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Abstract: This article describes modelling and modelling results); Section 4 describes experimesggup;
measurement of tiny liquid flows of the order ofcnallitres  Section 5 concludes the paper.

through mililitres per minute. The measurement of

mentioned flow range is becoming more and more apd 2. DESCRIPTION OF PRINCIPLES OF FLOW
for a lot of applications in the life science, asd, SENSOR

biotechnologies, synthesis (of e.g. pharmaceujicalsd
nanotechnology markets. Accompanying demands t flo
sensors suited for this low flow range are an enélg small
internal volume, the use of for instance PEEK aused
silica as wetted material for the flow sensor t(ibstead of
stainless steel), and a modular set-up of theunsnts, so
they can be easily exchanged and adapted to aeetv n

This work is focused on the modelling of a thermal
method for mass flow determination of flowing medm
basic principle of a design flowmeter is shown igurel.

This flowmeter type is called as time — of — fligggnsor.
The time — of — flight sensor consists of a heatat one or
more temperature sensors downstream. The heater is
activated by current pulses. The transport of theegated
heat is a combination of diffusion and forced caniom.
The resulting temperature field can be detected by
temperature sensors located downstream. The seugmut
1. INTRODUCTION is the time difference between the starting poihtthe

The modelling of microsystems requires appropriat@enerated heat pulse and the point in time at wilich
compact or macro models for microdevices. In gdnéres ~ maximum temperature at the downstream sensor ébeea
difficult or almost impossible to obtain closed rfor
analytical models for microdevices. Thus, modele ar Hester Temperature sensor
obtained by a simplification of the full physicabdel. The Q T
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compact models allow for fast system level simolabf the T [y Hoal puise
T , T

microsystem. However, the accuracy of such a mealelbe N
guestionable because of the simplifications madenguhe g,
model development phase. Model accuracy and siityplic —>
are important for the design of complex systemsriiow

sensor modelling has been examined by several mufhp

These approaches have used a solution of the Ipartia
differential equations (PDEs) for the coupled flthérmal
problem. The work of [2] employs equivalent circuit
descriptions that are solved in SPICE whereas ¢Bjesthe -
PDEs using the finite-element and the finite-défece MT RN
methods, respectively. However, none of these nastho
provide a simple and accurate macromodel for tloev fl
sensor.
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In this paper is presented modelling approach for
microflow sensor. This paper is organized as follow
Section 2 contains description of the principletef time —
of — flight sensor; Section 3 presents a numerncadiel of
the sensor (basic configuration, modelling approach Fig. 1. Time — of —flight sensor
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The time — of — flight sensors have the same litoites as The pure Navier-Stokes equations consist of a
the intrusive type of calorimetric sensors: comasierosion momentum balance (a vector equation) and a mass
and leakage. Since the signal processing needsravghile  conservation. The equations are

to measure the time difference, this sensor typends
suitable for dynamic measurement.

du 5
—+p(ull)u=-UOp+pld°u+ F 3
The transport of the heat generated in line source pat A ) b+ ®)

through a fluid is governed by the energy equation Ou=0 (4)
oT A or . : . . . .
—  +OT = =— O T+21 (1) whereF is a volume forcey is the fluid density and is the
ot oC o o dynamic viscosity.

) ) - The heat equation is an energy conservation equatio
where T is the temperature; is the specific heat at the {hat only says that the change in energy is equétié heat

constant pressurey is the density,v is the kinematic gsource minus the divergence of the diffusive hieat f
viscosity of the fluid/ is the thermal conductivity argl (in

W m?) is the amount of heat per unit of volume and time oT
The analytical solution of this differential equmati for a o o —+D_(—kDT+pq)Tu): G (5)
pulse signal with input strengthy’, (W m?) is given in [6] P ot
as:
where ¢, is the heat capacity of the fluid apdis fluid
. [(X— vt)z] density as before. The expression within the briaciethe
T(x V1) :{ % je ) heat flux vector andQ represents a source term. The heat
A7t dat flux vector contains a diffusive and a convectivarm,

where the latter is proportional to the velocigidiu.

where a denotes the thermal diffusivity. 3.2 Modelling approach

The designed flowmeter is modified version of timeet
— of — flight sensor. In this case a temperatusddfiis
measured by semiconductor film located in top pafrt
sensor tube. The temperature profile in semicomaudm
depends on gas velocity. The heater is activate
periodically; the period of the heat pulses genanatan be
different for different velocity size.

The modelling approach uses a numerical soluticthef
PDEs for constructing the model. First a steadtestaodel
is developed and this is then extended to include t

ynamic behaviour. The sequence of steps is odtltow

e a numerical solution is obtained fdi(x, y) from
equations (3), (4) and (5) for different valueghad velocity
u, the height of the fluid channdland the sensor width

» this solution yields discrete data points Ter T,, and
T; as a function ofi, dandl

» the discrete data points can be used for study of
dynamic behaviour of study sensor.

The PDEs can be solved by using a numerical solver,
such as CFD-ACE+ [1]. However, for circuit-level

[7) Themal insulation B Heater = Flowinlet simulations a macromodel is required. The macrormnode
_ — must be computationally efficient and provide acuaate
[] Specific gas mmm  Semiconductor flm  _——3  Flow outlet

description of the temperature in semiconductan.filn the
present work, the properties of the time — of ghtisensor
were investigated using commercially available paoy
FEMLAB. Femlab is an interactive environment for
modeling and solving problems based on partiakdiffitial
equations. This program applies the finite elenmraethod
3. NUMERICAL MODEL (FEM) for solving of the PDEs system.

Semiconductor Film

Fig. 2. Modified version of the time — of — Flightensor

3.1 Basic equationsfor T(x,y)

A&

The simulated time — of — flight sensor is a mintigics
model, meaning that it involves more than onedkaf
physics. In this case, there are Navier-Stokestemsafrom o f
fluid dynamics together with a heat transfer equrathat is
essentially a convection-diffusion equation. Thare four
unknown field variables: the velocity field compoitgu
and v, the pressur@ and the temperatur€ They all are
interrelated through bidirectional multiphysics pbogs.

Heater Sensor Tube

Fig. 3. Partial view of the computational grid forthe basic
configuration



The two dimensional configuration of the designed
flowmeter in the present work can be seen in Figure

Table 3 - Material constants

. . . . - Heat
The properties of the flow sensor were mvesngaaed Material E(ennSq!g]y TherFﬁv\?anqgrllqlt]lctIVIty capacity
the relatively very low flow rates. In Table 1 ateown inlet 9 e [3.kg K7
speedss of gas used in the sensor model and corresponding Silicon
flow rateQ. o 2330 1.63 703
(Semi. film)
Table 1 - Gas flow volumes and velocities accordjrto the pipe
height 0.3 mm Iron
7870 76.2 440
(Heater)
Q[ml.h™] 10 30 50 70 90
B The temperature profiles in different time intessah
vims] | 00309 | 00926 | 01543 02160 02778 gsemjconductor film are shown in Figure 6.

The heater generates heat in the time interval ><0,1
seconds. In the models the temperature changesdidater
in time is shown in Figure 4.

140 4
.

120 +
100 + .

0,0 0,5 1,0 15 2,0 25 3,0 35 4,0
t[s

Fig. 4. Temperature change oh the heater in time

In the sensor model the temperature of the heater h
changed periodically, Figure 5.
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Fig. 5. The time path of the temperature of the rager
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Fig. 6. The profile in semiconductor film

27,4
27,3
27,2 4
27,1+

Tuxld
N

26,9
26,8
26,7

-

0o 0,005

26,6

0,01 0,015 0,02 0,025

Gas speed [mm]

3.3 Modédlling results

Fig.7. The dependence of TMAX in semiconductor filnon flow velocity

The properties of the modified time — of — fliglgnsor
were simulated and verified for different flowingaggs,

v, gas—air, the height of the fluid channel d = 1,&im.

Table 2 and Table 3. The dependenceTgfx on flow
velocity v can be found in Figure. 7, 8, 9; the temperature
Tuax Was measured in semiconductor film.

Table 2 - Gas constants

T[T

28,3 q

28,2 .
28,1

28
27,9 L
27,8
27,7
27,6
27,5

*

27,4
273

o 0,01 0,02 0,03 0,04 0,05

Gas speed v[ms 7]

. Thermal Heat Dynamic
Gas [lD(e”rf]_'%y conductivity capacity viscosity
9. W.mKY [J.kgh K] [Pa.s]
0. 0.66 0.025 1006 1.60xF0
CO, 1.98 0.016 837 1.48xf0
N, 1.25 0.026 1034 1.75xF0

Fig.8. The dependence of TMAX in semiconductor Ifn on flow

velocity v, gas — carbon dioxide, the height of thiéuid channel d =

0,8mm



276 4.2 Experimental validation of modelling results

The validation of the finite-element/analytical nebaf
the designed flowmeter was directly compared with
4 experimental data. The peristaltic pump was useditie
212 calibration of the modified time — of — flight sems The
flow sensor was calibrated for air and £®@he measuring
data can be seen in Figure 13.
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time [g]

Fig.9. The time response of flow sensor: flow variationrbm 30ml/hr to
100ml/hr, the height of the fluid channel d=0,8 mm

|

4. EXPERIMENTAL SET-UP

The modified time-of-flight sensor consists of aates
placed on the pipe’s floor and series of downstreamsors g
(semiconductor diodes) placed in the pipe’s uppat. Whe QJ
heater is activated for 1 second by a current pdlee heat
generated by the heater spreads with the flowirgy ayad
leads into resistance changes on the diodes. Tistamce
change upon each diode is measured as a voltaggehy
an A/D converter. From the particular points aldhg pipe
is set the wave’s heat profile which is scanned tfo
temperature maximum position. The flow volume is
proportional to the position shift in time. The sofe
drawing is shown in Figure 10.
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Fig.10. Experimental set-up of modified flow sensor Fig.11. Block diagram of the modified sensor

i I i START
The heater is made from iron wire leaf, the sendcotor

array is made of silicon. The whole pipe is putoird
polystyrene casing to become thermally insulatednfthe
ambient temperature conditions. The length of ipe pody
has been set asndm

DIAGNOSTIC
!
MEASURING OF
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4.1 Control program

MEASURING OF

A program CONTROLWEB was used for visualization VOLTAGE DROPS

and saving of measuring data. A flow chart is pnéese in
Figure 12. The resistance change upon each diode is
measured as a voltage change by an A/D convertes. T
voltage drops are measured in very short time dsyithe
period of measuring isms. The voltage values are
measured before bracing of the heating circuit aadt
disconnection of the heating circuit. By this pkidphy is
realized independence of the sensor output on the
temperature of the flow gas

SIGNAL
PROCESSING

No

Fig.12. Flow chart
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Fig.13. Static characteristic of modified sensor

5. CONCLUSION

This article describes properties of the modifisdet —
of — flight sensor. The designed flowmeter has hesad in
a biochemical laboratory for study of reaction kineof a
decomposition of sediments in waste water.

ACKNOWLEDGMENTS

The work has been supported by the Ministry of
Education of the Czech Republic under grant MSM
708835102. This support is very gratefully acknaigied.

REFERENCES

[1] J. Hardy, O. Hylton, “Flow measurement methaohsl
applications”. USA, Viley —Interscience, 1999.

[2] K. Kolomaznik, M. Taylor, J. Kupec, “The valdab
products from wastes”. In.: 5th World Congress
R’2000, Recovery, Recycling, Re-integrat, Canada.
2000. p.5.

[3] T. Lammerink, R. Niels, M. Elwenspoek, Micrdiguid
flow sensor”. Sensors and actuators A, 1993, Vol.
37/38, 45 — 50.

[4] T. Lammerink, F. Dijkstra, Z. Houkes, J. Kuijk,
“Intelligent gas — mixture flow sensor”. Sensorsdan
actuators A, 1995, Vol. 46/47, 380 — 384.

[5] A. Rasmussen, M. Zaghloul, "The design and
fabrication of microfluidic flow sensors”. In.: 19G-

99, 1999, 136- 139.

[6] J. Webster, “Measurement, instrumentation and

sensors”. USA, IEEE Press, 1999.



