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Abstract

Since 1974, silicon has been used for making flow sensors, though a lot
of problems with respect to drift in time and temperature behavior had to
be solved This 1s especially the case when the chip 1s operating at elevated
temperatures

Heat conduction plays a wital role in the general heat transfer character-
1stics of the flow sensor Due to a special mounting technique, this conduc-
tion has been reduced to less than 6% of the total power dissipation

To improve drift and temperature behavior, a fundamental attempt has
been made to split up the common mode (fault) signal and the differential
flow signal This goal 1s achieved by integrating two equal Wheatstone
bridges on one silicon chip and connecting both bridges 1n opposite ways
with respect to each other This results in two flow signals with opposite
polanty Compared with a single bridge, reduced offset, a higher signal gain
and better stability are achieved The influence of ambient temperature can
be compensated completely

A discussion of general heat transfer characteristics 1s presented,
together with results for static and dynamic behavior of the flow sensor

Introduction

Silicon technology has been applied for making flow sensors since 1974
[1-3] A lot of problems relating to drnift in time and temperature, offset
voltage and accuracy had to be solved after the viable principle of operation
was demonstrated A first approach involved a single integrated Wheatstone
bridge configuration, which finally resulted in a simple anemometer with
acceptable accuracy A lot of time had to be devoted to reducing heat con-
duction losses Due to a special mounting technique, the final heat conduc-

*#Based on a Paper presented at Sohid-State Transducers 83, Delft, The Netherlands,
May 31 - June 3, 1983
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Aluminjum interconmection pattern

the resistance material as within between

Fig 1 Flow sensor with doubie bridge configuration (left) and ineremental model of the
applied circuit (right), demonstrating that two flow signals with opposite polarity are
developed 1n the same chip

tion 1s reduced to 6% of the total power dissipation The result 1s a very
short response time less than 100 ms

A more fundamental attempt has been made to spht up the common
mode fault signals and the differential mode flow signal This goal could be
achieved with a double bridge arrangement Both bridges are connected 1n
an electrically opposite way for flow signals, but the same way for, eg
ambient temperature changes (Fig 1) This will be discussed 1n detail below

Compared with the single bridge, a reduced offset level, an increase in
signal level and improved stability with respect to time and temperature are
achieved The principle of operation 1s based on the measurement of temper-
ature differences 1n a single heated chip of 16 mm? that are generated when a
fluid flows along a heated surface The static and dynamic behavior will also
be discussed, but general heat transfer characteristics are presented first

Theory of operation

The principle of operation 1s based on the measurement of heat transfer
differences 1n a silicon chip of 4 X 4 mm?, when a fluid at one temperature
flows along the chip surface which 15 at another higher temperature A
thermal-hydrodynamic boundary over the surface will be developed, whose
thickness 1s described by [4]

by 5 0x

= = (1)
Pr1/3 Pr1/3Rex 172

where &, = thickness of thermal boundary layer, § = thickness of hydro-
dynamic boundary layer, Pr = Prandtl number, which 1s the ratio of the

Oy
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Kinematic viscosity v and the thermal diffusivity coefficient o for the fluid
involved For most gases, the Prandtl number 1s approximately unity (0 6 <
Pr<10),forarr Pr=0"7) Re, =the local Reynold’s number at x (see Fig 2)
and 1s defined as Re, = (V.x/v), where V. 1s the free stream velocity It
should be mentioned here that due to the mounting technique apphed a
thermal-hydrodynamic boundary layer beneath the chip’s surface 1s also
developed

The applied configuration of the sensors takes full advantage of the dif-
ference 1in thickness of the thermal-hydrodynamic boundary layer (Fig 2)
developed over the chip’s surface Two Wheatstone bridges designed 1n a full
square are located at the chip’s edges with their respective branch resistors
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Fig 2 Silicon chip with thermal-hydrodynamic boundary layer

Both bridges are connected in opposition to each other electrically and
because of this, they will generate two signals with opposite polarty when a
flow 1s present Because a large length-to-width ratio (85 1) of all resistors 1s
involved and four resistors are located 1n parallel with the flow direction and
the other four are located perpendicular with respect to the flow direction,
the heat transfer 1s different and both bridges will become unbalanced (see
Fig .1) This principle of operation can be understood from the hot wire
configuration of which the coohng effect shows a maximum possible direc-
tional sensitivity The result will be discussed from an electrical point of view
n the next section

The heat balance at the chip’s surface 1s related to the heat conducted
from the chip and the heat convected into the flowing fluid This 1s governed
by the equation

oT
—k—| =h(Ts—T) (2)
9y |s
where 37T/dy|[, = temperature gradient in the y-direction, infinite at x = 0 and
zero at ¥y = §; as T = T, k = thermal conductivity of the fluid, k, = the local
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heat transfer coefficient, T, = chip’s surface temperature and T..= free
stream fluid temperature

From this equation the local heat transfer coefficient h, and the local
dimensionless Nusselt number which describes the local convective heat
transfer can be derived From the local Nusselt number Nu, an expression
for the free stream velocity can finally be found Considering the flat plate
behavior and the fixed arrangement of the resistors on the chip, 1t 1s more
convenlent to determine the average heat transfer coefficient and Nusselt
number and to account for the directional sensitivity of this configuration
by adding a yaw angle function ¢(a) This 1s specially useful when a long
length-to-width ratio of the resistors i1s imphed Following McCroskey’s
approach for hot films [5] and including a yaw angle function, the over-all
heat transfer for one resistor element can be expressed as

Nuf = Af + BfRefllzPrl/ad)(a) (3)

where A; represents heat conduction to the substrate, as well as other non-
flow heat losses A; will be considered as a constant and will finally cancel
out of the expression for the free stream velocity, as will be shown Because
Re; 1s based here on the friction velocity, the exponent of the Reynold’s
number should be 2/3, for comparison reasons, 1/2 will be maintained here
Finally, the factor B; 1s a gauge constant associated with forced convective
heat losses and will depend on the applied substrate material, here silicon
The yaw angle function proposed by Hinze [6] yields

() = (cos?a + K2 sin?a)" (4)

For this arrangement o 1s a constant and 1s the (yaw) angle between the flow
direction and the resistor location For four resistors a = n/2 and for the
other four resistors a« = 0 The factor K 1s taken as 0 2 and = 1/4 Calcu-
lation of ¢(a) gives ¢(w); =1 and ¢(a), =0 45 respectively [5] In a first
approximation, the over-all heat transfer differences between the four by
four resistor configuration yields

4(Nu, — Nu,) = 4(1 — 0 45)B;Re2Pr!/3 (5)

From eqn (5) 1t can be seen that A; cancels out

The non-dimenstonal forced-convective heat loss difference 1n eqn (5)
represents the power difference per unit length per umt temperature differ-
ence The electrical power dissipated per unit length of one resistor 1s I2R/] =
I?/S¢ and the Nusselt number expressed n electrical guantities for one
resistor element 1s

I2 - I02 6
u = o—

Sk ATo (6)
where S 1s the cross-sectional area of each resistor, I 1s the non-flow value of
electric current, ! 1s the lateral dimension of film resistor when « = 0, ¢ 1s the
specific electrical conductance and AT 1s the temperature of the chip above
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adiabatic wall temperature Combining eqns (5) and (6) and putting
AT, AT, = T2, the following expression for the flow magnitude 1s found

AI?=12—1,>=0 63B;Pr'>Re'?SkoT, (7)

where AI? 1s the difference of the squared values of the currents due to
forced convective heat transfer The indices 1, 2 refer to the four-by-four
resistor pairs perpendicular and parallel with respect to the fluid direction
and T 1s the chip surface temperature

The effects of heat conduction within the substrate dictate maintaining
heated-film skin friction gauges at a constant temperature, otherwise B; will
change excessively when AT varies Equation (7) can be rearranged into

AI* = C, V2T, (8)

where C,; =0 63B:PrV3(1/v)?Skc Note that C,; depends on the ambient
temperature, the thermal conductivity k, and the kinematic viscosity of the
fluid 1nvolved 1n particular varying shghtly when the ambient temperature
varies It 1s clear that the forced convective current change 1s converted into
a voltage change due to the configuration used If T,C, 1s kept constant, this
factor can be considered as the sensitivity of the sensor involved

Design considerations

The design of the sensor 1s closely related to the apphed principle of
operation 1n which a developed temperature gradient 1s detected in the
sensor 1tself, when the chip 1s placed into a mowving fluid

The resistor configuration used requires a high temperature coefficient
for each resistor The consequence of this i1s the apphcation of a low doping
level, which results 1n an unwanted high source resistance of the sensor This
problem can be solved by connecting the 1on-implanted sheet resistance in
parallel with the aluminium interconnection pattern, as shown in Fag 1 As
18 well known, a full symmetry of both bridges offers the highest possible
sensitivity of a Wheatstone bridge configuration, and resistors operating at
elevated temperature offer better stability than more temperature-sensitive
transistor configurations

The applied configuration can be explained as follows from an electrical
point of view When the sensor 1s placed plane-parallel into the moving fluid,
it can be seen from Fig 1 (left) that the fluid 1s moving 1in the direction inds-
cated by the arrow (17) When the outer bnidge 1s called 1, it can be seen
from the incremental model (Fig 1) that resistors R, and R, are cooled more
than resistors R, and R,; Because a positive temperature coefficient 1s
mvolved for each resistor, point 9 will rise 1n voltage and pomnt 10 will fall in
voltage level, with respect to the common voltage This signal 1s amphfied
by amphfier A; The same story holds for the inner bridge 2, but this shows
the reverse generated voltage difference between points 11 and 12 This 1s
due to the opposite electrical connections of both bridges with respect to
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each other Point 3 15 connected to point 5 of the inner bridge' In the
incremental model, the highest cooling effect for each resistor 1s indicated
by the four arrows in Fig 1 (right) The signal of bridge 2 1s amplified by A,

It 1s clear from the incremental model that two flow signals are gener-
ated with opposite polarity which differ shghtly in amphtude, because the
mnner bridge has somewhat smaller dimensions than bridge 1

The remaining comon mode fault signals of both bridges, e g, ambient
temperature changes, will now be cancelled by amplifier A; It 1s shown that
both bridges can be made exactly equal for ambient temperature changes
and hence the sensor will be completely independent of ambient tempera-
ture influences Amplifier A ; delivers the final desired output flow signal

The specific temperature coefficient can be described by [7, 8]
o(T) = ep 15 (9)

M1, + My

where p = the applied p-type boron doping concentration, e = specific elec-
tron charge, u;, = A(1/T)%? where A 1s a constant and represents the mobil-
ity as a function of lattice vibrations, u, = BT'*’?2 where B 1s a constant and
represents the mobility of the charge carriers as a function of 1onized impun-
ties A detailed description of g(T) 1s beyong the scope of this paper The
temperature behavior of four different doped samples 1s depicted 1n Fig 3
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Fig 3 Sensor temperature as a function of power dissipation with doping concentration
as parameter
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The chip temperature when no flow condition 1s presumed can be derived
from the expression

Ts — Ta = DIg*Ro/(1 —YRoDIy?) (10)

where T, = sensor temperature, T, = ambient temperature, D = experimental
constant determined as 0 0025 (W/K) !and R, = resistance value at ambient
temperature The measured value of the temperature coefficient y of the
applied sample 1s 0 058 K™! and I, 1s the supply current under no-flow con-
ditions As already mentioned, despite careful processing small differences 1n
temperature behavior still remain When two bridges are integrated on the
same chip 1t may be expected that the same charactenristic faults will occur
These faults will show a common mode behavior and can be cancelled by the
apphed three amplifier configuration The advantages of a double bnidge
configuration can be summarnized as follows

(1) Two bnidges with equal low source resistances are available, offering
a very flexible electronic design The inner bridge 1s scaled with a fixed
scaling of 0 85 with respect to the outer bridge

(2) Compared with the single bridge configuration, less heating current
1s required to achieve the desired operating temperature, as can be derived
from

IgoRfrzT‘ 2212D0RIT=T1 (11)

which results in Iy = Igo/s/2 The static behavior 1s depicted in Fig 4, from
which 1t can be seen that a reduced offset voltage 1s obtained compared with
a single bridge powered chip (S = single, D = double for indexing)

(3) A perfect temperature tracking of both bridges under no-flow con-
dition 1s guaranteed

(4) With a simple offset control, the remaining small differences in tem-
perature behavior can be cancelled completely An example of this behavior
1s depicted in Fig 5 The step response of both bridges to an ambient tem-
perature change of up to 70 °C 1s shown The inner bridge has no correction,
the outer bridge shows perfect independence of ambient temperature
changes With the same type of offset control, both temperature coefficients
can be made equal In general, zero offset voltage does not mean necessarily
independence of ambient temperature

{5) Two signals with opposite polanty are available due to the arrange-
ment of both bridges, which prowvides the possibility of splitting up the
(flow) differential mode behavior and the (non-flow) common mode behav-
tor The same figure of merit as 1s used for operational amplifiers can be
used (CMRR)

Measurements and results

The dynamic measurements are performed i a brass tube of 14 mm
I D For reference purposes, an ordinary industnal standard flowmeter 1s used
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OFFSET VOLTAGE AS A FUNCTION OF POWER DISSIPATION
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Fig 4 Comparison of offset voltage behaviors for single- and double-bridge heated chip
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Fig 5 Step response of both bridge output voltages as a function of the ambient temper-
ature under no-flow conditions

The sensor 1s supphed in voltage source mode and current source mode,
only the voltage source mode results being presented here for reasons of space
The output of the applied amplifier configuration 1s simply (see Fig 1)
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Vour = A1A3(Vap + Vapa) (12)

if, for convenience, A, = A,1s presumed
The magmtude of the flow 1s expressed 1n currents, eqn (8), and can be
converted 1nto a voltage quantity which yields the expression

AV?=C,V.Y2T, (13)
C, 15 the appropriate constant which can be defined as
aVOut

aV°° Tg = constant

2 (V2(m/s)~V2K™Y)

The measured values are depicted in Fig 6 It 1s interesting to note the dif-
ference between parallel and series connections of both bridges In parallel
connection four currents are mvolved and symmetry will be more critical
with respect to the series connection Moreover, the highest current will flow
at the coldest places This mechanism of current dispersion shghtly deterio-
rates the output signal The output signal when the two output voltages of
the respective bridges are connected the wrong way to their respective input
amplifiers 1s also depicted If complete symmetry 1s present, this output
signal should be zero and can be used for final correction purposes if
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required It s interesting to compare eqn (13) with the result givenn by Rehn
et al [9]

Conclusion

The viability of the double bridge configuration for the measurement of
very low flow rates 1s shown Two signals with opposite polarity are devel-
oped when a flow signal is present Common mode signals are highly
suppressed and can be compensated fully by applying simple correction cir-
cuitry, giving both bridges the same fault Very probably the same concept
could be used for the measurement of other physical phenomena The
double bridge configuration facilitates design accuracy by splitting up the
differential and common mode signals [10]
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