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Abstract
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In the present paper, a compact low-noise constant-temperature hot-wire anemometer (CTA)
was developed to improve the signal-to-noise (S/N) ratio in hot-wire measurements. The CTA
circuit was small enough to be attached to the support stem directly, which minimized the
reactance of the sensor cable, maximized the electromagnetic shielding effect and simplified the
circuit’s transfer function. White noise as well as a square wave were used to examine the
dynamic responses of the CTA in detail. Three parameters in the transfer function were
successfully determined by the square-wave test. The transfer function with experimentally
determined parameters was found to describe the CTA responses quite well over the wide
frequency range, from 1 Hz to 250 kHz. It was demonstrated for residual free-stream turbulence
in a wind tunnel that the established transfer function allowed the separation of electric noise
from the measured data, improving the S/N ratio in the power spectrum of the velocity

fluctuations.

Keywords: constant temperature hot-wire anemometer, transfer function, compact low-noise

CTA, improving signal-to-noise ratio

(Some figures may appear in colour only in the online journal)

1. Introduction

Hot-wire anemometry (HWA) [1, 2] is one of the popular tech-
niques for measuring time-dependent fluid flows. The most
notable advantage of HWA is the capability of accurately
measuring velocity fluctuations over a wide frequency range,
even if the fluctuations are extremely weak (for instance,
of the order of only 0.01% of the mean velocity), com-
pared to other velocimetries such as particle image veloci-
metry (PIV) and laser Doppler velocimetry (LDV); thus, HWA
still holds a predominant position in fluid dynamics exper-
iments, especially on flow instability and transition to tur-
bulence [3—-6] and wall turbulence structures [7—10]. This
paper focuses on the constant-temperature hot-wire anemo-
meter (CTA), because the CTA system has an advantage in
that it is free from burnout damage to the hot-wire sensor, irre-
spective of the magnitude of the fluid velocity, compared to the
constant-current anemometer. It is well known that regarding
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the signal-to-noise (S/N) ratio, there is no appreciable dif-
ference between the constant-current mode and the constant-
temperature mode of HWA under identical environmental
conditions [11].

Recently, many researchers have studied how the spa-
tial/temporal resolution of hot-wire sensors affects the meas-
urements of velocity fluctuations in turbulent flows. The
resolution problem of HWA is, needless to say, one of the most
important issues in experiments on wall turbulence [12-14]
and on grid turbulence [15] at high Reynolds numbers. How-
ever, the achievement of a higher S/N ratio over a wide fre-
quency range is also essential to capture flow properties accur-
ately. This becomes rather critical in the measurement of tur-
bulence dissipation at high Reynolds numbers. To this end, the
inherent electric noise of HWA has to be reduced as much as
possible. There are three possible noise sources in the CTA
system. The first is electric noise coming from the power line.
The second is inherent feedback noise of the servo amplifier,
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Figure 1. The newly designed CTA system. The CTA circuit board is installed in a metallic box.

which plays a major role in the CTA. The last is the so-called
spiky noise electromagnetically induced on the cable connect-
ing a hot-wire sensor and the CTA bridge, which may be
ascribed to the power lines or other electric/electronic devices.
The first noise can be reduced significantly if the system runs
on batteries. As for the second, the best solution is to employ
the lowest-noise operational amplifier available. Electromag-
netic shielding of the sensor cable with conductive media is
known to be effective for reducing the third noise.

In addition, it is desirable to shorten the sensor cable as
much as possible, demonstrating another advantage of the
dynamic response of the CTA bridge to velocity fluctuations.
When the reactance (capacitance and/or inductance) of the
sensor cable connecting the hot-wire and the servo amplifier
in the CTA bridge is not small, the transfer function of the
system’s response to velocity fluctuations generally consti-
tutes a fifth-order equation [16]. If the cable reactance was
reduced to a negligible level, the behavior of the CTA sys-
tem would follow a third-order [17, 18] or a second-order
equation [19], depending on the servo-amplifier configuration
used. When a single-stage amplifier with a first-order fre-
quency response is used, the three parameters in the second-
order transfer function could be determined experimentally
by introducing external electric signals, such as sinusoidal or
square waves and white noise. We could therefore expand the
dynamic response range of the CTA system using the transfer
function. Furthermore, it would be possible to eliminate the
inherent electric noise attributed to the feedback system of the
CTA bridge.

In the present study, we aim to improve the S/N ratio in
CTA measurements, developing a tiny CTA system with a suf-
ficiently short sensor cable. The CTA circuit board installed in
a metallic box was attached at the end of the hot-wire support
stem directly; thus, the whole system could be immersed in
the flow. The dynamic responses of the developed CTA were
investigated in detail and compared with the theoretical trans-
fer function. Low-noise performance of the newly developed
CTA and its improvement using the established transfer func-
tion are presented.

2. Experimental setup

2.1. CTA and data acquisition system

A single hot-wire sensor was made of tungsten, with a dia-
meter (d) of 5 um and length (/) of 1 mm; thus //d was 200.

With the exception of the sensing portion, the wire was copper-
plated with a thickness of about 60 um, and soldered on the
two prong tips 3 mm apart. Figure 1 shows a photograph of the
newly designed CTA system. A small CTA circuit board, con-
sisting of a prevalent CTA bridge [19, 20], was installed in a
metallic box with a cross-section of 14 x 14 mm? and length of
120 mm. Thus, the length of the sensor cable passing through
the support stem was only 450 mm, and the reactance was neg-
ligibly small, as shown later.

The CTA box had a pin connector for an output signal, a DC
power supply from lead acid batteries and an external signal
input. In the electric test, a square-wave signal with a 1 kHz
frequency from a function generator (NF Corp. WF1974),
or a white-noise signal generated digitally using MATLAB
and converted by a 16-bit digital-to-analog converter (NI
USB6259) at a sampling rate of 1 MHz, was introduced into
the CTA bridge. The CTA system, mounted on the traversing
mechanism, was set horizontally in the middle of the wind-
tunnel test section.

The CTA output, via a fourth-order anti-aliasing filter with
a roll-off frequency of 215 kHz, was acquired through an A/D
converter with a resolution of 24 bits at a sampling rate of
500 kHz (Analog Devices DC2390A).

2.2. Wind tunnel

The CTA system was tested in an open-jet type low-speed
wind tunnel with a cross section of 600 x 300 mm?. The free-
stream velocity U, which was measured using a pitot tube,
was varied continuously over arange of 1-35 ms~!. The resid-
ual turbulence level over the frequency range of 1 Hz to 2 kHz
was less than 0.1% of U, at Uso =20 m s~ !. The CTA bridge
output was digitally linearized using fourth-order polynomials
in a PC.

3. Theory for CTA frequency response

3.1. Static characteristics of the CTA bridge

Figure 2 shows a schematic of the CTA bridge. The basic cir-
cuit consists of a Wheatstone bridge and a servo amplifier of
gain A with a zero-adjustment trimpot. An input terminal for
the external signal e, at the upper arm of the hot-wire sensor is
equipped to investigate the dynamic-response characteristics
of the CTA system.
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Figure 2. The simplified CTA bridge circuit with a damping
trimmer and an external-signal terminal.

When the hot-wire of resistance, Ry, heated by current, /,
in the flow of velocity, U, is in the thermal equilibrium state,
the following equation holds:

_ RaRc

Ry = + ARy =Ry + ARy (D

B

(Ra+Rw)(Rg+Rc) AE
ARy = — 1+A 2
w AR, + E, 2
_E,  AE+AE) )
" Ri+Ryw  Ri+Rwy

where ARy is called the imbalance resistance that can be
tuned by AFE using a zero-adjustment trimmer of the ampli-
fier. Equations (1)—(3) imply that the hot-wire balances with
a bias of ARy shifted from the resistance in the ideal equi-
librium state Ry. The imbalance resistance is very small in
the present configuration (A > 1 and A(AE/E,) ~ O(1)). The
adjustment of AF is carried out to optimize the frequency
response of the CTA circuit to the velocity fluctuations, espe-
cially around a resonance (roll-off) frequency of the circuit, as
will be explained later in sections 3.2 and 3.3.

In the present study, the resistance values in the bridge were
R4 =20 Q, Rg =200 2, and R¢c = 56 (2, giving the bridge
ratio of 10 and the overheat ratio of 0.55 for the hot-wire sensor
mentioned in section 2.1. A very low-noise operation amplifier
(Analog Devices LT6201) was employed as a servo amplifier.

3.2. Dynamic response of the CTA bridge

Dynamic response to a sinusoidal perturbation (o exp( jwt)) in
the velocity fluctuation u and/or external electric signal e, has
been analyzed in several studies (e.g. Wood [16], Freymuth
[17, 18], Weidman and Browand [19] and Itsweire and Hel-
land [20]; also see review books by Perry [1] and Bruun [2]).
In the present study, a single-stage amplifier with a first-order
frequency response

Aei

e (j=v-1) 4)

€, =

is employed, where ¢; and ¢, (= (1~€W+RA)1') are variations
in the input and output voltage, respectively, and w and ,
respectively, are the angular frequency and time constant of
the servo amplifier. Here, e; includes electric noise e; and a
contribution from the imbalance voltage ARy i:

€i:Irw+ARwl'+€t (5)

where ry and i are the variations in resistance of the hot-wire
sensor and heating current, respectively.

The heat balance equation of a hot wire under constant fluid
temperature 7, yield the following equation:

OR OR
rw(1+ jwM) = (81W> i+ (az;v) u ©6)
U 1

Here, the time constant of the hot wire M is given by

. CWaW
 aR,P

@)

where Cy, aw, R, and « are the sensor heat capacity, the
overheat ratio of the hot wire, the resistance of the hot-wire
sensor at T, and the temperature coefficient of resistance for
the sensor material, respectively. From these equations, the
transfer function for the output voltage of the hot wire e,(7)
in the constant-temperature mode can be derived as

K(OE,/0U)g, u—A(1+ jwM)e,

eo(t) = K+K65 (14 juM)+ (1+ jwM) (1 + jup)
_ K(OE,/0U)g, u—A(1+ juM)e; ®)

(K+KS-+ 1) [142€ (/o) + (jofr)?

with
> K+Ko+1
2= K8 ©)
o = L KO+ /M (10)
oy

Here, the constants § = (ARw/I)/(ORw/OI)y and K =
AI(ORw/OI)y/(Rw+Rs) are the DC imbalance para-
meter and DC feedback-loop rate, respectively, and the
tilde denotes the values in the ideal (non-bias) equi-
librium state. Here, (JE,/OU)g,, which is equal to
—(Rw+Ra)(ORw/0U);/(ORw/dI)y in the constant-
temperature mode, denotes the velocity sensitivity of the CTA.
If no external signal is supplied, that is, e, = 0, it turns out that
equation (8) is a low-pass filter (with two poles) to the velo-
city fluctuation u; in other words, the parameters ¢ and w,
correspond to the damping coefficient and resonance/roll-off
frequency of the circuit’s response to the velocity fluctuation,
respectively. Equation (8) includes three unknown paramet-
ers, w,, ¢, and M, which depend on both the flow velocity and
configuration of the hot-wire sensor. These parameters are
determined by investigating the response of the CTA bridge
to the square-wave signal in the next section.
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3.3. Response of the CTA bridge to square-wave input

When the square-wave current (as the input signal e;) is injec-
ted into the CTA bridge, the servo amplifier begins to return
the bridge to balance. In this case, assuming that the velocity
fluctuation u is negligibly small compared to the input signal
¢;, such as in low free-stream turbulence environments, the
transfer function is approximately derived by performing the
Laplace transformation of the perturbation equation with the
Heaviside step function (unit step input), that is, e, = 0 V for
t<0sande =1V fort>0s. The Laplace transform of the
output voltage &,(s) is written as

1+ sM 1
{(1+su)(1+sM)+K5(1+sM)+K} s

1 s+1/M
s (82 2Cws +w?)

e,(s)=—

11

and the inverse Laplace transform of equation (11) gives the
response to the step function as follows:

72 ; 1/ 1—=¢?
e(t) = ——— 1+e 7 [ —cos S
M T, V1=
1-¢ M 1
X sin S

T, T, /1-C T,

sint" 1_<2>]
12)

where T, = 1 /w,.

The coefficient M/T, of the last term on the right-hand side
in equation (12), which is due to the feedback effect of the
servo amplifier, takes a value of 45-50 in the present experi-
ment, much larger than the other three terms. Therefore, gener-
ally in past research only this term has been used to check and
adjust the CTA responses [2]. In the present study, all the terms
in equation (12) were considered, and all parameters depend-
ing on the flow velocity U (i.e. {, w, and M) were determ-
ined by a curve-fitting method. Here, it should be noted that
the damping coefficient ¢ should be positive in the constant-
temperature mode because the output voltage of the CTA cir-
cuit diverges in time to the velocity fluctuation u for (<0, as
seen from equation (12). The value of ¢ can be adjusted by tun-
ing AE, using the zero-adjustment trimpot of the servo amp-
lifier (see equations (2) and (10)).

4. Results and comparison with theory

4.1 Bridge response to square-wave input

Before investigating the bridge responses in detail, the damp-
ing of the system to the square-wave input was set by tuning
the zero adjustment of the servo amplifier in the bridge cir-
cuit (see figure 2), at a constant velocity of U = 20 m s~
The adjustments were made manually such that the response
waveform to the square-wave input became the optimum shape
[2] (neither overdamped nor underdamped) on the oscillo-
scope screen; that is, the damping coefficient (~ 0.7. Then,

o Y— T : —
L1 A
0.8 J Q\ 2
I\
g 0.6 | \\\\
D R
< 04 \RY 3
| \.-\\\
02 b \_.\:\‘m - i

0

_042 | | | | |
0 0.02 0.04

f (ms)

0.06 0.08

Figure 3. Transient responses to the square-wave input, compared
with the theoretical curve (solid lines) for different flow

velocities: o, U = 4111571; o, U=12m sfl; >, U= 20ms .
The damping parameter { = 0.75 at U =20 m s~ ..

the transient waveform of the CTA bridge was acquired and
compared to the theoretical response given by equation (12).

Figure 3 compares the response waveforms obtained at
U =4, 12 and 20 m s~! to the theoretical curves given by
equation (12) with the best-fitted parameters. Here, each out-
put signal was normalized to a peak value of its waveform.
The comparison shows that the theoretical model reproduced
the actual response of the CTA well. Here, the damping para-
meter was determined to be { = 0.75 at U = 20 m s~ . The
agreement suggested that reactance of the present 450 mm
long sensor cable did not affect the dynamic response of the
CTA system over the frequency range up to 250 kHz. Note
that the thermal time constant M of the sensor, as well as
the resonant frequency of the CTA w,, are essential to rep-
resent the response for #/7, > 1. Similar square-wave tests
were repeated at other velocities. Three parameters obtained
from these tests are plotted in figure 4. All the parameters are
dependent on the velocity U. That is, ¢ and M decreased with
increasing U, which indicates that the CTA system became
underdamped as U increased, while w, increased with increas-
ing U, in accordance with equation (9).

4.2. Bridge response to white-noise input

To confirm the validity of the three parameters determined by
the present curve-fitting method, we supplied a white-noise
signal to the bridge, instead of the square wave, to examine the
response of the CTA system over a wide frequency range at U
=20ms~!. Figure 5 illustrates the power spectrum of the CTA
output, where the damping coefficient ¢ was 0.75, the same as
in figure 3. Spectral components in the frequency range lower
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Figure 4. Velocity dependence of three parameters (a) M, (b) w,,
(¢) ¢. The damping parameter ( is setat U = 20 m s~ ..

than 300 Hz corresponded to the residual turbulence of the
wind tunnel, while a large bump in the frequency range bey-
ond 300 Hz was due to the injection of white noise. The green
curve represents the square of the magnitude of the output
voltage given by equation (8) with u = 0, where the three para-
meters were as in figure 4; the amplitude factor was determ-
ined in such a way that the bump peak matched the measure-
ment. Taking the effect of the anti-aliasing filter into account,
we concluded that the experimental result was perfectly con-
sistent with the theoretical models (red curve), which also
revealed that the inherent response characteristics of the CTA
system were well represented by equation (8). Here, it should
be emphasized that the white-noise input yielded the ratio of
the peak value of the bump to the magnitude of the spectral
components lower than 300 Hz. Let us focus on the red curve
in figure 5. The ratio of the peak value of the bump to the mag-
nitude of fluctuations lower than 100 Hz was approximately
103 in terms of the power. On the other hand, equation (8) gives
the ratio of the peak value at the resonant frequency to the flat
level in the lower frequency range as M/(+/2T,) when { = 0.7.
Taking the magnitude of the power spectrum in figure 5 into
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Figure 5. The power spectrum of the CTA bridge output forced by
white noise for { = 0.75 and U = 20 m s~ '. The power is displayed
in terms of the streamwise velocity fluctuation normalized with the
free-stream velocity U. Black line, actual response; o, equation (8)
with e; = 1 (1 =0); >, equation (8) with an anti-aliasing filter.

1 10

1012

account, this leads to a value of (M/(v/2T,))? = 10°, giving
M/T, =45, which coincides with that obtained from figure 4.
This means that the thermal time constant of the hot wire is vir-
tually reduced to 1/45 due to the feedback effect in the CTA,
expanding the available frequency range.

The frequency responses of the CTA bridge with two dif-
ferent damping coefficients { = 0.96 and 0.61 at U =20 m s !
were examined in a similar way, and the results are presented
in figure 6, again confirming the validity of the curve-fitting
method and equation (8). The consistency between the exper-
iment and the theoretical model no doubt results from the fact
that the reactance of the sensor cable was negligibly small, at
least to the frequency of 250 kHz in the present CTA system.

In general, the resonant frequency w, serves as a kind of
yardstick for the upper limit frequency of the CTA bridge,
which corresponds to the roll-off frequency of the low-pass
filter (with two poles), as already mentioned. However, since
the theoretical model with three parameters determined from
the square-wave test was found to describe the frequency
response of the CTA accurately, we may now remove elec-
trical effects ideally in the frequency range over which equa-
tion (8) is applicable. That is, both the phase and amplitude of
the CTA bridge output can be compensated up to 250 kHz in
the present system, using the denominator of equation (8) in
the complex domain. It is worth pointing out that as long as the
magnitude of the ?cins?external white-noise signal to the CTA
bridge was kept constant, the magnitudes of the spectral com-
ponents in the lower frequency range (f < 100 Hz) were inde-
pendent of the damping coefficient {, while the magnitude of
the bump’s peak (f = 20-30 kHz) depended on , as shown in
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broken line.

figures 5 and 6. This feature is useful for evaluating the inher-
ent electric noise in the feedback loop of the CTA bridge as
well, as we explain in the next section.

4.3. Electric noise evaluation of the CTA bridge

Once the ratio of the peak value at the bump to the flat level
in the lower frequency range is given by the curve-fitting or
white-noise injection method, it is possible to estimate and
then eliminate the inherent electric noise from the spectral
components acquired. The black curve in figure 7 depicts the

60

Noise (nV)/(Hz)"’
4
=

2
=
|
|

0 conl vl o IIIMMW| |n”_:.,k:"| .;]'.,.";',.

1 10 100 1000 10000 10° 10

Figure 8. Spectrum density of the servo-amplifier input noise. The
open circles are from the datasheet [21]. The solid line is the fitting
curve of the ninth-order polynomial.

power spectrum of the CTA output at U = 20 m s~ ! in prac-

tical use when e; = 0. Frequency components lower than 1 kHz
are due to residual turbulence in the free-stream mentioned
before, while a bump peaking at 25-30 kHz is ascribed mainly
to inherent electric noise of the CTA servo amplifier. Thus, the
noise in the servo amplifier is found to behave like the white-
noise injection into the bridge.

Assuming that this bump is due to the servo-amplifier noise,
independent of velocity fluctuations, the electric noise below
f~ 1 kHz hidden in the residual turbulence can be estimated
and thus eliminated easily. The green curve in figure 7 is rep-
resentative of the CTA noise characteristic estimated by equa-
tion (8), with the input noise e, given by the datasheet of the
present servo amplifier shown in figure 8. The red dashed curve
shows the power spectrum of actual residual turbulence when
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the servo-amplifier noise was thus eliminated, indicating that
the overlap region (at around 1 kHz) between the electric noise
and the residual turbulence can extend up to 3—4 kHz. In addi-
tion, the dynamic range of the CTA bridge was expanded by
one order of magnitude.

We should also point out that spiky noise components
appearing in the frequency range above 1 kHz were extremely
weak, indicating that the electromagnetic shielding in the
present small CTA system worked well, as expected. Con-
sequently, the electric noise levels of the free-stream velocity
of 20 m s~ ! in the frequency range of 1 Hz to 1 kHz and 1 Hz
to 250 kHz were 0.0025% and 0.07%, respectively.

Finally, to confirm that the present CTA system is
robust to ambient electromagnetic noise, the power spectra
of free-stream turbulence were compared with a commer-
cially available low-noise CTA (Dantec Streamline Pro) at
U=8ms 'in figure 9. Here, residual turbulence in the wind
tunnel was negligibly small for f > 1 kHz. The comparison
shows that the power spectrum obtained with the present CTA
did not include any line spectra corresponding to electric
noise components, while they appeared for f > 200 Hz in the
measurement by the conventional CTA. Thus, the shielding to
electromagnetic noise worked quite well in the present com-
pact CTA system, as expected. On the other hand, broadband
noise for f > 1 kHz was slightly larger than the conventional
CTA. However, such broadband noise, depending on the char-
acteristics of the servo amplifier used, can be removed in the
present CTA using the established transfer function equation
(8). The corrected spectrum is also plotted in the figure for
comparison, showing that the magnitude of broadband noise
(above 1 kHz) was reduced to that for the Dantec CTA.

5. Conclusions

To improve the S/N ratio in CTA measurements, a compact
low-noise CTA system was newly developed and its perform-
ance was investigated in detail. Special attention was paid to
shortening the sensor-cable, which minimized cable reactance,
maximized the electromagnetic shielding effect and simplified
the transfer function. White noise and a square wave were used
to examine the dynamic responses of the CTA. The results
showed that the response waveform to the square-wave input
was well reproduced by the theoretical response model to the
step-function input. Three parameters in the transfer function,
the damping coefficient C, the resonance frequency w, of the
circuit and the thermal time constant M of the hot-wire sensor,
were successfully determined by the curve-fitting method,
and their variations in response to the flow velocity U were
presented.

The results for the responses to a white-noise input demon-
strated clearly that the transfer function with experimentally
determined parameters described the CTA responses quite
well over a wide frequency range; that is, between 1 Hz to
250 kHz in the present experiment. When the electric noise
was assumed to be independent of velocity fluctuations, the
transfer function allowed us to remove electric noise compon-
ents from the acquired data, compensating the spectra of velo-
city fluctuations, beyond the resonant frequency of the CTA.
By applying the established transfer function to the actual
measurement, both the S/N ratio and the frequency range of
the measurement could be improved significantly.
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