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A Thermistor Anemometer for
Low-Flow-Rate Measurements

Hiroyuki Fujita, Tadahiko Ohhashi, Masahiro Asakura, Mitsuhiro Yamada, and Kenzo Watanabe, Fellow, IEEE

Abstract—A digital anemometer using a self-heated thermistor
as a probe has been developed for low-flow-rate measurements.
To enhance the probe sensitivity to flow rate while reducing
convection due to self-heating to a minimum, the thermistor
is kept at the lowest possible temperature for exhibiting the
negative resistance. The heat removed from the thermistor is
analyzed and compared with the measured results, to derive
the characteristic function which relates the voltage across the
thermistor to the flow rate and temperature. This function is
transformed from the flow-rate domain to the time domain by
the digital waveform synthesis. The carrier signal thus generated
is pulse-width-modulated by the output of the probe to provide
the digital representation of the flow rate under measurement.
The cross-sensitivity of the probe to the fluid temperature is
compensated by scaling the carrier amplitude. This process of
quantization including linearization and compensation functions
makes a high-accuracy, flow-rate measurement possible with a
simple configuration.

I. INTRODUCTION

IR FLOW measurement is very important for monitoring
Aand controlling living and working environments in a
building. For such purposes, the hot-wire anemometry is best-
suited because it can be used to measure turbulent flow in
open space [1]. The principle of measurement is based on the
resistance change of a hot-wire when exposed to a flow. The
resistance change depends not only on the flow rate but also
on the fluid temperature [2]. To reduce this cross-sensitivity,
a wire is usually kept at the highest allowable temperature
[3]. This causes another problem; the convection due to the
hot wire disturbs the flow field to be measured. This makes it
difficult to measure the low flow rate accurately.

A straightforward way of reducing the disturbance is to
lower the operating temperature of a hot wire. Based on this
idea, the behavior of a hot wire under the lower temperature
operation is first investigated. For the hot wire, a miniature
thermistor self-heated at the constant temperature is used
because it is much cheaper and has much higher sensitivity
than the Wollaston wire [4]. The thermistor anemometer
operating in the constant temperature mode poses two
difficulties to its signal processing. One is the compensation
for the fluid temperature [5], and the other is linearization of
highly nonlinear responses. These difficulties are overcome
by finding out the characteristic function which describes
the voltage across the thermistor as a function of flow rate

Manuscript received May 9, 1994; revised January 19, 1995.

H. Fujita, T. Ohhashi, and M. Asakura are with the Development Labora-
tory, Kurabe Industrial Corp., 4830 Takatsuka, Hamamatsu 432, Japan.

M. Yamada and K. Watanabe are with the Research Institute of Electronics,

Shizuoka University, 3-5-1 Johoku, Hamamatsu 432, Japan.
IEEE Log Number 9411465.

R(Th) THERMAL
PROBE ANALOG-
BRIDGE V(v.Ta)
v LC
TO-DIGITAL | Y ] DISPLAY
ONVERTER
TEMPERATURE ¢
R(Ta) BRIDGE W(Ta)

Fig. 1. A block diagram of the anemometer.
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Fig. 2. The configuration of the sensing probe.

Vee
o

AAA
\AAJ

V (v, Ta)
—0

—= To Self-Heated

Rp [;—' Themistor

Fig. 3. The circuit diagram of the thermal bridge.

and temperature. The configuration and the operation of
the anemometer based on the characteristic function will
be described in the following sections.

II. CONFIGURATION

Fig. 1 shows a block diagram of the anemometer. It consists
of the thermistor probe exposed to a cross flow, the thermal
bridge to detect the flow rate, the temperature bridge to detect
the fluid temperature, the analog-to-digital (A/D) converter to
extract the flow rate from the output voltage of the thermal
bridge, and the liquid crystal display (LCD) to indicate the
flow rate and temperature in three-digit form.

The configuration of the probe is shown in Fig. 2. It is
composed of two matched miniature thermistors welded to
stainless steel stays [6]. The thermistors and stays are arranged
such that they may not introduce any significant turbulence
into the flow field to be measured. The thermistor suspended
by long lead wires is connected to one arm of the Wheatstone
bridge in the thermal bridge shown in Fig. 3 and is self-heated
to 343 K for flow-rate measurements. This is much lower
with respect to a conventional anemometer and is the lowest
possible temperature for the thermistor to exhibit the negative
resistance. The other thermistor detects the fluid temperature.
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Fig. 4. The voltage across the self-heated thermistor as a function of the
flow rate v with the fluid temperature T, as a parameter.

The voltage V (v, T,) across the self-heated thermistor was
measured as a function of flow rate v and temperature 7,. The
results are plotted in Fig. 4. Replotting data as a function of T,
with v being a parameter, one notices that V (v, T,) decreases
linearly with the fluid temperature T, for a given flow rate.
Therefore, V(v,T,) can be expressed as

Vv, T,) =V(v,T,) f(T,)
={V(0,T;) + AV (v, T;)}f(To)
=V(0,T-){1 + h(v,T)} f(Ta) (1

where V(0,7;) and AV (v, T,) denote the offset and unbal-
ance components, respectively, at some reference temperature
T,, and h(v,T,) is the characteristic function defined by
AV (v,T,)/V(0,T,). The temperature dependence f(7g) is
given by

F(T,) = 1 - 0.012(T, — 298). )

This linear function fits the measured temperature dependence
quite well; the correlation coefficient between them is larger
than 0.99996, and the variance is smaller than 0.003 in
the measured flow-rate range. A kernel of the characteristic
function can be derived as follows: The heat dissipated by the
thermistor per unit time is given by

& = C(v)(Ty — Ta)
=C,o(1 + kv*/?) (T — To) A3)

where C(v) = C,(1 + kv'/?) is the thermal radiation coef-
ficient at the flow rate v, T} is the thermistor temperature,
and k is a constant which depends on the heat conductance,
the density, the specific heat of the fluid, and the dimensions
of the thermistor. In thermal equilibrium, the heat loss of the
thermistor is equal to the heating power, viz.,

V2(v,T,)

— 1/2 _
R(Th) = Co(l + kv )(Th Ta) (4)
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Fig. 5. The block diagram of the A/D converter.

where R(T}) is the thermistor resistance kept constant by the
thermal bridge. Substituting (1) into (4) and noting that

V2(0,T.) ,o _
R f(To) = Co(Th — To) 5
we get
1+ h(v,T.) = (1 + kv'/2)V2, (6)

This indicates that a kernel of the characteristic function is
vY/2 for kvl/? « 1, or v!/4 for kv'/2 > 1. The former is
amenable to the convection due to the self-heated thermistor.
Thus the latter is adopted for further analysis.

The approximation using the kernel v1/4degrades in the
low-flow-rate region because of the convection and the de-
viation from v/2. To compensate for these errors, a function
which is sensitive to small v is introduced:

H(v) = exp (ﬁ“”).

v+«
The constants «, 3, and v were determined such that the cost
function ¥(a, §,7y) defined by

)

. 2
variance o

\IJ My = . . = — 8

(2, 8,7) (correlation coefficient)?  p? ®

would be minimum. From this evaluation, o = 0.32,8 =

0.824, and v = 0.096 are obtained. Solid lines in Fig. 4 show
V (v, T,) calculated using the characteristic function

0.824v + 0.096)

9
v+ 0.32 ©)

h(v,T,) = v'/4 exp (
and f(T,) given by (2). They agree quite well with the
measured voltages. The standard deviation is smaller than
0.008, and the correlation coefficient is 0.996.

Fig. 5 shows the block diagram of the A/D converter. The
ROM stores a priori the characteristic function 1+ h(v,T7) in
table form with the flow rate v being the address. Accessed
sequentially by the incremental address counter, it sends the
table data to the multiplying digital-to-analog (D/A) converter.
The reference voltage of the D/A converter is the output volt-
age of the temperature bridge. Consisting of the Wheatstone
bridge with one arm connected to the cold thermistor in Fig. 2
followed by the differential amplifier, the temperature bridge
produces the output voltage V(T,) = V(0,T;) f(T,) which is
consistent with the temperature-dependent offset component
in (1). The D/A converter thus produces the carrier signal v(t)
given by

’U(t) = V(O’TT){]' + h(D,Tr)}f(Tll) (10)
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Fig. 6. Errors between readings of the prototype anemometer and
manometer.

where D is the table address. The comparator compares v(t)
with the output voltage V(v,T,) of the thermal bridge and
latches the address D when both the signals coincide. The
address D is then the digital representation of the flow rate
under measurement, which is displayed on the LCD via the
parallel interface.

The extraction of v from V (v, T,) is possible also with the
ratiometric A/D conversion and the table look-up. Compared
to the present method based on the direct digital waveform
synthesis and the PWM, this alternative requires high-cost,
high-precision components and the larger table because the
characteristic function is nonlinear.

III. PROTOTYPE ANEMOMETER

The anemometer in Fig. 1 was built using off-the-shelf com-
ponents, excepting the probe. For easy assembly, all the digital
functions required for the A/D conversion were implemented
by a four-bit, one-chip microcomputer. It contains 256 x
four-bit RAM and 4 K x 8-bit ROM.

The resolution specified in the flow-rate range from 0 to
2 m/s is 0.01 m/s. Thus, eight bits are enough for the table
address. To meet the specified resolution, the characteristic
function to be stored into the ROM should be two bits finer
than the address because it approaches v'/* in the upper
bound. For better accuracy, it was quantized into 12-bit words.
Since one word occupies two bytes, 400 bytes of the ROM
were allotted to the table. The table content is sent to the 12-
bit multiplying D/A converter via three 4-bit ports. The time
required to scan the table is 150 ms. Another 50 ms is required
for the one-chip microcomputer to process and display the flow
rate. The sampling rate is thus five samples per second (sps).

To evaluate its performance, the prototype anemometer was
applied to flow-rate measurements in a wind tunnel. The flow
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rate displayed on the LCD was compared with that measured
by a commercial manometer. As plotted in Fig. 6, relative
errors between them are within 1% full scale (FS). Errors due
to the fluid temperature are also within the specified resolution.
These results confirm that the signal-processing techniques
based on the characteristic function are valid for low-flow-rate
measurements.

IV. CONCLUSIONS

A digital anemometer was described which used a thermis-
tor operating in the constant temperature mode. It allows flow-
rate measurements with a resolution of 0.01 m/s. Essential
to this high resolution is the derivation of the characteristic
function which describes the convection-dependent behavior
of the self-heated thermistor. Another key technology which
enables the low-cost implementation is the PWM based on the
digital waveform synthesis. The high performance realized by
these techniques makes the present anemometer attractive for
environment monitoring and air flow control of fans and air
conditioners. To exploit its performance in wider flow-rate and
temperature range is a future work.
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