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Local Flow Speed Measurement
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This paper shows the results of local flow speed measurement using tunable AC thermal
anemometry, which is suitable for the accurate measurement of wide range flow speed. The
measurement accuracy is verified through the comparison between the measurement data and the
analytic solution of the sensor temperature oscillation in stationary fluid. The relation between
the phase lag and the flow speed is experimentally investigated at various conditions, The
measurement sensitivity for low flow speed improves in a low frequency region and that for high
flow speed improves in a high frequency region. Also, the sensitivity increases with decreasing
thermal conductivity of the surrounding fluid. The local flow speed could be measured as low
as 1.5mm/s and the highest measurement resolution was 0.05 mm/s in the range of 4.5~5.0
mm/'s at 1 Hz in this experiment.
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Nomenclature

b . Width of channel [m] h . Heat transfer coefficient [W/m?-K]
(1,C: . Constant of integration 1 . Electric current [A]

¢ . Height of channel [m] Iu . Modified Bessel function of the first kind
¢» . Specific heat [J/kg-K] ‘ of order #

dp . Complex quantity defined as va/2e : : Imag.mary unit, =T

f : Frequency [Hz] K. . Modified Bessel function of the second

kind of order #n

*
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. Thermal conductivity [W/m-K]

" Pressure [N/m?]

! Flow rate [m%/s]

. Heat generation per unit volume [W/m?]
. Electric resistance { Q]
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¥ D Radius [m] ; radial coordinates
T " Temperature [K |

¢ S Time [s]

M . Flow speed [m/s]

Vaw 0 Blectric voltage al (requency of 3w [V]
x,v,2 . Coordinates in Cartesian system
Greek symbols

@ D Thermal diffusivity [m%s] ; temperature
coefficient of resistance [1/K]

7 . Complex temperature which represents
both amplitude and phase lag "K]

1 © Viscesity [N-s/m?]

o © Density [kg/m?]

& . Phase lag [°]

w . Angular frequency [rad/s]

Superscripts

# > Non-dimensional form

Subseripts

0 - Amplitude of oscillation

f . Fluid

S . Sensor

1. Introduction

With the rapid development of micromachining
technology. microfluidic devices are widely used
in various applications, such as in separation and
analysis of chemicals or in drug delivery, in recent
yeurs. The accurate measurcment ol the low speed
flow 1s indispensable m order to control these
microfluidic systems precisely. Although numer-
ous micro {low sensors, which are based on vari-
ous working principles (Czaplewski et al,, 2004 ;
Lrnst et al., 2002 ; Qosterbroek et al., 1999 ; Wu ct
al., 2001 : Wu and Sansen, 2002), have been de-
veloped, an adequate sensor with a simple struc-
ture that can cover a wide [low speed range with
high accuracy is stilt difficult 1o find. To address
this issue we suggested a novel flow measurement
lechnique, ‘tunable AC thermal unemometry’ that
allows simple integration, robust measurement,
and extremely high accuracy in previous research
{Chung ct al., 2004} .

Figure [ shows the working principle of the
tunable AC thermal anemometry, When there is

periodic hieat generation at frequency of 2w inside

vangie
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Fig. I Principle of AC type thermal ancmometry
the cylinder located in a flow field, the tempera-
mre of the cylinder oscillates at the same {fre-
quency of 2@ with a phase lag relative (o the heat
generation. From a first order system analysis, the
amplitude Tsp and the phase lag ¢ ol the eylinder
temperature oscillation are given as (Chung et al.,
2004)

Teo= .,____,3—__-.-}/5-‘}“ — (13
I paCpsran J
pmar (= Py

where #s is the radius of the cylinder, o s the
amplitude of the heat generation per unit volume,
o5 and ¢ps are the density and the specific heat of
the cylinder, and /% is the heat transfer cocfficient.
Since the phasc lag is a sensitive {unction ol the
heat transfer coefticient, which is closcly related
to flow speed, one can measure flow speed by
measuring the phuse lag.

Tunable AC thermal anemometry has several
advantages inherent to its principle over the con-
ventional thermal anemometry. First, since this
technique measures only the phase lag al the
heating frequency. this is not susceptible Lo cnvir-
onmental temperature variations. Sccend. {luid
heating can be minimized, because the heater and
the sensor are identical and the phasc lag is
independent of heating power in prineiple. Third,
thanks to the well-developed modern digital sig-
nal processing technology, the phase lag can be

measured with extreme accuracy, which translates
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into the exceptional flow speed measurcment ac-
curacy. Fowrth, the technigue can measure a wide
range ol flow speed by adjusting the heating fre-
quency. We named this new AC type flow mea-
surcment technique ‘tunable’ AC thermal ane-
mometry, because one can obtain maximum mea-
surement sensitivity by ‘tuning’ the measurement
frequency o flow speed range measured. Lastly,
its simple structure makes it suitable for micro-
fabrication pracess. Therefore, tunable AC ther-
mal ancmometry is appropriate for wide range of
applications and cspecially suitable for the accu-
rate flow speed measurement in microlluidic sys-
tem.

However, one should understand that % in
Eq. (2) is not the usual heat transfer coefficient
delincd a1 a constant temperature or heat flux
condition, We could not lind any data lor the heat
transfer coefficient definned i the steady periadic
statc in the open literatures. The goal of this study
i1s 1o obtain the relation between the phase lag
and the flow speed as cxactly as possible so that
tunable AC thermal anemometry can bc used as
an effective flow speed measurement tool,

This paper is organized as follows. In section 2,
experimental apparatus is designed to measure a
fully developed laminar flow in a channel with
a rectangular cross scetion. In section 3. the am-
pHitude and the phase lag of the sensor tempera-
ture oscillation in the fluid at rest are measured
and compared with the analytic sclution of the
sensor temperature oscillation in order to verify

the measurement accuracy. Tn section 4, a set of

experiments is conducted as the matenial of the
sensor and the {luid and the angle between the
sensor and the flow arc all varied to obtain the
relations between the phase lag and the flow
speed. Finally, performance tests for the AC wype
thermal anemometry are cartied out to find the
lowest measurable {low speed and the highest
resolution in this experimental setup.

2. Experimental Details
The schematic of the experimental setup is

shown in Tig. 2. Two kinds of metal wires were
selecied as a sensor: 4 tungsten wire and a com-
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Fig. 2 Schematic of experimental setup

pound metal wirc of platinum and rhodium
(PtRh), The length of the wires was 1 mm and
diamcter was 5 gm. These wires were inserted
into the channel with a rectangular cross section.
The channel was desighed to form a fully de-
veloped laminar flow and to measure the local
flow speed at various vertical positions of the wire
and also various angles between the wire and the
flow. The width of the channel was 40 mm and
height was 4 mm, A vernier caliper is used for
changing the vertical position of the wire and it
has the maximum resolution up to 0.05 mm. The
direction of the wire could also be simply chang-
ed by rotating the sensor as shown in enlarged
part of Fig. 2. The distance from the inlet of the
channel to the wire 1s 240 mm, which is deter-
mined with consideration to the entrance length
needed for fully developed laminar flow.

A very stable {low was generated by using
pressurized nitrogen gas to push the working {luid
in the reservoir into the test section part. The
pushed fiuid flows into the test section through a
metering valve, which precisely controls the flow
rate of the working fluid. Ethanol and Dl-water
were tested as working {luid. The mass of the
working fluid which was gathered for a fixed time
interval was measured using an electronic scale
after ihe flow was stabitized. The flow rate of the
working fluid was calculated from the mcasured
mass ¢l the fluid, the density of the fluid, and the
time interval for gathering the working fluid.

In order to obtain the local flow speed at a
specific position from the measured (low rate, one
should know the relationship between the local
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flow speed and the flow rate. The local flow speed
of the lully developed laminar flow through a
channel of a rectangular cross section is (Panton,
1996)

1. aP[ La /(=107
v 2= et 0B (T @
_sinh Ay tsinh Ao~y ; )J
sinh Ab Sin An

where g is fluid viscosity, dP/dx is the pres-
sure gradient in the streamwise direction of the
channel, b and ¢ are the width and the hcight of
the channel as shown in Fig. 3(a), and A, is
defined as na/c. The schematic of the coordinate
system is shown in Fig. 3(a}. The flow rate ob-
tained by integrating Eq. (3) over the entirc
cross—section of the channel is

_ 1 dP[_ be® | L& {=Dnr=1)?
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coordinate system {b) Flow speed profile
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The local flow speed at & specific position in the
channel can be obtained from Eqs. (3) and (4)
using the channel dimensions and the measured
flow rate.

The normalized flow speed profiles with the
variation of the normal and spanwise direction is
shown in Fig 3(b}. One can see that the flow
speed profile in a normal direction 15 almost
parabolic. On the other hand, the flow speed
profile along the spanwise direction is almost flat
near the center of the channel.

The phase lag ol the sensor temperature with
respect 1o heat gencration is measured as follows.
When AC current at frequency of @ passes
through the sensor, Joule heating induces heat
generation at frequency of 2w in the sensor. Then,
the temperaturc of the sensor oscillates at fre-
quency of 2a with a phase lag relative o the heat
generation. Because the electric resistance of a
conductor is a function of its lemperature, the

resistance ol the sensor oscillates with the same
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frequency and the phase lag as the sensor’s tem-
perature. Consequently, because of the original
driving current at frequency of @ and the oscilla-
ting resistance of the sensor at frequency of 2w,
an AC vaoltage at frequency of 3w as Eq. (5) is
generated (Chung et al., 2004) .

Vie=2 B To0 iy 3t~z +¢) (5)

where % is the amplitude of the driving current,
5 is the resistance of the sensor at room tem-
perature, ¢ is the lemperature cacfficient of the
sensor and Ty Is the amplitude of the sensor
temperature oscillation in Eqg {?). Hence, one can
measure the phase lag from the 3w voltage signal
from the sensor. It is alse possible to evaluate the
amplitude of the sensor temperature oscillation
from the amplitude of the 3w voltage.

FFigure 4 shows a schiematic of the circuitry for
data acquisition, which consists of 2 L1A {Lock-
[n Amplifier), differential amplifiers, an ammeter,
an additional resistor and a potentiometer. The
circuilry was built with reference (o the 3w
method, which is widely adopied far measuring
the caonductivity of dielectric materials {Cahill,
1990). The phasc lag and the amplitude of the
3w voltage were measured using the LIA, which
also has the built-in AC bias for heating the
sensor. A polentiometer connected in series with
a scnsor was used for the purpose of removing
the unnecessary @ voltage. Differentiai amplifiers

ammeter

lociv%n ampliﬁer

additional
resistor

—

.

SENsor

pulenio-
metel kY

Fig. 4 Circuitry for data acquisition

were used for extracting the voltage signal from
the sensor and the potentiometer. For maintain-
ing the current at constant valuc regardiess of the
temperature change of the sensor, the additional
resister was used. The current was measured by
the ammeter and used for calculating the ampli-
tude of the AC temperature compouent.

3. Characteristics of Sensor
Temperature Oscillation
in Stationary Fluid

Because the radius of the sensor is very small
and the thermal conductivity of the sensor is
much higher than that of the surrounding ftuid,
the temperature of the sensor can be assumed to
be spatially uniform. The temperature of a heated
sensor and surrounding fluid at rest can be ob-
tained from the solution of the following equa-
tions.

; 3 2 .
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where 7' is temperature, ¢ is thermal diffusivity
and the subscript s aud f represent the sensor and
the fluid respectively. Since the heat generation ¢
in the sensor varies in a sinusoidal manner, the
selutions of Egs. (6) and (7) can be separated
into time and spatially dependent part as follows
(Carslaw and Jacger, 1959)

Ty(r, )=, (5) e )
Tolt) =6, ©)

where £ is the complex temperature whose abso-
lute valuc and argument represent the amplitide
and the phase lag of the temperature oscillation
respectively. Equation {6) can be transformed
into the following equation using Eq. (8)

% 7) + 1 aaf @

2a0(7) :af( > {10)

. o ¥ or

and the general sofution of Eq. (10} is
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on=cn( Flram( f) o an
b »

where £y and Kp are modified Bessel lunctions of
the first kind of order 0 and the sccond kind
respectively.  is defined as Eq. (12} and its
absolute value | dp| means the penetration depth
of the thermal wave.

;
dp:"\f z‘i% (12)
In Eq. (11}, ¢ and Cy are the constant of in-
tegration which are determined by the boundary
conditions of the fluid temperature. Ior satisfying
the boundary condition that & () is zero at in-
finity, C; should be zere because Iy approaches
infinity with increasing #. In order to determine
the value of C. it is peccssary to temporarily
introduce &, (7)., which is the complex tempera-
ture of the surrounding fluid at the interface
between the sensor and the fluid. Alse, 1t is
possible to change 0:{ry) into {5 because &, (#)
cquals &y at the surface of the sensor. As a vesult,
0 (v} 1s given in the following expression.
Hf'f?’)'—fﬂsﬁ(?’/dfp) (13}
Ko( Vs/dp)
Mcanwhile, Eq. (7} can be transformed into the
following equation using Ey. {9).
osCrersr 20t = ridot-2h, 2T (14)
3Y  lr=rs
Combining Egs. (13} and (14) gives the follow-
ing equation for the complex temperature ol the

sensor

fo—— — L (I

- )

hy Ealr/dy)

sCp,s¥se i2a+2x ol 7sf
£sCp,s dp Kl\(.?”s/dﬁ)

where K are the modilied Bessel functions of the
second kind of order one.

[Figure 5 shows the calculated phase lag of the
sensor using Eq. (15). Since the thermal mass of
tungsten has a similar value to that of PtRh, there
is little difference in the phasc lag between the
tungsten wirte and PtRh wire in the same sur-
rounding fluid (seec Fig. 5(a)}. lowever, the
thermal conductivity of the surrounding fluid

has a significant intlucnee on the phase tag. In the
denominatoer of Eq. (15), the first term is related
1o the thermal mass ol the sensor and the sccond
term to the thevmal wave propagation into the
surrounding medium. Thermal mass behaves like
inertia and causes the phuase lag. As the thermal
conductivity increases, the inftuence of the ther-
mal mass reduces and the magnitude of phase lag
decreases. Since, the thermal conductivity o DI
water is aboul four times greater than that of
ethanol at room temperature, the phase lag of the
sensor in DI water is smaller than that in ethanel
{sec Fig. 5(b)). One can also see that in both

in
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H 0 160G

treguency [Hz]
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Fig. 5 Phase lag of the wire temperature oscillution
fa) from different sensor in Diowater {h)
from tungsten wire in different surrounding

MTuid



Local Flow Speed Measurement Using Tunable AC Thermal Anemomelry 1455

cases the phase lag becomes larger at higher
frequency region because the effect of the thermal
mass of the sensor becomes larger at higher fre-
quency tegion.

Figure 6 shows the comparison between the
measured 3@ voltage [rom experiments and the
predicted 3w voltage using Eqs. (3) and (13} in
case of & rungsten wire in DI water ; experimental
results matched well with predicted results. In
Fig. 6(a), the amplitude of the 3@ voltage is
proportional to that of the heat generation (sec
Eq. (15}). On the other hand, phase lag is nearly
independent ol the amplitude of the sensor tem-
perature oscillation {sec Fig 6{b}). IU's because
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g‘ 5.0 kn\o‘-r)w & oy R
2 50 ‘A\O\r . s
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“W#“V-RLWV'T]
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0 — —

experimen analysis

phase lag [7

fraguency [Hz}

{b
Fig. 6 Comparison of 3w voltage between cxperi-
ment and analysis {a) amplitude (b} phuse
lag (sensor: tungsten wire. fluid @ DI water}

the amplitude of the heat generation docs not
affect the argument of the sensor’s complex tem-
perature as shown in Eq. (15).

5. Characteristics of Senser
Temperature QOscillation
in Flow Field

in order to find the optimal condition af which
the sensor becomes most sensitive Lo flow speed
change, the following experiments were carried
oul using PtRh wirc as the sensor and ethanol as
the working (luid. The amplitude and the phase
lag of 3w voltage were measured scanning the
heating [requency from | to 100 Hz at cach fixed
flow speed, which was increased from 0.0 to about
50.0 mm/s step by step for each frequency scan.
Experiments were conducted at two  different
amplitudes of temperature {|ws|=3~2"C and
10~4°C at rest) in order to make certain that the
amplitude of temperature does not affect flow
speed measurement. Since the amplitude ol tem-
perature varies with frequency even il heat gener-
ation is constant, the temperature conditions are
given in some ranges. I{ one wants te keep the
amplitude of temperature constant, onc may use
feedback contral and supply power depending on
keating frequency, However, one can check the
influence ol the amplitude of temperature by
comparing the measurcment results with different
amount of heat gencration in the sensor.

Dimensionless parameters are used to present
the measurement results in more general farmat.
The amplitude of 3w voltage is prescnted in
dimensionless lorm defined as

‘l/;;w,ﬂi
bR 6s]
2

Vawa™ = {16)

where Vi, is the amplitude of the measured 3w
voltage and | 8| is the amplitude of the sensor
temperature oscillation in stationary fluid which
can be obtained from Eq. (15). This definition of
dimensioniess 3w voltage was motivated from Eq.
(5). However, the amplitude ol the temperature
oscillation of the sensor in stationary fluid was
used instead of the one in flowing fluid.
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Figures 7{a) and (c) show the amplitudes of
the dimensionless 3@ voltage for two different
amplitudes of tempcrature, respectively, Compar-
ing Figs. 7(a) and (¢}, one can see that the am-
plitudes of the dimensionless 3@ voitage huve
almost the same value at the same frequency and
the same flow speed, independent of the am-
phitude of heat generation. This shows that the
above definition of dimensionless 3w voltage
eflectively isolates only the influence of flow
speed on the amplitude of temperature oscillation.
Figures 7(a) and (¢) also show that the am-
plitude of the dimensionless 3w voltage is a func-
tion ol the flow speed and that the amplitude
decreases with increasing flow speed at a fixed

Flow speed
Norenses

fiow spead immis]

amplitude of nondimensional 3o voltage

[
vl

Aaeey

ne
INGreasas

flow speact [mmis) A

2 00 =47
A —a— 200
GooNhE A B2
B8 078 ¥ 3L
I

amplitude of nondimensional 3w voltage

10 100
frequency [Hz]

{c)

frequency. The amplitude decreases becausc the
amplitude is inversely proportional (o the con-
veetive heat transler coelficient, which increases
with the flow speed {(see Tg. (1)}, This tendency
is very obvious in a low frequency region. but the
amplitudes al different Tow speeds have almost
the same value at a high frequency region. This s
because the effect of the heat (ransfer cocfficient
on the amplitude diminishes with increasing fre-
quency of AC bias (sec Fq. (1))

Figures 7(h) and {d) show the phase lag of the
temperature oscillation for two different ampli-
tudes of temperature respectively. One can sce
that the phase lag of the temperature oscillation

has almost the same value at the same frequency

T Fow spesd
increnses
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rhase lag [°]
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Fig. 7 Measured dimensionless 3@ voltage and phase lag versus frequency for various low speeds : (a) and (b]
for | 0s[=5-27C: (¢} and {d) lor |0|=10~4C at rest. (sensor: PIRh wirc. Tuid @ cthanol)
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and the same flow speed, independent of the
amplitude of hcat generation. Quite obviously,
this is because this technique measures the phase
lag in the frequency domain and the phase lag
itself is independent of the heating amount of the
sensor. At a fixed frequency the phase lag de-
creases (approaches zero from negative side) with
increasing flow speed. This is because the heat
transfer cocfficient increases as the flow speed
increases {sec Eq. (2)). When the flow speed is
measured from the phase lag, the measurement
sensitivity can be defined by the change of the
phase lag with respect to that of the tflow speed.
Figure 7(b) clearly shows that the optimal con-
ditien for the flow speed measurement depends
on the {requency of AC bias and the [low speed
region itscll’: the sensitivity for the low flow speed
improves in a low [requency region and that for
the high flow speed improves in a high frequency
region {see the dotied lings in Fig. 7(b)). There-
fore, one can measure a very wide range of flow
speed by changing the frequency.

Figure 8 shows the difference between the
measurcd phasc lag at each flow speed and that at
rest as a tunction of flow speed in various mea-
surement conditions. There is Title difference in
the mecasured phase lag dilference regardless of
the sensor material in Fig. 8(a), as was expected
from the result of the phase lag measurement in
the fluid at rest {see Fig, 5{a)). However, the
phase lag difference is affected by the thermal
properties of the surrounding fluid. The phase lag
difference measured in ethanol is larger than that
measured in D1 water at the same flow speed and
the same frequency (see Fig. 8(b}). This can be
explained as [ollows. As the thermal conductivity
of the surrounding fluid decreases, the influence
of convective heal transfer becomes more impor-
tant than conductive one. Since the convective
heat transler rate is closely related to the tlow
speed, the sensor becomes more sensitive to flow
speed change of fluid with lower thermal conduc-
tivily. As mentioned earlicr, the thermal conduc-
tivity of cthanol is about one fourth of DI water
at room temperature. Up until now, all the mea-
surements were carried out keeping the angle
between the sensor and the flow 90°, The in-

phase lag difference [* phase lag difference [7]

phase lag difference [°]

Fig. 8

4 1 T 1 T T
PIRh Turgsten
12 ©--01 Hz - ® 0T Hz
iy (4 Hz @ 04 Hz
—G— Mz #1062
1G | —e—25Hz A28 H -
7 ¥ G0Hz -
8
[
4+
2
] = =Rk s
& & 10 15 28 25 36
flow speed [mm/s]
(a)
14 T T T T
21 waler ethanct

P2 g1tz e b2 b
—3— 04z

~=o— 10 Hz
1o | a6 He
—¥— S0 Hz

“«F 40
Bae
T
~
L]

angle [
—@-- g0 {perpendicutar)
gl M- 45 {glan)
e 0 {parallely

»
[T \ 4
/ Angie
INCreasss

4k
2 b
Y vt

a

flow speed [mmy/s]
le}
Results of phase lag measurement {a) using
different sensor (P(Rh and (ungsten wire, flu-
id: DI water) (b) in different surrounding
fluid (fluid: DI water and ethanol, sensor :
PtRh wire} {c) at varicus sensor orientation
{angle: 90°, 45°, 0°, sensor: tungsien wire,
Muid : Dl-water, =1 llz)



1458 Won Seok Chung, Ohmyoung Kwon, Joon Sik Lee, Young Ki Choi and Seungho Park

fluence ot the angle between the sensor and the
low was tested and is presented in Fig. 8(c). One
can see that, at the same flow speed, the phase lag
difference increases with the angle between the
sensor and the fMlow (see Fig. 8(c)). It is because
the normal component of the flow speed to the
sensor increasces with the angle. Also, the varia-
tion of the phase lag difference 15 not linearly
preportional to that ol the angle because the
normal component of the flow speed is propor-
tional to the sine function of the angle.

We performed 4 set of experiments to find the

lowest measurable (low speed and the highest

2.6 T T T T T
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s
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{b)

Fig. % Resuits of flow speed measarement {a) chang-

phase lag difference [7]

ing vertical position of sensor (b) changing
flow rate (sensor: PtRh wire, fluid: D1 wa-
G |=107C at rest, f=1 Hz)

ter,

resolution, and the results are shown in Fig, 9.
The experiments were carricd out at [ Hz of the
AC bias frequency because the measurement sen-
sitivity for the low speed flow improves at low
frequency region. In order to detect the minute
variation of the flow speed, the llow speeds at
various vertical positions of a fully devcloped
laminar {low in the channel were measured at
Only half

of the measured dala are shown because the

intervals of 0.2 mm (see Fig. 9(a}).

parabolic curve formed by the data is symmetric
with respect to the center of the channel. The
highest resolution measured was 0.05 mm/s near
the center of the channel. The data measured at
varipus vertical positions in a [lully developed
laminar flow were compared with the data mea-
sured at the center of the channel with various
flow rates (see Fig. 9(b) ). A flow speed as low as
1.5 mm/s could be measured. The comparisons ol
data from different methods of Mow speed varia-
tion show good consistency, which indirectly
validates (he experimental facilitics and proce-

dures.
6. Summary and Conclusion

In this paper we cxperimentally showed the
relation between the phase lag and the flow speed
to provide the rcterence data for the cffective
applicatien of tunable AC thermal ancmometry
which has several advantages over conventional
thermal ancmometry.

Before measuring the flow speed, the analytic
solution for the sensor temperature oscillation in
stationary {luid was obtained in order 1o verify
the measurement accuracy through ihe compari-
son with the measurement. The phase lag is in-
flugnced by the thermal conductivity of the sur-
rounding fluid. The phase lag in the fluid of
higher thermal conductivity is smaller than that in
the fluid of lower thermal conductivity. Also, the
phase lag becomes larger as the frequency gets
higher because the effect of the thermal mass of
the sensor, which acts as inertia, increases with
the heating frequency. The dala from experiment
showed good agreement with the analytic solu-

tion.
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The relation between the phase lag of the 3w
voltage and the flow speed was experimentally
investigated at various conditions. The phase lag
has almost the same values at the same frequency
and the same flow speed and is independent of the
sensor temperature. This is because this technique
measures the phase lag in the frequency domain.
The measurement sensitivity depends on the flow
speed and the heating frequency of the sensor.
The sensitivity for low flow speed improves in a
Iow frequency region and that for high flow speed
improves in a high frequency region. Hence the
flow speed in a wide range can be precisely
measured by frequency tuning. The measurement
sensitivity is also affected by the thermal proper-
ties of the surrounding fluid and the sensor ori-
entation. The sensitivity increases with decreasing
thermal conductivily of the surrounding fluid be-
cause lower thermal conductivity makes the in-
fluence of the convective heat transfer more im-
portant. The sensitivity decreases with the angle
between the sensor and the flow at the same
frequency and the same flow speed.

Through performance tests using this experi-
mental setup, the local flow speed could be mea-
sured as low as 1.5 mm/s and the highest mea-
surement resolution was 0.05 mm/s in the range
of 4.5~5,0 mm/s at 1 Hz. However, if the experi-
mients are carried out with the extremely precise
flow control at a lower [requency than 1 Hz, the
lower flow speed can be measured with the better
resolution.
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