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Group, Department of Electrical Engrneermg, Twente Unzverslty of Technology, P 0 
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Abstract 

Since 1974, slhcon has been used for making flow sensors, though a lot 
of problems with respect to drift m 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 vital role m the general heat transfer character- 
lstlcs of the flow sensor Due to a special mounting technique, this conduc- 
tion has been reduced to less than 6% of the total power dlsslpatlon 

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 IS achieved by mtegratmg two equal Wheatstone 
bridges on one slhcon chip and connecting both bndges m opposite ways 
with respect to each other This results m two flow signals with opposite 
polanty Compared with a single bridge, reduced offset, a higher signal gam 
and better stability are achieved The influence of amblent temperature can 
be compensated completely 

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

introduction 

Slhcon technology has been applied for making flow sensors since 1974 
[l - 33 A lot of problems relating to dnft m time and temperature, offset 
voltage and accuracy had to be solved after the viable pnnclple of operation 
was demonstrated A first approach involved a single integrated Wheatstone 
bndge conflguratlon, which finally resulted m a simple anemometer with 
acceptable accuracy A lot of time had to be devoted to reducmg heat con- 
duction losses Due to a special mountmg technique, the final heat conduc- 

*Based on a Paper presented at Sohd-State Transducers 83, Delft, The Netherlands, 
May 31 - June 3,1983 
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Fig 1 Flow sensor with double bridge conflguratlon (left) and incremental model of the 
applied clrcult (right), demonstrating that two flow signals with opposite polarity are 
developed m the same chip 

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

A more fundamental attempt has been made to split 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 m 
an electrically opposite way for flow signals, but the same way for, e g 
ambient temperature changes (Fig 1) This will be discussed m detail below 

Compared with the single bridge, a reduced offset level, an Increase m 
signal level and improved stability wrth respect to time and temperature are 
achieved The prmclple of operation IS based on the measurement of temper- 
ature differences m a smgle 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 characterlstlcs are presented first 

Theory of operation 

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

6 
6, = 

5 ox -= 
&l/3 Pr1/3Re 1/2 0) 

x 

where at = thickness of thermal boundary layer, 6 = thickness of hydro- 
dynamic boundary layer, Pr = Prandtl number, which 1s the ratlo of the 



389 

kmematrc vlscoslty v and the thermal dlffuslvlty coefficient a for the fluid 
mvolved For most gases, the Prandtl number 1s approximately unity (0 6 < 
Pr < I 0), for air Pr = 0 7) Re, = the local Reynold’s number at x (see Fig 2) 
and 1s defined as Re, = (Vmx/v), where V, IS the free stream velocity It 
should be mentioned here that due to the mounting technique applied a 
thermal-hydrodynamic boundary layer beneath the chip’s surface IS also 
developed 

The applied conflguratlon of the sensors takes full advantage of the dd- 
ference m thickness of the thermal-hydrodynamic boundary layer (Fig 2) 
developed over the chip’s surface Two Wheatstone bridges designed m a fuIl 
square are located at the chip’s edges with therr respective branch resistors 

Fig 2 SAcon chip with thermal-hydrodynamic boundary layer 

Both bndges are connected m opposltlon to each other electncally and 
because of this, they will generate two signals with opposite polarrty when a 
flow IS present Because a large length-to-width ratio (85 1) of all resistors IS 
mvolved and four resistors are located m parallel with the flow direction and 
the other four are located perpendicular with respect to the flow dlrectlon, 
the heat transfer 1s different and both bndges will become unbalanced (see 
Fig -1) This prmclple of operation can be understood from the hot wire 
conflguratlon of which the coohng effect shows a maximum possible dlrec- 
tlonal sensltlvlty The result will be discussed from an electrical pomt of view 
m the next section 

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

aT 
--k- 

aY s 
= h,(T, - T) 

where aT/i3yl, = temperature gradient m the ydlrectlon, mfmlte at x = 0 and 
zero at y = at as T = T,, k = thermal conductlvlty of the fhud, h, = the local 



390 

heat transfer coefflclent, Z’, = chip’s surface temperature and T, = free 
stream fluid temperature 

From this equation the local heat transfer coefficient h, and the local 
dlmenslonless Nusselt number which describes the local convective heat 
transfer can be derived From the local Nusselt number lVu, an expression 
for the free stream velocity can finally be found Consldermg the flat plate 
behavior and the fixed arrangement of the resistors on the chip, it 1s more 
convement to determme the average heat transfer coefficient and Nusselt 
number and to account for the dlrectlonal sensltlvlty of this conflguratlon 
by addmg a yaw angle function @t(x) This 1s specially useful when a long 
length-to-width ratlo of the resistors 1s lmphed Followmg 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 + BfRef1’2Pr1’3q5(a) (3) 
where Af represents heat conduction to the substrate, as well as other non- 
flow heat losses Af ~111 be consldered as a constant and will finally cancel 
out of the expression for the free stream velocity, as will be shown Because 
Ref 1s based here on the frlctlon velocity, the exponent of the Reynold’s 
number should be 2/3, for comparison reasons, l/2 ~111 be maintained here 
Finally, the factor Bf 1s a gauge constant associated with forced convective 
heat losses and ~111 depend on the applied substrate material, here shlcon 
The yaw angle function proposed by Hmze [6] yields 

$(a) = (cos2cu + K2 sm2a)q (4) 
For this arrangement pi 1s a constant and 1s the (yaw) angle between the flow 
direction and the resistor location For four resistors CY = 7r/2 and for the 
other four resistors IX = 0 The factor K 1s taken as 0 2 and 77 = l/4 Calcu- 
latlon of $(a) sves @(a), = 1 and @(o!)2 = 0 45 respectively [5] In a first 
approxlmatlon, the over-all heat transfer differences between the four by 
four resistor conflguratlon yields 

4(Nu, -- Nu,) = 4(1 - 0 45)BfRef1’2Pr1’3 

From eqn (5) it can be seen that Af cancels out 
(5) 

The nondlmenslonal forced-convective heat loss difference m eqn (5) 
represents the power difference per unit length per unit temperature dlffer- 
ence The electrical power dissipated per unit length of one resistor IS 12R/1 = 
I’/So and the Nusselt number expressed m electrlcal quantities for one 
resistor element is 

where S 1s the cross-sectional area of each resistor, I0 1s the non-flow value of 
electric current, I 1s the lateral dimension of film resistor when (x = 0, u 1s the 
speclfxc electrlcal conductance and AT 1s the temperature of the chip above 
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adiabatic wall temperature Combmmg eqns (5) and (6) and putting 
AT, ATz = TS2, the followmg expression for the flow magnitude IS found 
AI2 = II2 - I2 2 = 0 63BfPr1’3Re”2SkoTS (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 dlrectlon 
and T, 1s the chip surface temperature 

The effects of heat conduction within the substrate dictate mamtammg 
heated-film skin frlctlon gauges at a constant temperature, otherwise Bi will 
change excessively when AT varies Equation (7) can be rearranged mto 

AI2 = C1V,“2TS (8) 

where C1 = 0 63BfPr1’3(l/v)1’2Sko Note that C1 depends on the ambient 
temperature, the thermal conductlvlty k, and the kinematic vlscoslty of the 
fluid involved m particular varymg shghtly when the ambient temperature 
varies It IS clear that the forced convective current change 1s converted mto 
a voltage change due to the conflguratlon used If T,C, 1s kept constant, this 
factor can be considered as the sensltlvlty of the sensor mvolved 

Design conslderatlons 

The design of the sensor 1s closely related to the applied prmclple of 
operation m which a developed temperature gradient 1s detected m the 
sensor itself, when the chip 1s placed mto a movmg fluid 

The resistor conflguratlon used requires a high temperature coefficient 
for each resistor The consequence of this 1s the apphcatlon of a low doping 
level, which results m an unwanted high source resistance of the sensor This 
problem can be solved by connecting the ion-implanted sheet resistance in 
parallel with the alummlum mterconnectlon pattern, as shown m Fig 1 As 
1s well known, a full symmetry of both bndges offers the highest possible 
sensltlvlty of a Wheatstone bridge conflguratlon, and resistors operatmg at 
elevated temperature offer better stability than more temperature-sensitive 
transistor configurations 

The applied conflguratlon can be explained as follows from an electrical 
point of view When the sensor 1s placed plane-parallel mto the movmg fluid, 
It can be seen from Fig 1 (left) that the fluid 1s movmg m the drrectlon mdl- 
cated by the arrow (17) When the outer bndge IS called 1, it can be seen 
from the incremental model (Fig 1) that resistors R 1 and R4 are cooled more 
than resistors R, and R3 Because a positive temperature coefficient is 
mvolved for each resistor, pomt 9 will rise m voltage and pomt 10 will fall m 
voltage level, with respect to the common voltage This signal 1s amplified 
by amplifier A 1 The same story holds for the inner bndge 2, but this shows 
the reverse generated voltage difference between points 11 and 12 This 1s 
due to the opposite electrical connections of both bndges with respect to 
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each other Point 3 1s connected to point 5 of the mner bridge’ In the 
incremental model, the highest coolmg effect for each rewstor 1s indicated 
by the four arrows m Fig 1 (nght) The slgnal of bridge 2 IS amplified by A, 

It 1s clear from the incremental model that two flow signals are gener- 
ated with opposite polarity which differ slightly m amplitude, because the 
inner bridge has somewhat smaller dlmenslons than bridge 1 

The remammg comon mode fault signals of both bridges, e g , ambient 
temperature changes, ~111 now be cancelled by amplifier A, It 1s shown that 
both bridges can be made exactly equal for amblent temperature changes 
and hence the sensor will be completely independent of ambient tempera- 
ture mfluences Ampllfler A, delivers the final desired output flow slgnal 

The speclflc temperature coefflclent can be described by [ 7, 81 

where p = the apphed p-type boron dopmg concentration, e = speclflc elec- 
tron charge, pL = A(1/Z’)3’2 where A LS a constant and represents the mobll- 
lty as a function of lattice vibrations, p, = BT3’* where B 1s a constant and 
represents the moblhty of the charge carriers as a function of Ionized rmpun- 
ties A detailed descrlptlon of o(T) 1s beyong the scope of this paper The 
temperature behavior of four different doped samples 1s deplcted m Fig 3 

BRIDGE RESISTANCE AS A FUNCTION OF CHlP 
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Fig 3 Sensor temperature as a function of power dlsslpatlon with dopmg concentration 
as parameter 
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The chip temperature when no flow condlttlon 1s presumed can be derived 
from the expression 

T, - T, = DIo2Ro/( 1 - yR0DI,,2) W) 

where I‘$ = sensor temperature, T, = amblent temperature, D = experimental 
constant determmed as 0 0025 (W/K)-’ and R, = resistance value at amblent 
temperature The measured value of the temperature coefflcrent y of the 
applied sample 1s Cl 058 K-l and i0 1s the supply current under no-flow con- 
ditions As already mentioned, despite careful processing small differences m 
temperature behavior still remam When two bndges are integrated on the 
same chip it may be expected that the same charactenstlc faults will occur 
These faults will show a common mode behavior and can be cancelled by the 
apphed three amphder conflguratlon The advantages of a double bridge 
confl~ratlon can be summanzed as follows 

(1) Two bndges wrth equal low source resistances are available, offermg 
a very flexible electronic design The mner bridge 1s scaled with a fixed 
scaling of 0 85 with respect to the outer brndge 

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

which results m ID, = Iso/&? The static behavior IS depleted m Fig 4, from 
which it can be seen that a reduced offset voltage IS obtained compared with 
a single brxdge powered chip (S = single, D = double for mdexmg) 

(3) A perfect temperature tracking of both bndges under no-flow con- 
dition IS guaranteed 

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

15) Two signals wrth opposite polarity are avtiable due to the arrange- 
ment of both bridges, which provides the posslblhty of splzfttng up the 
(flow) differential mode behavior and the (non-flow) common mode behav- 
ior The same figure of merit as 1s used for operational amphhers can be 
used (CMRR) 

Measurements and results 

The dynamic measurements are performed m a brass tube of 14 mm 
I D For reference purposes, an ordmary mdustr& standard flowmeter 1s used 
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Fig 5 Step response of both bridge output voltages as a function of the ambient temper- 
ature under no-flow condltlons 

The sensor IS supphed m voltage source mode and current source mode, 
only the voltage source mode results being presented here for reasons of space 
The output of the apphed amphfler conflguratlon 1s simply (see Fig 1) 



V out = A iAUaw + v,b,) 
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(12) 

if, for convenience, A 1 = A2 1s presumed 
The magnitude of the flow IS expressed m currents, eqn (ES), and can be 

converted mto a voltage quantity which yields the expression 

AV2 = C2Vcx,1’2 T, (13) 

C, 1s the appropriate constant which can be defined as 

a VOUt 
c2= - av, ( V2( m/s)-1’2K-1) 

Ts = constant 

The measured values are depicted m Fig 6 It 1s interesting to note the dlf- 
ference between parallel and senes connections of both bridges In parallel 
connection four currents are involved 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 slightly deteno- 
rates the output signal The output slgnal when the two output voltages of 
the respective blrdges are connected the wrong way to then 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 

4 
OUTPUT AS A FUNCTION OF AIR-FLOW VELOCITY 
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required It IS interesting to compare eqn (13) with the result given by Rehn 
et al [9] 

Conclusion 

The vlablhty of the double bndge conflguratlon for the measurement of 
very low flow rates 1s shown Two signals with opposite polarity are devel- 
oped when a flow signal 1s present Common mode signals are highly 
suppressed and can be compensated fully by applying simple correction cn-- 
cultry, gxvmg both bridges the same fault Very probably the same concept 
could be used for the measurement of other physical phenomena The 
double bridge conflguratlon faclhtates design accuracy by sphttmg up the 
differential and common mode signals [lo] 
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