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Abstract: This paper presents the evaluation ofmaiature liquid microflow sensor,
directly integrated on a PCB. The sensor operation is based on the convective heat transfer
principle. The heating and sensing elements are thin Pt resistors which are in direct
electrical contact with the external coppeacks of the printed circuit board. Due to the

low thermal conductivity of the substrate material, a high degree of thermal isolation is
obtained which improves the operating characteristics of the device. The sensor is able to
operate under both the th@ire and the calorimetric principle. In order to fully exploit the
temperature distribution in the flowing liquid, multiple sensing elements are positioned in
various distances from the heater. A special housing was developed which allowed
implementationof the sensor into tubes of various cross sectional areas. The sensor
sensitivity and measurement range as a function of the sensing element distance were
guartified. A minimum resolution of3 e¢L/min and a measurement flow range up

to 500eL/min were acleved.

Keywords: microflow sensorliquid flow measuremenPCBMEMS

1. Introduction

Several Sbased thermal flow sensors are currently available for measuring gas and liquid flow
rates [1-9]. These devices are typically mounted on a printed circogrd (PCB), whereby the
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connection of the sensor elements to the copper tracks is made via wire bonding. Due to the high
thermal conductivity of the silicon substrate, various schemes are implemented in order to achieve the
thermal isolation of the sensirglements, such as free standing structures, vacuum cavities or the
formation of porous silicon. In this paper we present the evaluation of a miniature thermal liquid flow
sensor fabricated by a technology which allows the device integration directiyntedmircuit boards,

as presented inLp]. Multiple advantages arise from the combinatiorP@B and MEMS techniques,

such as the elimination of the need for wire bonding, the low production cost, the reduced amount of
time required for the fabrication tie final device, as well as the relatively planar surface of the sensor
which allows for minimally invasive flow measurements. A major advantage arising from the adoption
of organic naterial as the device substr&dahe very low heat dissipation thatrncbe achieved, which
provides highly effective thermal isolation without the need for additional fabrication stages.

Typically, thermal flow sensors contain a heating element which creates a local temperature increase
and sensing elements that aim to suga the distortion in the temperature field as induced by the fluid
flow. The two main principles of operation are the-twite and the calorimetric one. The heire
principle presents the simplest measuring method, as it requires a simple resistoacthiah the
same time as both the heating and the temperature sensing element. In the calorimetric principle, th
temperature difference between sensing elements located at a certain distance from the heater i
monitored as a function of the flow rate. @eal advantages of the calorimetric principle are the
possibility to detect the flow direction, the ability to detect lower flow rate values, the higher
repeatability of the measurements and the faster response to flow rate changes.

In such case, the dasices of the sensing elements to the heater is the dominant factor regarding the
sensor performance; however a relatively limited amount of effort has been devoted in the study of the
specific parameteVolklein and Baltes in 1] presented a detailed dytical model whereby they
quantify, among other quantities, the effect of the temperature sensing distance on the sensitivity of the
device. They observed that the maximum sensitivity value is reached for high sensing element
distance; however the devistructure for which the specific model applies, incorporates a heat sink at
a specific distance from the heater, with a corresponding boundary condition for the specific area to
remain fixed at the ambient temperature. Such a condition is not true forthreasial flow sensor
structures, including the one presented herein.

Nguyen and Ddzel us# nonsymmetrical distances of the sensing elements (from 200
to 660 € m)thus managing to increase the measurement range of their device tmlI&0n, as
compaed to 10mL/min which was the upper limit in the case of symmetrical positioning of the
sensing elementd ). Saba¢ et al. used sensing elements at distances of 7915 225 em fr
heater and faad out that different sensing element combinatiomyided the optimum sensor signal
at different flow rate regions. However they refémerely to symmetrical combinations as theyndo t
examine the effect of the downstream and the upstream element distances independently. The
measurement range of the dmwireaches up to 8 SLPM (gas flow) which cannot be considered
extended. For the specific sensor theger flow rates are detected by sensing element combinations
with the smallest distance to the heatE8][ Kim et al. usal sensingelements at varying sliance
(>1 mm) and concludk that small distance values increase the device sensitildly However
according to the same authprgher groupgMayer et al) suggest that large distance valiesease
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the device sensitivityThe specific contradictions attributedto the order of magnitude dfie sensing
elementdistanceln other words, for small distances (like Magtral.and Sabatet al) the increase

in the sensing element distance increases the sensitivity of the device, while from goertain, the
opposite holds. They support the stence of an optimum distance value, however they do not take
under consideration the dependence of this distance value on the flow rate, or non symmetrical
positions of the sensing elements with respedh#éoheater. Rasmussen al. based on a numerical
model, observe that the optimum distance of the sensing elements (being in symmetrical positions with
respect to the heater) is a function of the fluid velocity. The trend is that for high velocities, the
optimum sensing element distance is reducedi(X@Ds m)15]. [

Shin and Besser, making detailed calculations based also on a simulation model of their device,
reach an optimum distana# 100 ¢ mregarding the upstream sensing element, while regarding the
downstream element, the optimum distance Wéhin a specified area (20800& m) dependin
the flow rate. The specific analysis which is compatible with the operation of theVIEBMES flow
sensor presented here, is not thoroughly verified by detaifsetienental datallg].

Finally, van kuijK et al. and Durstet al, repored on the effect of the sensing element distance to
the heating source; however the devices they present are based on -thieflighé operating principle
and not the calorimentrigne [17,18].

In general, most of thiteratureefforts to date tend to focus on isolated aspects of the overall effect
that the positioning of the sensing elements has on the sensor opdratinis. work we present a
liquid flow sensor with a multipleesistor pattern, with the potential for appropriate selection of the
resistor distance in order to obtain the optimum operating characteristics associated to a specific
application. The systematic acquirement of operating data of theMENBS flow sensolis presented,
which allows for a full characterization of the device. The study focuses on the effect that the
independent parameters of the upstream and downstream element distance impose on the devic
sensitivity and measurement range.

2. Technologyd Device Description

The presented thermal flow sensor is an alternative -tta§&@d sensors. The sensor elements are
fabricated on top of a PCB, integrated directly to the copper tracks of the board. This way direct device
communication to the macroworld ishaeved without the aid of wire bonding, while the sensor
control electronics can be implemented in the same substrate. A major advantage of having a
polymerbased device is associated to the heat transfer rate from the heating element to the substrate
As both FR4 and Si3 , exhibit |l ow t her mal conductivity
excellent thermal isolation platform for the sensor elements. Thus additional fabrication steps in order
to achieve an isolation scheme are avoided, simplifying vieeath process and minimizing the final
cost and fabrication time. Furthermore, as no limitations are posed by the isstdt@nelargearea
structures can be realized. One more advantage of the proposed device is associated with its plan:
surface. Cotrary to the common method of mounting the Si devices on a, RGRBhH inevitably
introduces an obstacle to the fluid flakae height of which depends the wafer thickness (>380m) ,
the surface of the PCBased device is relatively planar, allowing for minimally invasive
flow measurements.
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A detailed description of the fabrication technology used can be fountiOjnlp this case, a
standard PCB was used as a substrate orhvaoigper tracks were first definedand e&elt;h t hi c k S
layer was afterwards spitoated and patterned. The heating and the sensing elements weana 300
thick Pt resistors with lateral dimensions of &5).1 mn?. Direct electrical contact between the
regstors and the copper tracks was formed through vias in th& [8&harization layer

3. Operation Principle

Each resistor can act as both a heating element by utilizing the Joule effect, or as a temperature
sensing el ement , siisanexplicinfenctioneofstempdarature dcsordingte:i st an
R(T)

R(T,)

with R(T) andR(T,) being the resistance values at a varying temperdtaral a reference temperature
Torespectively and U is the ther mal coefficient
resistors was 0.002€. From (1) follows that the normalized resistance change is proportional to the
temperature change imposed to a resistor:

% =ad®T (2)

=1+a(T-T,) (1)

wheregR = R(Ty) T R(T) andgl = T,1 T, respectively.

The monitoring of the normalized resistance change is necessary when measuring a large number ¢
sensing elements, since it is a straightforward manifestation of the resistor temperature change, while a
the same time it is independent of fabrication related features of each resistor such as its actua
resistance value.

The liquids used in the conducted measurements were water and engine oil. As liquids exhibit high
thermal conductivity values, the amuwf thermal energy conducted away from a heating resistor is
quite large. The temperature distribution within the fluid body in zero flow conditions is dictated by
Fourieroés | aw of conducti on:

g. =-kbT (3)

whereq. is the conductive heat flux andis the themal conductivity of the liquid under test. For a
constant heat flux the temperature gradient is low, signifying datatized temperature distribution

within the liquid. The flow induced temperature change can take place in an area of a few centimeters,
which is a rather large value concerning microdevice dimensions.

The sensor is able to operate under both theviretand the calorimetric princieThe hotwire
operating principle involves the monitoring of the cooling effect on a single heatingrdlemd is
relatively simple to realize. However operation under the calorimetric principle, whereby the
temperature difference of two sensing elements situated in either side of the heater is monitored as
function of the flow rate, provides data of heghaccuracy and reproducibility. A major advantage in
this cases that the effect of heat conduction from or to the ambient is essentially cancelled out when
subtracting the signal of the two sensing elements. Additionally, potential temperature thastwti
the heating element pose a minimal effect on the final measurement. Obviously, for this to remain true
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the sensing elements have to be monitored at the same time. Therefore, since in our case a ful
distribution of the temperature field on the uppgensor surface was required, this could only be
achieved by the simultaneous measurement of the involved sensing elements.

In order to achieve optimum operation in the calorimetric operating principle, the resistor pattern of
the liquid flow sensor is deged in a way that the resistors are spread over a wide area so as to fully
exploit the occurring flow induced temperature variations. As showkigare 1 the resistor pattern
consists of multiple elements, designed in such a wayldhge distance vaks between the sensing
elements and the heater are allowed. An area where the resistors are positioned imeaclease
also included, while the maximum distance of the two outer resistorgnsnb2

Figure 1. A photograph of the fabricated sensor. Ag tinset, an enlarged image of the
dense part of the ntiple resistor pattern is shown.

4. MeasurementSetup

The sensor was wathounted on a specially designed package which features a well defined flow
channel, as well as a liquid inlet and outleg(fe 2). The length of the flow channel was®, while
its cross sectional area wa mn’. The packagingvasspecially constructed so as to accommodate
the sensor board, with the sensing elements aligned to the flow channel axis. Sealing is majnégined b
special type of @ing adjusted next to the edges of the flow channel.

The reference flow of liquid was provided by a WPI syringe pump in the region560@ Imin.
Regarding the electronic equipment used, the heater was supplied by electricalgameeated by a
Keithley 220 current source, while the heater voltage was monitored by a Keithley 2000 Multimeter.
The resistance values of the upstream and the downstream sensing elements in the calorimetris
operating principle were measured by a secoeithikey 2000 Multimeter equipped with a-Ohannel
Scanner Card. The specific instrument alongside a specially designed Labview® interface enables the
simultaneous recording of the resistance values of a maximum of ten sensing elements. All instruments
were connected to a PC via a GPIB interface. A schematic of the measurement setup is shown in
Figure3.
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Figure 2. A schematic of the implemented housing. The sensor is adjusted on a special
packaging with the resistor sdalingis abssuredbyai ng t
specific Gring scheme (not shown in the picture)

Outlet

Flow Channel

Figure 3. A schematic of the measurement setup used. A syringe pump provides the
reference flow to the sensor package. A current source is used to provide the heater
operating cuent, while the resistance variation of the resistors is recorded by a multimeter
equipped with a -@hannel scan card. The obtairdata are monitored through a PC.

Liquid Flow Sensor

]_abview Interface

 Sensor Package

Keithley 220
Current Source

Syringe Pump

Multimeter

The sensor can operate in either the Cl medeereby the heater is supplied with @rent of
constant value, or in the CT mqdehereby the heater resistance and therefore the heater temperature
is kept constantegardless the fluid flow. Generally the Cl mode is easier to implement, however the
measurements conducted in the CT modereme reliable and provide better resolution.
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In order to obtain the CT operating mode an appropriate algorithm was developed in the Labview®
environment. The software records the resistance value of the Rgateregular time intervals and
compares ito the nominal resistance valReto which the heatetesistance is meant to be stabilized.
| fR\iORbi s greater than the mi nRynhemhealgdritbnwvradefines r e
the new currermii Rbdloud exom m®s It ikapmbent thed the lower tig,
the more accurat the stabilization method is. Its value is mainly determined by the smallest
controllable current variations in the output of the power source. The resolution of the current source at
the operating region of interest {8M0mMA) is 5x 10 ° A which leadso a value foiR, of 5x 103 q
and an overall temperature stabilization error 0of’G.2

5. Resultsand Discussion
5.1. Introduction

The indepth characterization of the sensor operation which is performed in this section is a rather
demanding taskmainly due to the complexity arising from the multiple signals acquired from the
resistor array. Initially, in a quantitative approach the sensor operation under-thigehptinciple is
compared to operation under the calorimetric principle. Subsequentyalaoration on the multiple
resistor array is performed. The simultaneous monitoring of numerous resistors produces data of
relatively large size. The recording and manipulation of the acquired data requires thorough processing
in order to define the sigintant parameters and extract the optimum sensor performance.

The most important characteristics associated to the sensor operation are the exhibited measureme
range, sensitivity and resolution. The effect of the distance of the upstream and the dowssitging
elements on #se parameters will be analyz@the testiquids used in the experiments were water and
engine oils of varying viscosity.

5.2. QualitativeComparison oHot-Wire and Calorimetric Operation

In this section the sensor operation @inthe hotwire and the calorimetric principle is compared.

The general case regarding thermal flow sensors is that operation in the calorimetric principle provides
data of increased resolution and lower minimum detectable flow rate. Contrary to thathitwire

principle an extended measurement range is provided, as the signal reaches saturation at higher flo\
rate values.

In the specific case the sensor operation under both operating principles was evaluated in the CT
mode, so as to obtain measuretseof maximum quality. IrFigure 4, the sensor operation in the
hotwire principle is shown. The measured quantity is the power generated at theFhdatethe
resistance stabilization and for varying flow rate. As it can be observed, for increasingti, the
generated power also increases. However, the obtained data are of poor quality, with a low signal tc
noise ratio and without a clear correlation of the sensor signal to the flow rate. Furthermore, a very low
sensitivity is observed at the Idew rate region.
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Figure 4. The sensor operation under the -hte principle (CT mode). The power

generated at the heater for denoted flow rate values is shown. The black line represents the
real time sensor signal, while the red line is derived by giregaf the results.
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Concerning the calorimetric operating principle, we define the quaniff¥% as the resistance
value of the downstream sensing elem&ft,as the resistance value of the upstream sensing element,
while the corresponding distaricef the sensing elements to the heater are tebfféandD". In an
initial approach, the sensor signal can be expressed as the change in the resistance of the downstree
and the upstream sensing elements, defineps R R™. Figure5 shows he real time sensor
operation in the calorimetric operating principle.

Figure 5. The sensor operation under the calorimetric principle D" = 5 mm and
D"? = 3.75mm. The real time signal is the change in the resistance value of the sensing
elemens at the denoted flow rate values.
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It is observed that a clear correlation between the sensor response and the flow rate holds throughot
the measurable flow rate region with high resolution in the low flow rate regime.

5.3. TheMultiple Resistor Array

The results of the calorimetric operation as presented in the previous section refer to a single
combination oD%""andD". The major advantage of the specific sensor however lies on the ability to
implement numerous sensing element configurationsaeed from the multiple resistor array.
However, he simultaneous monitoring of ten resistors produces data of relatively big size as a large
number of sensing element combinations can take place. The quantity which can depict the actual
change in the teperature field in a rather global approach is the difference in the normalized

resistance change, defined as:
DRdown DRup

Rgown R(l),lp (4)

with DRIOWN = Rdown_ pdown ppup — RUP . RUP \hile R9°"Mand R:P being the resistance values of

the downstream and the upstream elements at zero flow respectively. Based om d@latioe
latter becomes:

DR,

DR, =a®@T*""- a®T"* =a®T, (5)

where (p " and p* are the change in temperature in the downstream and the upstream sensing
element respectively, whiT= 81 o1 is the temperature difference of the sensing elements.
Therefore by monitoringp8 one knows the actual temperaturefeténce between two resistors
positioned in specified distances from the heater. This comes as a necessity due to the fact that the actu
resistance values of the fabricated resistors may vary, which inevitably afiéttepR however is
independent ofhe actual resistor resistance values, since it depicts merely the temperature differences
between specified points. This feature allows for a study of the phenomenon in a global apptbach,
obtainedesultsarenot relatedto fabricationissueswhile dataobtainedrom different measurements and
potentially different sensors with alternate resistor patterns can be comparable.

In Figure 6, the normalized resistance chamg® ,, & ten sensing elements as a function of the
flow rate is shown, for heater operation in the Cl mode and water as the test liquid. The distance of the
downstream sensing eleme®¥""to the heater is denoted with a positive sighile the distancef
the upstream sensing elemei¥ is indicated with the negative values. As a general remark, it is
observed that the signal of the upstream sensing elements is a monotonically decreasing function of th
flow rate throughout the entire measurement ear@@ontrary to that the signal of the downstream
sensing elements increases up to a saturation point, the magnitude and the location of which depen
on D"
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Figure 6. Normalized resistance change of the sensing elements situated in various
distances tm the heater as a function of the flow rdtke liquid used was water, while
the tube crossectional area vlag mnf.
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5.4. DataManipulation

The curves shown irFigure 6 correspond to the raw form of the data acquired in a single
measurement. The migalation of the provided information in order to extract the optimum sensor
performance is a nefmivial issue. Evidently, there is a very a large number of combinations which can
form the calorimetric sensor signgh8 The method chosen in order to provide the means to
systematically study the sensor behavior I's t
specific upstream element is chosen to be maintained as a reference, while the sensor response as
function of the flow rate for the remaining s
depicted. The distance of each local element to the heater is denBt&% ahich is assigned positive
values for the downstream elements and negative ¥&bu¢he upstream elements.

The explicit form of the sensor signal in each facet is defined as:

) i up
DR! DR DR

| “" R R¥”

.. DR . . . . .
with —— being the normalized resistance change of each of the local elements. Given that in each

(6)

facet there is one reference sensing element combiitkedalivthe remaining local elements, it can be
deduced that the signal of resistors lying on the same side with the reference upstream sensing eleme
with respect to the heater is also incorporated. Despite the fact that such a combination of sensing
elements is uncommon, it yields interesting results as seen in the following graphs.

By successively performing this task, facets corresponding to all potddifaivalues are
constructed. The assembly of the coamdd uwhed
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essentially includes all the information extracted by a measurement, organized in a structured manner
thus allowing for the characterization of the sensor behavior regarding a specific fluid.

In the specific case, each frame consists of fagets as is the number of the upstream sensing
elements used. The information contained in each facet is depicted in the standard template form
outlined inFigure 7. The left yaxis showsgqiRy as defined in (6), while the rightaxis shows the
corresponding temperature difference as defined in (5). The botts xshows the flow rate values
(in e Imin), while the top »axis shows the corresponding Reynolds numbers as defindd]by [

rub
Re=——

p Y
where} is the fluid densityu is the mean velocity of the fluid) is the tube diameter aralis the
dynamic viscosity of the fluid. The use of Reynolds number provides a more global way of quantifying
the fluid flow. Finally, the legend shows thesasiation of the color index used in the facets with the
distance of the local sensing elements

Figure 7. Description of the template which applies for all facets used in the frames. On the
left y-axis o8 is shown, while the correspondirgdl’ is shown onthe right yaxis. The
bottom and the top-axis show the flow rate and the Reynolds number respectively. In the

legend, the correspondence between the line color and the distance of eachetamsingto
the heater is given.

Reynolds Number

Q.
3 —
mO
= 0.425 |
@‘ —e— 1125
, —— 1.525 —
c 5 (@]
z 15 S
° —e— 25
m° -0.975 <
- Facet template for il -0.425
QE] Frames 1 & 2 - -5
" (Figures 8 & 9) 15
o
/]

Flow Rate (uL/min)

The fourfacet frames coesponding to water and to the engine oil with viscosity equal to SAE10 as
the test fluids are depicted Figures 8 and Qespectively. Th®"? values for the facets are 0.4@n,
0.975mm, 5mm and 15mm respectively. Each facet shows the variatiodej for the ten sensing
elements as a function of the flow rate. The general trend iggas initially an increasing function
of the flow rate, up to a saturation point, the location of which depends on the sensing element
combination. A straight lin@t each facet which correspondsglBy = 0 occurs when the upstream
sensing element is subtracted from itself, as stems from (6). Obviously these lines do not hold any
information, but they are maintained in the graphs for reference purposes
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Figure 8. Frame 1 which describes sensor operation for water is shown. Each facet is
associated to a differeBt’®value, while each curve corresponds to a cefiih The axes
quantities as well as the correspondence between thedioes andD'*® are explainedn

Figure 7.
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As evident, there is not a specific sensing element combination which can provide optimum results
in terms of sensitivity and measurement range. In general, Iitgeesult to extended measurement
range, while high sensitivities, espebiain the low flow rate region are extracted from |d°
values. The precise effect B’ on these quantities will be discussed in the following paragraphs.

The effect ofD"P on the sensor signal is more straightforward. By observing the sensorisignal
deduced that the optimum results comeD@d?= 0.425mm, which is the lowest value. For relatively
large D*P the highest sensor signal in absolute values, is the one derived by subtracting the signal of
sensing elements both lying on the downstrese. Finally, when comparing the results in the two
frames, a rather general remark is that for identical sensing element combinations water exhibits highet
sensitivity for low flow rates, while in the oil case a wider measurement range is observed.
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Figure 9. Frame 2 which describes sensor operation for the engine oil with viscosity
SAE10. The correspondence betw&i and the line colors is maintained
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5.5. MeasuremerRange

A brief mention regarding the effect of the sensing element distance aret®irement range was
given in the previous paragraph. In order to provide a more detailed insight on this effect, in a first
approach we define the measurement range of the device as the flow rate region up tgRwvisien
increasing function of thédw rate. In order to provide a more qualitative study on this effect, we have
not included those combinations that are composed of two downstream sensing elements, which
provide enlarged measurement range values. In other words, the combinations taken und
consideration are composed of one upstream and one downstream sensing element.

The signal saturation point, which defines the corresponding measurement range, as a function of
D%"" for the variousD"? values that correspond to the facets of Framee Igaven inFigure 10. Each
point in the graph corresponds to the saturation point for a certain configuratifi"8fand D',
while each facet is represented by a certain color. It is apparent that the measurement range is a
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increasing function ob%""for distances up to 2&m. This is considered a very large value regarding
typical microsensor dimensions.

Regarding the effect of the upstream sensing element distance, it is seen that for ®¥&fttie
measurement range increases D8 decreasesThis holds up toD%"" = 25 mm, whereby the
measurement range fob"? = 0.425 mm and D"® = 0.975 mm is identical. Generally, for
DY = 0.425mm the measurement range is essentially stabilized at 406in for D" > 15 mm,
while for largerD"? valuesthe measurement range remains an increasing functibi®8t The trend
of the curves suggests that although there is an optiBtfhfor the adoptedd?"" values herein
(up to 25mm), an extension in the measurement range can be achievetfBtargerthan 25mm
andD"? = 0.975mm or more.

Overall, the presented results suggest that an increase in the measurement range is obtained
increasingD®"" while D? = 0.425 mm is the optimum distance since in that case the largest
measurement range is preta for a specifi@?®*"value. For a more precise study on the effect of the
specific parameters on the measurement range one would need a resistor pattern with more than te
elements positioned within a specified space, as well as smaller transifisrostae flow rate during
the measurement procedure. In such case the curt#gupéLO0 would be smoother, presenting a more
accurate depiction of the actual phenomenan,the temperature distribution on the sensor surface.
Although this is an intriging prospect which can be considered helpful in terms of a theoretical
approach, it is however beyond the scope of the present work which aims for a characterization of the
sensor operation.

Figure 10. The measurement range as a function of the downsekament distance. The
data are extracted form Frame 1 (water as the test fluid). Each facet is represented by a
different color as indicated in the legend.
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5.6. Sensitivity an&esolution

A crucial parameter regarding the sensor operation is theiwdsensitivity throughout the entire
flow region. In general terms the device sensiti@{pf a flow sensor expresses the rate of change of
the sensor signal with respect to the flow Qtat a specific flow rate valug, and can be defined as:
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_ d(OR,)
S (Q) == Q e, (8)

However, since during the device evaluation the changes in the flow rate are performed discretely, a
compatible way to represent sensitivity is required. In this context we denote the constant flow regions
Q« with the indexk =1, 2, 3é b ei nsgpignad tonaach lkcenstantalow rate region in a
sequential manner. We define the change of the flow rate occurring between two neighboring constan
flow regions ag= Qk+11 Qk, and also define the varialieas:

O = Qe +—— (9)

which is essentially used to exgss the midpoint af) .
In this context the average sensor sensitivity is defined as:
D(DR, )
DQy

_ D(DR,)
k=k, 2(qk - Qk)

Sy (QkD )=

(10)
k=k,
whereqdaiRy)= qRRukT giRuk+1 , With giRgx andqRRyk+1 the sensor signal at the corresponding flow rate
valuesQx andQy.1. At the limit wheregf)cY 0, S caincides toS.. The units regarding both sensitivity
quantities areg( Imin) .

As it can be extracted from kiges 8and9, the sensor signal is not a linear function of the flow
rate, thereforey; is not constant. Due to the large number of sensing etecoenbinations, an equal
number of individ ﬁaaxlists regaaingr a simgigrvaluie ofithe ifldwi rages Bhe
optimum sensor sensitivity]" at a specificq equals to the maximum of thSL1 as calculated
throughout each frame.

By using the proposefrmalization, it is possible to define the sensor resoluRowhich denotes
the minimum change in the flow rate which can be detected by the device. The main factor that limits
the sensor resolution is the noise level associated to the implementeshalecBy definingh as the
minimum value ofydRy which is detectable by the employed system, it is easily derived that the sensor
resolution is inversely proportional to the overall sensor sensitivity. as

_n
" 5@ (12)

where the resolution units are Imin. In Table 1, the results of the calculated values regarding the
sensor sensitivityST' and the associated resolutidR at eachq are summarized, while the
corresponding sensing element combination for each sensor sensitivity value, is also denoted. The dat
correspond to Frame 2 (engine oil SAE 10). A graphical representation of the obtained results is shown
in Figurellaregarding the sensitivity and iigurellbregarding resolution.
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Table 1 The information regarding the device sensitivity, resolutionwad as the
corresponding sensing element combination as extracted by processing the data of Frame 2.

K Qk_ quf q S R. SensingElements
(e Umin) | (¢ Umin) | (¢ Umin) | (10 Ae Ymin)' § | (€ Lmin) | pup (mm) Ddown(mm)
1 0 3 1.5 9.87 40.52 0.425 0.425
2 5 55 92.20 4.34 0.425 0.425
3 4 10 58.75 6.81 0.425 1.125
4 12 6 15 39.17 10.21 0.425 1.125
5 18 7 215 29.57 13.53 0.425 1.125
6 25 15 325 34.33 11.65 0.425 1.525
7 40 20 50 20.35 19.66 0.425 5
8 60 20 70 15.15 26.40 0.425 15
9 80 20 90 12.55 31.87 0.425 15
10 100 50 125 10.06 39.76 0.425 15
11 150 50 175 5.92 67.57 0.425 15
12 200 100 250 3.71 107.82 0.425 25
13 300 100 350 2.09 191.39 0.425 25

The xaxis of each point in the graphs of Figure 11 repregenhile the yaxis correspond® S}

(Figure 11a) andR (Figure 11b). The color of each point is assigned to a certain sensing element
combination as defined in the graph legend, while the incremental numerical value of each point

depicts its correspondirigindex as defined in Table 1.

Figure 11 (a) The sensor sensitivitg;' as a function of the flow rate, as indicated in
Table 1. The color of each point denotes the corresponding sensing element combination
which exhibits the specific sensitivity value, while the associkteglue isalso depicted.

The color of each point corresponds to a certain

sensing element combination, as indicated

in the legend(b) The resolution R of the sensor as a function of the flow rate.
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As observed in the derived resultse tfensing element with"” = 0.425mm is incorporated in all
the sensing elements combinations that comprise the maximum calculated sensitivity, throughout the
entire measurement range. This clearly implies that in terms of sensitivity the specific mpstrea
distance is the optimum choice concerning the distance values used in this experiment. Regarding the
curve form, it is seen that sensitivity reaches to a maximuprd&.5¢ Imin and from that point on it
remains a decreasing function of the flow raféhe initial increase fromgq = 1.5 ¢ Umin
toq=>5.5¢ Imin is a direct consequence of thel&ped response of the device to the flow change,
which is a typical sensor characteristR0]] From a qualitative point of view, the most significant
observationis that for larger values ofi, D"" also increases. This result is compatible to the
discussion in the previous paragrap, that largeD®"" values allow for an increased measurement
range; however, the providesl for g larger than 5& Imin is reducedsignificantly An analogous
situation applies regarding the variation of resolution, with its minimum value being 4B8vn at
g=>5.5¢ Imin, while it rises up to 191.39 Imin forg=350¢ Imin.

6. The Effect of the Crossection Areaon the Sen®r Operation

The analysis of the results conducted so far refers to a tube of certain crossectioria? ane®)(
In order to study the effect of the specific parameter we used a configuration with a tube of similar
length (6cm), but a with a larger ossectional area of 4@n?. The resulting data are shown in
Figure 12, which is an analogue ofFigure 6 for the specified cressectional area value. The
dependence of the normalized resistance chgiRi&, of ten sensing elements as a function of the
flow rate is presented.

Figure 12. The normalized resistance change of the sensing elements as a function of the
flow rate, for water as the test liquid. The distance of each sensing element to thésheate
depicted, with the negative values corresponding to the upstream sensing elements. The
tube crossectional area is 4nd’.



