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Abstract 

TINS paper discusses the design and apphcatlon of s~hcon thermal flow sensors It 1s shown how the transduction 
path m the complete measurement system, gomg from flow vanable to electrical signal, results m three fundamental 
problems, which can be associated with, respectively, the mechamcal, thermal and electrical signal domains These 
aspects are further discussed m relation to the slhcon flow-sensor research performed at the Electromc Instrumenta- 
tlon Laboratory 

1. Introduction 

Among the fields of interest for the apphcatlon 
of silicon sensors, certainly one of great interest 
and challenge 1s that of fluid flow (denoting both 
liquid and gas flow) Man has always been m- 
tngued by flow phenomena, and m many cultures 
flow has become the very symbol of elusiveness 
and unpredlctablhty, whereas also m more recent 
times much effort has been devoted to the under- 
standing of flmd flow Apart from this rather 
scientific interest, flow phenomena have a direct 
practical slgmficance m many mdustnal, techmcal 
and everyday sltuatlons m meteorology (wind 
velocity and direction), clvd engmeenng (wmd 
forces on bulldmgs and constructions), transport 
and process industry (flmdlc transport of medta, 
combustion, vehicle performance), environmental 
sciences (dispersion of pollution), blomedlcs (res- 
piration and blood flow), and indoor climate con- 
trol (ventllatlon), to mention but a few Two very 
typical examples of the many possible flow-mea- 
surement problems are 

(a) Flow velocity measurement the flow veloc- 
ity 1s a vectorial quantity which describes the local 
sltuatlon m a flow field When the dlrectlon of the 
flow 1s known, a measurement of the magmtude of 
the flow IS sufliclent In other cases a dlrectlonally 
sensitive measurement may be required to deter- 
mme the different velocity components 

(b) Flurdlc transport rate m the case where the 
flow 1s confined to a restricted space (pope or 
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channel) the total amount of fluid (mass or vol- 
ume) passing through it per umt of time 1s to be 
determined 

1 1 Flow measurement techmques 
The physical basis on which most flow-sensing 

techmques rely 1s either the momentum of the 
flowmg medmm or its transporting ability The 
former prmclple 1s the basis on which mechanrcal 
transducers operate, like those employmg the dt- 
rect detection of the pressure or force which the 
instrument experiences as a result of the flow 
(pressure tubes, for example) Alternatively, a 
kmematlc method can be used, where a part of 
the Instrument 1s set m rotary motion by the flow, 
the rate of rotation bemg linearly proportional 
to the flow velocity (rotatmg-cup and propeller 
anemometers) The lmplementatlon of the trans- 
port prmclple comprises the tracing of a detectable 
agent which 1s carried along by the flow, using, 
e g , heat, smoke, dust particles or a radioactive 
contammant 

Thermal flow sensing relies on the thermal mter- 
action between sensor and flow [l] According to 
the underlying physlcal prmclple, the followmg 
sensmg techniques can be dlstmgulshed 

The coolmg of a hot object the heat which IS 
transferred from a heated element m a fluid stream 
depends (non-linearly) on the flow velocity 

Heat transport mass flow can be measured as 
heat transport by determmmg the heat content of 
the fled that passes 
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Thermal tracmg the transport of heat m a flow 
can be traced by tlmmg the passage of a heat pulse 
over a known distance (time-of-flight measure- 
ment) 

I 2 S&on $0~ sensors 
Flow can be measured with a slhcon sensor d 

there 1s a physical effect present to provide the 
interaction between the flow and the electrlcal 
behavlour of the components of the sensor IC [2] 
A limited number of sllrcon flow sensors that 
operate on a mechanical transduction prmclple 
(pressure or force measurements) have been re- 
ported m the literature [3-61 Thermal prmclples 
have proved to be especially attractive for apphca- 
tlon m slhcon flow-velocity and mass-flow sensors, 
because of their structural and electronic slmphc- 
lty As no additional non-electronic components 
are required, complete integration m standard ah- 
con technology 1s possible No (or only very few) 
modified or additional processmg steps are re- 
quired, which 1s desirable as this would otherwise 
hmlt the posslblhtles of producing the sensor and 
increase its cost In addition, the sensor can be 
shielded by a thermally conducting cover layer so 
that direct contact between the sensor and the 
fluid can be avoided The sensor operation 1s 
based either on the heat transfer from the sensor, 
or on the measurement of a flow-induced tempera- 
ture gradient This second principle has been used 
m the Electronic Instrumentation Laboratory 
for the development of a class of integrated flow 
sensors, including both bl- and ommdlrectlonal 
variants, the latter having a full 360” sensrtlvlty 
[71 

1 3 Design aspects of thermal-flow sensors 
To discuss the various aspects involved m the 

design and use of a complete flow-measurement 
system, let the configuration of Fig 1 be consld- 
ered It represents a flow sensor probe, which 
comprises a thermal sensor and operates on the 
prmclple of flow-induced temperature differences 
the non-uniform heat transfer from the sensor to 
the flow over the sensor probe results m a temper- 
ature difference m the sensor The signal transduc- 
tion path 1s illustrated by the block diagram m the 
Figure A number of subsequent basic transduc- 
tion steps can be dlstmgmshed m the sensor opera- 
tion, going from the mechanical via the thermal to 
the electrical signal domain Accordingly, different 
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Rg 1 Slgnal transduction m a genenc thermal flow sensor (probe 
shown m cross sectlon) 

aspects of, respectively, mechanical, thermal and 
electronic nature can be dlstmgulshed 

The mechanical aspect 1s associated mth the 
relation between the flow parameter to be mea- 
sured (hke the wmd force, or the total flow rate 
through a pipe) and the local flow that exists m the 
immediate vlcuuty of the sensor and which deter- 
mines its operation This 1s particularly relevant m 
any apphcatlon, and important topics m this re- 
spect are the mounting of the sensor device and 
the design of probe shapes and flow channels 

The thermal aspect deals with the interaction of 
the local flow and the sensor through heat-transfer 
effects, and 1s also concerned with the different 
sensor operation modes which can be applied 
(e g , temperature, temperature-gradient or power 
measurement) and the analysis of thermal effects 
that may interfere with or hmlt the sensing opera- 
tion (temperature control and compensation) 

The electronic aspect concerns, first of all, the 
accurate, sensitive and reliable generation of an 
electrical measurement signal representing the 
flow-induced thermal effect, and further, the pro- 
cessing of the measurement signals In the case of 
integrated sensors and smart mstrumentatlon sys- 
tems, this second function may be partially com- 
bined with the sensing operation or performed on 
the sensor device itself 

With these transduction steps through the dlffer- 
ent physical signal domains, three major transduc- 
tion problems m the design of a flow sensor for a 
specific apphcatlon have to be dealt with, namely 
the flow problem, the thermal problem and the 
electronic problem Each of these problems per- 
tams to a separate dlsclphne, and thrs illustrates 
how the development of sensor research 1s mher- 
ently a multldlsclplmary activity In the case of a 
slhcon thermal-flow sensor we have, m general, to 



deal with fluid dynamics, thermodynamics, seml- 
conductor physics and electronics These various 
aspects are discussed further m Section 2 The 
emphasis hes on thermal sensor mechanisms, and 
their posslblhtles for lmplementatlon This IS the 
central problem, which sets the condltlons for the 
two other problems For the flow problem, it 
reveals which aspect of the flow determines the 
sensor response For the electronic problem, it 
dictates which thermal parameters have to be 
measured 

2. Silicon thermal anemometers 

The heat loss from a hot sensing element lm- 
mersed m a fluid increases wth the flow rate 
Sensors employmg the relation between the heat 
transfer and the flow are usually referred to as 
thermal anemometers (derived from the Greek 
word anemos, meaning wind) They have been 
widely used since the mtroductlon of the hot-wire 
anemometer at the beginning of this century 

2 I Theoretical prrncrple of operation 
In addition to the heat carried away by the flow, 

Qf, heat IS conducted to the cartler substrate to 
which the sensor IS mounted, Qc To obtain a 
steady-state situation, the heat transfer must be 
balanced by the power dlsslpatlon P m the sensor 

P = Qc + Qf = GK - Ts,d + GK - Tf) (1) 
where T,, Tsub and Tf are the temperature of the 
sensor, its substrate and the fluid at a large du- 
tance from the sensor, respectively When a good 
thermal coupling exists, Tsub and Tf can be taken 
as equal to the ambient temperature G, and 
Gf stand for thermal conductances (that IS, the 
heat transfer per unit temperature difference) due 
to conduction and convection, respectively Other 
flow-independent heat-transfer effects, like radla- 
tlon, can be included m G, The flow measurement 
relies on the dependence of Gf on the flow, and 
this relation 1s now discussed for some simple 
cases 

Calorimetric prmciple 
A thermal mass-flow meter can be constructed 

by directly measuring the heat content of the 
passing fluid m a closed channel A first sensor 
measures the temperatures Tf of the unaffected, 

mcommg fluid, and another that of the heated, 
outgoing fluid, which IS assumed equal to that of 
the sensor, T, The amount of heat Qf which IS 
supplied to the fluid IS proportional to the temper- 
ature rise of the fluid 

Qf = yhn(Ts - Td (2) 

where c,, IS the specific heat of the fluid and &, the 
mass flow (m kg/s) Comparison with eqn (1) 
shows that, hence, Gf = c,#J,.,, The assumption that 
the complete flow that passes IS heated (total 
heating) IS essential here, because only m that case 
IS the heat content of the entire flow measured 
correctly 

Boundary layer prmclple 
Above a certain flow speed m a pipe, or when 

the sensor IS not m a restncted space, only a 
region of the flow near the sensor IS heated, and a 
thermal boundary layer IS formed over the sensor 
As the thickness of the boundary layer (and there- 
fore the amount of flow that 1s affected) decreases 
with increasing velocity, the heat transfer increases 
less than linearly m relation to the flow speed For 
the two simple geometnes illustrated m Fig 2 an 
analytic solution can be formulated m the case of 
lammar flow [8] The first case 1s that of a heated 
thm plate placed parallel to a flow of uniform 
velocity U (flat plate flow) When the plate has a 

(a) 

lhonmd bcundwy layer 

(W 

Rg 2 Heat transfer m thermal boundary layers (a) flat plate flow, 
(b) muform shear flow 
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constant temperature AT above that of the flow, 
the surface heat flux per unit area, qf, for one side 
1s gven by 

qf = 0 332kf ATPr’13 
u l/2 

0 - 
XV 

where x 1s measured from the upstream edge of the 
plate, kf and v are the conductlvlty and kinematic 
vlscoslty of the fluid and Pr the Prandtl number 

The second configuration 1s that of a linear flow 
profile (dU/dy = constant) over a surface element 
of uniform temperature, where we find the expres- 
sion 

qf = 0 538kf ATPr’13 

where x 1s now measured from the upstream edge 
of the heated region and y normal to the surface 
For the lammar flow of a Newtonian flmd, the 
shear stress 7 1s proportional to the velocity gradl- 
ent dU/dy, and so m this case 1s constant through- 
out the flow field For this reason this type of flow 
IS also referred to as constant, or uniform, shear 
flow 

The value of the thermal conductance Gf 1s 
obtained by Integrating qf over the entire surface 
A = WL (where W and L denote the width and 
length of the heated surface), and dlvldmg by AT 
Hence, we find for lammar flow that Gf increases 
m proportion to 17”’ and z’j3, respectively Note 
that we can write the expresslon for the local 
heat transfer qf as a product of its average value 
Gf AT/A and a dlstrlbutlon function 

qf= GATW)-” 
----l-n A 

(9 

with n = l/2 for flat plate flow and n = l/3 for 
shear flow 

For a reahstlc configuration like that of the flow 
probe illustrated m Fig 1, the analysis IS much 
more complex However, a slmllar dimensional 
relation between Gf and the upstream velocity U 
or the local value of the surface shear stress z, 1s 
obtamed As for lammar flow z, varies m propor- 
tion to U3/2, the two expressions m that case yield 
correspondmg results for the velocity cahbratlon, 
namely that Gf Increases with U’j2 

2 2 Practical operation of thermal anemometers 
For a particular sensor the relation between the 

power dlsslpatlon P at steady state, the flow veloc- 

ity U and the temperature elevation of the sensor 
AT = T, - Tamb can be written as 

where GO, the zero-flow conductance, and K, the 
flow senatlvlty, are parameters which for simple 
sensor geometries can be estimated from theoretl- 
cal analysis However, as it IS hardly possible to 
include m the analysis all relevant effects with 
sufficient accuracy, additional experimental cah- 
bratlon of a sensor 1s usually mdlspensable 

Operation modes 
A thermal-flow sensor can be operated m dlffer- 

ent ways, of which the most Important are those 
where either the total power dlsslpatlon or the 
sensor temperature 1s mamtamed at a constant 
value (see Fig 3) When usmg constant power 
dlsslpatlon, the temperature of the sensor decreases 
wth the flow velocity, and this variation determines 
the flow measurement In practice, a simpler ap- 
proach 1s often followed by mamtammg only the 
supply voltage or current constant, and applymg a 
correction for the vanatlon m power dlsslpatlon 
Constant power operation has the advantage that 
Its electronic lmplementatlon 1s very simple, but an 
unfavourable aspect of it 1s that, due to the vana- 
tlon of the sensor temperature, the temperature 
sensltlvlty of the sensor and fluid properties must 
be taken mto account Also, the response speed of 
the sensor 1s limited by its thermal capacity the 
time constant ts equal to C/G, where C 1s the 
thermal capacity of the sensor and G the total 
thermal conductance This can be improved to a 
great extent by operating the sensor at a constant 
temperature, which 1s achieved by applymg a feed- 
back amphficatlon loop m the clrcmt controlling 

I I 
flow vdoc1ty Row velocity 

(a) (W 

Fig 3 Thermal anemometers (a) constant-temperature operation, 
(b) constant-power operation 
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(a) (b) 

Fig 4 Thermal anemometers (a) temperature reference method, (b) 
zero-flow reference method 

the heating of the sensor Alternatlvely, the tem- 
perature difference between sensor and flow can be 
mamtamed constant, rather than the absolute sen- 
sor temperature, to correct for varlatlons m the 
ambient temperature 

The power dlsslpatlon P and the sensor temper- 
ature T, are quantities that can be obtained dl- 
rectly from the sensor operation However, as can 
be seen from eqn (6), the absolute sensor temper- 
ature 1s not relevant for the flow measurement, but 
rather the temperature difference between the sen- 
sor and the flow A reference measurement or 
reference sensor 1s therefore required to be able to 
determine the flow velocity completely 

In the practical lmplementatlon two different 
methods can be dlstmgulshed the temperature 
reference and the zero-flow reference methods 
(Fig 4) In the temperature reference method, the 
fluid temperature 1s exphcltly measured using a 
reference sensor m which the power dlsslpatlon 1s 
so small that the effect of self-heating 1s neghg- 
ble, hence that sensor adopts the temperature of 
the flow The measured flow temperature can 
then be used to calculate the temperature dlffer- 
ence between the sensor and the flow, or it can be 
employed to regulate this temperature elevation 
at a constant level In the zero-flow reference 
method two equal sensors are operated under 
identical condltlons (equal power dlsslpatlon, or 
equal temperature, for example) One of them 1s 
placed m the flow, while the other one IS shielded 
from the flow, thus only reacting to the flow 
temperature As both sensors give the same out- 
put m the absence of flow, the differential output 
for the sensor combmatlon 1s a direct measure of 
the flow 

2 3 Electromc reahzatron of thermal anemometers 
Self-heating srngle-component thermal 
anemometers 
For its electronic operation, a thermal anemome- 

ter requires one or more electronic components for 
heating the sensor and measurmg its temperature 
This can be achieved with a self-heating resistive 
component hke a thm metal wire or film [9- 151 
The element 1s heated by the electrical current 
through it, and its temperature 1s determined 
from its electrical resistance Hot-wire anemome- 
ters find special apphcatlon m the measurement of 
very small flow velocltles and fast velocity fluctua- 
tions (turbulent flow) For research probes the 
wires are normally made from platinum or tung- 
sten, and have a typical length of 1 mm and a 
thickness of 5 pm The heat transfer 1s mainly 
determined by the velocity component normal to 
the wire For dn-ectlonal flow measurements multl- 
wire probes are used, with wires at different angles 
[ 1 l- 141 To improve the mechanical strength 
of the sensor, hot-film probes have been devel- 
oped, which consist of a thm metal film deposited 
on a quartz tube Semiconductor anemometers 
can be realized on this prmclple, using thermls- 
tors [ 16- 181 or transistors [ 19-211, which have a 
much larger temperature sensltlvlty than metal 
resistors 

Advanced mlcroelectromc thermal anemometers 
Mlcroelectromc thermal anemometers were first 

introduced by simply replacing discrete self- 
heating components by their integrated counter- 
parts Later, multi-component sensor structures 
were manufactured, where by usmg separate 
elements for heating and temperature measure- 
ment (m close thermal contact) an optlmlzatlon 
of each function could be achieved [22,23] 
Figure 5 shows the circuit of a sensor that 1s 
heated by resistor R,,, while its temperature 1s 
measured by resistor R,, R, IS a temperature 
reference, and R,, sets the temperature elevation 
of the sensor In Fig 5(b) a sensor 1s shown 
wrth heating transistor Tr,, and temperature-mea- 
suring diodes D, and D, Other combmatlons are 
also possible, hke bipolar temperature sensors 
with resistive heaters Note that separate devices 
are required for the sensor and the reference, 
unless some form of thermal lsolatlon can be 
created m the sensor In the case of thin-film 
sensors, this can be achieved by usmg a special 
substrate of low thermal conductlvlty [24], 
whereas for monohthlc slhcon selective etchmg 
techniques exist which allow lsolatlon structures 
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(a) 

(b) 
Fig 5 Multi-component anemometers with (a) reslstlve or (b) bl- 

polar components 

to be realized m the sensor chip, as will be discussed 
in Section 4 

kit&l-sensor and drrectron-senntlve thermal 
anemometers 
Thermal anemometers typically respond to the 

absolute value of the flow velocity or of a velocity 
component As mentioned previously, an addl- 
tional sensor (or measurement) for temperature 
reference or to determine the flow-dependent out- 
put component IS required For direction-sensitive 
flow measurements, such as determining the sense 
of direction of the flow (one-dlmenslonal) or mea- 
suring multiple orthogonal velocity components 
(two or three dlmenslonal), even more comph- 
cated multi-sensor probes are required, where each 
sensor responds differently to the flow These prm- 
clples can also be applied m the design of multl- 
component flow sensors where several sensor 
elements are combined m a smgle device To ehm- 
mate the flow-independent part of the sensor re- 
sponse, for example, an integrated Wheatstone 
bridge has been applied [25], which depends on the 
difference m coolmg between the heated bridge 
elements that he normal to the flow and those 

parallel to it As another example, dn-ectlonal flow 
measurements can be carried out by employmg the 
difference m heat transfer between the upstream 
and downstream parts of the sensor This can be 
implemented directly, m the form of a differential 
power measurement while keeping the sensor 
parts at equal temperature, or alternatively, by 
symmetrically heating the sensor and measuring 
the flow-induced temperature differences m it By 
comblmng measurements m two dlrectlons normal 
to each other, a two-dlmenslonal sensltlvlty IS 
obtained, allowing both the velocity and the dlrec- 
tlon of the flow over the surface to be determined 
Section 3 discusses slhcon sensor structures that 
are based on this latter principle 

3. Direction-sensitive thermal flow sensors 

A number of direction-sensitive thermal flow 
sensors have been reported m the literature, based 
on the measurement of flow-induced temperature 
differences m a chip [7,24-321 Depending on 
whether the temperature differences are measured 
m only one direction, or m two directions perpen- 
dicular to each other on the chip surface, the 
sensor can be regarded as having either one- or 
two-dlmenaonal direction sensltlvlty An overview 
of the research carried out at the Electronic Instru- 
mentation Laboratory of Delft Umverslty of 
Technology on the development of one- and two- 
dlmenslonal flow sensors made of slhcon KS IS 
given in ref 7 

3 I Operating prmcrple of direction-sensitive 

Jt ow sensors 
The heat transfer from a heated sensor to the 

flow IS not distributed uniformly over its surface at 
the upstream part the surface IS cooled more 
strongly than at the downstream part, because a 
thermal boundary layer IS built up with an mcreas- 
mg thickness when travellmg downstream (see Fig 
6) Because of the finite thermal conductlvlty of the 
sensor, this differential coolmg results m a temper- 
ature gradient m the sensor m the direction of the 
flow Under the influence of the heat transfer to the 
flow, the temperature dlstnbutlon, which IS essen- 
tlally symmetric at zero flow, becomes asymmetric 

One- and two-dlmensronal Jlow sensors 
By measuring the temperature difference between 
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(a) 

(b) 
Fig 6 The operatmg prmclple of a chrectlon-senntlve thermal flow 

Sensor (a) Defimtlon of the geometry, (b) thermal boundary layer 

development over a heated surface 

two fixed points of the chip, a flow sensor results 
which IS sensitive to flow components along the 
Imaginary line that connects these two points In 
the absence of flow, the temperature difference 1s 
zero The sensor can detect flow reversal, because 
the polarity of the temperature difference reveals 
the sense of the flow direction, thus creating a 
one-dlmeneonal sensltlvlty When temperature 
differences are measured m two directions perpen- 
dicular to each other, both flow velocity and dlrec- 
tlon can be determined, and a two-dlmenaonal 
sensitivity 1s obtained (see Fig 7) 

In first approxlmatlon, the orientation of the 
thermal gradient 1s that of the flow direction, while 
the absolute value of the gradient depends only 
on the flow velocity Hence, the temperature dlffer- 
ences ATI = T2 - T, and AT,, = T4 - T3 are given 
by 

(d) (b) 
Fig 7 Thermal sensor based on the measurement of flow-Induced 
temperature Merences (a) one-dlmenslonal and (b) two-dtmenslonal 
sensltMy 

AT,, = AT,,cos 4 

AT34 = AT, sin 4 (7) 

The amplitude AT,,, which 1s the temperature 
difference m the direction of the flow, IS propor- 
tional to AT, the average temperature difference 
between the sensor and the flmd, while further 
depending on the flow velocity 

AT,=F(U) AT (8) 

The dlmenslonless sensltlvlty function F(u) ex- 
presses the dependence of the induced temperature 
differences on the flow velocity In general, F 
includes the influence of the material properties of 
the fluid and the sensor (specific heat, conductlvlty 
and vlscoslty), and the geometry of the specific 
flow sltuatlon (shape and size of the probe m 
which the sensor 1s mounted) as well For silicon 
sensors AT,, IS typlcally of the order of a few 
percent of AT, because of the high value of the 
thermal conductlvlty of slhcon 

The on-chip temperature differences ATIZ and 
AT34 can be measured with thermoplles which 
have been integrated m the IC By combmmg 
eqns (7) and (8), the corresponding thermoplle 
output voltages VIZ and V,, can be written as 

V12=aF(U) ATcos4 

V34=aF(U) ATsmr#J (9) 

where CI 1s the thermo-electric sensitivity of the 
thermoplles, expressed m V K-’ The flow angle 
# can easily be determined from the ratio of the 
two signals, and 1s msensltlve to the exact form of 
the function F This means that the flow direction 
angle can be calculated independently of the mfl- 
uence of the flow velocity on the temperature 
effects The flow velocity can be determined from 
the ‘amplitude’ of the thermoplle output signal, 
which 1s defined as V, = (V,,’ + V,,‘) ‘I2 

Thermal sensor model 
A thermal sensor model has been used to calcu- 

late the temperature distribution T, m the sensor 
surface as a result of the convective cooling [32] 
The sensor 1s represented by a thin, rectangular 
surface element with lateral dlmenslons L x W (let 
us assume that L = W) and thickness D, which 1s 
thermally isolated from its substrate A spatial 
coordinate system (x, y, z) 1s used as indicated m 
Fig 6, where x and z are surface coordmates, 
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while y IS measured normal to the surface When 
the variation of the temperature across the thlck- 
ness of the sensor IS neglected (D IS assumed to be 
much smaller than L and W), the momentary heat 
balance IS given by 

- qf(x, z) + qh(& z) (10) 

where 1 denotes the time coordinate, and ps, c, and 
k, the density, specific heat and thermal conductlv- 
lty of the sensor material The terms on the nght- 
hand side represent, respectively, the redlstrlbutlon 
of heat due to lateral heat conduction, the surface 
heat transfer to the flow (qf) and the local heat 
production (q,,) Both qf and qh are expressed per 
unit area The heat production IS assumed to be 
distributed uniformly over the sensor surface As- 
suming the temperature variations over the surface 
to be small, qf can be approximated as the heat 
transfer from an isothermal surface (Ts = 
constant = Tamb + AT) When further the thermal 
boundary layer IS confined to the lower region of 
the velocity boundary layer over the surface, the 
situation 1s comparable to that of Fig 2(b) The 
flow field 1s then characterized by the local surface 
shear stress z~, and the heat transfer IS given by 
eqn (4) 

One-dlmenslonal solution of the sensor model 
For 4 =0 the temperature dlstrlbutlon depends 

only on the streamwise coordinate x, and for this 
one-dlmenslonal case the steady-state solution 
1s easily obtained by integrating eqn (10) twice 
with respect to x Upon substltutlon of eqn (5), 
the flow-induced temperature difference AT, = 
T,(L - x, z) - Ts(x, z) between two points located 
symmetrically on the sensor surface with respect to 
the centre lme x = t/2, IS found to be 

L 
AT,=c- 

k,WDGfAT 
(11) 

where c IS a constant, which has a maximum value 
when the points are located at the opposite edges 
of the sensor (m that case c = l/l0 for shear flow) 
Note that eqn (11) can be interpreted as the 
product of the thermal resistance of the sensor 
L/(k, WD) and the total convective heat flow 

Gf AT, where c IS a kmd of efficiency parameter 
depending on the dlstrlbutlon of the heat transfer 
over the surface and on the location of the 
measurement points 

For practical apphcatlons it may be desirable 
to be able to express the sensor operation m 
terms of a characterlstlc flow velocity U, such as 
the velocity of the undisturbed flow field far up- 
stream of a sensor probe As the relation between 
Gf and U IS determined by the boundary layer 
over the sensor, this relation obviously depends 
on the probe geometry, and no universal relation 
can therefore be given For geometrically similar 
lammar boundary layer flows, it IS, however, pos- 
sible to derive by dimensional analysis (see also 
the results of the dlscusslon m Section 2 1 ) the 
followmg result [ 81 

(12) 

where KS IS a sensor geometry factor, K,, an overall 
probe geometry factor, Pr = v/a the fluid Prandtl 
number, and Re = ULIv IS Reynolds number 
Comparison of eqns (8) and ( 12) shows that 
F(U) oc IY2, 1 e , the sensor output increases with 
the square root of the flow velocity This relation 
has been derived under the assumption of lammar 
boundary layer flow For turbulent flow the 
parameters KS and Kp are different, while a value 
somewhat smaller than l/2 IS found for the expo- 
nent of Re [33] 

The solution which has been derived above 
expresses how the thermal signal IS related to the 
relevant flow parameters, and yields what exphclt 
form should be expected for eqn (8), which de- 
scribes the one-dlmenslonal sensltlvlty (the veloc- 
ity dependence) To analyse the flow direction 
dependence m order to verify eqn (7), the full 
two-dimensional solution of eqn ( 10) should 
be evaluated The results of a numerical solution 
of this problem support the use of this simple 
expresslon, which was confirmed by experiments 
[321 

Analysis mcludmg the effect of the tlme-depen- 
dent term reveals that the response of the tempera- 
ture dlstrlbutlon to a stepwlse change m flow 
direction can be approximated with an exponen- 
tially decaying response function, for which the 
time constant 1s equal to csp,L2/k,n2, showing the 
response speed to be determined by the lateral 
conduction of heat m the surface 
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(a) lb) (cl 
Fig 8 Electromc components for Integrated dlreetlon-sensltlve flow 
sensors (a) resistor paw, (b) txpolar tranustor paw, (c) Integrated 
thermopde 

3 2 Descrrptlon of the sensors 
Electrome measurement of the on-chip 
temperature dlflerences 
Integrated components which are sultable for the 

measurement of on-chip temperature differences 
are resistor bridges, dlfferentral bipolar transistor 
pairs and thermoplles The schematic layouts for 
sensors relying on these prmclples are depicted m 
Fig 8, for a one-dlmenslonal sensltlvlty 

Temperature-difference sensors based on a mod- 
ulating effect (such as a resistor bndge or a dlffer- 
ential transistor pair) suffer from electromc offset 
and offset dnft Even d there 1s no temperature 
difference, an offset signal may be present because 
of the mismatch m the mdlvldual components due 
to their large spatial separation The problem of 
offset can be avoided by using a temperature- 
difference sensor relying on a self-generating effect, 
such as a thermoplle The output voltage V,, of a 
thermoplle 1s equal to (NQ AT,), where N 1s the 
number of elements m the thermoplle, us the See- 
beck coefficient and AT, the temperature dlffer- 
ence between the ends of the thermoplle The 
Seebeck coefficient ~1~ 1s a matenal constant, which 
for an integrated thermoplle made of diffused p- 
type slhcon strips and alummlum mterconnectlon 
stnps equals 0 5- 1 0 mV K-‘, depending on the 
exact dopmg concentration of the s&on This 
type of integrated thermoplle can easily be fabn- 
cated m standard IC processes [34,35] 

Layout of the ICs 
The layout and the dlmenslons of one- and 

two-dlmenslonal IC flow sensors are shown m Fig 
9 The sensor ICs have a thickness equal to that of 
the slhcon wafer out of which they are manufac- 
tured (0 35 mm), and were processed m a fully 
standard bipolar process The one-dlmenaonal 
flow sensor measures 3 mm by 4 mm and contains 
a number of heating resistors, a bipolar transistor 

hatmg 
rmrtm 
b5N 

(a) 

b6- 

(W 

kg 9 Schemak layout of thermal 1C flow sensors (dlmenslons are 
m mm) (a) one-dmxnslonal sensor, (b) two-dlmens~onal Row sensor 

to measure the average temperature, and an mte- 
grated thermoplle to measure the flow-induced 
temperature differences The thermoplle consists of 
20 interconnected strips of DP-type diffused Sl, 
and has an estimated sensltlvlty of 12 mV K-‘, 
while having an internal resistance of approxl- 
mately 18 kfi Separate heating resistors are 
present for the left and right parts of the sensor 
(nominal resistance value 1s 80 R each), to enable 
the heating of the sensor to be balanced This 
provides a means to eliminate the thermal no-flow 
offset, 1 e , the removal of temperature differences 
that occur at the absence of flow due to thermal 
asymmetries m the sensor assembly 

The two-dlmenslonal flow sensor (see also Fig 
10) measures 6 mm by 6 mm and has four sepa- 
rate heating resistors (450 R each) to allow the 
heating to be balanced m both measurement dl- 
rectlons The sensor further contains (four) blpo- 
lar transistors to measure the average sensor 
temperature, while four integrated thermoplles 
(each consisting of 11 strips of diffused DP-type 
Sl) are situated along the sides of the chip to 
measure the flow-induced temperature differences 
m two directions perpendicular to each other 
For each measurement dlrectlon the two parallel 
thermoplles are connected m series, resulting m a 
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total sensltlvlty of 13 mV K-’ and an Internal 
resistance of 18 kQ 

Sensor assembly 
The mounting of the IC sensor used for flow 

measurement experiments IS illustrated m Fig 11 
(The subject of sensor assembly will be dlscussed 
m more detail m Section 6 ) The sensor chip has 
been bonded to a 0 25 mm thm ceramic carrier 
substrate (lateral dlmenslons 25 mm by 25 mm), 

(‘3 
Fig 11 Sensor assembly, not to scale (a) mountmg of the clup to 
the carrier substrate and assembly of the sample holder, djmenaons 
are m mm, (b) cross section of the sample holder m the flow set-up 

and this substrate 1s exposed with its other side to 
the flow In this way a smooth flow surface 1s 
obtained, while the &con sensor Itself 1s shielded 
from the fluid Standard wire bonding was used to 
contact the sensor to the metal mterconnectlon 
pattern on the ceramic In fact, the substrate now 
functions as the actual sensing area Because of Its 
relatively large dlmenslons (25 mm) and small 
conductlvlty (30 W/K m), the substrate determines 
the time response of the sensor, which has been 
measured to be of the order of 2 s, whereas the 
theoretical time response of the slhcon IC alone 1s 
only about 40 ms [32] The response speed 1s suffi- 
cient for the apphcatlon of measuring average flow 
velocities 

A thermal lsolatlon structure of the total sensor 
device has been provided by attaching the ceramic 
substrate only at its edges to a PVC sample holder, 
creatmg an air chamber around the slhcon sensor 
In this way the contrlbutlon of the conduction to 
the sample holder 1s kept small the increase m 
heat transfer after the assembly had been attached 
to the sample holder was measured to be less than 
10% of that of the chip-to-substrate assembly 
alone For flow measurements the sample holder 1s 
fitted mto a circular opening m the test plate, over 
which a well-defined air flow can be established 
(Fig 1 l(b)) To obtain a smooth flow surface, the 
upper surface of the device 1s aligned accurately 
with that of the plate The direction sensltlvlty of 
the sensors was measured by rotating the sample 
holder around its axis, thus changing the relative 
flow direction 

Eiectromc operation 
An electromc circuit slmllar to that of Fig 5(b) 

was used for the temperature control of the sensor, 
and has been described m more detail elsewhere 
[32] The sensor and flow temperatures are mea- 
sured with transistors on the sensor chip and on a 
slmllar unheated reference chip respectively The 
temperature measurement relies on the change 
with temperature of the base-emitter voltage of a 
transistor at constant current, which was measured 
to be -2 1 mV K-’ By means of a feed-back 
amplifier, the value of the heatmg current 1s ad- 
Justed so as to mamtam a constant temperature 
elevation of the sensor (typically of the order of 
lo-20 K) The heating of the sensor was balanced 
so that the temperature differences are zero m the 
absence of flow 
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Fig 12 Themopde voltages as function of flow angle (wafer-thsk 
sensor, AT = 17 K) 

3 3 Expenmental results 
Sensor cahbratlon tests have been performed 

with a turbulent boundary-layer flow present over 
the test plate Figure 12 shows the result of the 
rotation of the probe at two flow veloatles, corre- 
sponding to the sensor model, eqn (9), wlthm 1” 
m angle and 1% m amplitude The variation of the 
thermoplle voltages IS given by harmonic curves, 
the amplitude of which increases with the flow 
velocity The remaining thermal offset m the pres- 
ence of flow, which results m a small vertical 
displacement of the curves with respect to the zero 
level, IS limited to about 2 to 5% of the signal 
amplitude V, The total heat loss and the flow- 
induced temperature difference, divided by the 
temperature difference AT, have been plotted m 
Fig 13 as a function of the square root of the flow 
velocity for three different sensor samples For one 
sample two cahbratlons have been given, for 
AT = 12 and 17 K, which were obtained at a time 
interval of SIX months, showing an excellent repro- 
duclblhty and long-term stability of the sensor 
Note that, as the sensltlvlty of the thermoplles 1s 
equal to a = 13 mV K-‘, the value of the relative 

(FLOW moor*)~s (rn,,)W (FLOW bwxYn)~n (m,+? 

(a) (b) 

Rg 13 Sensor charactemtlcs as a function of flow velocity (a) total 
power consumption, (b) Induced temperature gradlent (thermopk 
output), functions have been scaled with the temperature difference 
between sensor and flow 

amounts to no more than 0 01 for U up to 
25 m s-l The small non-lmeanty m the curves IS 
caused by the effect of turbulence Fitting the 
measurement data to a simple power function m 
U, the value of the temperature difference V, 1s 
found to increase with v04* Note that the value 
of the exponent differs only slightly from the theo- 
retical result of 0 5 for lammar flow 

4. The use of micromachining for flow sensor 
applications 

The flow sensors that have been discussed all 
consist of devices which are integrally heated 
The thermal lsolatlon of such bulk devices de- 
pends on then mounting, which IS often difficult 
to control Also, their large thermal mass results 
m a slow time response, typically of the order 
of several seconds With the selective etching of 
slhcon, small thermally isolated areas that act 
as the actual sensing part can be created m a 
device, resulting m improved sensltlvlty and time 
response 

4 1 Srbcon mrcromachmrng 
S&on sensors with special three-dlmenaonal 

structures can be fabricated by the use of special 
etching techniques which are used for the selective 

flow-induced temperature difference AT,/AT removal of the slhcon [36] This way of creating 
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Rg 14 Some basic sensor 
s~hcon mlcromachmmg 

structures that can be obtamed with 

miniature mechanical geometries 1s usually re- 
ferred to as mlcromachmmg Etching can either 
be performed by exposing the slhcon to an etch- 
mg liquid (wet etching), or by means of a plasma 
(dry etching) Further, we can dlstmgulsh be- 
tween bulk mlcromachmmg from the back of the 
device and surface mlcromachmmg usmg under- 
cut etching or sacrificial layer techniques Slhcon 
etching techniques have been used extensively 
for the reahzatlon of mechanical and thermal 
sensors 

In Fig 14 a number of easily achievable struc- 
tures are shown, which are compatible with stan- 
dard planar processmg This compatlblhty means 
that the etching steps can be performed separately, 
after completion of the planar process m which the 
electronic components of the sensor have been 
realized The simplest structure is formed by a 
closed membrane In a square area m the centre of 
the chip the major part of the slhcon has been 
etched away from the back of the chip, leaving 
only a thin diaphragm at the surface with a thlck- 
ness of typically a few microns By etching away 
parts of the membrane surface as well, cantilever 
beams, bridges and suspended membranes can be 
formed Flow sensors of this structure require the 
sensor to be exposed with its component side to 
the flow A slightly different type 1s the bossed 
structure, where etching IS performed only to 
achieve thermal lsolatlon, but where the sensor 
part (the Island m the centre) 1s mamtamed at its 
ongmal thickness This structure is used for flow 

Fig 15 MIcrochannel devux with a sensor bridge suspended over an 
etched groove, the channel structure IS completed by a cover wafer 
which IS bonded to the sensor wafer 

sensor apphcatlons where the sensor 1s exposed 
with Its back to the flow 

Several thermal flow sensors have been reported 
m the literature m which small, thermally isolated 
sensing areas have been created wlthm the chip 
[37-511 Indeed, all of the above structures have 
been employed closed membrane [37,38,44,50], 
bridge [42,47,48,49, 511, cantilever [ 39,40,45], 
suspended membrane [43,46] and bossed structure 
[41] In a number of apphcatlons, the sensors are 
intended for use m mmlature flow channels which 
are formed m the chip itself [47-511, see Fig 15 
Electronic components can be integrated m the 
remammg structure if it consists of monocrys- 
talhne slhcon A number of slhcon sensors have 
been reported where all the slhcon was etched to 
increase the thermal lsolatlon even further, using a 
dielectric material (porous slhcon, slhcon dioxide 
or s&con mtnde) as mechanical carrier of the 
anemometer components, m this case thin-film or 
polyslhcon resistors are used 

4 2 An etched two-drmensronaljow sensor 

In Fig 16 a two-dlmenslonal flow sensor 1s 
shown, where a thm floating membrane has been 
formed which 1s suspended with thm beams from 
the solid nrn [46] The membrane functions as the 
actual heated sensing area As m the case of the 
wafer-thick sensors described before, the flow 
measurement 1s based on the detection of flow- 
Induced temperature differences m two dlrectlons 
normal to each other 

A structure like this has a number of advantages 
when compared to a solid (1 e , of wafer thickness) 
flow sensor of slmllar lateral dlmenslons The 
value of the induced temperature dflerences 1s 
mversely proportional to the sensor thickness, 
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Rg 16 Floatmg-membrane drectlon-sensltlve thermal flow Sensor 
(a) lay-out, (b) cross se&on of the sensor, (c) photograph of the 

mounted clup 

and, hence, the thermal sensltlvlty 1s strongly m- 
creased (theoretlcally, by a factor of about 30, 
being the ratio of the thickness of the wafer to that 
of the membrane) Further, the greatly reduced 
heat capacity of the sensing element increases the 
overall response speed of the device, while the 
effective lsolatlon results m small conductive heat 
losses As the thermal lsolatlon of the sensor 1s no 
longer determmed by the mounting of the chip but 
by Its structure, this effectively reduces the thermal 
offset The high signal-to-offset ratio makes the 
sensor smtable for the detection of very small flow 
velocltles A further advantage of the thermal NO- 
latlon structure 1s the posslblhty of using the nm 
as a reference for the ambient temperature, result- 
mg m a one-chip sensing device, whereas a solid 
sensor requires a separate reference sensor 

Layout, fabrlcatlon and assembly 
The total size of the sensor IS 6 mm by 6 mm, 

while the membrane area measures 3 4 mm by 
3 4 mm Each beam contains two thermocouple 
elements to measure the average temperature ele- 
vation of the membrane relative to the nm, which 
are all connected m series The resulting elght-ele- 
ment thermoplle has a total estimated sensltlvlty 
of 5 mV/K and an internal resistance of 13 6 kn 
Two thermocouples measure the flow-induced 
temperature differences m the membrane, each 
having a sensltlvlty of 1 mV/K and a resistance of 
106kQ 

The devices were processed m a slightly 
modified bipolar process, In which the heating 
resistors and the p-type diffusion thermoplles were 
created Subsequently the floating membrane 
structure was created m a two-step mlcromachm- 
mg process In the first step a 4 mm by 4 mm 
square membrane was electrochemlcally etched 
from the back of the wafer, which 1s 10 pm thick 
(equal to the thickness of the epllayer) The etch 
process IS controlled to stop automatically at the 
epllayer-substrate Junction, which 1s m reverse 
bias Out of this closed membrane the floating 
membrane and the suspension beams were formed 
by means of plasma etchmg The membrane mea- 
sures 3 4 mm by 3 4 mm, and the beams are ap- 
proximately 2 mm long and 150 pm wide 

The sensor was mounted m a ceramic housing 
with the component surface of the chip level with 
that of the housing (see Fig 16) In the prehml- 
nary flow measurements no special care has yet 
been taken to eliminate the possible dlsturbmg 
effects of the gap around the sensor and of the 
bonding wires However, even mth thrs configura- 
tion very promlsmg results have been obtained 

Expenmentai results 
The power consumption of the sensor at zero 

flow was measured to be 1 45 mW/K, which con- 
sists mamly of the conduction m the beams (estl- 
mated to be about 0 5 mW/K), and the conduction 
m the air gap under the membrane (about 
0 9 mW/K) For directional flow measurements 
the sensor assembly was mounted m the same test 
set-up as that used for the sohd sensors described 
m Sectlon 3 The membrane was heated with 
respect to the rim to an average temperature eleva- 
tlon of 17 K In Fig 17 the measured thermo- 
couple output voltages VI2 and Vs4 are shown as a 



18 

model, based on the calculated heat capacity of 
the membrane (0 2 mJ/K) and the measured total 
heat-transfer rate (1 45 mW/K), yielding a value 
of 140 ms It should be noted, however, that the 
flow measurement 1s not based on the average 
temperature of the membrane, but on the flow- 
induced temperature differences m it The time 
response for this latter mode can be estimated to 
be only 15 ms, which 1s one order smaller than 
that of the average temperature behavlour The 
time response 1s sufficient to allow the detection 
of turbulent velocity fluctuations m the flow, and 
to observe flow transition This 1s illustrated by 
the osclllograph m Fig 18, which shows the 
simultaneous measurement of V,, (upper curve) 
and V,, (lower curve) The flow angle 1s equal 
to zero, so that V,, responds mainly to velocity 
fluctuations, while V,, 1s especially affected by 
variations m the flow direction The flow atua- 
tlon 1s that of lammar flow with occasional turbu- 
lent bursts, which can clearly be identified m the 
sensor response 

Rg 17 Thermopde voltage as function of flow angle (floatmg-mem- 
brane sensor, AT = 17 K) 

5. Applications: an electronic wind meter 

function of flow direction, for three different flow 
velocltles The amplitude of the cahbratlon curves 
was found to increase m proportion to the square 
root of the flow velocity, to the extent of 
0 8 mV (m/s) -‘/2 The thermal sensltlvlty (1 e , 
ATI AT-‘U-“2) 1s equal to 0 05 (m/s) -I/‘, which 
1s about 25 times as high as that of a wafer-thick 
sensor of comparable size At the lowest flow 
velocity, the deviations from the modelled be- 
havlour are 1” m flow angle and 2% m amplitude, 
over the full range of 360” At higher velocltles the 
differences were found to increase to 3” and 5%, 
respectively, and result from a systematic devla- 
tlon from the harmonic curves Possibly edge 
effects due to the square geometry of the sensor 
(which were less pronounced for the wafer-thick 
sensors because of the presence of the ceramic 
substrate) and the disturbance of the flow because 
the sensor assembly 1s not completely smooth can 
be held responsible for this 

The response time for a step change m heating 
power was measured to be 150 ms at zero flow 
(and decreases with increasing flow velocity) This 
finding IS m good accordance with the theoretical 
time response obtained from a lumped sensor 

After having discussed the structure and opera- 
tion of thermal flow sensors, we turn our attention 
here to their apphcatlon A specific example 1s 
described, namely that of an electronic wmd meter 
without moving parts, for the measurement of 

Fig 18 Osclllograph of the thermopde output voltages V,, (upper 
curve) and V,, (lower curve) Honzontal scale time, 0 1 s per dlw- 
son Vertical scale voltage, 0 1 mV per dlvlslon 



19 

(horizontal) wmd speed and direction [52] Such 
an electronic wmd meter can be used m combma- 
tlon with sensors for other meteorological van- 
ables m an automated weather station To be able 
to use the sensor as a wmd meter, it must be 
incorporated m a suitable probe body The shape 
of the probe should be such that the flow over the 
sensor 1s representative of the horizontal wmd 
flow, while having a 360” sensltlvlty m obtaining 
the wmd direction angle 4 Also, it should not be 
sensitive to vertical wmd components and pitch 
The pitch angle 1s defined as the angle between the 
flow velocity vector and the horizontal plane of 
the sensor In addition, the probe should protect 
the sensor agamst disturbing external Influences, 
such as direct sunshine or preclpltatlon, and 
against handling damage 

The simplest rotational probe form would be a 
flat disk mounted on a vertical shaft with the 
sensor mounted m the flat upper surface of the 
disk (mdlcated by the densely hatched areas m 
Fig 19, see also Fig 1) Apart from the vulnera- 
bility of this configuratlon, this shape 1s unsult- 
able because of Its high sensltlvlty to pitch 
Figure 20 shows how even moderate changes 
of the pitch angle have a strong influence on 
the sensor output Large negative values occur 
when the probe 1s tilted only slightly backwards, 
because a region of reversed flow 1s formed 
due to flow separation (stall effects) A suitable 
probe shape has been obtamed by placing large 
circular disks below and above the central body 
to guide the flow In this way, the effective pitch 
angle of the sensor body IS reduced strongly, 
while the sensor 1s further protected by the upper 
disk 

The prototype has been tested m a steady wmd 
flow for velocltles up to 25 m/s Rotation tests 
showed that the devlatrons were slightly larger 
than for the sensor expenments described m Sec- 
tion 3 3, which can probably be attributed to 
rnaccuracles m the shape of the probe The maxl- 
mum error was found to be about 2” m angle and 
2% m amplitude, provided the flow can travel 
unhindered over the sensor Measured velocity 
characterlstlcs have been plotted in Fig 21 The 
change m the slope of the curve at a wmd speed of 
approximately 6 m/s corresponds to the transition 
from lammar to turbulent flow for the boundary 
layer over the sensor body This 1s caused by the 
rather blunt shape of the sensor disk (for ease of 

(a) 

(Cl 
Rg 19 Wmd meter design (a) perspectw vtew, not to scale, (b) 
cross se&on, (c) photo of the prototype model 

2c 

1) 

Rg 20 Influence of pitch angle on the wmd meter output 

manufacture a semlclrcular edge was apphed), 
and can be ehmmated from the range of practical 
wmd speeds by applying a more streamlined shape 
In the lammar-flow region of the cahbratlon, the 
output 1s proportional to the square root of the flow 
velocity as predicted by the theory The sensltlvlty 
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Fig 21 Wmd meter charactemtlc sensor output as a function of 
flow velocity 

of the measurement, which 1s defined as 
V,, AT-‘U-‘12, was determined to be 35 ,uV/K 
(m/s)-“* As the thermoplle sensltlvlty 1s equal to 
13 mV/K, the thermal senatlvlty AT,, AT-‘U-“2 
of the sensor structure amounts to 0 0027 (m/s) -‘/ 
2 For a sensor operated at AT = 20 K, the typical 
thermal offset was observed to be 20 ,uV, so that, 
accordingly, the flow detection threshold can be 
estimated to he below 1 cm/s 

In the prototype the upper disk was connected 
with cyhndtlcal posts with a diameter of 2 mm 
When the flow direction 1s such that one of the 
posts 1s m the path of the flow over the sensor, 
considerably larger errors occur than those men- 
tioned above, due to the wake of the cylinder 
(resulting error +5” m angle and - 10% m amph- 
tude) Therefore, thm posts or preferably a grid or 
screen of thm wires should be used Good results 
were obtained with a fine metal screen of 60% 
relative open area 

6. The packaging of silicon thermal flow sensors 

The packaging of integrated slhcon structures 
used as sensors 1s a topic that requires special 
attention [53, 541 In any apphcatlon the way m 
which the sensor 1s mounted will certainly mflu- 
ence and may even determine the overall sensor 
performance In the case of ‘standard’ ICs, used 
for purely electronic apphcatlons, the packaging 
mvolves mounting the device to a carrier, making 
electrical contacts and protection by sealing it 
from the environment as much as possible SIllcon 
sensors, however, fundamentally require an mter- 

action with their environment m order to perform 
their sensor function As a result, this often calls 
for non-standard packaging and assembly tech- 
niques, which may be very much dependent on the 
type of sensor and its apphcatlon Radiation sen- 
sors, for example, would only require that the 
package be transparent to the relevant radiation, 
thermal sensors can be covered with a protective, 
but thermally conductive, coating, whereas for 
chemical sensors a direct contact with the medium 
IS a prerequisite The choice of the package and 
the design of the sensor assembly are dommated 
by the followmg conslderatlons 

sensor performance (strong and reproducible 
interaction with the environment), 

rehablhty (protection and mechamcal strength), 
cost (non-standard packages and assembly tech- 

niques are expensive) 
With reference to thermal flow sensors, this 

means that the followmg aspects of the complete 
sensor assembly (mcludmg sensor device and 
housing) must be considered 

aerodynamic the mcorporatlon of the sensor m 
the system such that correct and reliable operation 
1s obtained, the permlsslble disturbance of the 
flow, 

thermal heat conductlon m the package, ther- 
mal inertia and response time, 

mechanical all elements of the sensor and pack- 
age should have sufficient mechanical strength to 
wthstand the static and dynamic loads that may 
be encountered, 

electronic contacting of the sensor and connec- 
tion to external systems, 

chemical resistance to corrosion, influence of 
pollution and moisture 

A number of possible assemblies are shown m 
Fig 22, which also mdlcates the types of mlcro- 
mechanical configurations the specific assembly 
allows to be used, namely the thin-membrane type 
when the component side of the sensor 1s exposed 
to the flow, or only bossed-type structures when 
the back-side of the sensor 1s used 

(a) Standard mountmg wrth encapsulated 
bonding wires 
When the flow 1s predommantly from one dlrec- 

tlon, the bonding wires can be located at the sides 
of the sensor area, or downstream of It, so that 
they do not disturb the flow over the sensor The 
bonding wires can be covered by a protective 
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(b) 

Cd) 

heoily dcqd 

(e) 

Fig 22 The assembly of s~hcon thermal flow sensors 

polymer encapsulation This type of mountmg has 
been used for chemical sensors [54] and also m 
catheter-type flow probes [ 37,401 

(6) Fhp-chrp bondmg 
The use of the flip-chip mounting ehmmates the 

fragde bonding wires No specific reference to this 
type of mounting m connection wrth thermal flow- 
sensor apphcatlons 1s known to the author 

Both (a) and (b) result m configurations that do 
not present a flat surface to the flow With some 
effort the surface steps can be reduced, but it 1s 
unlikely that a very smooth surface can be ob- 
tamed The followmg three configurations do not 
have this problem 

(c) Reversed conjiguratron with thm carrier 
The sensor chip 1s mounted on a thin sensing 

and earner substrate, which 1s exposed with its 
back to the flow This configuration, which has 
been used for the experiments described m Section 
3, combines a flat surface with the use of standard 
mounting and bonding techniques, simultaneously 
provldmg a protection layer between sensor and 
fluid The choice of the earner 1s determined by a 
compromise between sensor performance and me- 

chanical strength Mlcromechamcal structures are 
possible only m the form of bossed structures, and 
on the condltlon that the lateral conduction m the 
carrier 1s small This calls for a carrier of low 
thermal conductlvlty and small thickness 

(d) Reversed embedded chip m carrier wtth hole 
In this configuration a carrier 1s used which has 

an opening to accommodate the sensor The as- 
sembly 1s made by putting sensor and carrier 
upside down on a flat surface, and then making 
the electrical and mechanical connection between 
sensor and carrier The reahzatlon 1s more com- 
plex than that of (c), but now the chip 1s m direct 
contact with the flow, whereas there are less 
severe demands on the earner matenal and dl- 
menslons The configuration allows the use of 
bossed structures, and has been applied for a 
sensor to measure fouling blofilms m hqmd flow 
[41] Configurations (c) and (d) can be combined 
by first mounting the sensor to a very thm film, 
which 1s then attached to the flat face of a pack- 
age with an opening m it 

(e) Embedded chip with back-side contacts 
This configuration shows the very favourable 

combmatlon of a flat surface and the posslblhty of 
exploltmg the high sensltlvlty of thm sensing struc- 
tures Contacting 1s achieved by forming heavily 
doped contact regons which are reached by etch- 
mg holes from the back of the sensor Thrs special 
technique has been reported for use m chemical 
sensors [54, 551 

As stated earlier, which of these configurations 
1s the most appealing for a specific application 
depends to a large extent on the specific cn-cum- 
stances (gas or liquid flow, level of mechanical 
loads, corrosive nature of the environment), on the 
required sensor performance and on the aspect of 
cost 

7. Obstacles in the signal transduction path 

After having discussed the various aspects of the 
design and apphcatlon of slhcon thermal flow 
sensors, let us now return again to the more general 
view of the complete transduction path, as lllus- 
trated m Fig 1 The complete signal chain goes 
from the relevant flow parameter to be measured 
(say, wind speed) to an electrical signal It 1s evident 
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that any obstacle m the transduction path will 
cause an erroneous measurement a ‘perfect’ 
instrument that falls to deliver a signal, and a 
‘perfect’ electrical transducer m an inappropriate 
housing may be equally useless Apart from the 
posslblhty of such catastrophic obstacles, which 
should be ehmmated by proper design and use, 
smaller barriers of vanous natures are always 
present These limit the transduction accuracy, 
and hence, determine the performance of the entn-e 
measurement system Important performance-lim- 
ltmg effects are noise and offset Noise 1s the 
occurrence of natural, spontaneous fluctuations in 
a signal and sets a lower bound for dlstmgulshmg 
input signal variations Offset 1s defined as the 
presence of undesirable signal components m the 
sensor output, due to effects other than a change 
m the measurand As the thermal flow sensor 1s a 
tandem transducer (mechanical-thermal -electn- 
Cal), it 1s again possible to dlstmgulsh electronic, 
thermal and mechanical aspects Let us consider 
again the sensor and its apphcatlon that we have 
discussed previously 

Electrical domain 
Electromc offset occurs m the measurement of 

the on-chip temperature differences when a modu- 
lating transduction prmclple 1s used, as m the case 
of a differential transistor pair or a resistor bridge 
A non-zero electronic output signal (offset) can 
exist m the absence of a temperature dlfference, 
due to varlatlons m the characterlstlcs of the mdl- 
vldual components (transistors, resistors) and, 
e g , due to mechanical stresses m the sensor In 
this respect the use of a passive (self-generating) 
thermal transducer, such as a thermoplle, 1s to be 
preferred As such sensors rely on a self-generating 
effect, they are inherently offsetless, and the prob- 
lem of electronic offset and drift 1s eliminated to a 
large extent, the overall performance being limited 
by thermal noise and interference For a typical 
integrated thermoplle, the noise-equivalent tem- 
perature difference 1s of the order of only 1 PK 
[34] For most apphcatlons this IS sufficiently 
small, and the limits to the overall sensor perfor- 
mance will be dommated mainly by thermal and 
mechanical causes 

Thermal domain 
Thermal offset can be defined as the tempera- 

ture difference on the sensor m the absence of 

flow, or when the flow 1s perpendicular to the 
specific measurement direction of the sensor It 
may result from the asymmetry m the sensor 
caused by mhomogeneltles in it and by mismatch 
m the heatmg-resistor values, which would cause 
an uneven dlstrlbutlon of the heating power over 
the sensor Probably the largest source of thermal 
offset lies m mhomogeneltles m the mountmg of 
the IC sensor to Its housing or substrate As 
discussed previously, the presence of separate 
heatmg resistors provides an opportunity to con- 
trol the dlstrlbutlon of the heating power over the 
sensor surface, and m this way a thermal balanc- 
mg of the sensor can be realized 

Mechanrcal domazn 
As the operation of the sensor as a flow sensor 

IS based on the existence of an unambiguous rela- 
tion between the heat transfer from the sensor 
and the flow property which 1s to be measured, 
measurement errors arise when the heat transfer 
1s not sufficiently representative of the normal 
flow sltuatlon A non-zero temperature difference 
can then occur even if there 1s no flow, or when 
the flow 1s perpendicular to the measurement dl- 
rectlon This can happen, e g , under the influence 
of natural convectlon when the sensor 1s oper- 
ated normally m a horizontal posltlon and 1s then 
tllted with respect to the vector of gravity, a 
natural convection flow will induce a temperature 
gradlent on the sensor This effect is important 
only for the low velocity range (flow speeds be- 
low 1 m/s) For a temperature elevation of the 
sensor of about 20 K, the maximal effect, occur- 
ring when the sensor 1s placed vertically, corre- 
sponds to a flow velocity of the order of only a 
few cm/s 

A second example of mechanical offset 1s the 
case when the boundary layer flow 1s lammar over 
one part of the sensor and turbulent over the 
other As the heat transfer m the turbulent flow 
~11 usually be larger than that m the lammar flow, 
this will result m an erroneous mterpretatlon of 
the flow angle and velocity 

8. Towards smart flow sensors 

The main SubJect of attention in this paper has 
been the physical transduction effects We have 
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dIscussed the thermal transduction which takes 
place m the sensor m depth, and have consldered 
aspects conce~lng a practical application With 
regard to the electrical domain, we have been 
sattsfied to see how electromc components can 
be employed to measure the thermal signal, like 
the use of thermoplles to measure temperature 
differences on the chip Apart from the use of 
mlcroelectromc techniques to manufacture special 
structures, the slhcon sensor resembles other clas- 
sx thermal flow-sensor types, m that it delivers 
an analog output signal where the mformatton- 
carrymg slgnal IS an electnc voltage or current 
However, one of the important motives to stlmu- 
late &con sensor research IS the posslbdlty of 
including electronics for signal conversion on the 
sensor device [56], ultimately to achieve so-called 
smart sensors A serious treatment of all aspects 
involved merits a pubhcatlon to itself, and 1s 
not attempted here, but let us make some brief 
remarks on the possible strategies that allow 
sensors with special output slgnal structures to be 
reahzed 

~~%na~ conversion IR the electrical domain 
By means of an electronic conversion, a duty 

cycle, pulse wrdth, frequency or digital output 
signal can be obtamed As an example, Fig 23 
shows a frequency converter for a two-dlmen- 
slonal flow sensor of the type discussed m Section 
3 [57, 581 It 1s based on a relaxation-type oscdla- 
tor, by perlodlcally charging and dlschargmg ca- 
pacitor C with a current proportional to the sensor 
output voltages When the capacitor voltage V, 
reaches the pos&ve threshold hmlt, the compara- 
tor swatches the choppers m the slgnal paths (note 
that the threshold voltage 1s s~ultaneously m- 
verted), and Vc decreases until the negative 
threshold 1s reached A reference signal propor- 

Ftg 23 Frequency converter for a thermal flow sensor based on 
temperature-dtfference measurement 

tlonal to the temperature dlfference AT between 
sensor and fiow IS used, both to establish the 
threshold hmlts and the central frequency at 
zero flow As a result the central frequency 
1s determined only by the values of R and C 
(fc = 1/4RC), and can be measured perlodlcally to 
include temperature and drift effects, by swltchmg 
off both measurement channels When selectmg 
sequentially either of the two dlrectlon-signal 
channels, a frequency varlatlon results which IS 
proporttonal to the ratlo of the flow-mduced tem- 
perature differences and AT 

Sgnal converston m an intermediate domam 
Signal conversion can be acbeved more directly 

by using a transduction pnnclple that naturally 
dehvers a signal of the desired type Examples of 
sensors with frequency output are the resonator 
sensors, like those where the (flow-dependent) 
temperature of the sensor 1s detected as a shift m 
resonance frequency of the structure, due to a 
change m thermal stresses [50,51] Also, the cool- 
mg of a thermal sensor heated by pulses can be 
used to obtam a duty-cycle or frequency slgnal 
159,601 A specific lmplementatlon, where a direct 
digital converston 1s obtamed, IS the so-called ther- 
mal sigma -delta modulator 16 l] 

Sgnal converston m the flow domarn 
Finally, the use of special flow-sensing tech- 

niques that inherently result m a time delay or a 
frequency may be appeahng for the development 
of smart flow sensors An example of the former IS 
the time-of-flight techmque [62,63), where a small 
pulse of heat IS released m the flow and the time It 
takes to travel the (fixed) distance between the 
heat source and a temperature detector down- 
stream of it IS measured Alternatively, the heat 
source can be driven by an alternating current, 
and the time of flight 1s then determrned as a shift 
m phase between the heater and temperature de- 
tector signals Also, the time delay can be em- 
ployed to control the frequency of a thermal 
resonator loop [ 641 Inherent frequency-output ng- 
nals are obtamed when a measurement prmclple IS 
used where an oscdfatmg flow pattern occurs with 
a flow-de~ndent frequency [65], like the vortex 
shedding m the wake of a non-str~~~ned body 
[66] In that case the sheddmg frequency Increases 
proportionally to the flow velocity, and can be 
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detected by placmg a thermal detector behind the prototype was made at the Mechanical Workshop 
vortex-generating body, or m a flow channel inside of the Department Flow experiments were carried 
It In the so-called fluldlc feedback oscillator a out at the Low Speed Wmd Tunnel Laboratory 
specially shaped flow chamber 1s used, m which of the Umverslty The proJect was supported 
the flow changes perlodlcally between two dlffer- by the Netherlands Foundation of Technology 
ent flow patterns, again with a frequency propor- STW 
tlonal to the flow velocity [67] 

9. Conclusions 
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