Heiselberg [12]. However, the
dimensionless flow rate of wind direction® = 67.5° is larger than those of other wind
directions. This is comparable to the results of Larsen and Heiselberg [12] that the maximum
Q" occurred at wind direction®= 60°. The dimensionless flow rate Q" has minimum values
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when the opening is located on the leeward side (60 = 112.5° — 157.5°) of the building. It is
also worth notice that the flow rate of wind direction®= 180° is larger than that of®= 0°.
Similar phenomenon has been report by Jiang et al. [17] and Bu et al. [13]. This is attributed
to the suction in the building wake can impel the air exchange better than the fluctuating
pressure at the windward opening for single-opening building.
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Figure 4. Dimensionless flow rate Q" as a function of wind direction for single-opening
ventilation. Porosity ratio r = 1%.
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Figure 5. Dimensionless flow rate Q" as a function of wind speed U for shear ventilation with
single-opening (open symbols) and two-sided (solid symbols) openings.

This section discusses the results of two-sided (two opposite walls, each wall has one
opening) ventilation. The influences of porosity ratio, wind speed, and wind speed on the
ventilation rate were investigated. When wind direction 6 = 90°, the openings were
symmetrical on the lateral walls and the time-averaged external pressure P; = P,. This led to
the internal pressure coefficient C;~C =C,, and mean flow rate Q=0 . The

5
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shear-induced ventilation will dominate the ventilation process in this kind of flow condition.

The relationship between the dimensionless flow rate Q and external wind speed U for
two-sided opening is plotted in Figure 5. Opening area A = A,, porosity ratio r; =r, = 1.0%.
The experimental condition of Kato et al. [10] is single-opening ventilation. As can been seen,
the values of Q" of two-sided shear ventilation were much larger than that of single-opening
shear ventilation. This implies that shear-induced pressure fluctuations at two lateral openings
interacted with each other and enhanced the air exchange across the opening. The average
dimensionless flow rate of two-sided shear ventilation is:

Q = A—QU =0.077 4)

Figure 6 shows the dimensionless flow rate Q” of two-sided openings under various wind
directions. Wind speed U = 4.2 m s, porosity ratio r; = r, = 1.0%. It is wind-driven cross
ventilation when wind direction© = 0°. The flow rates of wind direction®= 0° and 45° were
predicted by Eq. (1) using the discharge coefficient found by Chu et al. [S]. The good
agreement between the present results and the flow rates calculated by Eq. (1) demonstrated
that the orifice equation can be used for wind direction 6 <45°.

Figure 7 shows the normalized flow rate Q*/Qo* of two-sided ventilation as a function of
wind direction, where Qo* is the dimensionless flow rate when wind direction®= 0°. Wind
speed U = 4.2 m s, porosity ratio r; = r = 1.0%. The solid line in the figure is a simple
cosine law:

Q: =cos0 ®)]

o

It shows good agreement between the experimental results and Eq. (5), except for wind
direction®= 90°. This is because the air exchange was caused by shear-induced ventilation
when wind direction®= 90°, whereas the flow rates were dominated cross ventilation for
other wind directions.

4. Conclusions

This study used wind tunnel experiments and tracer gas decay method to investigate the
flow rate of shear-induced ventilation. The influences of opening porosity, external wind
speed and wind direction on the ventilation rate of single-sided and two-sided openings were
systemically studied. For single-opening shear-induced ventilation, the good agreement
between the present results and that of Kato et al. [10] validated the accuracy of the tracer gas
technique used in this study. The experimental results also revealed that the dimensionless
flow rate Q" = Q/UA is independent of wind speed and opening area.

The dimensionless flow rates Q of single opening on windward fagade (wind
direction 0 = 0°) is close to the results suggested by Warren [11]. Furthermore, the
dimensionless flow rate of two-sided openings was much larger than that of single-sided
opening. It is due to the interaction of pressure fluctuations at both lateral openings enhances
the air exchange across the openings. For other wind directions, a cosine law was used to
describe the influence of wind direction on the flow rate for two-sided ventilation.
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Figure 6. Dimensionless flow rate Q" as a function of wind direction for two-sided ventilation.
The open symbols are the predicted flow rate by Chu et al. for wind direction® = 0° and 45°.
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Figure 7. Normalized flow rate Q° /QZ as a function of wind direction for two-sided
ventilation. Wind speed U=4.2 ms™, Opening area A| = As.
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Abstract

The objective of this study is to identify the across-wind aerodynamic parameters of
two-dimensional structures near the lock-in stage from the response measurements of wind
tunnel tests. The analytical solution shows that the aerodynamic parameters (linear and
nonlinear aerodynamic dampings Y; and &, and aerodynamic stiffness Y,) are not only
functions of the section shape and reduced wind velocity but also dependent on both the
mass ratio (m,) and structural damping (&) independently, instead of only on the Scruton
number as a whole. The growth-to-resonance (GTR) method was used for identifying the
aerodynamic parameters of three different section models (BD=1, BD=1/2 and BD=1/3).
To improve the accuracy of the results, the optimization of the curve-fitting for
experimental and analytical response in time domain was performed to finalize the results.
Near the lock-in stage, the across-wind steady-state amplitude has the trend of increasing
with the reduced wind velocity for all sections, while the tail part slightly reverses for the
sections BD1 and BD1/3. For the BD1 section, all the aerodynamic parameters decrease
as the reduced wind velocity increases. The results of the section BD1/2 show that Y,
and Y, are almost a constant around the value of 1 to 2 with the reduced velocity, while €
indicates a decaying distribution versus the reduced velocity. For the section BD1/3, the
parameter € has a distribution of concave-up polynomial versus the reduced velocity,
while the other two show the trends of decreasing with the reduced velocity.

Keywords: Wind Tunnel Test, Lock-in, Identification, Optimization, Scruton Number,
Aerodynamic Damping, Aerodynamic Stiffness

I. INTRODUCTION

Due to the economical development, the modernization renders to the rapid population
growth in cities, and further facilitated more and more construction of higher buildings in
many urban areas where the space is highly limited. Because of their stiffness lessened,
these buildings become more susceptible to wind excitation. This is especially obvious for
high-rise buildings in which the excessive responses are even interacted with the wind flow
and thus the so-called aero-elasticity forms (Simiu and Scanlan, 1996). Therefore, searching a
possible solution to relieve the threat of wind hazard to high-rise buildings is inevitable and
compulsory.
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According to the to-date development in wind engineering, the researches on the
across-wind effect, in particular the theoretical link with experimental data, are still remain
challenging. It is well recognized that the resonance and lock-in effect in the across-wind
motion of high-rise buildings should be mostly avoided, which initiate many researches that
mainly focus on the response before the lock-in stage (e.g., Bearman and Grahm, 1980,
Vickery and Steckley, 1993, efc.). However, to better understand the behavior of
across-wind resonance and lock-in, this study aimed at investigating its mechanism by
adopting conceivable theoretical models to identify the aerodynamic parameters (such as
aerodynamic damping and stiffness) through wind tunnel tests.

Firstly, the analytical solution near lock-in was derived according to an existent literature
(Ehsan and Scanlan, 1989), and it showed that the aerodynamic parameters (including linear
and nonlinear aerodynamic dampings Y; and € and aerodynamic stiffness Y») are not only
functions of the section shape and reduced wind velocity but also dependent on both the mass
ratio (m;) and structural damping (&) independently, instead of only on the Scruton number (=
&/m;) as a whole. Three different section models were used in the wind tunnel tests for
identification, which are one square section (BD=1) and two rectangular sections (BD=1/2
and BD=1/3). The data base of the aerodynamic parameters obtained can be used as useful
guidance for practical applications.

II. FORMULATION

2.1 Equation of Motion for Lock-in Behavior of Section Models
The across-wind motion of a section model, as shown in Fig. 1, can be expressed as

m(y+280,y+0,"y) =F(y, ¥, 9, U, 1) (1)

in which m is the mass per unit length; ©, is the structural frequency; & is the structural
damping ratio; y is the across-wind structural displacement; Fis the motion-induced force
per unit length; U is the mean wind velocity. The motion-induced force by vortex shedding
near lock-in is a self-limiting force which according to (Ehsan and Scanlan, 1989) can be
written as a nonlinearly interacted force as follows

YIS,

<+<— Spring

Section Model

Wind Tunnel
/IS

Fig. 1 : Configuration of a Section Model

) . Yy vy, 1
F=— pUT D)LY, (K)(1 —& 25) L4 V3 (K) L4 Co (0] )

in which D is the tributary width of approaching wind; pis the air density (about 1.25
kg/m’, depending on the temperature); K =oD/U is the dimensionless frequency (reduced
frequency) with ® being the vortex shedding frequency; €, Y,, Y,, C, are various
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dimensionless aerodynamic parameters. In equation (2), two types of forces are involved,
one is induced by the vortex shedding, which is expressed as the lift force term C, (t), the
other is excited by the response itself, the so-called motion-induced force which is expressed
as the combination of aerodynamic damping and stiffness. The linear and nonlinear parts of
aerodynamic damping parameters are represented by Y, and €, respectively, while the
aerodynamic stiffness parameter is expressed as Y,. The nonzero parameter € provides
the behavior of self limiting motion.
Firstly the lift force C,(t) is assumed to be a harmonic function with an amplitude
C,.(K) and aphase 0,1i.e.,
C,.(t)=C.(K)-sin(ot +0) 3)
By combining Egs. (1)~(3) and making nondimensionalization for all quantities, the
resultant equation can be written as

N'(s)+28K n'(5) + K, n(s) = m, Y,[1 —en’ (5)['(5) + m, Y,n(s) +%mrcu -sin(K-s+0) (4)

in which n=y/D is the dimensionless structural displacement; m, =pD”/m is the mass
ratio; K, =®,D/U is the dimensionless structural frequency; s =Ut/D is the dimensionless
time and the notation ' means the derivative with respect to the dimensionless time s.

The observation from the existent experiments show that the vortex shedding force is
relatively trivial in comparison to the motion-induced force as structural responses become
significantly large near lock-in. Therefore, Eq. (4) can be simplified as

M'(s)+ 28K, () + K, n(s) = m, Y,[1 -1’ (5)In'(s) + m, Y,n(s) )

2.2 Analytical Solution
Firstly, let’s rewrite Eq. (5) as

n"+K, n=Fmnn) (6)
in which
F(n,n)=(m,Y, -26K )n'-m,Y,en’n'+m Y,n (7)

It can be assumed that the solution has the form of
n(s) = A(s) cos[Ks —y ()] (8)
, that is, the solution is a harmonic function with a slowly varying amplitude and phase. In
other words, it is a so-called quasi-linear system. Since this expression of the solution
involves two unknowns A(s) and wy(s), an additional condition as used by (Van der Pol,
1920) can be used as the supplement in the solution procedure, i.e.,
A'(s)cos[Ks —wy(s)]+ A(s)y'(s)sin[Ks —y(s)] =0 9)
The meaning underlying Eq. (9) is that A(s) and w(s) are considered to be constant while
making the derivative on n(s). Based on Egs. (6)-(9), the coupled 1% order differential
equations for A(s) and wy(s) can be derived as

Al(s)= —% {F(,n)+AE)K? ~K,") cos[Ks —y(s)]}sin[Ks —y(s)] (10)
! _ 1 ! 2 _ 2 _ —
vis)=— oK {FM,M)+A()(K” ~K,") cos[Ks —y(s)]} cos[Ks —y(s)] (11)
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By using the quasi-linear assumption, i.e., the amplitude A(s) and phase wy(s) vary
very little, the derivative A'(s) and wy'(s) can be treated as constants within any cyclic
period 2n/K. Therefore, by combining with the change of variable p=Ks—y , the
right-hand side of Egs. (10) and (11) can be conceivably replaced by the average of their
values in one cycle period 2, i.e.,

A(s)———j [F,(n,m)+A(s)(K* —K,*)cos p]sin p dp (12)

V) == KA()j [F,(n, )+ A(s)(K’ —K,*) cos pJeos p dp (13)

The substitution of Eq. (7) into Egs. (12) and (13) and treating A(s) and wy(s) as
constants while making integrations leads to a set of uncoupled 1% order differential equations
for A(s) and w(s)

A5) ==L aAGIAY ) -] (14)
' _ L 2 2
v(s)= K [m,Y, +(K"-K,")] (15)
inwhich o and B are defined as
oa=m,Ye (16)
B=2/e-[1-26K,/m.Y,]" (17)

Given an initial condition A, for Eq. (14), the solution of the amplitude A(s) can be
obtained by the method of separation of variables as

B
A(s) = 2 2 18
JI=(A —B*)/A,)-exp[—(aB?/4)s] (18)

and the phase can also be solved from Eq. (15) as
1
W(s) = 2 m Yo + (K2 =K s+, (19)

in which w, is the initial condition at s=0. Hence the solution of the response n can be
written as

p .
- (A, —B°)/A,)-expl(aB’ /4]

As observed from Eq. (20), the response m near lock-in is not only a function of the section
shape but also affected by two factors: the dimensionless mass ratio m, and the structural
damping & under a particular wind velocity. It is not only function of the Scruton number
(Ser=&/m,) as a whole. When the dimensionless time s— oo, the response amplitude
approaches a steady-state amplitude

nGs) = os{Ks = [m, Y, + (K =K + v} (20)

A, =8 (21)

In other words, B is actually the final steady-state amplitude.

2.3 Identification Scheme of Aerodynamic Parameters
According to Eq. (20), when the bluff body lock-in occurs, an initial amplitude will
finally lead to a steady-state amplitude [3 as time goes by. Depending on the magnitude of
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the initial amplitude is larger or smaller than (3, the identification scheme by employing such
a decaying or growing process are called Decay-to-Resonance (DTR) method (see Fig. 2(a))
or Grow-to-Resonance (GTR) method (see Fig.2 (b)), respectively. Based on the
experiments normally observed as shown in Fig. 2, it takes longer time to get to the
steady-state response in the GTR case than in the DTR case. The identification scheme is
described in the following.

15
11 (b) Ao<p

05
g
-0.5

1 I
1.5

2 4 6 8 10 0 2 4 6 8 10
Time (Seconds) Time (Seconds)

Fig. 2: Transient Response near Lock-in : (a) DTR Method ; (b) GTR Method

(a) A>B

Amplitude of n
=2, ° e =
Q= 000 =2,

Amplitude of n

o

(I) identification of Y, and €
During the transient state before approaching to the steady state, the ratio of the initial
amplitude versus the amplitude in the n-th cycle can be derived from Eq. (18) as

R,=A,/A, =A,/p1-(A, ~B*)/A,” -exp[-(nmap’)/ 2K] (22)

in which A4, represents the amplitude in the n-th cycle at s=2nn/K. It can be easily
shown that 1<R <A /P is satisfied for the DTR case, while A,/B<R, <1 forthe GTR

case. Equivalently, Eq. (22) can be further rewritten as
a=-2K/nnp’-In[(A," -B’R,") (A" ~B)] (23)

The right hand side in Eq. (23) involves four parameters: the initial amplitude A,
steady-state amplitude B, amplitude in the n-th cycle A , and reduced frequency near
lock-in, which are directly available from the measurement. Therefore, o can be computed.
In fact, to more precisely estimate the value of o, a linear regression approach was
implemented by constructing a linear relation between Y and X from Eq. (18) as

Y =aX (24)
in which
Y =In{[A," (A’ (5)—BI)I/[A*(s)(A," —B)]} (25)
X=s (26)
a=-—af’/4 (27)

As observed in Eq. (24), the parameter a is the linear regressive slope of the data set (X, Y)
that are obtained from the measured amplitude A(s) in each cycle. As a consequence, by
utilizing the definition of aandfin Egs. (16) and (17), the linear aerodynamic damping
coefficient Y, can be expressed as

Y, =[ap’ +8EK,]/4m, (28)

Hence, Y, canbe obtained. Also by (17), the nonlinear aerodynamic damping
e=a/m,Y, (29)
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can be obtained as well.
(IT) identification of Y,

As for the aerodynamic stiffness Y,, by observing the phase wy(s) will finally
approach to a constant (i.e., y'(s) =0) when the steady state sustains, the parameter Y, can
be calculated from Eq. (15) as

Y, = (K, -K?)/m, (30)

2.4 Improvement of the Results by Optimization

To further improve the accuracy of the identified parameters Y,, € and Y,, these
three values are used as the initial guesses to an optimization problem that curve-fits the
experimental response time histories and the theoretical formula in Eq. (20). In this way, the
value of parameters Y,, € and Y, can be fine tuned to more precisely fit to the
experimental response data point by point in the time domain.

III. EXPERIMENTAL SETUP

As shown in Fig. 1, the section model of the experimental mockup is supported by two
sets of spring connection outside the two sides of the wind tunnel. Three different section
models that include one square section and two rectangular sections were tested in the
experiments for identification. The configuration and structural properties of the tested section
models were listed in Table 1. The model name is distinguished not only by the B/D ratio
but also the mass ratio m; and the damping ratio & with which the aerodynamic parameters
Y,, ¢ and Y, are associated. The density (around 230 kg/m’) is chosen to be close to
those for the ordinary building for the practical consideration. As shown in Table 1, the
Reynold numbers were kept in the range of more than 2x10” to ensure the applicability of the
tested results.

Table 1: Configurations and Structural Properties of the Section Models

Model Name BXD (mxm) | Density (kg/m’) | Structural Frequency (Hz) | Reynold No. (x10%)
[BD1, m,=0.005165, -~
£20.18%] (Sor=034gdy | 0101 226 8214 3.87~5.45
[BD1/2, m, =0.010005, N
£=0.16%] (Ser=0.1599) 0.071x0.141 232 8.176 3.13~4.75
[BD1/3, m, =0.013969, _
£=0.22%] (Ser=0.1575) 0.059x0.169 239 7.576 6.38~7.72
0.2
IV. EXPERIMENTAL RESULTS : = Model [BD1, mr=0.005165, £=0.18%]
i + Model [BD1/2, mr =0.010005, £=0.16%]
. [ 4 Model [BD1/3, =0.013969, §=0.22%
Each test was performed twice to three : :.f} el i ; !
times for increasing experimental reliability AR
. . . - . L0 8 e By o
before the identification scheme was = ®'[ s a8 BRLEES
processed accordingly. To ensure the ) o ;
consistency of the test results, the mixed use ~ e
of the GTR and DTR methods was avoided o b
and thus only the GTR method was adopted as 3 4 5 6 7 8 9 10 1
the identification scheme. The across-wind Reduced Wind Velocity (Uff;D)

steady-state amplitude of the three section

models versus the reduced wind velocity near Fig. 3: Steady-State Amplitude versus

Reduced Wind Velocity near Lock-in
104



Rz wg ¢ FZE2ERIAEFAE
2010 # 10 * 15 p

the lock-in stage was plotted in Fig. 3. As shown in Fig. 3, the steady-state amplitude has
the trend of increasing with the reduced wind velocity (U/f;D=2n/K,) for all sections, while
the tail part slightly reverses for the sections BD1 and BD1/3. Notice that the inverse of the
reduced wind velocity should be close to the corresponding Strouhal number.

10 12
. GTR — Model [BD1, mr=0.005165, £=0.18%]
- T 0 L — Model [BD1/2, mr =0.010005, £=0.16%]
8 4+ Optimized I — Model [BD1/3, mr =0.013969, £=0.22%)]
‘ —Regressive Curve 8
6 -
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4 |
2r 2+ \
I
ol by o bbbt bbb bl
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Fig. 4: Aerodynamic Parameters versus Fig. 5: Comparison of Aerodynamic
Reduced Wind Velocity for Model Parameters between Three Model
[BD1, m;=0.005165, £&=0.18%] Sections

The aerodynamic parameters Y, , & and Y, were identified following the
identification scheme described in the GTR method, and the results were shown in the data
points denoted by “GTR” in Fig. 4. Then the values of the these parameters identified were
further used as the initial guesses to an optimization problem defined in Eq. (31) to fine tune
the results, and the results were shown in the data points denoted by “Optimized” in Fig. 4.
For the practical use, the regressive formulas of the three aerodynamic parameters based on
the optimized results were also shown in Fig. 4 by the solid curves denoted by “Regressive
Curve”. For page limitation, only the above mentioned results for Model [BDI,
m,=0.005165, £&=0.18%] were shown in Fig. 4. However, the comparison of the regressive
curve plots of these aerodynamic parameters for three different models were shown in Fig. 5.

105



2B 2R L AE 4 e
2010 & 10 * 15 p

V. CONCLUSIONS

From the analytical solution, it was shown that the aerodynamic parameters are not only
functions of the section shape and reduced wind velocity but also dependent on both the mass
ratio (m,) and structural damping (&) independently, instead of only on the Scruton number as
a whole. The across-wind aerodynamic parameters of three section models (BD=1, BD=1/2
and BD=1/3) near the lock-in stage have been successfully identified using the GTR method
based on wind tunnel measurements. To improve the accuracy of the results, the
optimization of the curve-fitting for experimental and analytical response in time domain was
performed to finalize the results. Near the lock-in stage, the across-wind steady-state
amplitude has the trend of increasing with the reduced wind velocity for all sections, while the
tail part slightly reverses for the sections BD1 and BD1/3. For the BDI1 section, all the
aerodynamic parameters decrease as the reduced wind velocity increases. The results of the
section BD1/2 show that Y, and Y, are almost a constant around the value of 1 to 2 with
the reduced velocity, while & indicates a decaying distribution versus the reduced velocity.
For the section BD1/3, the parameter ¢ has a distribution of concave-up polynomial versus
the reduced velocity, while the other two show the trends of decreasing with the reduced
velocity.
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bR ABE - B AELR o [3]
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3.2 7 &4t

RET G R LT IO (T L A1 BRHAEERE 2 LR EFETRERL
AETRBEE CEIRS T AR 2 #%HR?E SR Z AT ML 122534
S5ed ARhETEARLITEAKE I HRIELZ & "‘f PRA ST T 550 E 7
SPRARR AT o Blde o FRBET 0 RREE A MG 04 > FIRAES 44 0 T A BG
4 40 FEPRAEG 6 4 AW A LR ASRE 1 A RIEF FE R ERTE S
Uc=(0x1+4x2+4x3+6x4+1x5)/15=3.27 - @ * 2§ S22 A fch 27 4 » 538 L 8
24 i T2 AT B Ao A - AT o

ya@%%:z&%’ﬁpiﬁxﬁﬁﬁ%ﬁ&ﬁéiX~Yﬁ%ﬁ’%1@4%
Fold B EFIRMBAUCAEET BT EBER BT A BITRZBTR
v ﬂ’# RHEwE T’T:“_,E‘.r Dz iEmME S RN SRk 5“(6)"(8)

Y =0.315X +1.262 (6)
Y =0.335X +0.968 (7)
Y =0.341X +0.751 (8)

Y S 2@ X ah#E 10) () O FEFRRT 2R R R
¥E A4 EEA IR R
dB47 whiprhEd T TEREFRY ZA?*;@'H#;;%%;»% I sA il Nt I JE A
FiFd Mo A FEEEFET 2L LT 53 Iy #E—"a—-’fi?léxzﬂﬂ
éiwﬁi&ﬁ’*éam¢ET~&@€%~m%%#¢Tiaw@’WW*rﬁiJ
FRLZ2BEFREHE TR AR T @Ry FRMIA TEEFRY | &
rf’TiLJ 2_fF e
d B2 AR RETER TR Lok K (TAATRLEX R EERF T A
i"«'”%’x@ﬁ#ﬂ% 3035 %2 40 25 & x356)~ (7)) HTHEZHIER & 4 B 5
5.52m/s ~ 7.56 m/s ~ 9.53 m/s » 4] 4 #1T e

~

Lo ANRAT FRETL A EEREE

e

e B - B = W=
h ¥ (KPEFERY) (CERF@FiEy) (74)
% 1FE 3.3 (ms) 2.19 2.09 1.94
$ 2 F6f 44 (m)s) 2.63 2.31 2.17
% 3 FFE 5.4 (m)s) 3.11 2.78 2.51
$ 418 6.7 (m)s) 3.33 3.24 3.06
$ 516 7.9 (mfs) 3.88 3.83 3.52
¥ 614 E 9.3 (m)s) 421 4.08 4.04
% 7 FE £ 107 (m/s) 4.53 4.43 4.28
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2] " THE REE BALZAFRFIREECERNFTR > A RIEATT TR
2 2000 & -
[3] Frank, H.D., Nicholas Isyumov, “Wind Tunnel Studies of Buildings and Structures,” ASCE
Manual and Reports on Engineering Practic, No.67, 1999,
[4] Frank, H.D., “Pedestrian level Wind Criteria Using the Equivalent anerage,” Journal of Wind
Engineering and Industrial Aerodynamics, Vol.66, pp.215-226, 1997.
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[1]

(2]

[4]

[5]

[6]

4
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AL (BT PE T BB ATAZTER PR IR FHAETE -
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ARPPLRTHFZIRIERE B S L2 R g R ] 0 B
_@% me¥a g M R o F A K Her i 48 T {2 14 DeBortoli. et al[6]% % i *
Spire % roughness % > +~ §F # A & B A -
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FEHM CF IR NN T E N EA s e B A L E e ET ARG T

FL#H=> 22002 & o

MY F o URFERANEEIP AR RERE LAY H A TG L

#Hme 2004 & o

MER - @ a2 T AT g B » Bz A R Byt 1
L s, #1332 52005 & o

A R FHRFF LR RBEFEAF L Ao b BREW 2 DS S

JF e RS E 5 2006 & o

J a1 ’“ﬁ?iéﬁ#ﬁi#’u)k RPTEh FER” Bz P BT AT AT L= 2000

£ o

De Bortoli, M.E., Natalini, B., Paluch, M.J., Naalini, M.B., “Part-depth wind tunnel simulations

oo

of the atmospheric boundary layer,” Journal of Wind Engineering and Industrial Aerodynamics,

281-291, 2002.
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(Vortex-Shedding) 2. #F & ¥ r/ 4§ = Fl 8 2 FEH 4 5 > SR R fE2 5 &4 T
(Lock-In) = @ & @Lz% RE & i}%%@ L E 25-30%% RAE (1] AR EF BT -
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Xy~ (X~ (X aul s 2R »hid B~ EAfESw £ [M] - [C] ~ [K]&
AR AR REL 0 b4 2 SkF() 0 B S EGTG TRE B S
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B- @ f§ 1 Vesta-660kw B3| B8R 4 #3558 b & 4 H50

- 1 b4 2 K% #c (Non-tapered, t=16mm, diameter=3m)
Section no. 1) ?) Total
=D+
Height (mm) 24490 23640 48130
Thickness (mm) 11~15 8~11
Bottom diameter (mm) 3300 2424 7200
Diameter/Thickness 220~300 220~303
Rotor V47 (kg) 7000
Complete nacelle V47 (kg) 20400
Tapered tubular tower weight 38000
Non-tapered tubular tower weight 53300
Tip mass/Total mass 33.95%~41.8%

e SR E R S A AR TR A2 P TR AL A Rl A

#2255k S Bc(Shape Function) - R AFALH =45 2 KT8 0t A5k S fic? E 40T 2 5
2 3

# O(x)= : ,)1: J— cosz—)lim cA YA R AR ERAREY > Ty A F AR

2 L EEEHCY 0 T &% L SAP2000 V7.0 AR 10 a fU A & 2 (Shell Element

Analysis, SEA) {2 ~ % ;2 » 17(Beam Element Analysis BEA) p #X4f 5 171t fi2 o

B2 AR 4 P Fa S

SAP2000 V7.0 *< 42N ¥ 12 £ 4% Ritz-Vectors & 3 i & (Elgenvalue),z R L
B AT AR 3R I 0 R A BT R R R S IR e S
i o F 4 & VESTA-660 kw[6] /& 3] * gi@.&;&—*f#(Benchmark Structure) » #-2 /% 3m & &
5 40~75m ¢ % S AHEA & 16-25 B0 F £ 2.5m 240 AR & 16mm 17 320~400
¥4 5% o (Shell Element)2 2 3] fisd = B & 5% 2 035 » & i8S A - ok~ B¥
2RI R EEA IR P AT E LR N[T]
(1) G FHFRLifFast o 407 5%

T, =(1068];js : 4
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2P T (sec) A F - RATY HEBHE2Z 3 A (m) > DA 2 TI9E [S(m) -
(2) 7 BT E L o5

H

®)

(3) ¢ Wiz &z (GB50009, 2001) [2]
¢RI R BRI 0 T

=(0.007 ~0.013)H (6)
Fi? o Ty (sec) % - REFH - H ZZRDF R(m) -
(4) 482 A HEAFHA] (2006) [3]
RN H B R AT R

T, =0.05-H” %

F3e > Ty(sec)®d s - Ry » H I ® & (m) -
= BRIFERERE

BHAELF T O AEARE P AR P e FLRE RS RRIL G = B
4 F B4 S RIT4RS ~ B Eok > Scruton number £ - B H| T # 4 A {70 2 [8] o

Foob- AR AR S AR s E L ﬁ»l%f%,y 0% 0 it bR
B4R 1RTRA b A A R 0 SR 4 EERF R AL R 7] -

3.1 i in % > (Vortex-Shedding Effect)

i DA g S R4 - S Ak 4 - MERFIR RN 4
Zo i G BRIl Al FIY g AR AL AR ORR 4 RE o RIS T
LG R AR B I 0 S0 R RO I g AR P 0 A f o
B dpEh s B % S licE AT E e § % B(Re =U,xB/vg=69000 U,xB) £n+4 p R 4
$HAEF A 20 6 U 5T b #hT 05 BB < TR vv 3§ 564 3F
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IR E X rBTRR 0 T EEE § ST 4x10° Cp— B OAK e 0 AL T IRR
BN i a R AT A ST R ARR e T TRR 2 TR L BRI A
Bz b b @ LR B ERRe PR fh 47 &Z0h v 4 2 Sdcde

P(Z)=%-p-U2~B(Z)-},LL B¢ o Z R 4 Gl (A 4 E) 0 & TR (Subcritical

range): R, <3x10° > p, =0.2~0.5 > 42 5% (Critical range): 3x10°<R.=3.5x10°%> u, =0.2>
¥ 72 (Transition range): R >3.5%x10° > P, 502~025 0 d P ¥ e 4 LR w4 o] e
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LT _g.,}:*-: _,_Fm , ’d
RN S 3ul

3 T [9] o

-anl

BApE S FEA TN FEE B A 4 Y f RERGE T LR v B
ﬁ&ﬁé’ua%%ﬁgmewmﬁﬁﬁﬁ“*@ﬂﬂﬁ%ﬁ%ﬁmﬁQ#?%mi‘
M2 ZFGe G A FHmIrP e L RGHE2ZBFHN LG IR FHASARY D E
BERHBEL L ARG AR RS REAFHI A HTAELE RS
Y B R SR

4.1 % Paﬁ:-w A\ﬁ

AEERHEKAEFEZFR Models 3~4 vl A iﬁ_é" ’ﬁ

i ARFTTHERE FE LT Model 5124 *ﬁa ;»7% A AR
BhEESEY Vi R AERA TEZHFiRicBle (a); Model 6 121 5 g2 A% 2 R
EELARFTRRF RAFTE 2R, FHA2p REHPERLE Ricdk - o
Model-2 12 ~ %2 & 4Rk 2 R4 Bl (b)*Tr » A= BB H i 23 F g0t Rig -

424 B LR F RA
EFieR b UL (2) do% 552 050 4r 130 Up(z) 2 ¢ > # 1A % L b 4 o 4ok

’%1‘#\—;{@ RF E® '1';;«}“ k& Up(z) > 7 4 lﬁlﬁiﬁ“fvi’liﬁ& i# Uy (m/sec) k4 47 o
FTEERAREUR T ORI T AR Rk (- HEER
AGHORE 4 - UHERZLAPBELIV FYRELLFEZRE LRSS S DR
B EI(UG0)=T3>TIm/s)(F % Bk %k im) » £4 B—- &4 %2 b 20m/sh i p B 5
¥ - = FI(U~S15<20m/s) @ drdk w #7157 o

FoZ 0 AN p ARFEHEERL VR

Diameter(3m) Thickness(mm) Mode-1 Mode-3 Mode-5

Model-1 3 15 0.8585 0.1473 0.0573
Model-2 2 10 1.0485 0.1781 0.0683
Model-3 3 15 0.847 0.2231 0.199
Model-4 2 10 1.039 0.1692 0.6519
Model-5 3 15 0.984 0.2232 0.1599
Model-6 3 15 1.457 0.1816 0.0630
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Resonance of machine

Flow

i
15p
Lock-in region=0.5 U,~1.3 U
Frequency
4 Resonance of vortex 4
Vortex-shedding
4 >~ frequency
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A 4 >
Bz @ iR EMSE bR ELRTR
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Blz (a) Model-3~5
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| 7 Windo..~]

StanAnmaton
= Simolation o.. | ) Skype? -493.. | 805 Internet . ~| 85 Lingoss E.._[5] 5AP200 - 1o..| 4] Miodel s
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(b) Model-2

Bakiz biRE RS

AZ 0 RAWECERAERETE)p REPeFoita i
Height Theory SAP2000 T Taiwan T china T Chien
(m) (sec) (sec) (sec) (sec) (sec)
45 0.70 0.89 0.87 0.59 0.82
50 0.91 0.98 0.94 0.65 1.01
55 1.15 1.18 1.01 0.72 1.21
60 1.20 1.38 1.08 0.78 1.41
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Ar ol iR 4 BER R £ RS T (U(C)=56m/s)

Numbers of mode D (m) T; (sec) U, (m/sec) U (50)(m/sec) Resonance
1 2.45,3 1.039, 0.984 12,15 71 Uy > U,
Lock-in
2 245,3 0.169, 0.223 73,67 71 U,>20m/s
I~k
TR 4 AR v P2 R ﬂ{?wkﬁ’wﬁf B Rl en
i VO FRIREAS = %%@i.)?ﬁﬁﬁMé %?4€%§%%%€
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Effects of Fluid Flow around Geometrically Nonlinear

Cantilever Beams

Yun-Che Wang'  Chih-Chin Ko
! Assistant Professor, National Cheng Kung University

? Ph.D. student, National Cheng Kung University

ABSTRACT

Cantilever beams with fluid flowing around were experimentally and numerically studied.
A thin film beam shaker (TFBS) experimental apparatus was developed to test viscoelastic
properties of thin film materials. Numerically, the solid-fluid coupled finite element
method was adopted. This physical model can be envisaged as a tall structure interacting
with surrounding fluid, either air or liquid. Cantilever beams with uniform and linearly
varying cross-section area were calculated with static and dynamics fluid flow around. In
our numerical study, it was assumed that the fixed end of the cantilever was under
translational, vertical and rotational excitation to mimic earthquake vibration. Effects of
flow velocity was investigated. For small vibration displacements under the base excitation,
the two-dimensional Euler-Bernoulli beam theory, coupled with the Navier-Stokes equation
for fluid flow, was adopted to model the system. When the surrounding fluid is static, the
Young’s modulus and loss tangent of the beam can be calculated from the resonant
frequency of the beam under the base excitation. The measured Young’s modulus and loss
tangent can be used to detect the species of the surrounding fluid. With large vibration
displacements under the base excitation, the system behaved as the Duffing oscillator due
to geometric nonlinearity. Both softening or hardening type Duffing oscillator may be

observed, depending on physical parameters.

Keywords: Cantilever Beam, Air Damping, Geometric Nonlinearity, Duffing Oscillator

1. Introduction

Extensive development of the theory of oscillating cantilever beams has been continuing
since the time of Bernoulli and Euler [1]. Studies of cantilever beams being driven at the
clamp can be found in [2, 3], as well as the work by Cartmell [4, 5]. Research on the
phenomena of nonlinear modal coupling, i.e. the cross talk between different harmonics, is
discussed in [6, 7]. After the discovery of chaos in deterministic dynamics by Feigenbaum [§]
about 30 years ago, studying chaos via the vibrating cantilever beam was popular in the 1990s,
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and many references can be found in [9, 10, 11]. Recent study by Doughty et al. [12]
demonstrated the feasibility of performing system identification to extract material properties
from non-linear models of the cantilever.

Renewed interest in experimentally studying the vibrational dynamics of cantilever
beams in mechanics has arisen from advances in microelectromechanical systems (MEMS),
nanoelectromechanical systems (NEMS) and nanoscale material property measurement.
Novel experimental methods, such as atomic force microscopy (AFM) [13], and development
of high frequency mechanical resonators [14, 15] also spur this research field. The work by
Tilmans [16] provides a comprehensive resource on mechanical resonators. Research on
mechanical properties of materials via cantilever beams are numerous. For example, Yang et
al. [17] characterizes the energy dissipation properties of single-crystal silicon and Chen et al.
[18] studies the properties of quartz microfibers. Connally and Brown adopted the vibrating
cantilever method to detect crack growth in silicon MEMS devices [19]. Study of carbon nano
tubes through vibrating cantilever beams has been reported in [20]. A recent review article on
microscale mechanical testing methods, in general, can be found in [21].

In this work, we emphasize our experimental development of the resonant frequency
device. Mathematical theories are discussed to correlate our experimental data and theoretical
predictions. Connections between the vibrating cantilever and the Duffing oscillator [22, 23]
are discussed in relative detail. Young’s modulus and loss tangent of test materials were

experimentally determined. Fluid flow around the test samples was numerically calculated.
2. Theory and computation

In order to calculate the coupled fluid-solid problem, i.e. a cantilever beam surrounded
by fluid. The Navier-Stokes equations, Eq. (1) and (2), are adopted for the fluid behavior.

H%—V0[—pI+1‘|(VV+VVT)]+},L((V—V]n)OV)V=F (1)

Vev=0 2)

Here, v is the velocity field, p pressure, n viscosity, and p the density of the fluid. F is the
volume force of the fluid, which is equal to zero in the present analysis. The traction that is
exerted by the fluid can be calculated as follows.

F.=-ne [— pI+1‘|(VV+VVT )] 3)

Here, n is the normal vector to the boundary of the solid. The subscript T indicates the force
component that is be transmitted from fluid to solid. The deformation of the cantilever beam
is modeled by Navier’s equation, as follows, with displacement field u and body force b. The

density of the solid is denoted as p.

180



Rz wg ¢ FZE2ERIAEFAE
2010 # 10 * 15 p

o’u

uVu+(A+p)V(Veu)+pb=p e

4)

The motion of the deformed mesh is modeled using Winslow smoothing in the
COMSOL Multiphysics "™ [24]. The boundary conditions control the displacement of the
moving mesh with respect to the initial geometry. At the boundaries of the obstacle, this
displacement is the same as the structural deformation. At the exterior boundaries of the flow
domain, the deformation is set to zero in all directions.

Damping due to surrounding air can be estimated by the following equation [25].

2P G, p

4 5
npc \| C, RT 2

tand,, =

C, and C, are heat capacity under constant pressure and volume, respectively. p is the density
of surrounding fluid, and p is the density of the solid. P, R and T represent the surrounding
pressure, gas constant (8.315 J/K/mol) and temperature in Kelvin, respectively.

3. Experimental

The schematic of our experimental setup, named as the resonant frequency device, is
shown in Figure 1. A bimorph piezoelectric plate-like actuator with the dimensions of 0.64
mm X 6 mm x 15 mm. The bimorph actuator was clamped into the foundation with proper
electrical connections, and driven by a function generator. The free length of the piezo
actuator was 10mm. The specimen was mounted onto the top of the piezo actuator with
superglue. The deflection of the specimen and aluminum clamp was monitored by an MTI
fiber-optic measurement system with the probes labeled Fiber 1 or Fiber 2, respectively, in the
figure. Lock-in amplifiers (Stanford Research Systems, Inc., Sunnyvale, CA, U.S.A.) were
connected with the fiber-optic probes to reduce noise. Vacuum system is to be completed in
the near future. Detailed description of the apparatus can be found in [26].
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Figure 1. Schematic of the thin film beam shaker (TFBS).

4. Results and discussion

Figure 2 (a) shows theoretical prediction of loss tangent in relation to surrounding
pressure by calculating Eq. (5). It can be seen that air damping is linearly dependent on
pressure. However, Figure 2 (b) shows that experimentally the loss tangent measured from
the oscillating cantilever under base excitation showed an increase in low pressure regime, but
decrease when pressure is larger than 0.1 torr. It is noted that the theoretical prediction is valid
only for the damping from fluid-solid interaction, but the experimental data may contain
damping sources from the fixed end boundary condition and piezo actuators. The calculated
damping is seven-order-of-magnitude smaller than experimental measured, indicating that
parasitic damping in the experimental setup dominates the measured data. Figure 3 shows
that experimentally measured damping of a 45-pum thick thin film vs. various driving force in
unit of voltage. As can be seen, under 5 x 10~ torr pressure, the damping of the copper alloy is
on the order of 107 torr, at least 3-order-of-magnitude larger than the linear viscoelastic
damping of the material. Parasitic damping dominates. It also can be seen that loss tangent is
first decreases with the diving force, and then increases, as shown in the solid circle data. This
phenomenon may be due to large driving force induces geometrical nonlinear effects. The
geometrical nonlinear effects can be modeled as a Duffing oscillator, as discussed in [26].
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Figure 2. (a) Theoretical and (b) experimental data to quantify the effects of air damping in
the cantilever beam. The theoretical damping is seven-order-of-magnitude smaller than
experimentally measured.
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Figure 3. Effects of driving force on measured loss tangent.

Numerical studies of the coupled fluid-solid problem are shown in Figure 4. The fluid
flows from left to right. Three Reynolds numbers (Re) were calculated, Re = 4, 40 and 400,
shown in Figure 4 (a), (b) and (c), respectively. For the smallest Reynolds number, no vortex
is formed, and largest velocity appears above the top of the cantilever beam. For Reynolds
number 40 and 400, vortex is observed behind the cantilever beam. The deformation of the
cantilever beam is proportional to the fluid velocity field. This calculation shows our
computation method is capable of solving the coupled problem.

In view of experimental results, discussed in Figures 2 and 3, our current numerical
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results cannot answer the question regarding the damping induced by surrounding air. Further
studies are under way to correlate the experimental data and numerical simulations in order to
obtain linear viscoelastic damping of the testing material, which is free of parasitic damping.

Surface: Velocity field [mm/s] Streamline: Velocity field 5 6.899 Surfice: elacity field 73,365

Surface: Velogity ield elosity field Max: 828671
00

o0

600

500

oo

300

oo

100

(©)

Figure 4. Fluid velocity fields and the deformation of the cantilever beam for various inlet
velocities. (a) Vi, = 2 mm/s (Re = 4), (b) Vi, = 20 mm/s (Re=40), (¢c) Vi, = 200 mm/s
(Re=400). Vortex can be observed in (b) and (c).

5. Conclusions

Experimental results show that effects of air damping on the cantilever beam under base
excitation depends on surrounding pressure. The measured loss tangent of the cantilever beam
increases with pressure when pressure is less than 0.1 torr, and decreases when greater than it.
Measured loss tangent depends on driving force. When driving force is large, geometrical
nonlinear effects must be considered. Numerical studies show that the deformation of the
cantilever beam is proportional to fluid velocity. Further numerical calculations are required
to correlate the experimental results with numerical studies for the cantilever beam under base
excitation.
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Abstract

Most non-unidirectional airflow industrial cleanrooms are typically incorporated
with traditional wall-return ventilation system driven by fan filter units (FFUs) with
ceiling-supply and wall-return air grilles. Such recirculation systems demonstrates
several typical characteristics, such as higher airflow resistance induced by long
airflow circulation pathways and resulting in higher fan power requirements per
unit of airflow rate delivered; high negative pressure in supply air plenums (SAPs)
induced by the designation of FFUs to be operated with high external pressures and
thus, increase the risks of infiltration of outdoor air and cross-contamination of
airflows; tendency of cleanliness decline and nonuniform temperature distribution;
and inflexibility to meet the needs for relocation of production lines and
rearrangement of tool equipment in the industrial cleanrooms. In this study, we
developed a new air circulation system using fan dry coil unit (FDCU) in a return
air system that contains ceiling-supply using FFUs and ceiling-return using FDCUs.
The new system exhibits shorter air recirculation paths while providing effective
temperature control and particle removal from the cleanroom. Experiments were
conducted in a full-scale cleanroom to study several aspects, including the
influences of supply air plenum pressures on the removal of 0.1 um particles, the
effect of FDCU local exhaust system on airflow velocity vectors, turbulence
intensity and temperature distribution, and the energy saving potential of applying
the innovative FDCU-return system, compared to a traditional wall-return system.
The results revealed that the innovative FDCU-return system can effectively
eliminate about 50% of 0.1 pum particles from the cleanrooms more than the
conventional wall-return system. In addition, it was also found that FDCU local
exhaust system can significantly provide better air motion characteristics and
temperature distribution in a high heat source case in comparison with that of
wall-return air system. As for energy conservation, the results demonstrated that the
proposed FDCU-return system can reduce more than 4% of electric power per unit
recirculation airflow rate compared to the traditional wall-return system.

K1



2B 2R L AE 4 R
2010 # 10 * 15 p

Keywords: Cleanroom, FDCU (a fan dry coil unit), Ventilation, Particle, Energy
Efficiency, Velocity Vectors, Turbulence Intensity, Temperature
Distribution

I. INTRODUCTION

The non-unidirectional airflow cleanroom is one of the most common systems applied in
various high technology industries to control the concentration of airborne particles and the
relevant temperature and relative humidity ranges. In a traditional arrangement of the airflow
pathway in the cleanrooms, the fan filter units (FFUs) are installed to introduce the supply air
(SA) from ceiling and the return air (RA) is extracted from the wall air grilles or return air
shafts which are close to the floors, as shown in Fig. 1. Such air recirculation systems in
industrial cleanrooms of various cleanliness grades have received significant attentions from
researchers and practitioners (Hu et al. [1] Fu et al. [2]; Hu et al. [3,4]; Hu and Chuabh, [5]; Hu
and Wu, [6]; Hu and Hsiao, [7]; Hu and Chen, [8]; Hu ef al. [9]). The wall-return system
exhibits several typical characteristics as well as the drawbacks, such as (1) higher airflow
resistance induced by long airflow circulation pathways and resulting in higher fan power
requirements per unit of airflow rate delivered; (2) high negative pressure in supply air
plenums (SAPs) induced by the designation of FFUs to be operated with high external
pressures and thus, increase the risks of infiltration of outdoor air and cross-contamination of
airflows; (3) tendency of cleanliness decline and nonuniform temperature distribution; and (4)
inflexibility to meet the needs for relocation of production lines and rearrangement of tool
equipment in the industrial cleanrooms.

Several numerical and experimental studies on conventional wall-return type cleanroom
have been conducted to better understand the airflow pattern and contaminant diffusion
characteristics in the cleanroom, and demonstrated that contaminant particle sizes smaller
than 4.5 pm in diameter are regarded as having no gravitational sedimentation effect on the
diffusion (Murakami et al. 1988 [10], 1989 [11], 1992 [12]). Kato et al. (1992) [13] have
proposed a locally balanced ceiling supply/exhaust airflow rate system which allows more
efficient exhaust of contaminants and less extensive diffusion of particles in cleanroom. No
extra exhaust force was introduced on the return air in their system.

In order to solve the above-mentioned problems in the wall-return ventilation system, a
unique local air distribution scheme to maintain the cleanliness level within requirements and
to effectively remove the dissipated heat was proposed. The new proposed ventilation
system of fan dry coil units (FDCUs) with the supply and return grilles were installed on the
ceiling and the dissipated heat was removed by FDCUs located just above the process tools.
Fig. 2 demonstrates the schematic diagram of the FDCU.

This study aimed to experimentally examine and compare the performance of the
traditional and innovative ventilation arrangements in a full-scale cleanroom with a typical IC
testing machine, that emits particles and heat. Experiments were conducted in a full-scale
cleanroom to study several aspects, including the influences of supply air plenum pressures on
the removal of 0.1 um particles, the effect of FDCU local exhaust system on airflow velocity
vectors, turbulence intensity and temperature distribution, and the energy saving potential of
applying the innovative FDCU-return system, compared to a traditional wall-return system.
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Fig. 1 : An Existing Wall-Return Type Cleanroom
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Fig. 2 : Schematic of FDCU (CHS: chilled water supply, CHR: chilled water return)

II. EXPERIMENTAL SETUP

2.1 Cleanroom Setup

Fig. 3 shows the schematic diagram of a full-scale cleanroom with dimensions of 4.5 m
(length) x 6.3 m (width) x 2.8 m (height) in the X, Y, and Z directions and steadily controlled
at 24 = 0.5°C and 45% of relative humidity. Two dummy tools, each size of 1.6 m (length) x
1.2 m (width) x 2.4 m (height), and a semiconductor wafer testing machine of 0.6 m (length)
x 0.9 m (width) x 1 m (height) were located in the cleanroom.
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Fig. 3 : Schematic Diagram of Full-Scale Cleanroom with FDCU Local Exhaust and
Wall-Return System

The supply air grilles consisted of 12 FFUs (each with s size of 1200 mm-length x 600
mm-width x 275 mm-height). Ultra low penetration air (ULPA) filters were installed with the
FFUs. Three sets of FDCUs (each size of 1200 mm-length x 600 mm-width x 455 mm-height)
as shown in Figure 1(b) were arranged parallel with FFU on the ceiling. For both sidewall
return air plenums, three units of sidewall return air grills (RAG) and two units of dry cooling
coils (DCC) were respectively installed. As for FDCU local exhaust system, the supply air is
introduced from supply air plenum via FFU whilst indoor air is exhausted through FDCU
local exhaust. Return-air is cooled by dry coils (only sensible heat exchange takes place in the
coil) in the FDCU and then forwarded to supply air plenum.

2.2 Setting for Study on Removal of 0.1 pm Particles

Particles and heat were released from an outlet of the process tool via an outlet with an
opening area of 0.57 m2 with air velocity of 4.6 m/s at temperature of 370C. An ultrasonic
atomizer located at the base of process tool, was provided to generate polystyrene latex
spheres (PSLs), more than 92% of which were 0.1 pm-diameter particles. The source
concentrations of PSL at the outlet of the process tool ranged from approximately
10,400,000-12,700,000 particles/m3. A laser particle counter MetOne 2100, with +10%
accuracy and sampling airflow rate of and 1.7 m3/h was used to measure the particle
concentrations from the process tool. The laser particle counter was also linked to a manifold
with multi-channel to measure the particle concentrations at 14 sampling points. Fig. 4 shows
the locations of each sampling point in the cleanroom which were set at the heights of 1.2m
and 1.5m. The pressures in the supply air plenum (SAP) were set at +2, -10, and -20 Pa by the
frequency converters of the FDCUs in the FDCU-return system, respectively.
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Fig. 4 : Plan of a cleanroom with wall-return and FDCU-return arrangements.

2.3 Setting for Study on Airflow characteristics and Temperature Distribution

To evaluate the airflow characteristics and temperature distribution, a set of 120
measuring points with distance of 30 cm in length were positioned in the XZ plane as shown
in Fig. 5. The T-type thermocouples with temperature range —200°C to 350°C and tolerance of
+ 0.75% were used to measure the temperature distribution. A three dimensional ultrasonic
anemometer with accuracy of + 2% was applied to measure the air velocity. As shown in Fig.
6, the sensors of three dimensional ultrasonic anemometer consist of three pairs of transmitter
and receiver probe heads spaced 5 cm apart, and with a sampling rate of 140 Hz to detect air
velocity.

FFU [ Focu | [ FFu

Fig. 5 : Measuring points in X-Z plane.
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Fig. 6 : Principle of ultrasonic anemometer.

The principle of three dimensional ultrasonic measurement of air velocity is related to
the change of traveling time of an ultrasonic pulse propagating in the air, which is
proportional to the air velocity. The ultrasonic pulses are emitted from each facing pair of
probe heads alternately. The air velocity between two probe heads can be calculated based on
the delay time between these two probe heads, whereas the inverse of the travel time of an
ultrasonic pulse changes in linear proportion to the air velocity. The experiment will apply the
quantitative data in describing the velocity vectors and turbulence intensity.

2.3.1 Turbulence intensity (TT)
Turbulence intensity (TI) of airflow is a very efficient parameter describing the degree of air
turbulence in a flow field and useful in comparing the level of flow disturbance with respect

to the local mean velocity. In the study, the resultant turbulence intensity at a location is
defined as

\/1(0;%3%;)
TI=3

\%

(1)

where (o / \ ), (oy/ V) and (o, / V) are defined as the turbulence intensities along X, Y,
and Z directions, respectively. In Equation (1),

\7 _ ZIS\I:I Vi

TN 2

—2 —2 2
V:\/VX +V, +V, 3)

N VA' 2
- /zm% (4)
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where 71 is the mean velocity along any direction i, V; the instantaneous velocity along i
direction, N the total sampling number, s the sampling data number, V the resultant velocity,
o, the standard deviation of V;, V.' the fluctuating velocity along 1 direction. The
magnitude of turbulence intensity is denoted by the diameter of the circle, with a larger circle
representing higher turbulence intensity.
2.3.2 Dimensionless Temperature

Temperature dimensionless parameter is applied to simplify the cognitive factor of Ti, in
calculation and determine the temperature difference between Tiocay and Toy . In the study,
the resultant dimensionless temperature (0) at a location is defined as

I
e: ’Il‘ocal_Tm (5)

out in

When Tioca1 > Tout , it indicates the spread of hot air in cleanroom space and thus, 6 >1.
Adversely, as Tioca1 < Tout , it indicates the discharge of most hot air from cleanroom space and
thus, 6 <I. O is used to represent the inverse of local heat removal effectiveness or the
temperature gradient in cleanroom and implicitly provides information on the development of
the plume from heat dissipating process tool as the plume is developed by temperature
difference.

2.4 Study on Energy Saving

The actual cooling demand was calculated by measuring chilled water temperature
difference and chilled water flow rate. The water temperature difference was measured by the
resistance temperature detector (RTD) in the water pipes. The measured data was recorded in
the data log program in the cleanroom control system. The DCC/FDCU water flow rates were
measured by a water flow meter. Calculation works for obtaining energy consumption was
then included the actual Hsinchu City hourly weather data for the year 2003.

III. EXPERIMENTAL RESULTS

3.1 Removal of 0.1 pm Particles

Fig. 7 shows the influence of air changes per hour (ACH) on the averaged normalized
concentration of PSLs (hereafter referred to particles) in the cleanrooms with ventilation
arrangements of the wall-return and FDCU-return type. The averaged normalized
concentrations of particles in the wall-return cleanroom ranged from 0.39 to 0.48 at 72-127
ACH, whereas the concentrations in the FDCU-return cleanroom ranged from 0.17 to 0.33 at
70-139 ACH. It was observed that increasing the ACH helped reduce the average particle
concentrations in both the wall-return and FDCU-return cleanrooms. An increase of about 1.8
times the 72 ACH in the wall-return cleanroom reduced the averaged particle concentrations
by about 19%, while that of about 2 times the 70 ACH in the FDCU-return cleanroom
reduced the average particle concentrations by about 52%. The FDCU-return ventilation
system, therefore, exhibited a greater benefit in reducing the averaged particle concentrations
in the cleanroom by about 31 to 59% over the wall-return ventilation system.
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Fig. 7 : Averaged normalized room concentrations of particles.

3.2 Airflow Characteristics and Temperature Distribution

Fig. 8(a) and (b) show the distribution of velocity vectors and turbulence intensity of
FDCU local exhaust system in XZ plane, respectively, as process tool was operated at 45°C
with hot air dissipated at velocity of 1.2 m/s. In Fig. 8(a), uniform downward airflow is
expelled from FFU towards process tool and dispatched by FDCU local exhaust whilst the hot
air dissipated from process tool is directly discharged by FDCU local exhaust as demonstrated
by the straight airflow beneath it. A significant lugged air vortex is located at X/H = 0.48 and
Z/H = 0.52 in this plane. The colliding of downward FFU airflow and upward airflows
induced by FDCU local exhaust and hot plume may attribute to the vortex formation. Based
on Fig. 8 (b), the maximum turbulence intensity of 0.54 is found occurs in the vicinity of
process tool and approximately twice the average turbulence intensity of 0.28 in this plane. It
is apparently related to the turbulent motion of air flow caused by the expulsion of FDCU.

Fig. 8 (c¢) and (d) show the distribution of velocity vectors and turbulence intensity of
wall-return air system in XZ plane, respectively, as process tool was operated at 45°C with
hot air dissipated at velocity of 1.2 m/s. From Fig. 8 (c), instead of being directly ventilated,
the hot plume is rebounded after colliding with blank panels and discharged by downstream
of FFU toward return air grills. Accordingly, two big flip-flopping flows are formed in the
vicinity of process tool with high turbulence intensity of 0.55. In other words, a vertical jet is
produced due to the vertical velocity component and the Coanda Effect. Entrainment induced
by the vertical jet along the jet direction is very apparent, resulting downward flow pattern
throughout the measuring domain. Based on Fig. 8 (d), by assuming the height of working
zone as Z/H=0.35 — 0.52 above process tool, turbulence intensity of 0.33 is obtained in this
area and found not far varied compared to the turbulence intensity of 0.32 in Fig. 8 (b).
However, by comparing the air motion characteristics introduced, FDCU local exhaust system
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can be an effective air-cleaning strategy for reducing particles and heat generated in the
working zone.
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Fig. 8 : Velocity vector and turbulence intensity of FDCU local exhaust system (Figures 6a
and 6b) and wall-return air system (Figures 6¢ and 6d) in XZ plane at Y/H= 1.125 as
process tool was operated at 45°C with hot air dissipated at velocity of 1.2 m/s.

As for temperature distribution, it is found that the temperature gradient is in agreement
with velocity vector as shown Fig. 8(a). An air curtain is said to be formed between the
FDCU local exhaust and process tool, since the hot air dissipated from process tool is directly
dispatched. Accordingly, huge temperature gradient is formed in the process tool adjacent
areas and those areas far apart from process tool as the 6 values are less than 0.5 and 0.3,
respectively, and thus, this proven that there is no wide spread of hot air to adjacent area.

Similarly, the temperature gradient is in agreement with velocity vector as shown Fig.
8(c). There is no significant difference in temperature gradient is found in the adjacent areas
to process tool and the 0 value is averagely found as 1. This indicates that Tjca and Ty are
almost at same temperature, and the hot air dissipated from process tool has been well-mixed
with the cold air in the cleanroom before it is exhausted. In cleanroom practice, this situation
should be avoided as the mixed air with raised temperature could affect the overall
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temperature controlled environment along the return airflow pathway, since the heat
dissipating process tool may be located far away from return air grills.

3.3 Analyzing Energy Consumption for One Year in Hsinchu City

The actual hourly weather data for the year 2003 was applied input into calculation to
obtain energy consumption for a full year. For each of the hours, the weather condition was
assumed constant, and all the power consumptions were constant. The monthly power
consumption for both FDCU local exhaust system and traditional wall-return system were
illustrated in Fig. 9. The results show that the wall-return system consumed more energy than
FDCU-return system cleanroom. The main difference in energy consumption is accounted for
by the heating load for the wall-return system, which is due to the low leaving air temperature
in summer, and higher leaving air temperature, in winter. This causes unit heating energy
consumption for wall-return system to be 41% higher than FDCU-return system for the full
year. The unit chiller energy consumption for FDCU-return system is higher than Wall-return
system by 7% while unit facilities power consumption for wall-return system is higher than
FDCU-return system by 4.3%.
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Fig. 9 : Unit Energy Consumption in Hsinchu City (2003).

IV. CONCLUSIONS

The experiment results and analyses indicate that
(1) Fine particle (0.1pum in diameter) removal efficiency for FDCU-return system is
greater than wall-return system.
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(2) With the challenge of high heat dissipating process tool, FDCU local exhaust system
provides better air motion characteristics and performance in removing the hot air in
comparison with wall-return air system. Performance of FDCU local exhaust system
is more significant as the challenging process tool was located beneath the FDCU
than that beneath the FFU.

(3) FDCU-return system consumes 4.3% less energy than the wall-return system in
terms of unit flow rate. It is therefore to expect that the degree of saving may
increase with subtropical type of weather if everything else is held unchanged, and
can increase if process load increase.

Therefore advantages of FDCU will become more evident when applied to the conditions of

high process loads and subtropical weather.
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