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Abstract

Miniaturized flowsensors based on thin film germanium thermistors were developed offering high flow sensitivities and
short response times. The thermistors are placed on a silicon nitride diaphragm carried by a silicon frame. Using the

3controlled overtemperature scheme the measurable airflow rate ranges from 0.6 to 150 000 cm /h. In this paper we mainly
report on the dynamic properties of the sensor. The responseof the sensor to step changes of the heater power will be
compared with its response to shock waves for both the constant power mode and the constant overtemperature operating
mode. A simple arrangement for the generation of acoustic shock waves will be presented.
© 2002 Elsevier Science Ltd. All rights reserved.
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1 . Introduction the engine’s fuel consumption and the pollution of
the environment. For the development of such en-

There is a growing demand of micro-flow sensors gines a wide velocity measuring range and high
for industrial, automotive, domestic and medical resolution monitoring of the time course of the air
applications. The measuring principle can be based velocity is desirable.
on thermistors, thermopiles, pyroelectric elements, The electrocalorimetric flow sensor presented here
pn-junctions, resonating microbridges, Prandtl tubes is based on a heat transfer principle in which a
and several other effects [1–10].Micromachining is heated body is cooled by a passing flow and the local
adopted to achieve high sensitivity, quick response rate ofcooling depends on the flow velocity [11].
and low power consumption. The sensor is based on the so-called ‘hot film’ flow

One important application of flow sensors is the measurementmethod. A very thin silicon nitride
measuring of the instantaneous air intake of combus- diaphragm supported by a micromachined silicon
tion engines. Knowledge of this combustion process frame ismounted flush with the wall of a flow
parameter is essential if one tries to minimize both channelas shown in Fig. 1. A thin film heating

resistor is embedded in the diaphragm to obtain a
*Corresponding author. symmetric surface temperature distribution. Two
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2 . Sensor construction and technology

A (100) silicon wafer has been used for the
fabrication of the sensor. The chip size is 24 mm
and the thickness is 0.3 mm. Two thin film thermis-
tors are placed symmetrically to a central heater on
an 800-nm thick silicon nitride diaphragm (Fig. 2).
Additional thermistors are arranged at the rim of the
silicon chip. These so-called substrate thermistors are
used to measure the fluid temperature, which is close
to the substrate temperature.

All thermistors are fabricated by evaporation of
amorphous germanium onto comb-shaped electrodes
(Fig. 3).

Fig. 1. Schematic cross-section of a typical hot film flow sensor
One major advantage of this type of high tem-and temperature distributions along the diaphragm. H, heater;

perature-resolution thermistors is that reliable flowDT1, DT2, diaphragm temperature sensors.
sensing operation is possible with only a small
temperature difference between the heater and the
fluid. The presented sensor operates with heater

diaphragm thermistors measure the temperature in a overtemperatures less than 25 K. Full resolution is
position upstream and downstream of the heater. already obtained with a heater overtemperature of 10

A tangential flow disturbs the thermal symmetry. K. However,the increase of the fluid temperature
Heat is carried from the heated diaphragm when the caused by the heater is much smaller than these
initially cold fluid passes over the heated surface. overtemperatures. So the sensor is especially applic-
Since the fluid temperature increases in the direction able in such cases where the heater must not cause a
of flow the cooling effect is reduced in the down- significant increase of the fluid temperature. The
stream area. In this area the fluid temperature may maximum electrical power rating of the heater is 40
become even higher than the surface temperature mW if the fluid is air. However, the typical operating
resulting in a local heating of the diaphragm. Thus a
temperature difference between the cooled upstream
area and the less cooled (or heated) downstream area
occurs. This temperature difference can be converted
into an output voltage, which is used as a measure
for the fluid velocity or mass flow. The flow range
and sensitivity is strongly influenced by the distance
between the heater and the temperature sensors
[2,12]. With asymmetric arrangements the shape of
the output characteristic (temperature difference
versus flow rate) can be significantly changed
[10,13].

We have developed a symmetric micromachined
semiconductor flow sensor capable of measuring bi-
directional flow. Extensive characterization of the
sensor was done exhibiting excellent flow sensitivity
and an extremely wide measuring range. Further-
more, a thorough investigation of the dynamic Fig. 2. Schematic cross-section of the sensor. The size of the
behaviour of the sensor was carried out. diaphragm is 0.5 1.1 mm.
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Both silicon nitride layers form the diaphragm of the
micromachined sensor. Silicon nitride exhibits a low
thermal conductivity resulting in high flow sensitivi-
ty. The thermal conductivity of silicon nitride is
about 2.3 W/m K as compared to 150 W/mK for
silicon. A further advantage of the silicon nitride
diaphragm is its small thickness resulting in a small
thermal conduction. The 800-nm thick diaphragm
used in our sensor has been proved to be very stable
in a tangential flow (Fig. 2).

Amorphous germanium exhibits high values ofFig. 3. Schematic top view of the thin film structures on the
sensor diaphragm. Two layouts with interdistances betweenheater both the resistivity and its temperature coefficient.
and diaphragm temperature sensors of 35 and 100m were The temperature coefficient of resistance (TCR) is
realized.

approximately 2%/K and the resistivity is about 5
m at room temperature.Measurements of the

temperature dependence of the thermistor resistance
power is about 4 mW, which corresponds to a heater between 77 and 330 K revealed, that the electrical
voltage of 3 V. Both platinum and nichrome have conductivityof amorphous germanium is governed
been applied as the heater material. by a variable range hopping process [14]. At room

Furthermore, narrow pair tolerances of the ther- temperature the TCR varies only slightly with tem-
mistor characteristics are important to achieve high perature, which eases appreciable the burden for
resolution in temperature difference measurements. compensating of changes of the ambient temperature.
Nonetheless a high precision of the sensor geometry A layoutas shown in Fig. 3 and a 250-nm thick
is necessary for an offset free bi-directional sensor germanium film result in a resistance of 70 kat
characteristic. 20 C. It has been proved that the long-term stability

Both the heater and the thermistors exhibit small of this characteristic is better than 0.5% per year. A
dimensions in the nominal flow direction and large noise equivalent temperature difference of 10K for
extents perpendicular to this direction. These ex- a bandwidth of 10 Hz is achieved with this thermis-
treme aspect ratios of heater and thermistor area tor technology [10]. For comparison, Johnson noise
were chosen for four reasons: (a) to achieve a only would limit the resolution to 4.75 K.
pronounced directional characteristic for the flow
sensitivity, (b) to avoid delay of response due to
thermal propagation times, (c) to achieve suitable
resistance values of the thermistor and the heater,3 . Experimental
and (d) to ensure a uniform local temperature
throughout the amorphous germanium area under 3 .1. Sensor mounting
static and dynamic heat transport conditions.

Furthermore, due to the high aspect ratio a one- To study the sensor properties in situations that are
dimensional modeling of heat conduction in the typical for various applications the chip was attached
diaphragm and two-dimensional models for heat to differentcarrier constructions.
convection are sufficient for basic considerations. For free field calibration in a wind tunnel and

The thin film structures were produced on a wafer, other experimental measurements the sensor chip is
which has first been covered by a silicon nitride glued to a 0.15-mm thick printed circuit board (PCB)
layer. Then a low stress silicon nitride protective film flushfitted with the board surface (Fig. 4). For this
is deposited nearly at room temperature using a purpose the flexible PCB was formed using an
PECVD process. The low deposition temperature embossing die. The dimension of this PCB in the
prevents the germanium film from recrystallization. direction of flow is 60 mm and the sensor was placed
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the end of an 8.5-m long, 3/4 diameter flow
channel, which provides sufficient delay of acoustic
reflections. The arrangement produces shock waves
superimposed by an acoustic wave whose frequency
(|680 Hz) corresponds to the fundamental reso-
nance of the balloon containment. A minor dis-
advantage of this simple arrangement is the poorFig. 4. Schematic cross-sectional view of the sensor mounted on a
reproducibility of the flow step amplitude, whichflexible printed circuit board.

depends on the actual burst pressure of each balloon.
Optionally the acoustic flow of the shock wave

midways. The ground plane of the PCB shields the can be limited by an orifice. For operation of the
signal leads against interferences. sensor in the constantpower mode orifice, diameters

For flow rate measurements the silicon chip has to less than 2 mm were used to avoid excessive cool
be incorporated in the wall of a miniaturized flow down by the convection accompanying the shock
channel. This was achieved using a rigid PCB of 0.5 wave.
mm thickness with a milled deepening which accom-
modates the sensor chip flush with the surface of the 3 .3. Dynamic properties
PCB. The PCB forms one sidewall of a rectangular
flow channel. A constant bias of 0.5 V is applied to all ger-

The same PCB measuring 15 mm along the manium thermistors. The current flowing through
direction of flow was used for shock wave experi- each thermistor is converted to a signal voltage with
ments. To suppress turbulences in this application the aid of a current to voltage converter circuit. This
the edges of the PCB were formed to show wedge biasing technique has the advantage that for small
shape. The PCB was then placed in a symmetry temperature variations the converter output signal is
plane of the cylindrical flow channel. direct proportional to the temperature changes of the

respective thermistor. The course of the individual
3 .2. Shockwave generator temperature of each diaphragm thermistor can be

recorded by monitoring the output of the signal
To investigate the response to step changes of flow conditioning circuit with a digital storage oscillos-

a simple shock wave generator depicted schematical- cope.
ly in Fig. 5 was developed. A commercial balloon A variation of the heater voltage changes the
contained in a PVC-cylinder of 70 mm diameter and power dissipated by the central resistor, which leads
approximately 250 mm length is blown up to its to corresponding changes of temperature at the
burst pressure with nitrogen gas. An orifice of typical diaphragm thermistor sites. Fig. 6 shows a typical
2-mm diameter limits the acoustic flow of the record of such anexperiment, where a step change of
resulting shock wave. The sensor is placed at a the heater voltage was applied. A slight decrease of
symmetry plane of the flow channel of 16 mm the response time aswell as the magnitude of the
diameter, optionally 300 mm from the orifice or at change withincreasing flow velocity was observed.

One may conclude from these experiments that at
moderate flow velocities convective heat transfer
plays only a minor role concerning the dynamics of
diaphragm temperature changes.

The observed time constant ranges about 5 ms
2which value is close to the value ofd /2a, deduced

from a one-dimensional model of the heat transport,
whered is distance from the heat source anda the
thermal diffusivity of the diaphragm. Usinga 1.5Fig. 5. Sketch of the arrangement used for the generation of shock

6 2
waves and the related sensor arrangement. 10 m /s for silicon nitride leads to delay times of
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Fig. 8. Temperature response to a shock wave of the diaphragm
thermistors for a heater-thermistor interdistance of 100m.Fig. 6. Upper traces: temperature response to a step change of the

power dissipated by the heater at a distanced 100 m from the
heater for a free field velocity of 15 m/s. Lower trace: heater
voltage. shock wave for constant heater voltage. The figures

also show the calculated time courses of the tempera-
about 1 and 6 ms for the small and large distancesd ture mean and of the temperature difference. From
of heater and diaphragm thermistors, respectively. the latter quantity the output signal of a flow sensor
On the contrary there is no perceptible temperature is derived by electronic means. The Figs. 7 and 8
change at the silicon rim. This is an important differ by the interdistance of heater and diaphragm
feature to avoid thermal runaway if the device is thermistors, measuring 35 and 100m, respectively.
operated in a constant overtemperature mode. The sensor with the smaller dimension shows clearly

Figs. 7 and 8 show the measured time courses of the better dynamic properties. The common features
the individual temperatures of the upstream and of Figs. 7 and 8 are: (a) the upstream thermistor
downstream diaphragm thermistor in response to a temperature shows a larger temperature change

compared to the downstream thermistor; (b) the
downstream thermistor temperature increases initial-
ly and settles finally at a lower value; (c) the mean of
temperatures settles much slower than the difference
of these temperatures; and (d) the acoustic oscilla-
tions that are superimposed to the flow step are well
resolved by both devices.

For normal flow sensor operation the output signal
is derived proportional to the temperature difference
of the diaphragm thermistors. The fast settling of this
quantity in response to a step change of the flow can
be understood by assuming a fast adaptation of the
heat transfer process between the diaphragm and the
flowing fluid. The front of the shock wave prop-
agates with the velocity of soundc ¯ 340 m/s ands

needs about 1 s to pass the diaphragm width, which
is unresolvable in the Figs. 7 and 8.Behind this
front, the boundary layer of the flow is built upFig. 7. Temperature response to a shock wave of the diaphragm

thermistors for a heater-thermistor interdistance of 35m. starting with zero thickness 0 with the arrival
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time t t x/c of the shock wave front at some surface temperature gradients along the flow direc-a s

location x. tion in the downstream area.
If the fluid temperature differs significantly from However,the average temperature of the whole

the local surface temperature the convection becomes diaphragm decreases with time due to cooling by
effective immediately att t with a very high rate convection. This comparable slow transient is sig-a

of convective heat transport. Subsequently in- nalled by the ‘mean’ temperature curve of Figs. 7
creases accordingly to t t , if moderate and 8. This effect dominates in the period of fallings dœ a

compression ¯ , ¯ can be assumed. The downstream temperature. Sinking diaphragm tem-0 0

parameter is the value of the cinematic viscosity perature means that surface temperature distribution0

and the mass density of the fluid in front of the also becomes flatter with increasing time.Reduction0

shock wave. The values and are the corre- of surface temperature gradients means that the local
sponding representatives after the step change, taken convective warm up effect vanishes with elapsed
from outside the boundary layer [15]. Asincreases time.
the efficiency of convection decreases accordingly. Two reasons may contribute to the final rise of

For miniaturized heater dimensions the tempera- downstream temperatures. First, the thickness of the
ture field generated by the dissipated power does not boundary layer increases continuously with time thus
penetrate very deep into the flowing fluid, even at reducing the efficiency of the convective cooling in
moderate flow rates. Also the component of the general and second, the flow velocity accompanying
surface temperature gradient pointing parallel to the the shock wave amplitude may decrease due to the
flow may assume a very high value. The change of limited volumeof gas stored in the bursting balloon.
the heat transfer induced by convection varies locally A reduction of the interdistance between heater
due to the local increase or decrease of the dia- and diaphragm thermistors leads to shorter heat
phragm surface temperature along the direction of propagation delay times along the diaphragm plane.
flow and with the local thickness of the boundary Thus the amplitude and rise time of the temperature
layer. Initially the boundary layer is very thin, which difference are reduced as well as the settling time of
means that the fluid temperature in the vicinity of the the temperature mean. A comparison of Fig. 7 with
surface suddenly becomes close to the upstream Fig. 8 shows that the enhanced bandwidth results
surface temperature. Thus in the upstream area the also in a higher amplitude of the oscillating signal
convection always enhances the cooling of the relative to the step height. However, it should be
diaphragm surface. mentioned that the transient behaviourshown in

In the diaphragm abrupt changes of the flow Figs. 7 and 8 is onlyone typical example. The
primarily enhances the heat conduction normal to the behaviour depends strongly on the height of the flow
diaphragm surface and then the characteristic length step and differs between increasing or decreasing
related to the heat conduction process is the distance flow.

*of the diaphragm thermistors from the surfaced , Operating the miniaturized flow sensors with
i.e., the thickness of the passivating SiN film. Since constant heating power usually result in a veryx

d* < d each thermistor temperature exhibits a fast limited flow measuring range. Because of efficient
transient in reaction to sudden changes of the local convective cooling at very high flow rates the
convective heat transfer rate. overtemperatures of the heater and the diaphragm

A more complicated response to the shock wave is thermistorsas well as the sensor output signal
observed downstream. In this area a local warm up decrease with increasing flow. Thus the sensor signal
of the diaphragm by the passing fluid may occur. is not a monotonic function of the flow if this
This possible increase in temperature is dependent on operating mode is used. In order to obtain a wide
the heat transfer situation in the upstream area. If the measuring range a constant temperature difference
fluid temperature near the surface exceeds the sur- between the diaphragm and the fluid is desirable and
face temperature then heat transfer from the fluid to an electronic controller is needed to ensure this
the surface occurs. This is more likely for higher operatingmode. However, this temperature control-
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ler has to be disabled in the case of investigations of currently used to generate the input signal for the
the dynamic properties of the sensor. temperature controller determines the achievable

bandwidth due to its comparable slow response. A
3 .4. Constant overtemperature operation more sophisticated control strategy exploiting the

temperature difference signal may lead to wider
A block diagram of the used electronic set-up is bandwidth for the sensor operation in the constant

shown in Fig. 9. An electronic PI-controller is used overtemperature mode although the sensitivity to
to establish a constant difference between the tem- thermaloverload of the sensor limits the achievable
perature mean of the two diaphragm thermistors and gain.But to take advantage of the full bandwidth of
the temperature mean of both substrate thermistors the sensor constant power operating mode can be
[16]. This corresponds closely to a constant over- applied if a reduced flow measuring range is accept-
temperature condition of the heater with respect to able.
the fluid temperature over the whole flow range. As The temperature difference between the two dia-
mentioned above the variation of the dissipated phragm thermistors, used for the generation of the
power does not change the temperature of the output signal, is always a nonlinear measure for the
substrate thermistors appreciable. This is an im- flow velocity of the medium in both the constant
portant feature to avoid thermal runaway in a power mode as well as for the constant overtempera-
constant overtemperature mode. ture mode of operation. A linearization of the

The dynamic behavior of the controlled system, characteristic is of great advantage for any practical
which is determined by the thermal properties of the measurement. An output signal direct proportional to
sensor diaphragm, restricts the dynamic behavior of the value of the flow velocity can be accomplished
the presented temperature-tracking controller. The usinga digital lookup table transformation, if a
temperature mean of the diaphragm thermistors, processingtime of 25 s is tolerable. This digitaliza-

tion can also be used to compensate simultaneously
for an asymmetry of the sensor structure and to
calibrate the sensor for a different flow geometry
[14].

4 . Measurements and results

To give a rather complete overview of the flow
sensor properties typical experimental results are
presented below.

4 .1. Stationary flow

The free field calibration curve shown in Fig. 10
was obtained in the constant overtemperature oper-
ating mode. The PCB carrying the sensor was placed
along the direction of flow in a wind tunnel. The
slight asymmetry of the curve is caused by a minor

Fig. 9. Block diagram of the electronic circuit. S, sensor chip; SC, deviation of the actual structure from perfect
signal conditioning unit; , summing amplifier; A, differential geometrical symmetry. This asymmetry was intro-
amplifier; T , overtemperature setpoint; C, PI-controller; PL,REF duced by a misalignment of the mask responsible forpower limiter; DL, digital linearization unit;V , linearized velocityL

the definition of the backside etch window. Airflowsoutput signal;V , nonlinear velocity output signal; HV, heaterNL

voltage signal. above the shown range were generated with a speed-
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the constant overtemperature mode using 23 and 10
K overtemperature. The third characteristic, which
corresponds to an operation at a constant power of 4
mW, shows a decreasing sensor signal at high flow
rates. The use of the constant overtemperature
scheme extends the upper limit for measurable flow
rates by more than two orders of magnitude com-
pared to the limit of the constant power scheme. A
mass flow sensor configuration for flow rates above
10 ml /s can be realized by using the dependence of
the heater power on flow in the constant over-
temperature mode [14].

From Fig. 11 it can be seen that the sensor signal
3Fig. 10. Outputsignal as a function of the air velocity for the varies by a factor of 5 10 , whereas the flow rate

constant overtemperature mode.
varies over five orders of magnitude. Thus the
nonlinear sensor characteristic compresses the dy-

controlled exhauster enabling mean air velocities up namicrange by two orders of magnitude, which can
to 200 m/s in the center of an acrylic glass tube of be considered as an advantage if the signal has to be
50-mm diameter. converted into digital information.Based on a 16-bit

An impression of the achievable measuring range analog to digital conversion of the sensor signal and
4for flow rates gives Fig. 11. A sensor was mounted an experimentally found uncertainty of 1.67 10

flush with the wall of a rectangular flow channel of ml /s a measurement resolution of 1% can be main-
0.45 mm height and 1.2 mm width. Low flow rates tained from0.02 ml/s up to 40 ml/s full scale
were established using syringe pumps, whereas a flow rate. This is 3-fold the measuring range that can
standard 2 l /min mass flow controller was used in be expected for a sensor with a linear characteristic.
the high flow rate regime.

Fig. 11 shows that for air a measuring flow range 4 .2. Shockwave experiments
from 0.6 to at least 150 000 ml/h can be covered.
This range corresponds to average flow velocities The signals shown in Fig. 12 were recorded using
from 0.31 mm/s up to 75 m/s. In Fig. 11 the two the constant overtemperature mode with the PCB
monotonically increasing characteristics belong to carrying the sensor located in the 50-mm acrylic

glass tube. The lower trace shows the response of the
sensor to a shock wave generated by a bursting
balloon.

In this arrangement the shock wave efficiently
stimulates acoustic oscillations corresponding to
different resonance frequencies of the one-sided
closed volume consisting of the tube and the balloon
vessel having a total length of 1.25 m. The oscilla-
tion frequency that is predominant in the sensor
signal of Fig. 12 corresponds to a wavelength close
to 1 m, which is approximately 4/5 of the total
length. At this resonant frequency the acoustic flow
is enhanced according to the position of the sensor,
which was placed at 0.5 m or half a wavelength from
the open end of the tube. At this position the acousticFig. 11. Sensor signal versus airflow rate for the constant over-
flow of the standing sound wave has a maximum. Intemperature mode (23 K,\ ; 10 K, h ) and the constant power

mode (s ). the upper part of Fig. 12 the course of the controller
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Fig. 13. Sensor responses and power controller response to largeFig. 12. Sensor and heater voltage in response to a shock wavein
flow steps. Trace A: constant power mode, no orifice. TraceB:a cylindrical tube. The oscillation frequency of 340 Hz corre-
constant overtemperature mode, flow limited by an orifice of 2sponds to a wavelength of nearly 1 m, whereas the length of the
mm diameter to about 2% of the value of trace A. Upper trace:one-sided closed tube measures approximately 1.25 m.
heater power corresponding to the signal of trace B.

output is plotted. As can be seen the convective heat
transfer is related to the oscillation amplitude of the boundary layer thickness of 0.15 mm for a distance
sensor signal.But the heater voltage trace does not of 7.5 mm from the PCB edge.
follow the acoustic oscillations indicating that the Because the thickness of this boundary layer at the
temperature average of both diaphragm thermistors sensor site is of the same order as the corresponding
oscillates much less than their temperature differ- dimension of the cross-section of the flow channel
ence. It can be concluded from the sensor signal used for the measurements of Fig. 11 flow velocity
shown in Fig. 12 that mainly acoustic resonances fields and boundary conditions (flow velocity mag-
were excited by the shock wave due to the flow nitude, velocity gradient at the surface) are roughly
channel dimensions of this arrangement. comparable too. Therefore the convective heat trans-

In Fig. 13 further sensor responses to shock waves port in the case of trace A represents a comparable
are shown. The sensor was placed at the end of thesituation to the upper end of the flow range shown in
8.5-m long flow channel and two operating modes Fig. 11. Therefore the sensor is operated under
were compared. Trace A belongs to the operation in excessive cool down condition. The large overshoot
the constant power mode. In this case the magnitudeis a consequence of the thermal mass of the sensor
of the flow step was not limited by an orifice, which diaphragm. After a few milliseconds the diaphragm
results in a very large flow step. This leads to is heavily cooled down by the flow and consequently
excessive convective cooling of the diaphragm, the sensor signal decreases in spite of the high flow
corresponding to an operating point in the falling rate. For trace B the sensor was operated in the
branch of the stationary signal versus flow charac- constant overtemperature mode and the flow was
teristic of Fig. 11. The actual flow velocityv coupled limited by an optional orifice of 2 mm diameter,
with the shock wave can be estimated roughly from which was placed at the entrance of the flow
the burst pressurep of the balloon [17], which ranges channel. To a first approximation the reduction factor
around 0.5 bar above normal pressure.v p/ c for the acoustic flow is given by the ratio of thes

leads tov¯ 100 m/s. From the Blasius theory it is cross-sectional areas of the orifice and the flow
well known that the boundary layer of the flow the channel. Thus the flow reduction factor is 55 com-
flat plate extends toy ¯ 5 (v x) /v into the fluid pared to trace A. The rise time of trace B is about8œ
[15], wherex is measured from the plate edge along ms and the corresponding time course of the heater
the flow direction. This corresponds with a laminar power is shown in the upper part of Fig. 13. The
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temperature controller reacts within milliseconds and timesshown in Fig. 14 is nearly negligible. This is in
as a consequence there is no immediate overshoot of good agreement with the expectation.
the signalB. A delayed small undulation visible in
that trace may be caused by the transient behavior of
the heater power. 5 . Conclusions

Fig. 14 shows the response to a shock wave of
reduced step height and a sensor position 300 mm The extraordinary high temperature resolution of

4from the orifice of 1-mm diameter. This small orifice typically better than 10 K offered by amorphous
reduces the acoustic flow to such levels where a germanium thermistors [1] as well as the excellent
nearly linear sensor response could be assumed even matching of thermistor resistances result in a high
for the constant power mode. A rise time (10–90% flow sensitivity. Miniaturized flow sensors based on
of the sensor signal) of 1.6 ms was obtained for this germanium thermistors are fast responding and can
case indicating that the rise time of the flow step span at least four orders of magnitude of the flow
itself is shorter than this value. The signal step rate if they are operated in the constant overtempera-
corresponds to a flow step from nearly zero to about ture mode.Due to the high temperature sensitivity of
0.55 m/s. On the top of the step oscillations with a the thermistors an overtemperature of only a few K
frequency of 680 Hz corresponding to a wavelength is sufficient for an extreme wide measuring range.
of 500 mm are visible. These oscillations can be We have developed a sensor, which is capable of
attributed to an acoustic resonance inside the balloon measuring air velocities ranging from 0.01 to about
vessel having a length of 250 mm. Subtraction of 200 m/s in a flow tube of 50 mm diameter, whereas
these oscillations reveals that there is a small over- in miniaturized flow channels we have detected air
shoot of the sensor signal which is once again a velocities down to 0.001 m/s. With proper flow
consequence of the thermal mass of the diaphragm channel arrangements a measurable range of flow
and the higher diaphragm temperatures prior to the rates spanning more than five orders of magnitude
flow step. can be achieved.

Placing the sensor at the end of the 8.5-m flow A simple method for the generation of fast trans-
channel a rise time of 2.2 ms was observed under ients of the flow velocity was established which
equal conditions. The slight increase of the transient yields flow steps in the millisecond regime. Shock
time indicates that for these channel dimensions a waves generated this way can be used in conjunction
slight frequency dependence of the attenuation of with proper flow channels as a convenient way to
sound waves occurs but its contribution to the rise study thetransient behavior of miniaturized flow

sensors. The rise time of the sensor signal in
response to moderate flow steps can be well below 2
ms in spite of a much slower thermal relaxation of
heat stored in the diaphragm.

Alternative control circuits may be necessary for
special applications [18]. Solutions based on digital
controllers will be considered in our future work.
Furthermore, we try to achieve shorter response
times by an advanced sensor design.
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