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“Happiness lies not in the mere possession of money. It lies in the joy of
achievement, in the thrill of creative effort.”

Franklin D. Roosevelt

"If you cannot measure it, you cannot improve it."

William Thomson, 1. Baron Kelvin

“Give me a lever long enough and a fulcrum on which to place it,
and I shall move the world. ”

Archimedes of Syracuse
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Kurzfassung

Ein erheblicher Teil der produzierten Energie flieft in Gebaude wo wiederum sehr
viel von sogenannten HLK (Heitzung, Liftung, Klima) Anlagen verbraucht wird.
Um den Energieverbrauch von solchen Anlagen reduzieren zu kénnen, muss man zu-
erst den aktuellen Zustand erfassen. Dafiir konnen unterschiedliche Parameter wie
Temperatur, Feuchtigkeit, Stromungsgeschwindigkeit, Druck, Dichte, CO5 Anteil,
usw, mit verschiedensten Sensoren gemessen werden. Die Messung all dieser Para-
meter in jedem Raum oder Kanal ist jedoch weder energieeffizient noch unbedingt
notig. Durch Messung des Volumenstroms an strategisch gilinstigen Positionen kann
bereits eine Aussage iiber Ineffizienz und moglichem Einsparungspotential getroffen
werden.

Ziel dieser Arbeit ist das Design und ein proof-of-concept eines thermischen Stro-
mungssensors welcher nur mit der Printplattentechnologie hergestellt wird. Es wer-
den zwei Auslesemethoden des kalorimetrischen Prinzips angewendet, wobei bei der
ersten ein konstanter Strom durch eine Kupferbahn fliekt und die von der Stro-
mungsgeschwindigkeit abhéingige Ubertemperatur durch umliegende Sensorelemente
gemessen wird. Bei der zweiten Methode hilt ein Regler eine definierte Ubertem-
peratur mittels einer Heizspannung konstant. Mit steigender Geschwindigkeit muss
der Regler mehr heizen und damit wird die Heizspannung abhéngig von der Stro-
mungsgeschwindigkeit.

Ein analytisches Modell und FEM Simulationen wurden erstellt um das Prinzip
zu testen. Verschiedene Wandlerdesigns wurden entwickelt, hergestellt und mittels
verschiedener Experimente charakterisiert. Der Fokus der Experimente liegt auf re-
produzierbaren Widerstandswerten welche die grofste Herausforderung darstellten
wie auch das zeitliche Verhalten der Kupferbahnen. In Experimenten mit einem
Lock-in Verstéirker wurde die Strémungsabhéngigkeit der Sensoren gemessen. Ab-
schlieftend wurden die Sensoren in einer realen HLK Anlage getestet und damit der
proof-of-concept des neuen Konzepts erbracht.
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Abstract

An considerable amount (about 39 quadrillion British thermal units) of the energy
produced was consumed by the residential and commercial sectors, which is mostly
building related for heating, cooling, and lighting. More than one third of this
energy is consumed by so-called heating, ventilating, and air conditioning (HVAC)
systems. To reduce this energy consumption the installation of a sufficiently large
number of sensors is required to obtain a detailed picture of the actual state of the
HVAC system by sensing parameters like temperature, humidity, air flow velocity,
flow, but also pressure, density, and CO2-concentration. However, placing various
sensors to measure all these parameters in each room is neither energy efficient nor
necessary. Simply measuring the volume flow rate at strategic points will reveal
inefficiency and cost-reduction potential.

The aim of this work is the design and a proof-of-concept of a thermal flow sensor
that is only based on PCB technology. The calorimetric principle is envisioned for
the readout method where two operation modes are investigated, constant current
and constant temperature mode. At the constant current mode, a specific current
heats up a copper lead of the PCB sensor and surrounding sensing elements evaluate
the excess temperature which is flow dependent. At the constant temperature mode,
a controller keeps a specific excess temperature between the sensing elements at a
constant level. With increasing flow velocity, the controller has to adjust the heating
to maintain this specific excess temperature, therefore, the heating voltage becomes
a function of the flow velocity.

An analytical model is set up followed by FEM simulations to verify that the targeted
principle is feasible. Several sensor designs are developed, fabricated, and then
characterized with measurements. These measurements focus on resistance values
as well as the transient behavior of the copper leads, experiments with a lock-in
amplifier reveal the flow dependency of the sensor, and experiments in a real HVAC
system prove the concept feasible.
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Chapter 1

Introduction

This work aims on the design, fabrication and implementation of thermal flow sen-
sors. Due to the large number of flow measuring principles and techniques, it is
necessary to give an overview, to summarize the state-of-the-art and to review com-
mercial sensors.

1.1 Overview

This thesis is structured in five chapters followed by an appendix. The first chapter
gives an introduction on the topic with a review of thermal flow sensor principles.
Additionally, commercial flow sensors are considered because they are widely used
and have been established over the centuries. The second chapter describes briefly
the relevant theoretical fundamentals of fluid mechanics and heat transfer from
the branch thermodynamics. The third chapter deals with design and fabrication
of the sensor. Hence, a simplified yet accurate enough analytical sensor model
has been developed to estimate the characteristics to be expected. With these
results, simulations with parameter sweeps are set up to find an optimum design.
Different production technologies are analyzed and several designs are fabricated.
The fourth chapter describes the experiments and depicts the results to optimize
the simulations, the sensor design, and to characterize the sensor. Then, the sensor
is tested in a real HVAC system to prove the concept feasible. The final chapter
includes a discussion, a conclusion and an outlook.

1.2 Objective of the Thesis

There is a severe lack of thermal flow sensors for measuring flow velocities in existing
HVAC systems which are accurate enough, easy to install and suitable for mass
production. It is the aim of this thesis to design a flow sensor merely based on
PCB technology as well as to fabricate and characterize a demonstrator to see if it
is suitable for the use in HVAC systems.
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The idea is to start with a simple model for testing the targeted approach with the
chosen technology. Therefore, the possibilities of the PCB technology are studied
and the limits of the PCB manufacturer are evaluated. Based on these results a
FEM simulation is set up to develop a suitable design. The measurement range of
the sensor should be 0 — 8 m/s to measure the emerging flow velocities in existing,
old service buildings.

After finding a proper design, a PCB sensor is manufactured. Several parameters
are varied to characterize the sensor. With these results the simulation is further
optimized and repeated until a promising sensor design is found. For readout pur-
poses analog front-end electronics are developed where a micro controller may be
added later for easier digitalization and integration in a sensor network.

Last but not least, experiments in an experimental HVAC environment are carried
out to test the sensor. Furthermore, experiments in a real HVAC system with several
sensor nodes are carried out if time allows.

1.3 State-of-the-Art

Global warming, climate change and their resulting problems are a product of man’s
lavish use of fossil fuels. There is an urgent need to cut the fossil fuel consumption
over the next few years. Statistics show that by 2012 in Europe energy consumption
has reached 1080 Mtoe (Mega Tons of Oil Equivalent), broken down in percentages:
44% oil, 23.9% gas, 20.2% electricity, 4.8% solid fuels, 4.2% renewables and 2.8%
derived heat |1]. In the USA approximately 50% of the total energy is consumed by
residential and commercial sectors [2|. In Europe, this amount is 40-45% according
to EUR-Lex [3] and EEA [4]. In buildings, more than one third of the energy is
consumed by so-called heating, ventilating, and air conditioning (HVAC) systems.
Two thirds of this amount are imputable to private living space and one third is
attributed to service buildings |56]. Reducing this energy consumption would help
in achieving the required reduction and its importance is reflected in the “Building
Research Establishment Environmental Assessment Method” 7], the “High Envi-
ronmental Quality” [8], the “Leadership in Energy and Environmental Design” [9],
or the “Comprehensive Assessment System for Built Environment Efficiency” [10].

Therefore, expensive research and improvements have been made in the building
sector [11-14] and especially in the HVAC sector [15-17] in the last years. In the
private sector, significant improvements have been made to reduce the overall en-
ergy consumption and optimize the energy demand of existing buildings. On the
other hand, there are concerns about the absence of such an adequate progress in
the service sector. To improve the status installation of a sufficiently large number
of sensors is required to obtain a detailed picture of the actual state of a HVAC sys-
tems [18,/19]. Hence, sensing numerous parameters is a precondition for optimized
building automation and to enable environmental monitoring. What are these re-
quired parameters? They are mainly temperature, humidity, air flow velocity, flow
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direction, but also pressure, density, COs-concentration, and concentration of other
pollution describing the air quality of a room. Placing various sensors to measure
all parameters in each room is neither energy efficient nor necessary. Simply mea-

suring the volume flow rate (V') at strategic points will reveal inefficiency and saving
potentials. For flat, plane cross-sections the volume flow rate can be expressed as

V=04 | (1.1)

where U, is the mean flow velocity in a pipe (flow channel), and A is the cross-
sectional area of the pipe. Equation[I.T]represents a simplified case of the continuity
equation (Eq. and is deduced in Sec.. Basically, for more complex cross-
sections Eq. turns into a surface integral (Eq.. However, the cross-sectional
area of the pipes is fixed through the installation of the HAVC system and it is
known due to the installation plan. Therefore, it is only necessary to measure the
mean flow velocity but this velocity is usually not constant over the cross-section [20)]
which can be expressed as:

1 [
Vy — Z/U(y’z) dA s (1.2)
A

where 4y ,) is the velocity vector at a flow in z-direction. This leads to the research
question: How can this mean flow velocity be measured?

Flowmeters

So-called flowmeters are one possible answer. They typically measure quantities of
fluids such as mean velocity, volume flow rate or mass flow rate in pipes or open
channels. There are a lot of different types of flowmeters [21]: the oldest includes
different pressure, turbine, and positive displacement meters. The flow can also
be measured with Coriolis, vortex, ultrasonic, magnetic, or thermal flowmeters.
Relatively new groups are flowmeters based on optical or sonar technologies.

Different pressure sensors correlate flow with the difference in pressure upstream
and downstream from a constriction in the flow. This constriction is created by
orifice plates, flow nozzles, pitot tubes, wedge elements or venturi tubes. Therefore,
there are a lot of possibilities to realize such a different pressure sensor [22-24].

Turbine flowmeters have a spinning rotor which is mounted on bearings in a housing.
The rotor has propeller wings and it spins as the fluid passes through it. The rota-
tional speed of the rotor is proportional to the flow velocity. The turbine flowmeters
are classified according to the design of their spinning rotor [25,26].

The basic principle of positive displacement flowmeters is counting how often a
known reservoir is filled and emptied in a defined period of time. There are several
types of positive displacement flowmeters depending on the way they trap the fluid
into reservoirs of different shape |27,28|.
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In Coriolis flowmeters the fluid passes through one or more vibrating bent tubes.
The Coriolis force results from the acceleration caused by the mass moving toward
or away from a center of rotation and is proportional to the mass flow rate [29,30].

Vortex flowmeters are based on the von KarmanE] principle, where a fluid passes by
a bluff body and generates vortices with a frequency that is proportional to the flow
velocity [31H33].

Ultrasonic flowmeters can be classified in two main types: transit time and Dopplerﬂ
ultrasonic flowmeters. The first one determines the time difference of a signal passing
the pipe in and against the direction of the flow. This time difference is proportional
to the flowrate [34-36]. The other ultrasonic flowmeters utilize the Doppler effect
where the frequency shifts proportional to the mean velocity of the fluid |37,38].

With Faraday’sﬂ Law of Electromagnetic Induction magnetic flowmeters (magneto-
hydrodynamic generators) measure the flowrate of a conductive medium. Wire coils
that generate a magnetic field in a pipe section are mounted on the pipe. A voltage
is generated when the conductive fluid passes through this magnetic field because
charges are separated by the Lorentz force. Electrodes detect this voltage and a
faster flowing fluid results in a higher voltage [39,40].

For sonar flowmeters two measurement methods are utilized to calculate the volume
flow rate. They measure either the velocity of naturally occurring turbulent eddies
or the speed at which sound waves propagate through the fluid [41,42].

Optical flowmeters measure the speed of particles in the fluid via optical laser tech-
nology. When a laser illuminates an area, a quantity of photons will be scattered
by the particles in the fluid depending on their speed [43,/44].

Thermal flowmeters heat the flow and use its thermal properties to measure the
velocity. The different methods are described later in detail (Sec.|1.3).

HVAC Systems

Choosing a suitable measurement method is a critical step and several factors have
to be considered. Target application and occurring velocities are main aspects. So,
an investigation of existing HVAC systems is mandatory.

According to literature and industrial application HVAC systems can be divided
into air-systems and air-water-systems. Heating and cooling rooms with air is sub-
classified into low- and high-velocity systems. Moreover, systems are distinguished
in single channel systems with constant or variable volume flow rate and in double
channel systems with constant or variable volume flow rate. The air flow velocities
in ventilation ducts are limited to avoid noise generation and high pressure drop.

1 Theodore von Karman, Hungarian-American mathematician, aerospace engineer and physicist,
1881 - 1963

2 Christian Andreas Doppler, Austrian mathematician and physicist, 1803 - 1853
3 Michael Faraday, English scientist, 1791 - 1867
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Mean velocity range

Duct type Public buildings Industrial plant
m/s m/s

Air intake from outside 2.5-4.5 5.0 - 6.0

Heater connection to fan 3.5-4.5 2.0-7.0

Main supply ducts 5.0 - 8.0 6.0 - 12.0

Branch supply ducts 2.5-3.0 4.5-9.0

Supply registers and grilles 1.2 - 2.3 1.5-25

Low level supply registers 0.8 - 1.2
Main extract ducts 4.5 - 8.0 6.0 - 12.0
Branch extract ducts 25-3.0 4.5-9.0

Table 1.1: Mean velocity ranges of the various ducts used in
public buildings and industrial plants [45].

In industrial plants there is a significantly higher background noise than in public
buildings. Therefore, more duct-generated noise (caused by higher flow velocities)
must be accepted. Table[l.] lists the mean velocity ranges of different duct types
in public buildings and industrial plants. The whole mean velocity range for public
buildings comprises 0.8 up to 8 m/s and for industrial ones 1.5 up to 12 m/s. How-
ever, high velocities are only reached in high pressure ducts which are not common
anymore. So, if the sensor is capable of measuring up to 8 m/s all public HAVC
systems are covered.

When it is not required to achieve the highest sensing accuracy, but to get robust,
flexible in design and in layout, and cost-effective sensors, manufacturing technolo-
gies are needed which are suited for mass production based on polymers. Moreover,
the fabrication should only require few and inexpensive process steps to keep the
total costs of the system affordable.

Printed circuit board (PCB) technology is suitable for high-volume production used
in the consumer electronics market and is also applied for sophisticated devices in
the medical, aerospace, and industrial area. Therefore, it is not surprising that this
technology has become interesting for the production of various senor types. Of-
ten, PCB is the platform where the sensor is integrated. Cruz et al. [46] presented
a pressure sensing platform for health monitoring or Prijic et al. [47] integrated a
thermal energy harvesting wireless sensor node in an aluminum core PCB. Nojdelov
et al. [48] introduced a capacitive sensor interface based on the charge balancing
method. A fully integrated microfluidic measurement system was developed by
Lotters et al. [49]. They used this system to determine gas and liquid mixtures
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compositions in real time. There are also publications where the PCB itself is uti-
lized as a sensor, like Ngyuen et al. [50], where the PCB acted as fluidic capacitive
sensor for detection of air bubbles inside engine lubricant. The three-electrode sensor
structure is designed and simulated for monitoring and estimating the amount and
size of the air bubbles. Petervari et al. [51] built highly sensible pressure sensors em-
bedded in a cuneiform probe. When air streams over the probe the sensors measure
inflow disturbances. Arpaia et al. [52] investigated the metrological performance
of a magnetic field transducer. The transducer consisted of a fiberglass cylinder
hosting three PCB coils with a diameter of 7.5 mm. A capacitive microsensor for
tilt measurement was designed and fabricated by Baby et al. [53]. Two electrode
configurations are etched on a double sided PCB and convert the movement of a
membrane into a change in capacitance.

Printed Circuit Board

Each PCB is custom-designed and its design has a strong effect on the mechanical
and electrical performance. The material properties are given by the determinded
type of board, the way it is laminated and its interconnections between the con-
ductive layers. The board layers consist of a conductive laminate material and an
insulating dielectric substrate. The conductive material is commonly a copper foil.
It is adhesively bonded onto the substrate by applying heat and pressure. The
most common substrates are phenolic paper (synthetic resin bonded paper) and
glass reinforced epoxy (FR4) [54]. The fabrication of a flow sensor with these PCB
technologies fits the requirements of a thermal micromachined flow sensor, such
as: sufficiently large temperature coefficient of the active material and thermally
insulating substrate.

Thermal Flow Sensor Principles

This section will give a brief review on thermal flow sensors. The basic principles
have been well established for several years and sensational advances have not been
made in recent years nor are any expected in the near future. Nevertheless, a great
deal of work has been done in science to provide adequate solutions for modern
measurement problems. These problems deal with improving requirements for flow
measurement like accuracy, reliability, interchangeability, costs, and safety [55].

Thermal flow sensors measure flow velocity based on the effect of forced convec-
tion. The correlation to thermal variables such as temperature and heating power
can be used to evaluate the flow velocity. The sensors are categorized by their
thermoelectrical conversion in:

% thermoresistive
* thermocapacitive
* thermoelectric
x thermoelectronic
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x pyroelectric
x frequency analog sensors

Thermoresistive Sensors

They are based on the relation between the electrical resistance R and temperature

T:
R(T) = Ro[l + OéTCRl(T — T()) -+ OéTCRQ(T — T0)2 =+ ... (1 3)
+ ... ’

R OCTCRn(T — To)n

[

where Ry is the resistance at temperature 7y and apcr; to apcr, are the correspond-
ing temperature coefficients of resistance (TCR). Here, TCR specifies the relative
change of resistance per unit change of the temperature and thus determines the
sensitivity. In the respective linear range of thermoresistive sensors, Eq.[1.3| reduces
to:

R(T) = Ro [1 —+ OéTCR(T — To)] 5 (14)

where arcr denotes the linear temperature coefficient of resistance (TCR). Trans-
ducers for thermoresistive sensors can be fabricated from different materials such
as single- or polycrystalline silicon, metals, or metal alloys. There are three dif-
ferent types of thermoresistive principles: Hot-film (or hot-wire), Calorimetric, and

Time-of-Flight (Fig.[L.1).

Thermoresistive Sensors

moving fluid Ploss moving fluicl/A_T\ moving fluid A,
— (@ = @y 5 W

> —_—

iZ i E I
a) b) c)

Figure 1.1: Sketch of the three thermoresistive principles. a)
hot-film (hot-wire) anemometer determines the fluid velocity by
the power loss at the heat; b) calorimetric anemometer measures
the fluid velocity via the temperature difference between sensors
placed up- and downstream around the heater; c¢) time-of-flight
sensor utilizes the time difference of a heating pulse to determine
the fluid velocity.

A hot-film or hot-wire anemometer is one of the most well known thermal
anemometer which measures the fluid velocity by noting the heating power con-
vected away by a fluid. The only difference between hot-film and hot-wire is the
form of substrate which is used for the heater, either a thin film or a wire. The
principles of the anemometer is to heat the film (wire) with a constant current
(CCA - constant current anemometer) or maintain at a constant temperature (CTA
- constant temperature anemometer). By monitoring the change of the film (wire)
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temperature under the constant current or the current required to maintain a con-
stant film (wire) temperature, the heat loss can be obtained. In both cases, the
heating power lost to the fluid is a function of the fluid velocity according to the
convective theory. Ivanov et al. [56] used such a hot-film flow sensor to evaluate
lamination with elastomer bags. The sensor is integrated onto the inner surface
of a tube segment and consists of six sectors of meander-formed conductive traces
(200 pm both width and pitch) evenly distributed on the circumference of the tube.

Xu et al. [57] analyzed the measurement accuracy of a hot film air flow sensor on
basis of SiNy influenced by moisture. With measurement results simulations are
carried out and the sensor behavior is predicted.

Calorimetric anemometers use a heating element in combination with one or more
sensing elements to measure the fluid velocity. As with Hot-Film the heater can
be supplied with a constant current or the sensing elements can be maintained
at a constant temperature. These additional sensing elements are usually placed
up- and downstream from the heater, which also allows the measurement of the
flow direction. Through the heater a thermal profile occurs around all sensing ele-
ments symmetrically as long as the fluid is not flowing. When the velocity starts to
increase the thermal profile shifts downwards and a temperature difference - corre-
sponding to a resistance difference - arises at the sensing elements. This difference
in the resistance is a function of the fluid velocity. Xu et al. [58] presented a low-
cost temperature-compensated thermoresistive micro calorimetric flow sensor. A
commercial 0.35pm CMOS MEMS technology was used. The sensor achieved a
normalized sensitivity of 230mV /(m/s)/mW with a bidirectional flow detection of
nitrogen. The design and characterization of a novel thermal-calorimetric flow-meter
using suspended-cantilever-structure was investigated by Valizadeh et al. [59]. The
proposed flow meter can minimize thermal loss through conduction, and provide a
thin velocity boundary layer in order to enhance the sensitivity and power efficiency
of gas flow meters.

Time-of-Flight sensors measure the fluid velocity via defined heating pulses gen-
erated at the heater. These pulses travel through the fluid and are measured by
one or more sensing elements. At the sensing elements, the measured pulse arrives
damped and time delayed. However, as long as the sensor can recognize an incom-
ing pulse (damping small enough), the time difference can be used to determine the
fluid velocity.

Thermocapacitive Sensors

A thermocapacitive flow sensor works similar to a thermoresistive one. In contrast
to the thermoresistive principle, the temperature dependence of the dielectric con-
stant of a material, instead of the temperature coefficient of resistance, allows the
realization of a thermal flow sensor. There is a heater as well as a nearby capac-
itor. When the heater is powered, it causes the temperature of the capacitor to
rise. The dielectric constant of the capacitor increases with temperature, result-
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ing in an increase in the capacitance. When the fluid flows through the capacitor,
the temperature of the capacitor will decrease due to the convective heat transfer
from the capacitor to the fluid. Thus the capacitance will also be reduced. By
measuring the capacitive value, the flow velocity can be obtained by a calibration
relationship between the flow rate and the capacitance. Kerpel et al. [60] used such
capacitive sensors to study two-phase flow frictional pressure drop of a refrigerant
flow of a sharp return bend. To be able to explain the effect of the pressure drop,
the flow behavior was measured at several locations up- and downstream of the
return bend. From this capacitive signal, the void fraction and wavelet variance
were derived. Rivadeneyra et al. [61] presented a printed capacitive-resistive double
sensor for toluene and moisture measurement. The sensor was manufactured with
inkjet printing to define the electrodes and screen printing to deposit the sensitive
material.

Thermoelectric Sensors

With the thermoelectric effect, or Seebeckﬁ effect, temperature differences can also
be measured. Thermoelectric sensors yield a potential difference between two con-
nected metals or semiconductors. Inside a metal or semiconductor not all electrons
are bound to specific atoms. The number of these free electrons (electron gas) differs
from material to material and when such two materials are connected, their electron
gas diffuse into each other. Due to the different densities of the electron gas electri-
cally charge regions occurs. This charge changes with the temperature because the
number of free electrons increase with higher temperature. The resulting voltage is
defined as:

UTES(T) = OCSAT N (15)

where Urgs(T) is the emerging voltage, ag the thermoelectric coefficient, or Seebeck
coefficient, and AT the temperature difference. The formula shows that electricity is
produced directly from heat. For a given thermoelectric circuit operating in a given
temperature range, the extent of the voltage depends mainly on the temperature
difference between the two ends. Nagai et al. |[62] used this effect to build a micro-
thermoelectric gas sensor. A catalyst was integrated and the effect of the catalyst
thickness and the CH,4 detection performance was evaluated for detection sensitivity
to low concentrations of methane. Nevertheless, the thermoelectric effect is not
always useful for one pair of materials. Therefore, many couples are connected
in series to form a thermopile which multiplies the thermoelectric voltage by the
number of thermocouples. Thermopiles are used for measuring heater temperature
in hot-film mode. Alternatively, to measure the temperature difference between
downstream and upstream, at least two thermopiles are needed. Steiner et al. [63]
presented a technology feasibility study to implement flow sensors based on Ag-Ni
thick-film thermopiles printed by silk screen printing on a plastic carrier film.

4 Thomas Johann Seebeck, German physicist, 1770 — 1831
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Thermoelectronic Sensors

Thermoelectronic flow sensors use the temperature dependence of pn-junctions in
diodes or bipolar transistors to measure the flow [64]. The voltage drop over the
forward biased base-emitter junction follows the relation [65]:

KT I
Ugg=Vg+—"In (—C) ) (1.6)
(& [R

where Vg is the material’s band gap, K is the Boltzmann constant, e is the elemen-
tary charge, I¢ the collector current, Ig the reference current, and 7' the tempera-
ture. Thermoelectronic sensors can also be realized in ceramic substrates [66].

Pyroelectric Sensors

Pyroelectric sensors are based on the dependence of surface charge of a pyroelectric
material on the change of the supplied heat. Hsiao et al [67] proposed a method-
ology for designing a multi-frequency band pyroelectric sensor. Frequency analog
sensors are based on thermal excitation and evaluation of oscillating frequency. The
sensing concept is based on the temperature dependence of the oscillating behavior
of mechanical elements such as cantilevers and membranes. The change of temper-
ature causes a change of mechanical stress in the element, which leads to a change
of its resonant frequency. Kielbasa et al |[68] used a vibrating hot wire to measure
gas flow velocity.



Chapter 2

Theoretical Fundamentals

This chapter presents theoretical basics to provide fundamentals for the subsequent
sections. Two topics of physics are needed: fluid mechanics and heat transfer. The
first one delivers the interesting parameter mean flow velocity (0,) and the relations
for flow simulations of a sensor within a fluid. The other one provides convection
laws for electrical into thermal energy in an environment of solids and fluids. This
allows for developing models for heat transfer and thermal sensors.

2.1  Fluid Mechanics

Fluid mechanics of liquids (hydrodynamics) and gases (aerodynamics) describe the
motion of fluid particles (aggregates of the fluid) in mesoscopic time and space
scales. Nearby fluid particles exchange molecules and this process can change their
quantities like density, impulse, internal or kinetic energy. Furthermore, important
spatial characteristics of a fluid are its divergence

Qauia(7,1) =V - 0 = div @ (2.1)

and its curl
Fﬂuid(']?, t) =V XU =rotv s (22)

with 7 as the position vector of the fluid particles, ¢ the time, and U the velocity
of the fluid particles. The divergence (generation rate) defines either fluid particles
flow out from a point (source) or in it (sink). The curl (vorticity) indicates how
much the fluid spins at point 7 in a velocity field.

There are two descriptions [69] for the temporal change of a velocity field. The
first one, the LagrangeE] formulation, regards the acceleration of a fluid particle in a
moving reference system (with the particle). Laws of conservation are described by
this formulation. In the Euler] formulation the acceleration of a local flow field is
regarded in a fixed reference system. As a consequence, different fluid particles at

1 Joseph-Louis Lagrange, Italian mathematician and astronomer, 1736 - 1813

2 Leonhard Euler, Swiss mathematician and physicist, 1707 - 1783

11
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different times contribute to the local flow field at point 7. Equation[2.3| shows the
relation between the Lagrange and the Euler formulation:

%=%+(5-V) : (2.3)
Based on these formulations, fluids can be classified either in ideal (Euler) or in real
(Newtonﬂ) fluids. In ideal fluids is the motion of the fluid-particles always isentropic
which implies no heat generation and no heat transport. Hence, inner forces are only
pressure gradients because fluid-particles are at rest in relation to each other and
do have the same temperature. Whereas, the specification of real fluids defines a
change of the entropy as consequence of a molecular exchange which comes from
inner friction and heat transport.

Continuity Equation

The mass flow density j describes the mass transportation phenomena of flow de-
pended fluid particles:

j=ot (2.4)

where o is the density of the fluid. Deduced from 7, the mass flow rate 1 states how
much mass is passing through an area A per unit of time and it can be expressed as

. dm 2~

where m is the mass of the passing fluid. While, the volume flow rate V states
how much fluid volume is passing through an area A per unit of time and it can be

expressed as
* 8‘/ —
V=" = O dA 2.6
-l ean (26)

where V' is the volume of the passing fluid. In a volume element 0V mass can’t
be generated or destroyed because of the law of conservation of mass. Only when
fluid particles flow in or out of V', the mass changes over time. Consequently, the
divergence of the mass flow density describes the in- and outflow of mass from V.
With 0V — 0 yields the continuity equation for compressible fluids:

% = —V - (00) = —div (o7) . (2.7)

In incompressible fluids the density is spatially and temporally constant. This re-
duces Eq. to a pure kinematic condition (solenoidality of the flow field) expressed
as

V~U:div6:0—>§1§ﬁd}1:0 . (2.8)
A

3 Sir Isaac Newton, English physicist and mathematician, 1643 - 1727
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Hence, Eq.[2.§ implies the law of conservation of volume where no fluid arises or
dries up at any point in the observed volume. Therefore, the law of conservation of
volume for a pipe can be expressed as

V=041 =04, (2.9)

where v 9 are the mean flow velocities and A; o are the pipe cross-sections.

Ideal Frictionless Fluids (Euler Fluids)

An important term in fluid mechanics is the entropy which is defined by Boltzmann
as the amount of freedom of arrangement [70]. The entropy can be expressed as

S =mrps(rt; T) (2.10)

with mr as the mass of a fluid particle, and s as the specific entropy. The index T'
refers to the temperature, 7 to the position vector, and ¢ to the time. In ideal fluids
the movement of a particle is defined to be always adiabatic. Adiabatic means that
the movement occurs without loss of heat in an enclosed system. Therefore, the
entropy doesn’t change over time leading to the constancy of the entropy:

ds Os -

—=—+4+4(Vs)=0 . 2.11

dt ot U( S> ( )
Both the continuity equation (Eq. and the constancy of the entropy (Eq.[2.11])
form the thermodynamic equations of the Euler theory.

When there are only outer- and pressure forces the movement of fluid particles can
be calculated through Newton’s equation of motion (ideal):

_d(TZtT“) _F—F+F | (2.12)

where F, is the outer force, and F; is the pressure force. The force F can also be
written as gradient of potentials because there are no friction forces. The specific
enthalpy h(s,p) of a fluid particle with the mass my contains the entropy and the
pressure p and it can be expressed as

d
dh=Tds+ L . (2.13)

0

For an isentropic flow (ds = 0) the pressure force on the fluid particle is ﬁp =
—mr grad h = =V grad p. With convective derivation Eq.[2.12] can be transformed
from the Lagrange description into the Euler description. The result is the general
Euler equation for ideal fluids which can be expressed as

v

at+(U'V)U=f—

Vp
- 2.14
. (2.14)
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where f is the outer acceleration. In conclusion, Newton’s equation of motion
without friction forces (Eq.2.12) turns into the general Euler equation for ideal
fluids (Eq.[2.14)). It describes the degrees of freedom of the velocity vy y,. Further,
an ideal fluid can’t pass solid walls which leads to the boundary condition for a
Euler fluid:

Jg(reAt)-n=0 . (2.15)

This condition must apply for every point 7 in a solid wall with the surface A with
7 as the normal vector to the wall 7.

Real Fluids (Newton Fluids)

Extending Newton’s equation of motion for ideal fluids (Eq.[2.12) with the friction
force Fr, Newton’s equation of motion for real fluids is derivated:

dlmrd) = = o=
ﬁgﬂzF:R+&+ﬁ‘. (2.16)

This friction force ﬁR occurs in form of shear stress when two fluid particles are
moving with a small velocity to each other (relative velocity). Hence, for compress-
ible Newton fluids with a constant viscosity coefficient, Newton’s equation of motion
turns via convective derivation into the Navier-Stokes equation for compressible flu-
idsTP )

Qazgf—Vp—l—nAU%—(g—l—g)V(Vm) , (2.17)

where n is the dynamic viscosity and ¢ the volume viscosity. In general, viscosity
can be seen as the thinness or thickness of a fluid. The dynamic viscosity, which
is sometimes referred to as absolute viscosity, is the quantitative expression of a
fluid’s resistance to flow. Whereas, the volume viscosity, which is sometimes called
the diffusivity of momentum, is a ratio of the viscous force to the inertial force. In
Tab. dynamic and kinematic viscosities of some fluids are presented.

For incompressible Newton fluids (V - @ = 0) and with the kinematic viscosity
(v =n/o), Eq. turns into the Navier-Stokes equation for incompressible fluids:

— 4 (0-V)T=f— = +vAT . (2.18)

Basically, the Navier-Stokes equation describes the degrees of freedom of the velocity
Uyyoe In detail, 97/8t describes the local acceleration, (¥ - V)@ the convective
acceleration, f the outer acceleration, ﬁp/ o0 the pressure acceleration, and vAv the
viscose acceleration. The boundary condition for the Navier-Stokes equation is the
no-slip condition where fluid particles stick to the wall because of the molecular

interaction (adhesion) which means for every point 7 at a solid wall with the area A

G(FeAt)=0 . (2.19)

4 Claude-Louis M. H. Navier, french engineer and physicist, 1785 - 1836

® Sir George Gabriel Stokes, 1st Baronet, Irish mathematician, physicist, politician and theologian,
1819 - 1903
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Fluid Temperature Dynamic Kinematic
(T) viscosity (7) viscosity (v)
°C Pa-s m? /s

Water 20 1.0-107* 1.0-107
100 0.3-107° 0.3-107°

Air 20 1.8-107° 15-107°
100 2.2-107° 23.107°

Steam 100 1.2-107° 21-107°

Ethanol 20 1.2-107° 1.5-10°°

Table 2.1: Dynamic and kinematic viscosity of some fluids at
different temperatures.

Reynold Number

From the solution of the Navier-Stokes equation (Eq.[2.18))
U/u =& (F/L, Re) (2.20)

where wu is the characteristic flow velocity, L the characteristic length (e.g.: flow
channel diameter or length of a floated plate), and & the energy density, follows
Reynoldﬁ law of similarity [71]: “Flow fields whose boundaries are geometrically
similar have similar flow fields under the same Reynolds number.” The dimension-
less Reynolds number Re is defined as inertia force divided by friction force expressed
as

ul.  oul
v
With the Reynolds number it is possible to predict the state of a streaming fluid.
Below a critical value Re; the flow is laminar and above it turbulent. However, the
passage of these two states is fluent not abrupt which means a border zone occurs
at Reqi where each state may be possible depending on boundary conditions.

Re = (2.21)

2.2 Heat Transfer

Heat transfer describes the regularities how heat is transported between systems
of different temperatures [72,73]. In modern literature heat transfer is classified in
the three principles: heat conduction, heat convection, and thermal radiation or
even four by splitting convection into free and forced convection [74H76|. However,
Nuﬁehﬂ posited in his basic law of heat transfer 77| that conduction and convection

6 Osborne Reynolds, Irish physicist, 1842 - 1912
" Ernst Kraft Wilhelm Nufelt, German physicist, 1882 - 1957
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are not separable:

“Es wird vielfach in der Literatur behauptet, die Wirmeabgabe eines Korpers habe
drei Ursachen: die Strahlung, die Warmeleitung und die Konvektion. Diese Teilung
der Wirmeabgabe in Leitung und Konvektion erweckt den Anschein, als hdtte man
es mit zwer unabhdngigen Erscheinungen zu tun. Man muss daraus schlieflen, dass
Wirme auch durch Konvektion ohne Mitwirkung der Leitung tbertragen werden
konnte. Dem ist aber nicht so.”

Hence, heat transfer can only occur through heat conduction or thermal radia-
tion (Fig.. Yet, for simpler evaluation heat conduction is split into conduction
between solids and static fluids (Fig.[2.1h) and into conduction in moving fluids
(Fig.2.1p), called convection. Heat conduction occurs in solids or static fluids in
terms of transferring oscillation energy of nearby molecules and transferring kinetic
energy of conduction electrons. Heat energy flows from the region of higher tem-
perature to the region of lower temperature as long as there exists a temperature
gradient. In such a system heat transfer depends only on the temperature gradient
and on several material parameters. At convection, heat transfer is a bit more com-
plex because enthalpy is transported in the streaming fluid. Therefore, heat transfer
depends additionally on a flow depended boundary layer. There are two types of
convection. The first one, free convection, occurs without any influence from the
outside while if the liquid is moved from outside forces (e.g.: pressure, fan, pump)
then the second one, forced convection, appears. Thermal radiation is defined as
electromagnetic radiation between two or more bodies and depends on several com-
ponents. These include surface area and reflectivity, temperature, emissivity, and
geometric orientation.

Heat transfer

91 > 9, 91 > 9, 91 > 9,

91
moving fluid 97 1

s — AQ
8, l 84«’«
. 2\
Q S, Qg
a) b) c)

Figure 2.1: Heat transfer mechanisms: a) heat conduction in
solids or static fluids; b) heat conduction from a surface into a
moving fluid (convection); c) radiation between two surfaces. In
these examples the temperature 19, is higher than 3. Therefore,
the heat flow is form ¥ to Y9 and at radiation both surfaces emit
a heat flow but the one from the surface with the temperature 9,
is higher.

94
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Heat Transfer Parameters

This section describes the most relevant quantities to describe the processes in heat
transfer. The obvious quantities are heat and temperature which both are physical
properties of a body. The heat E is the total energy in a body and often measured in
Jules (J) while the temperature 7" in Kelvin (¢ for Celsiugf| temperatures) gives an
objective measure of hot or cold. A temperature increase is possible by transporting
heat to a body. The related parameter of how much the temperature increases for
different materials by the same transported heat is the specific heat capacity cp.
The heat flux Q states how much heat per unit of time is transferred and the heat
flux density ¢ describes how much heat per unit area is transferred. The heat
transfer coefficient oy describes how much heat through an area and per unit of
temperature difference is transferred. The property of a material that indicates its
ability to conduct heat is summarized in the thermal conductivity A. It defines how
much heat per unit of length of the material and per degree temperature difference
can be transferred.

Heat Conduction in Solids and Static Fluids

Heat conduction occurs when a temperature gradient arises in a material. The heat
flux density ¢ is defined by Fourier’s Lawﬂ as

G= -V = —A% . (2.22)

The resulting heat flux Q when passing an area A is expressed as
Q= / gdA . (2.23)
A

When two bodies with different temperatures come into contact, their combined
temperature field changes both temporally and locally which can be described with
heat transfer differential equations. For derivation of the three-dimensional heat
transfer differential equation a one-dimensional example is used as starting point.
In this example there is a infinite long, plain plate which is in contact with a fluid.
The heat transfer through the plate occurs only in z-direction because the lateral
dimension is assumed as infinite. As a result of this assumption, Eq.[2.22] inserted

in Eq.[2.23], turns into
. dv
v = —AA— . 2.24
Qu= 14T (224

This partial differential equation represents the heat flux to a infinitesimal volume
element. On the opposite position (z + dz) the heat flux can be expressed as

00y dy d2y

8 Anders Celsius, Swedish astronomer, physicist, and mathematician, 1701 - 1744

9 Jean-Baptiste Joseph Fourier, French mathematician and physicist, 1768 - 1830
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The change of the heat flux amounts then

dQx = Quiax — Q ——/\A@dm (2.26)
X — x+dx X — d,[lj’2 . .

Because there is only heat transfer in z-direction, the chance of heat flux is equivalent
to the temporal chance of the enthalpy (first law of thermodynamics - dp = 0) of
the material in the infinitesimal volume element

. oY
0Qx = —pAdrc,— . (2.27)
ot
Combing Eq. and Eq.[2.27 leads to a differential equation which represents the
temporal and local temperature distribution in the plate

o9 A d2

AR 2.28
ot pc, da? (2.28)

The expression A/(pc,) is called thermal diffusivity a and represents a material con-
stant, its analogous to the diffusion. It describes the temporal chance of the spatial
temperature distribution. Unlike the heat conductivity, the thermal diffusivity de-
scribes transient effects rather then steady behavior of the heat transfer. Inserting
the thermal diffusivity into Eq.[2.28 and expanding it into the three-dimensional
space, it turns into the general three-dimensional differential equation for transient
heat transfer:
oY d?9

o 2
o, =0y =aVil (2.29)

Forced Convection

At forced convection heat transfer occurs via both a temperature difference and a
flow. This flow is forced by an outer pressure difference caused by fans or pumps.
The transport processes are described by differential equations. In particular, five
unknowns (e.g., three velocity components, pressure, and temperature) from five
different equations have to be calculated. One of these equations is the Continuity
Equation for incompressible fluids (Eq.. Another on is Newton’s equation of
motion for real fluids (Eq.[2.16]) from which the Reynolds number (Sec.[2.1)) can be
deduced for resolving velocity, viscosity, and a characteristic length. However, there
are additional quantities for the description of heat transfer like thermal conductivity
and heat flux density. Besides the Reynolds number there are two other interesting
parameters of convection: The Prandtl numberﬂ and the Nusselt number.

The first one is deduced from the general three-dimensional differential equation
(Eq.. The left side of this equation has to be extended by the temporal change
caused by the enthalpy flow (for a streaming fluid). Therefore, the partial differential
is replaced with the total differential of the temperature
00 _ 00 00 dr 99 dy 0 d
ot ot Oxr dt  9Jy dt 0z dt
YLudwig Prandtl, German engineer, 1875 - 1953

(2.30)
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and with do/dt = ¢, dy/dt = ¢, and dz/dt = ¢,, Eq. turns into

oy oV o 8196 _a<d219 d* dQﬁ)

o T T Y as a2 T qe T a2

(2.31)

This equation can by switched into a non-dimensional notation by correlating the
parameters to a characteristic dimension:
* Characteristic length L: x = 2L
* Characteristic velocity u: ¢y, =gy,
« Characteristic pressure p - u*: p = ppu
« Characteristic temperature (Vg — Yw): 0 = 9" (Jp — dw) + Jp
« Characteristic time L/u: t =t*L/u
Now, the non-dimensional parameters are inserted into Eq. and, via transform-
ing, the non-dimensional notation of the temperature field equation can be expressed
as
o0Y* +319* ., O -
c c c =
ot Odx**  Oy* Y 0z " L

* 2,Q% 2,9 2,9%
o a <d1§‘ d=v d19) (2.32)

dx*Q + dy*2 + d2*2

The prefactor of the right side (a/uL) can be rewritten and, finally, the Prandtl
number can be found besides the Reynolds number:

a N 1 1 v vpc

— == — = Pr=-=-22 2.

ulL ulL v Re Pr - a A (2:33)
The Prandt]l number is temperature-dependent and defined as the ratio of momen-

tum diffusivity to thermal diffusivity |78].

The Nusselt number is deduced from the heat flux density by using an example. A
fluid with the temperature ¥y flows in a flow channel with the wall temperature Jv.
The heat flux density at any place is then

§ = an AV = aye(Jr — dw) - (2.34)

By this definition the temperature of the fluid is assumed to be constant. However,
a temperature profile analog to the velocity profile will develop. Consequently, there
exists near the wall a boundary layer [79] where the temperature changes from the
wall-temperature to the fluid-temperature. Directly at the wall the heat transfer will
only occurs via heat conduction and Eq.[2.34]is then the same as Eq.[2.22]leading to

dv (5)

q = an(p w) <d7‘)rw:>aht I — Dy ( )
and by switching to a non-dimensional notation the Nusselt number can be found
* L dv

Ot i
Nu = = — ) 2.36
ur, \ (d?"* ) o ( )

The Nusselt number is the ratio between the characteristic length and the thick-
ness of the temperature boundary layer and is used to evaluate the heat transfer
coefficients for a existing flow problem.
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Natural Convection

In contrast to forced convection, natural convection only occurs via temperature
differences in the fluid. These temperature differences create density differences
where fluid volumes with higher density rise and those with lower density will de-
scend. Basically, these developed layers are generated by themselves only through
this temperature difference. The Nusselt number for free convection is a function of
the Grashof numbeﬂ Gr, the Prandtl number, and the geometry

L
Nug, = Ot

= f(Gr, Pr, geometry)uy, . (2.37)

The Grashof number is the ratio of the buoyancy to the friction force and describes
the same relationships for natural convection as the Reynolds number for forced
convection. It can be expressed as
- L3B(0w — 0
G = 9L 00w =de) (2.38)

v

where f is the thermal expansion coefficient and ¢ is the gravitational acceleration.
In practice, natural convection is often interfered with forced convection. Therefore,
a combined Nusselt number (natural and forced convection) is formed [80]

NUL = Q/NuLg,forced + Nuﬁfree ) (239)

where + depends on the direction of the flows. The two Nusselt numbers are added
up if the flow of the forced convection is parallel to the flow of the natural convection
and are deducted if the flows are opposite.

Radiation

Radiation is heat transfer via electromagnetic waves from a hotter body to a cooler
one. The length of these electromagnetic waves is in the range from 0.8 to 400 pm.
Electromagnetic waves, impinging on a body, are reflected, allowed to pass through
(transmission) or absorbed depending on the properties of the body. This is de-
scribed with Kirchhoff ’ﬂ law of thermal radiation and can be expressed as

apt+pr+mwR=1 , (2.40)

where ar, Tr, and pr are the adsorption-, the transmission-, and the reflection ratio
of an electromagnetic wave, respectively. These parameters depend on the mate-
rial of the body, its thickness, and on the wave length of the radiation. When the
temperature is higher than 0K every body starts to radiate and this radiation is
temperature depended. A so-called black body is able to radiate with maximum

"¥ranz Grashof, German engineer, 1826 - 1893
12Gustav Robert Kirchhoff, German physicist, 1824 - 1887
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intensity at a certain temperature dependent wavelength. For real bodies, the quan-
tity that takes this into account is the emission ratio €. The emission ratio defines
the radiation intensity of a real body at a certain temperature in relation to the
radiation intensity of a black body for the same temperature. Regarding their ad-

sorption, transmission, and reflection ratio bodies are classified into the following
classes:

* ¥ X X ¥

2.

black: all incident rays are absorbed (ag = ¢ =1)

white: all incident rays are reflected (pg = 1)

gray: all incident rays are absorbed over the entire wavelength range (¢ < 1)
colored: from the incident rays some wave lengths are reflected

mirroring: all incident rays are reflected at the same angel (oriented to the surface
normal)

flat: incident rays are diffusely reflected in all directions

3  Summary of Chapter 2: Theoretical
Fundamentals

Fluid mechanics:

*

Describes the motion of fluid-particles in mesoscopic time and space scales. Im-
portant spatial characteristics are its divergence and its rotation.

There are two formulations to describe the temporal change in a velocity field:
The Lagrange and the Euler formulation. The relation between them is:

d 0 -

— = —+4+(7-V

dt ot ( )
The mass flow rate m states how much mass is passing through an area per unit
of time while the volume flow rate V states how much fluid volume is passing

through an area per unit of time.

The Continuity equation for compressible fluids:
0 =
a_f ==V - (ev) = —div (¢V)

The General Euler equation for ideal fluids:

o7 . - Vp
— 4+ 0-V)i=f—-——
In real fluids friction forces have to be taken into account. The Newton’s equation
of motion turns via convective derivation into the Navier-Stokes equation for

incompressible fluids:

0u

E—i—(ﬁ-ﬁ)ﬁ:f—%%—yﬂﬁ
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x The dimensionless Reynolds number is defined as inertia force divided by friction

force:
ul.  oul

v n

Re =

Heat transfer:

x Describes the regularities how heat is transported between systems of different
temperatures and it can only occur through heat conduction or thermal radiation.
However, heat conduction is split into conduction between solids and static fluids,
and into conduction in moving fluids, called convection.

x Relevant parameters are heat, temperature, specific heat capacity, heat flux, heat
flux density, heat transfer coefficient, and thermal conductivity.

x Heat conduction in solids or static fluids occurs when a temperature gradient
arises in a material. General three-dimensional differential equation for transient
heat transfer:

x At forced convection the heat transfer occurs via a temperature difference and a
flow. The Prandtl number is temperature-dependent and defined as the ratio of
momentum diffusivity to thermal diffusivity:

v vpc
P = - = —
4 a A
and the Nusselt number is defined as:
CYhtL d19
Nur = - _
N dr e—1

x Natural convection occurs only via temperature differences in the fluid. In prac-
tice, natural convection is often interfered with forced convection. Therefore, a
combined Nusselt number (natural and forced convection) is formed.

*x Radiation is heat transfer via electromagnetic waves from a hotter body to a
cooler one.



Chapter 3

Design and Fabrication

This chapter summarizes the boundary conditions for the thermal flow sensor, the
design approaches with simulation results, and a corresponding analytical model.
Furthermore, different attempts for fabricating the sensor are described from a his-
torical point of view, pointing out results, drawbacks, and issues for different imple-
mentations. At the end, an overview of the different implementations is provided
together with the varied parameters.

To avoid any misunderstanding later on, the terms sensor and transducer will be
defined first. A sensor is an element that converts a physical quantity into an electri-
cal signal, e.g. atmospheric pressure into a voltage. In many cases this conversion
cannot be done within a single step. Two or more conversions are required, e.g.
the atmospheric pressure is converted first into the deflection of a membrane. Such
converters are called transducers. At the end of the converter chain is the readout,
which indicates the membrane deflection as an electrical voltage.

3.1 Analytical Model

An analytical model was developed in order to obtain a qualitative insight of ther-
mal flow sensors. Similar models of such sensors can be found in literature. For
instance, Middelhoek et al. [81] developed a one-dimensional model starting from
the conservation of thermal energy. Describing the heat balance of an infinitesimal
heat flow element in a tube, Rudent et al. [82] gained a one-dimensional thermal
model. Nguyen et al. [83] developed a two-dimensional model with the govern-
ing equation for the temperature field. However, these models are functional and
would require adaption to meet the boundary conditions for this particular problem.
Therefore, a new model had to be developed.

The corresponding cross-section of the developed model is depicted in Fig.[3.1] where
the sensor is placed in the middle of a flow channel. The flow channel is assumed
to be rectangular with height 2 h¢ 4+ d. Several assumptions have been made to ease
analytical treatment. First, it is assumed that the temperature field does not change
along the z-axis which is justified if the lateral extension of all components is much

23
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Figure 3.1: Schematic cross-section of the simplified PCB sensor
between parallel plates used for analytical modeling. The abscissa
coincides with a symmetry axis of the model. The heater H is
marked red and the sensing location Ty and Tp are violet. Ly is
the half heater length, Lg is the distance from the heater to the
middle of the sensing location, hs is the height of the substrate, d
the thickness of the sensor, and v the flow velocity.

larger than their width in the direction of the flow. Next, the boundaries at the
beginning (z = 0) and at the end (z = w) of the sensor in z-direction are neglected
resulting in parallel plates of infinite length in z-direction. Another simplification
regards the flow in the channel as a uniform flow velocity instead of the typically
parabolic one. However, the influence of the flow profile on the temperature of
the heater is considered with a boundary layer. Additionally, the heating power is
generated by a line source at x = 0 and there are no heat losses in z-direction.

In the sensor geometry additional simplifications are assumed. It is modeled as a
PCB of uniform thickness with temperature transducers and an embedded heater
region. In most fabricated devices, heater and transducers are placed on top of the
PCB and may be covered by a protective silk screen printed resist. But these simpli-
fications are justifiable because the PCB material has a significantly larger thermal
conductivity than the air in the flow channel. With thin substrates the distortion
of the temperature field caused by different material layers on the substrate can be
ignored for a first description.

As can be seen in Fig.[3.I] the model is symmetric around the z-axis and this was
utilized for a slice to model the heat balance (Fig.. The goal of this model is
to find an approximate expression for the temperature profile ¥(z,y, z) along the
x-axis as a function of both the mean flow velocity © and the heating power P. For
these parameters, the temperature at the heater and two sensing positions, which
are up- and downstream of the heater, are sought for. Therefore, ¥(x,y) is split into

I(x) - f(y) (Fig.|3.2) with
fly) =——5—" - (3.1)

Energy conservation requires that the total heat flux across all surfaces must vanish
for each infinitesimal volume (Fig.[3.2)), if the system is in a steady state. Due to sym-
metry and simplifications, there is no heat flow (Eq. = 0) through the bottom
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Figure 3.2: 3D slice of the arrangement of Fig. (left) and sim-
plified temperature profile assumption perpendicular to the flow
direction (right). Tamp denotes the temperature of the fluid (am-
bient temperature). The different heights hg, hf, and § are the
height of the substrate, the fluid, and the boundary layer, respec-
tively.

boundary surface (Apot(y—0) = dz dz(—¢€y)) and two of the four lateral boundaries
(Atat1(z=0) = dz (hg + hy) - (—€7); Atasa(z=az) = dz (hs + hy) €;) of the control volume
resulting in

Qbot,y = Qlat,z(z:(]) = Qlat,z(z:dz) =0 . (32>

At the top surface (Agop(y=h.+r,) = do dz €;) occurs only heat conduction. Therefore,
combining Eq.[2.23 and Eq.[3.1] results in

dz dx

Qopy = Af//%mp DY) o o dpds = A )5d$dz , (3.3)

0 0

where A¢ is the thermal conductivity of the fluid and ¢ is the boundary layer thick-
ness.

The two remaining lateral surfaces are both split into two subareas. At the first
subarea (Agup1 = hs dz €x) occurs only heat conduction (substrate). To ease mathe-
matical treatment the subareas at the position = 0 and x = dx are put together
which leads to

dz hsg
- ﬂsu ’ N - ﬁsu d 5 o
Qube = _)\S// ab—(xy),(_ex)eer Mg (x + d, y) e dyds
’ dy dy
0 0 59(x)
= —As—>hgdxdz

o2

(3.4)
where ) is the thermal conductivity of the substrate. At the second subarea
(Asupz = he dz €) occur both heat conduction and convection. Like before, to ease
mathematical treatment the subareas at the position x = 0 and x = dx are put
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together. The heat conduction part can be expressed as

dz hs+6
. ov ui s SN - oV ui d ) - =
Qtuidcons = )\f/ / M-(—ex)eer fuid(z + dz, y) a el dyds
” ox Jy
“S ()
0°Y(x
= — A 52 ~§dxdz ,
(3.5)
whereas, the convective part can be expressed as
dz hs+6
Qﬂuid,cov,x - PCp/ / [ﬁﬂuid<xay)6(_€_;() 6_;( +
0 (3.6)
oY )
+  VYguia(x +dz,y)v e éx]dydz = pcp@$~§dxdz ,
x

where p is the mass density of the fluid and ¢, is the specific heat capacity at
constant pressure.

The sum of the heat flux (Eq.[3.253.6)) through all surfaces is set to zero and, after
simplification, the differential equation for the model is found as

) 0% 0 0 1
(Mg ) - G = e - 52 = Aego =0 (37)

Inserting the thermal diffusivity a (see Sec. and with the ansatz

09 I I

¥ =c1 e + ¢, i acy e, ok a‘cpe*™ (3.8)
the differential equation (Eq. can be solved with the eigenvalues
) 5O B
a1y = ;j—f + ;}—f + % _ (3.9)
a()\f§ + )\Shs) CL()\fé + )\shs) )\f§ + )\shs

From Eq.follows immediately that co represents the ambient temperature (T, ).
Another boundary condition is that the temperature varies continuously along the
r-axis. However, the heating power has to be considered. Therefore, the tempera-
ture equilibration was expanded with the generated heating power. The boundary
conditions are set to
Jy(z=0) =dp(z =0)
9y \ 09p P

—As—— s =— 3.10
0x (z=0) 0r z=0) A (3.10)

where Yy p represents the temperature behavior up- and downstream of the heater
(position x = 0), P is the heating power, and A is the heater area. The heat source

in the model is considered as a point-like source at the position x = 0. The real
source, however, generates the heat at the area A (Fig. - H). Therefore, the
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Figure 3.3: Thickness of the thermal boundary layer § as a func-
tion of the mean flow velocity according to the mathematical model
(see Eq.|3.12).

generated heating power is imposed into the model via the expression P/A. With
a1 = —ay and the boundary conditions (Eq.[3.10)) the final solution can be found as

P 1
e L Ty, —oo <z <0
oA 20 e + b oo <z
P 1
e Tam ) 0 S <
oA 9o, e + b Tr < o0

The assumed temperature field of the model drops linearly in y direction until the
distance ¢ is reached (see Fig.. 0 denotes the thickness of this temperature
boundary layer in the flow channel. It is obvious that ¢ depends on the mean flow
velocity ©. Higher velocities will increase the cooling effect and thus make this
boundary layer thinner. Similar models in literature [81-83|] did set the boundary
layer thickness to a constant value. However, for this developed model the thickness
of the temperature boundary layer is modeled as

14

: (3.12)

where v} is a characteristic velocity in z-direction with v = ©/7 and 7 is the inflow
velocity (Anstromgeschwindigkeit [84]). This approach gives plausible ¢ values also
in extreme cases such as zero velocity (thermal layer extends towards the channel
walls) or for very high velocities (boundary layer nearly vanishes). Figure depicts
the computed dependency § () for the model parameters presented in Tab..

The targeted calorimetric principle evaluates the temperature difference between
two sensing positions located up- and downstream from a heater. The temperature
profile along the z-axis is given by Eq.[3.11] Figure[3.4] depicts the excess tempera-
ture for a heating power of 100 mW. Without any flow (blue line) the temperature
profile is symmetric at the heater. On the contrary, with flow, the excess tempera-
ture decreases because of the stronger cooling effect. Moreover, the upstream side
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Symbol Value Parameter

hg 25 mm Height of the half channel diameter

d 140 pm Thickness of the substrate

hs =d/2 T0pm Height of the half substrate

Lg I'mm Distance sensor - heater

P 1.2kg/m? Mass density of air

p 1005 J/kgK  Specific heat capacity (con. pressure) of air
At 0.026 W/mK Thermal conductivity of air

As 0.3W/mK Thermal conductivity of FR4

Table 3.1: Parameter values used for the analytical model.

is cooled more than the downstream part, which is the expected asymmetric profile
of the temperature field (green and red line).
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Figure 3.4: Excess temperature at the sensor surface along the
z-axis. The heating power was set to 100mW for three differ-
ent velocities (0,1,5m/s). The vertical dashed lines represent the
location of the embedded temperature sensors.

In the next step, the excess temperature is evaluated at the sensor location (for ex-
ample: Tupstream = —1.0 mm and Tpownstream = 1.0 mm into Eq. as a function of
the mean flow velocity. Figure|3.5| shows both up- and downstream excess tempera-
tures at the sensor locations as well as their difference as a function of the mean flow
velocity. The temperature difference shows typical features of calorimetric sensors
with a steep rise up tp the maximum followed by a slow decline which is responsible
for the ambiguity of the transduction characteristic. This characteristic and the
useful measurement range depends on various parameters. A decisive contribution
emerges from the eigenvalues o and ay (see Eq.. Their most substantial term
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Figure 3.5: Excess temperatures of the two sensing locations as
well as their temperature difference.

00/ (a(Asd/2 + Ashs)) reveals the peak of the excess temperature difference with
respect to flow velocity. It depends strongly on the thermal diffusivity a of the
medium which means for media with a smaller diffusivity the measurement range
would be significantly smaller. It also depends strongly on the thickness ¢ of the
boundary layer which favors miniaturized sensors and brings challenges for macro-
scopic devices like a PCB based one.

Another big influence has the fraction P/(A\;A), see boundary conditions Eq.[3.10}
which represents the generated heating power. Increasing the power will result in
a higher temperature difference but a threshold, depending on the sensor and the
fluid, may not be exceeded to prevent thermal damage. Therefore, suitable power
values where flow rates can be measured accurate enough have to be found. The
position of the temperature sensors Lg modifies also the output characteristic. As a
rule of thumb, the closer the sensing points are, the larger the measurement range
and the smaller the output signal.

Why only use two sensing locations? Can the sensor be improved by using more than
two sensing elements? An relatively simple enhancement of the sensor characteris-
tic can be achieved with two additional sensing elements. Now, a full Wheatstone
bridgeﬂ can be formed as Talic et al. [85] performed with four germanium thermis-
tors. Figure[3.6] compares readout results for the two and four location approach.
Thereby, two additional sensing elements have been inserted, e.g., at the locations
TUpstream = —0.5mm and Tpewnstream = 0.5 mm (“Full bridge I”). As expected, the
summed excess temperature differences increase the feasible sensor output by a fac-
tor of two and, in addition, the arrangement of four locations gives more design
space for the transduction characteristic. For example, when moving the sensor
locations closer to the heater (zlupstream = —0.25mm; 22ypstream = —0.75mm;
T1pownstream = 0.25 Mm; T2poywnstream = 0.75 mm) the output signal decreases while
the measurement range increases (“Full bridge I17).

! Charles Wheatstone, British physicist, 1802 - 1875
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Figure 3.6: Temperature difference of two sensing locations in
comparison with four sensing locations. Additionally, the position
of the four sensing locations has been varied.

Nonetheless, this model provides a rough overview of the design influence on the
sensor characteristic. Within the technological limits of a certain PCB producer it
should be possible to finetune sensor parameters by finite element simulations for
optimum measurement range or high sensor efficiency.

3.2 Simulation

2D-FEM (Finite Element Method) models were built in order to predict the sensor
characteristic of feasible setups and to optimize their design parameters. Since all
sensor components (sensing elements and heater) exhibit large extensions perpen-
dicular to the flow direction, two-dimensional modeling seems reasonable. However,
close to the flow channel walls there will be nearly no flow and the model-intrinsic
2D temperature profile deviates from the actual temperature field. Therefore, 3D-
FEM simulations have been carried out to investigate the velocity field in the flow
channel. The results of the 3D simulations are implemented into 2D simulations via
a small correction coefficient (velocity magnitude) to achieve similar conditions.

The Comsol Multiphysics simulation tool has been chosen for the simulations. The
applied conjugated heat transfer model combines the heat transfer module with the
laminar flow module. It solves the incompressible Navier-Stokes equation (Eq.
to get the velocity field inside the flow channel and near the sensor. Subsequently,
the heat transfer equations, including conductive and convective heat transfer (see
Sec., are solved. The model is based on the cross-sectional view depicted in
Fig.[3.7. More detailed dimension of the design are explained in the subsequent
sections whereas the corresponding CAD drawings can be found in the appendix

(see Sec.[A.1] and [A.2)).

The flow channel in the simulation has a diameter of 5 cm with a length of 10 cm. The
sensor 1s inserted into the channel via a small slit in the channel walls and stretched
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Figure 3.7: FEM model cross-section: The sensor is placed in
the middle of a flow channel (height: 5cm, length: 10cm). Top
and bottom of the flow channel are set to walls whereas the left
side is an inlet and the right side an outlet of the streaming fluid.
Sensor (Zoom): On top of the substrate (FR4 glass epoxy) there
are the heating elements (copper), the sensing elements (copper)
covered by a solder resist (polyimide).

Solder
resist

Downstream inner
sensing elements

TinK
. B T ST o e 208
— —_— — —_— —_— —_— —_— — — — —_—
297
R = - . - - = =
f
— ™ (EEEel . . y d : 295
ENEAETT— . . .
el e R e 294
pm
. . e e

Figure 3.8: Result of the transient FEM simulation after 20s
where only a section around the sensor is shown. The color
indicates the temperature distribution for a heating power of
Piot= 100mW while the blue colored arrows indicate the veloc-
ity field at a mean flow velocity of v = 0.5m/s.

over the entire diameter. Therefore, the PCB surface is aligned longitudinal to the
flow direction. Furthermore, the sensor is placed at the center of the flow channel
with air as surrounding fluid. A parabolic flow velocity profile (laminar and mean
flow velocity) is imposed from the left hand side inside into the flow channel (Fig.[3.8])
with an entrance length of 1 m. The outlet (right side) is chosen to be a normal flow
with zero pressure (p, = 0Pa) and suppressed backflow. Additionally, the top and
bottom flow channel walls, inlet, and outlet, are set to a constant temperature of
293.15 K, whereas, the non-slip boundary condition (Eq. is applied to all solid
surfaces. The sensor solid surfaces are set to an initial temperature of 293.15 K.
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Figure 3.9: Smoothed Heaviside function (Comsol: flc2hs) with
a continuous second derivative without overshoot for applying the
heating power in the simulation.

The heating power is set via the overall heat transfer rate:

F)tot

Vheater

Q= ; (3.13)
with Vieater as the volume of the heater, and P, as the total generated power.
The volume Vieater 1S calculated with the cross-sectional area and the extension in
z-direction of the model which is set to the flow channel diameter (5cm). The total
power is applied to the system via a smoothed Heavisideﬂfunction with a continuous
second derivative without overshoot (Fig.[3.9) [86]. This function (Comsol: flc2hs)
interpolates smoothly between two values (0.09 and 0.11) based on a third one (0.01)

and the returned value is clamped between 0 and 1. The function is defined as

0 ,  t<0.09
fle2hs =< (1), 0.09 <t <0.11 , (3.14)
1, t>011

where ¢ is the time in seconds and f(t) is expressed as

t—0.1 t—0.1\° t—0.1\°
f(t) =0.5+0.94 —0.63 ( > +0.19 ( ) . (3.15)

0.01 0.01 0.01

Constant Heating Mode

The simulations are performed in two steps. First, the laminar flow module solves
the stationary Navier-Stokes equation (Eq.[2.18) because the flow velocity is assumed

2 Oliver Heaviside, English electrical engineer, mathematician, and physicist, 1850 — 1925
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Figure 3.10: Simulated temperature transients of all four
sensing leads (heating power Piot= 100mW, mean flow velocity
0 =0.5m/s). The lead temperatures reach the stationary state
after about 15s (leads: D...downstream, U...upstream, O...outer,
I...inner).

to be not influenced by subsequent temperature variations due to the heating power.
Next, with the obtained velocity field, the transient temperature field in response to
the heating power is computed with a time dependent solver. In Fig.[3.§ the temper-
ature distribution (color) and the velocity field (arrows) after 20s of the simulation
are shown where a heating power of 100mW and a mean flow velocity of 0.5m/s
are applied. With post processing algorithms the temperatures of all sensing leads
(Fig.[3.10]) are derived. In detail, four surface integrals, over the corresponding sens-
ing lead cross-sections (UO - upstream outer, Ul - uptsream inner, DI - downstream
inner, DO - downstream outer), are performed for each simulation time step to get
the time dependent thermal behavior of each lead. These curves reveal the delay
time for the settlement of the temperature field that equals the waiting time for
accurate flow measurements in case of an intermittent heater operation.

In a further step, the described simulation scheme is repeatedly executed to enable
a parametric sweep where the mean inlet flow velocity is varied. The laminar flow
and the heat transfer module are solved for different mean inlet flow velocities
0 (0.1 — 10m/s, Av = 0.1m/s). For each velocity, the time dependent thermal
behavior of the sensing leads is evaluated. In a post processing step the stationary
temperature of each sensing lead is calculated and then plotted over the mean flow
velocity (Fig.[3.11)). The results of these simulations show the temperature change
of the sensing leads depending on the flow velocity and confirm that the targeted
transduction principle is feasible.

Constant Temperature Mode

The simulation model is adapted to describe the constant temperature mode (see
Sec.[1.3). There is no urgent need for a time dependent simulation here, only the



34 CHAPTER 3. DESIGN AND FABRICATION

308 , , , ,
306
304
302
300
298
296
294
292 ' ' ' '

Excess temperature in K

Flow velocity in m/s

Figure 3.11: Stationary excess temperatures of the sensing leads
(taken 15s after heat onset) versus the mean inlet flow velocity
(0.1 —10m/s) at 100 mW heating power (leads: D...downstream,
U...upstream, O...outer, I...inner).

stationary behavior is of primary interest. First, the heating power py is added
as additional parameter representing a variable heat source. With this parameter
a parameter sweep is set up where the solver calculates pressures, velocities, and
temperatures for several mean inlet velocities and heating powers. The range of the
mean inlet velocity 0 is 0.1 — 10m/s (Av = 0.1m/s) and the range of the heating
power py is 0 — 1.8 W(Apyg = 4mW). Depending on the chosen step size of the pa-
rameter sweeps, the number of resulting pressures, velocities, and temperatures for
all leads can be tremendous which causes the simulation time to increase dramati-
cally. Therefore, only 1600 values (40 x 40) are set for the parameter sweeps and,
consequently, 1600 temperatures (matrices) are computed for every lead. In a post
processing step each matrix is enlarged to 160000 temperature values (400 x 400)
with a bivariate spline approximation over the rectangular mesh. This time sav-
ing approximation is feasible because one matrix with 160000 temperature values
was simulated, compared with the approximation and the calculated error of the
approximation is below 0.01%.

Next, the signal U, (see Eq. was evaluated from the four sensing lead matrices
resulting in one temperature difference matrix (Fig.. A specific temperature
difference was chosen and from the related contour line the corresponding matrix
indices are identified. They point to the required heating power for the selected tem-
perature difference and are stored in a heating power array. By combining the result-
ing heating power array with the temperature characteristic of the heating resistor,
the needed heater voltage for the mean flow velocity can be calculated. Figure[3.13]
depicts the heater voltage for three temperature differences (Us = 2K; 4K; 6K) as
a function of the mean flow velocity.

This simulation revealed the voltage directly needed at the heater lead. In reality,
there are additional supply lines to the heater lead, contact resistances, and with
the low resistance value of the heater lead (see Sec.|4.1)), the resulting current may
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Figure 3.12: 3D plot of the simulated temperature difference as
a function of the mean flow velocity as well as the heating power.
The surface depicts how much temperature difference occurs be-
tween the inner sensing leads and the other ones which correspond
to the signal Us(v, prr). The shown data is derived from four tem-
perature matrices (one for each sensing lead).

be to high for the IC to provide. This means, a series resistance may has to be kept
in mind because the heater voltage will be higher in reality than in the simulations.

As can be seen, the function now increases monotonically with increasing flow ve-
locity from 0 up to 10m/s which is required for HVAC systems as for the objective
of this thesis. Detailed simulation results are compared to measurements and ex-
plained in Sec.[4.1}[4.3] Moreover, additional information on simulation results can

be found in literature [87-89).
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Figure 3.13: Simulated heater voltage Uy as a function of the
mean flow velocity. Three characteristics are depicted depending
on the preselected temperature difference Us.

3.3 Proof-of-Concept

Based on the results of the analytical model and the simulations, and considering the
design rules of a typical PCB producer, an initial sensor layout for a calorimetric
sensor was designed. The standard flexible printed circuit board technology was
chosen for an easy choice of potential producers. After comparing several PCB
producers PIU-Printex GmbH was selected due to the flexibility to react to potential
non-standard requests. It was also easily possible to visit the facility to get an
impression of the equipment and a feeling for the required process steps.

PCB-Fabrication

The substrate of the sensor, the dielectric, is a conventional FR4 glass epoxy lami-
nate (FR4 - 104) from Isola exhibits a thickness of 100 4+ 13 pm. For manufacturing
the prepreg (type MC-Rheopreg): resin, curing agent, catalyst, and solvent are
mixed together to a batch which is then coated on a reinforcement (woven fiberglass
cloth). Next, the coated cloth is pulled through a series of heating zones and then
rewound into rolls or cut into sheets.

The laminate type MC-100MS/MC-100EX is manufactured by combining prepreg
and a specific resin with the desired copper foils. Prepegs and copper foils are cut to
the desired size and then stacked. These stacks are loaded into a lamination press,
where pressure, temperature, and vacuum are applied to produce the desired copper
clad laminate [90]. Relevant properties of this substrate for the flow sensor are the
thermal conductivity Aprs = 0.38 W/mK and the specific heat ¢, = 920 J /kgK.

A one-sided flexible copper laminate was used for the proof-of-concept as conducting
path (transducers) with an initial thickness of 18 + 3pum, which is the standard
thickness for multilayer PCB’s. Relevant properties of copper for this thesis are
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the temperature coefficient of resistivity a = 3.66 - 107* 1/K [91] and the electrical
resistivity p = 16.7 - 1077 Qm (at 20°C) |92]. With the assessment equation of
resistance [93|:

rR=2 (3.16)

the resistance of one transducer, sensing copper lead, (length, width, and thickness
of 50mm, 100 pm, and 18 + 3 pm, respectively) is 0.9 4+ 0.18 Q2 at 20°C. However,
such small resistance values are not easy to measure with precision. First, the
contacts between the PCB sensor and the electronic terminals may vary irregularly
due to coatings, oxides or dirt. Second, the resistance of the connecting lines can
be to high to measure the resistance of the copper leads accurately enough. Third,
high measurement currents required for sufficient resistance resolution can pose a
problem. Additionally, they require specific current sources that are hard to realize
with compact microelectronic circuits. Fourth, high measurement currents can cause
excessive self-heating of the sensing leads which has to be considered for accurate
sensor modeling. Last, noise (e.g.: thermal noise or electromagnetic interference)
will limit the ultimate resolution of resistance measurements related to a given

bandwidth.

For a constant applied voltage, the thermal fluctuation of the measurement currents
are in proportion to the square root of the electrical conductance of the leads. There-
fore, increasing the resistance of these leads will improve the overall performance
of the sensor. There are two options to achieve a higher lead resistance: Increasing
the length of the sensing lead or decreasing its cross-section.

* The meander length [y of the leads is limited by the diameter of the flow chan-
nel. Nevertheless, sensors with 10, 15, 20, 30, 50 and 60 mm meander lengths
have been fabricated for a statistical investigation of the meander length to lead
resistance ratio.

x Another potential improvement is to increase the number of meander loops. The
drawback of this method is the broadening of the structure. By increasing the
distance of the heater, the excess temperatures decreases which reduces the sen-
sitivity of the sensor.

x The cross-section of the leads on the PCB can be decreased by reducing width
and/or thickness of the lead. The width of all leads is fixed to 100 + 5 pm by the
typical design rules. So, the remaining parameter for increasing the resistance is
the thickness of the lead. It can be reduced by wet etching. This is a common
process step in the fabrication of PCBs to achieve the desired circuit structure.

As a result, to increase the sheet resistance of the leads, the initial thickness of
18 pm was reduced to about 9pum by an additional run in the etching system after
removing the etch resist. As a result, the expected lead resistances should increase
from 0.9 to 1.8€). Finally, the resulting leads are protected from corrosive media
by a polymer layer. It is a photostructurable kapton solder resist (polyimide film)
with a thickness of 30 4+ 10 pm.
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Figure 3.14: Schematic (a) and photograph (b) of the proof-of-
concept sensor: The length of the meander ly; is 50 mm and the
overall thickness is 130 pm (100 pm substrate and 30 pm copper
with covering solder resist). The heater lead (red) is a meander
of order 2, the sensing leads (purple and blue) consist of meander
of order 1 each. The substrate material (brown beige) is FR4
glass epoxy on which there is a solder resist (green). At the left
and right tail of the sensor there are bonding pads which are not
covered with the solder resist.

Sensor Design

In the design of the proof-of-concept sensor (Fig. one heating lead is placed
in the middle of four transducers (sensing leads), two positioned upstream and two
downstream. The width of all these leads as well as the gap between neighboring
leads amount 10045 pm. The inner sensing leads are connected with a shared bond
pad as well as the outer ones. This setup allows an easy formation of a Wheatstone
bridge for a convenient sensor readout. On the right tail of the sensor there are two
bond pads for the heater lead. On the left tail there are three bond pads for the
inner sensing leads and five bond pads for the connection to the outer sensing leads.
The three middle pads are next to each other to compensate for small resistance
differences by bonding to one of them. However, this compensation was not required,
so this idea was discarded in later designs.

The proof-of-concept sensor design should show that the targeted sensor principle is
feasible but preliminary measurements (Sec. revealed minor issues. First of all,
the precision of the leads was worse than assumed which meant the reproducibility
of the sensor was not given for the targeted application. The main reason was found
in the additional etching step and therefore, another production technology without
this step was mandatory. Next, at various experiments the two sided soldered
interconnection proved itself as disturbing elements which lead to a rework of the
interconnection. All in all, designing a new sensor was necessary at this point to
continue which is presented in the next section.
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3.4 PCB Sensor Prototype

First Prototype Layout

The layout of the first prototype family is depicted in Figure[3.150 PCBs with
10, 30, and 50 mm meander lengths (ly;) have been produced. There are several
major improvements compared to the proof-of-concept design.
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Figure 3.15: Schematic view of the first prototype sensor. The
heating lead is colored red while the sensing leads are shown in blue
and purple. A black arrow near the tip indicates the orientation of
the sensor on the production multiple. It is intended to correlate
experimental results with respect to the direction of the etchant
flow. The green color represents the area covered by a solder resist
layer and the substrate is colored brown-beige. The bonding pads
are replaced by an area for an connector, equipped with holes for
alignment pins and screws. A detail of the sensor gives an overview
of the varied parameters: g and go denote the gap between the
inner and outer sensing leads, respectively. hq means the diameter
of perforation holes, hy is the hole spacing, and w specifies the
distance between the outmost lead and the PCB edge (=wing).

First of all, a new laminate in form of electro-deposited copper foils is used for
the production of the copper layer on the PCB. These copper foils are fabricated
from a high grade pure copper which is dissolved in sulfuric acid (HySO4) forming
the copper electrolyte solution. Proprietary additives allow the modification of the
resulting copper foil structure. The solution is pumped through filtering systems
into large plating tanks containing partially immersed titanium drums. As the drum
rotates slowly, a thin film of very pure copper is electro deposited onto its surface
and rolled up (drum foil). Afterwards, the drum foil is processed through a sequence
of chemical and electro-chemical processing steps to meet the specific final product
attributes. Finally, the foil (functional foil) is sliced to the precise widths and
attached onto a carrier foil. This 70+ 7 pm thick carrier protects the thin functional
foil from contamination and mechanical damage during stacking and lamination.
An intermediate layer based on metallic chromium is inserted between carrier and
functional foil to provide the release of the functional foil. This organic-free layer
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totally adheres on the carrier foil after peeling, leaving an ultra clean functional
copper laminate surface. The achieved uniformity of the copper thickness is much
better than what can be obtained by thinning 18 pm foils down with any large area
etching step. For the first sensor prototype, the height of the remaining functional
copper layer is 9 4+ 2pm while the width of the leads remains the same as in the
proof-of-concept design with 100 4+ 5 pm.

Another improvement is that the bond pads of the heater lead are placed between
the sensing leads pads for better interconnectivity. The width of the heater leads
are slightly increased as they come near to the bond pads to minimize the heating
effect outside the flow channel. However, preliminary simulations have revealed
that this improvement is very limited. These studies focused on excess temperature
distribution due to joule heating in the copper of the heater lead. The overall
dissipated power was 100 mW while the share of the connection pads ranged under
0.5mW. Hence, all connections can be located nearby without causing thermal
problems.

After measurements of the reproducibility of the contact resistance of soldered con-
nections to the bond pads, this method was abandoned in favor of mechanical con-
tacts between contact areas and female PCB edge connectors (see Tab.[4.1). This
connection technology greatly simplifies the handling of the sensor in various experi-
ments and measurements. Additionally, the region near the pads was equipped with
holes for screws and alignment pins to position the sensor exactly with respect to
the connector pins. Thereby, a reliable low resistance connection can be established.

Another feature is the orientation mark (arrow) on the tip of the sensor in com-
parison to the proof-of-concept design. This mark is deposited on top of the solder
resist as part of a legend layer and indicates the orientation and placement of the
sensor on the PCB master during fabrication. The sensors on the PCB master are
oriented in all four orthogonal directions. This was necessary to reveal possible de-
pendencies of the lead characteristics on the flow direction of the copper etchant.
After measuring the resistance values (see Sec.[L.1)) and relating the results to the
orientation on the master PCB, the suspicion of a preferred lead orientation could
be withdrawn.

Another design variation concerns the gap between the leads. The gap width has
been enlarged in steps of 100 pm starting from the initial 100 pm to 300 pm, to study
its influence on the sensor conversion characteristic (see Fig.. To vary the heat
conduction in the substrate, one-dimensional hole arrays have been drilled through
the substrate between neighboring leads of several prototypes. These holes have
100 pm in diameter and 100 pm or 300 pm spacing between each other. See Tab.[3.2]
for detailed information.

The first prototype layout confirmed a correlation between the resistance change
while heating and the flow velocity in the flow channel. Additionally, the precision
of the leads improved dramatically but was not satisfying at the point. Moreover,
the targeted measurement range could not be covered, therefore, another layout was
necessary.
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Second Layout

Figure[3.16] depicts the second prototype sensor design. Only sensors with a me-
ander length l; of 50 mm were manufactured. Further improvements have been
implemented based on results of previous flow measurements.

) (S3.2]

Figure 3.16: Photograph of the different sensors designs. Yellow
represents the FR4 substrate, green the solder resist, brown the
copper leads, and white the label. The first design (a - S3.2) has an
increased gap, the second one (b - S3.1) shows the standard sensor,
the third one (c - S3.7) has increased gap with holes between the
leads and an increased wing, and the last one (d - S3.9) has an
increased gap with holes between the leads and the maximum wing.

First of all, the most important change concerns the thickness of the leads. The
PCB manufacturer is able to use a copper foil with 5 4+ 1.7 pm instead of 9 + 2 pm
thickness on a 35pm carrier foil while the width remains the same. Thereby, the
mean resistance values as well as the reproducibility of the leads will further increase.
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Figure 3.17: Evaluation of the boundary layer thickness for dif-
ferent flow velocities. The edges of the outer copper leads of the
designs are marked with the vertical dashed lines (first pair...S3.1-
3.5, second pair...S3.6-3.7, third pair...S53.8-3.9).

Another change regards the so-called wing w (Fig.|3.15|- Zoom) which is defined as
the distance from the outer sensing leads to the edges of the substrate. The minimum
wing amounts to 0.2 mm in the older designs. In contrast, the new designs feature
wings of 4.2 and 8.86 mm. The first reason for increasing the wing is the tuning of
the flow transduction by manipulation of the flow depended boundary layer |84].

A velocity boundary layer will develop along thin plates which are streamed length-
wise by a real fluid because, directly on the plate, the velocity is zero (non-slip
condition). The evolving thickness of this boundary layer can be expressed as

599(1’) 5 i
z :m\/; : (3.17)

where dgg() is the thickness of the boundary layer at a velocity of the outer flow of
99%, [ is the length of the plate, Re; is the Reynolds number related to the length
of the plate, and x is the distance starting from the edge of the plate. Figure[3.17]
depicts the boundary layer thickness as a function of the flow velocities for the
different sensor designs.

A thermal boundary layer will develop similar to the velocity boundary layer when
a heater is placed somewhere at a thin plate. These two boundary layers are linked
where a rough estimation of their thickness can be made with the Prandtl number
(Eq.. For the majority of gases under normal conditions the Prandtl number
amounts ~ 1.0 (for air: 0.7148 at 20°C) which means both velocity and thermal
boundary layer have the same thickness [94].

The second reason for increasing the wing is a better mechanical stiffness of the
sensor. From a mechanical point of view, the sensor is a doubly clamped beam
with one degree of freedom (Fig.|3.15| z-direction) in the flow channel. When the
flow becomes turbulent, vortices will induce vibrations of the sensor [95,96] but this
effect can be countered by increasing the damping of the cantilever which depends
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on material and geometrical parameters [97]. Therefore, an increase of the wing
width will also increase the mass of the whole sensor proportionally.

Nevertheless, for small channels these effects become irrelevant because the PCB
sensor length is short. But in HVAC systems big cross-sectional dimensions can
occur which means the PCB length increases where this effect can cause problems.
Within the laboratory setup such vibrations have not been observed while in a more
realistic experiment (see Fig. these vibrations were measured in high velocity
regimes (> 7m/s) when the sensor was not mounted with enough tension. These
vibrations were recorded with a microphone and their spectrum was analyzed. The
dominant frequency was found at 176 Hz.

After characterizing the second prototype design, the targeted sensor principle seems
feasible. However, the measurable velocity range was limited to the experimental
setup in the laboratory. Experiments in a realistic environment with a wider velocity
range had to be carried out which means the sensor layout had to be adapted to
the new dimensions. The next section explains this new layout.

Third Layout

The third prototype (Fig. is designed for field tests in a realistic environment.
In cooperation with the University of Applied Science Burgenland measurements in
the “Energetikum” were performed. This facility is a living lab with sensors and
actuators placed all over the building. There is permanent research parallel to the
normal use of the building. The focus of this building lies on energy consumption
research and building technology, and provides intelligent communication between
electricity supplier, consumer, and energy storage operator. The HVAC system
installed in the building is easy accessible and precisely monitored. The idea is to
install the PCB sensor into the HVAC system and measure it via the monitoring
system of the building.

S3.1 l Holes for = 2cm,
1o} alignment 3
'

byracke screws

Figure 3.18: Picture of the third layout (S3.1). The left zoom
section shows the copper leads in detail: g and go denote the
gap between the inner and outer sensing leads, and w specifies the
distance (wing width) between the outmost leads and the PCB
edges. Whereas, the right zoom section shows the interconnection
area of the sensor. On the left end there is a hole for a bracket to
fasten the sensor to the pipe.

Therefore, the sensors must be redesigned in order to fit the pipes of the HVAC
system of the Energetikum facility. The meander length Iy of the sensors is enlarged
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to 250 mm, the inner gap ¢g; is set to 0.1 mm, the outer gap go is increased to 2.5 mm,
and the wing w is decreased to 1 mm because of the increase of the outer gap (see
zoom section in Fig.. Additionally, the order of meander loops is increased to
four and eight for the sensing leads and heater, respectively. All other dimensions
remain the same as in the second prototype. On the left end of the sensor a hole is
drilled for a bracket to fasten the sensor to the measured flow channel.

3.5 Overview of the Designs

In Chap.[d experiments and results are presented where different sensors were tested.
Table[3.2| gives an overview of the investigated sensors and their geometrical param-
eters like meander length (ly;), inner and outer gap (gr and go) , holes diameter (hq)
and gap (hq and h,), and wing (w). Sensor category S1 denotes the proof-of-concept
design (PoC), S2, S3, S4 the first (1Pty), second (2Pty), and third prototype design
(3Pty), respectively.
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Sensor Design [y g1 do hq hg w
mm pm pm pm pm mm
S1 PoC 10, 15, 20, 100 100 - - 0.55
30, 50, 60
S2.1 1Pty 10, 30, 50 100 100 - - 0.20
S2.2 1 10, 30, 50 200 200 - - 0.20
S2.3 1 10, 30, 50 300 300 - - 0.20
S52.4 1 10, 30, 50 300 300 100 100 0.20
S2.5 1 10, 30, 50 300 300 100 300 0.20
S2.6 1 10, 30, 50 300 300 - - 4.20
S2.7 1 10, 30, 50 300 300 100 300 4.20
S3.1 2 Pty 50 100 100 - - 0.20
S3.2 2 50 200 200 - - 0.20
S3.3 2 50 300 300 - - 0.20
S3.4 2 50 300 300 100 300 0.20
S3.5 2 50 300 300 100 100 0.20
S3.6 2 50 300 300 - - 4.20
S3.7 2 50 300 300 100 300 4.20
S3.8 2 50 300 300 - - 8.86
S3.9 2 50 300 300 100 300 8.86
S4 3 Pty 250 100 2500 - - 1.00

Table 3.2: Orientation table of the different sensor designs and
their geometrical parameters: ly: meander length, gr: inner gap,
go: outer gap, hq: holes diameter, hg: holes gap, w: wing. The de-
sign column denotes the corresponding sensor design: PoC: proof-
of-concept, 1 Pty: first prototype, 2 Pty: second prototype, 3 Pty:

third prototype.
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6 Summary of Chapter 3: Design and
Manufacture

An analytical model was developed to obtain a qualitative insight of thermal flow
sensors. Several simplifications have been made to ease analytical treatment. The
energy conversation was applied to an infinitesimal 3D slice to derive a differential
equation of the model:
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The excess temperatures at the measurement locations are evaluated as a function
of the mean velocity. The model provides a rough overview of the design influence
on the sensor characteristic.

A 2-D-FEM simulation with Comsol Multiphysics was developed where the con-
jugated heat transfer model was utilized. Thereby, the thermal behavior of the
PCB sensor inside a flow channel was simulated for two different operation modes,
constant heating and constant temperature. The simulations revealed moderate
response times and sufficient excess temperatures which proved the usability as
a flow sensor.

Four sensor layouts were designed:

Proof-of-concept - Substrate material is a FR4 glass epoxy with a thickness of
100 pm. For the copper leads a one sided flexible copper laminate with an initial
thickness of 18 ym was used. These leads were narrowed down to 9pm with
a additional etching step. On top there is a cover layer (Kapton solder re-
sist) with a thickness of 40 pm. In this design one heating element is placed
in the middle of four sensing elements, two positioned upstream and two down-
stream of the heater, with a width of 100 ppm. The heater has a meander of
order four while each sensing lead has a order of two with meander lengths of
10, 15, 20, 30, 50, or 60 mm.

First prototype (changes to 1.) - New copper laminate with a thickness of 9 pm
was used. Bond pads are replaced with a contact area for a female connector to
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simplify handling the sensor. An orientation mark was placed on the tip of the
sensor to indicate the placement during fabrication. The gap between the leads
was increased to 200 pm and 300 pm. Holes have been drilled in the substrate
to decrease the parasitic heat conduction. The holes have 100 pm in diameter
and 100 pm or 300 pm spacing between each other. Sensors with 10, 30, 50 mm
meander length were manufactured.

3. Second prototype (changes to 2.) - Another new laminate was used with a thick-
ness of 5um. The wing was enlarged from 0.2 to 4.2 and 8.86 mm. Sensors with
50 mm meander length were manufactured.

4. Third prototype (changes to 3.) - The third prototype was designed for field tests
in a realistic environment. The meander length was increased to 250 mm and the
order of the meanders was doubled, the heater to eight and the sensing leads to
four. The inner gap is 0.1 mm, the outer gap is 2.5 mm, and the wing is 1 mm.

x At the end of this chapter an orientation table gives an overview of the produced
designs.






Chapter 4

Experiments and Results

This section describes the experimental approach to characterize the sensor. The
various measurement setups, the performed measurements as well as their results are
discussed in detail. First, an experimental setup regarding resistance measurements
is explained and evaluated. Afterwards, the precise evaluation of the reproducibility
of low DC resistance of the copper leads is described, followed by the investigation of
the velocity dependence with a lock-in amplifier and a circuit on which the leads are
connected in a Wheatstone bridge configuration. Then, measurements in a constant
temperature mode are explained and evaluated. Finally, experiments in a realistic
environment are presented.

Instrumentation for numerous routine measurements should be computer controlled
as much as possible. The programming language Python was chosen to control the
instruments. It offers several benefits [98,99| such as:

* Easy to understand and has multiple features to control hardware (e.q. multi-
meter, lock-in amplifier, etc.)

*x Many implemented algebraic, numerical and graphical functions due to compre-
hensive scientific packages like NumPy or SciPy

x Ability to build numerical algorithms that are 10-fold faster than those generated
by compiled languages

x Integrated debugging environment

* Huge user community

x Open-source software which allows implementation on all standard PC platforms
(Linux, Mac OS X, Unix, Windows).

All in all, Python is an impressive software basis that satisfies all needs for the
conducted experiments.

In order to control several instruments with Python with a PC, a specific hardware
link and the corresponding communication protocol is needed. The IEEE-488 bus
(GPIB [100]) was chosen because the lock-in amplifier used featured only this bus.
Measurements typically produce megabytes or even gigabytes of data that have to be
stored in a standard data format for easy post processing. This is one of the reason
why HDF was used. Another reason is the option to store additional meta data of

49
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measurements or the collected data. Moreover, the data does not need much storage
space in comparison to excess or csv. However, the HDF package [99,/101,/102] by
itself consists merely of a format definition and of associated libraries. Therefore,
Python offers several Application Programming Interfaces (APIs) like Pandas, Hopy
or PyTables to work with HDF.

4.1 Resistance Measurements

Because the resistance of the copper leads is rather low, the instruments and in-
terconnections are characterized to reveal their limits and uncertainties. Then the
sheet resistance is introduced for a straightforward comparison of the various sensor
designs and typical measurement results are presented. Finally, the transient resis-
tance changes of the sensor components in response to excessive Joule heating are
evaluated.

Equipment Characterization and Low Resistance
Interconnection Studies

To characterize the measurement setup, the sensitivity and reproducibility were
measured at low resistance values. A precision resistor (12€2) served as a sample
and was repeatedly measured (10 Hz measuring rate for 10 min) with four different
multimeters (Keithley 195a, Keithley 2000, Picotest M3500A, GWInstek GDM-
8261A). The four wire measurement method was used in all cases. All in all, the
highest deviation was 1.7 m{2 which correlates with the specified errors and confirms
that all instruments are classified for the planned measurements.

To form a reliable connection between PCB flow sensor and measurement device sol-
dering as interconnection was considered first. Consequently, the first experimental
study was devoted to explore the contact resistances of various soldered intercon-
nections. The copper wires to the multimeters were soldered on and off ten times
from each bond pad of the proof-of-concept sensor (S1) and the total resistance of
these circuits were measured with a high precision LCR meter (Agilent E4980A).
It can be assumed that the resistivity differences due to soldering are small enough
(worst case: 1.73240.0082) to allow sufficiently efficient temperature transduction
via small resistivity changes.

Unlike the proof-of-concept design, the prototype designs are connected to the envi-
ronment via a female connector placed on an adapter board (Fig.. The female
connector type is a low profile and elevated one piece FSI connector from Samtec.
At the top there are two holes for screws and in the middle there are mechanical
springs with gold coating. The sensor is placed upside down on these springs and
fastened via a plate with screws to establish a low resistance interconnection with
the adapter board. At the bottom of the adapter board there are several miniature
test sockets for interconnection to the read out equipment.
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Figure 4.1: Photograph of the connector mounted on an adapter
PCB board to connect the leads of the sensor with the readout
equipment. The sensor is placed upside down on the connector
which means left and right are swapped. There are holes for screws
and mechanical springs for a low resistance interconnection. At the
bottom there are miniature test sockets for connecting the read
out equipment. For the subsequent measurements the right side is
downstream and the left side is upstream.

The ohmic influence of this connector was compared with a soldered connection to
see the differences between the two connection methods. Each lead of the sensor
(S2.1) was accessed by measuring wires via the described connector and the resulting
resistance was measured ten times. Afterwards, labor wires were soldered on and off
ten times on the leads without the connector and measured. In both cases the four
wire method was used with a standard deviation of std ==+ 0.003 of reading + 0.003
of the multimeter [L03]. Table[d.1|summarizes the resistance differences between the
soldered interconnection and the adapter board. As expected, the connections with
the board have slightly higher resistance values (1.2—2.7%) than the soldered version
but the resistance values of the adapter board are small enough to have no relevant
influence on the sensor. Therefore, the more convenient connector based setup was
preferred for all subsequent measurements.

Sheet Resistance

First, the resistance of each lead was measured to determine their reproducibility
and, then, a statistical evaluation (median values, upper and lower quartiles, and
the minimums and maximums) of all resistance values was made. Surprisingly, the
precision of the leads is worse than the tolerances predicted by the specifications of
the PCB producer. One reason for this is the small height of the leads where small
etching rate variations have a relatively large influence. For a systematic comparison
of the different leads, a parameter called sheet resistance [104] is most appropriate.
This sheet resistance can be expressed as

R, = R% , (4.1)
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Lead Soldered Connector
Q Q

Heater  7.09340.005 7.181 %+ 0.003
DO (RO) 4.054 4+ 0.003 4.147 + 0.002
DI (RI)  3.92940.003 4.002 =+ 0.003
UO (LO)  4.020 +0.002  4.094 + 0.002
UI (LI)  4.25940.003 4.378 + 0.004

Table 4.1: Measured DC resistances of the sensor leads for both
connector and soldered interconnection. Ten measurements for
each lead were carried out and then mean value and standard de-
viation were calculated (D...downstream, U...upstream, R...right,
L..left, O...outer, L...inner).
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Figure 4.2: Nominal sheet resistance of the copper leads of the
proof-of-concept designs (S1). For each meander length (npeater =
15, Ninner = Nouter = 30) the median sheet resistance (stars with
lines), the upper and lower quartile (dots), and the minimum and
maximum (crosses) are shown. (colors: red...heater, blue...inner
leads, and green...outer leads)

where R is the measured resistance of the lead, w and [ are the width and length of
the lead, respectively. This would require measuring these geometrical parameters
(width and length) for each lead. However, the nominal width and length are added
in Eq.[4.0] and the calculated parameter is called nominal sheet resistance in this
thesis. Although there are errors with this method, it is feasible because these errors
are small in comparison to others. Figure[d.2|depicts the results of this nominal sheet
resistance for the proof-of-concept design where a distinction was made between the
heater, inner, and outer sensing leads in addition to the meander length.

These results revealed that the computed median of the nominal sheet resistances
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Figure 4.3: Sheet thickness measurement of a connection pad
of the sensor (S2.5). The surface roughness was recorded over the
width of the sensor. In the diagram the detail around a connection
pad (300 to 800 pm at the x—abscissa) is plotted.

does not significantly depend on the length of the meander. However, the 10 mm
sensors are the exception. One reason is that there were problems at the soldered
connection. The other one is that the circular parts of the meander were not taken
into account. The relative influence of these regions is larger for shorter meanders.

On the contrary, for the interquartile range (IQR) there are some differences. For
the 15 and 30 mm sensors the IQR is very small which means the precision of these
leads is very high. Moreover, the heater leads have the smallest median of the
nominal sheet resistance with the smallest IQR while the outer sensing leads have
the highest median with the highest IQR. According to this finding, leads which
are surrounded by further copper areas are more uniform than the ones neighbored
by large substrate areas. Thus, the etch rates seem to be different in both cases.
To improve the uniformity of the etch rate, sacrificial copper areas may be added
outside to the sensor structures to improve the precision lead resistances.

What is actually the precision of a single lead” To answer this question, the sensor’s
topology was scanned with a contact profilometer (Dektak Stylus). The radius of
the tip was 5pm and the bearing-strength was specified as equivalent mass with
5—10mg. To get the lead height a region without solder resist is required. Therefore,
the connection pads were investigated and Fig.[4.3] depicts the surface roughness
over the width of a connection pad. The resulting mean thickness is 8.0 & 0.7 pm
which is even better than the producer specified. Nevertheless, according to the
manufacturer this may not be related for the smaller leads because a pad is larger
and detached from other structures. As a result, the roughness due to the etching of
a lead surface is worse than the measured one from a connection pad. Unfortunately,
this statement could not be verified with measurements.

Another question is the difference between left and right side leads. Therefore, for
each sensor, left and right, inner and outer sensing leads were compared to each
other. Thereby, the resistance difference (Ar) between two leads related to their
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mean resistance can be expressed as

Ay — Rleft - Rright
" Riestt+Rright ’
2

(4.2)

where Rjege and Ryign is the resistance of the left and right sensing lead, respectively.
Figure[d.4] depicts Ar; (inner leads) versus Ar, (outer leads). The meander lengths
are highlighted with different colors to reveal any length related pattern, but none
could be revealed.

60 I I I I I I I I I I
50 | . i
40 | & -
30 |- "% -
20 - oo l.6%0 - o® =
10 L L .. e |
0 3
—10 AR e, : .
—-20 .
_3old® * Lo e e L30
40 * LI5 e o 150 °
-50H° * L20 L60 .
—60 i i i i i L L L L L

—60 —50 —40 —30 —20 —10 0 10 20 30 40 50 60
Ariin%

Ar,in %

Figure 4.4: Normalized resistance differences of the sensing leads
Ar; (inner leads) versus Ar, (outer leads) in percent of the proof-
of-concept design (S1). Additionally, a distinction between the
meander lengths was created (colors) to reveal any length related
pattern. A positive value means the left lead is higher and a neg-
ative determines the right one is higher. The gray rectangle shows
a section to compare with other produced designs and will be ex-
plained in detail later.

For the calculated Ar; no pattern could be revealed either. However, Ar, shows
a strong tendency to the left side. The manufacturer stated that the etching rate
of the additional etching step may not be homogeneous over the whole substrate
and due to etchant streaming the etching process can exhibit a preferred direction.
Moreover, the outer sensing leads act as etchant buffer for the inner leads leading to
a smaller surface roughness and slightly increases lead thickness of the inner ones.
This was verified with the nominal sheet resistance measurements (see Fig.[4.3)).
According to the manufacturer, it is difficult to find optimal process parameters
for such small lead resolution to achieve high etching uniformity over the entire
processed PCB area.

The precision of the sensor quality has to be improved further for the targeted
application. The main reason for the differences of the leads was attributed to the
additional etching step used for thinning of the copper leads. An obvious idea is to
completely avoid this step. This would decrease the sensor resistor by about 50%
making a high-resolution readout more challenging. Another way would be to place
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Length Lead Proof-of-Concept 1.Prototype
Median IQR Median IQR
mm mf)/sq mf/sq mf)/sq mf)/sq
10 Heater 7.71 4.16 3.82 0.25
Inner sense  7.23 8.44 4.78 0.37
Outer sense 8.23 11.38 5.31 0.53
30 Heater 2.64 1.59 3.53 0.46
Inner sense  2.91 1.48 3.96 0.63
Outer sense  3.39 1.70 4.39 0.52
50 Heater 3.12 4.65 4.10 0.78
Inner sense  3.33 .66 4.64 1.30
Outer sense 3.96 7.68 4.89 0.95

Table 4.2: Comparison of the nominal sheet resistance (S1 -
S2.7) with the median and interquartile range between the proof-
of-concept and the first prototype. Additionally, the results are
classified according to meander length as well as the heater, inner
sensing, and outer sensing function.

sacrificial areas near the outer sensing leads or optimize the process parameters for
the etching step. In the meantime, new, thinner copper foils for the PCB technology
became available which allow the production of thinner leads, thus eliminating the
need for the critical etching step.

The lead resistances of the first prototype design were measured the same way as the
leads of the proof-of-concept devices. Afterwards, the nominal sheet resistance was
calculated and compared with the proof-of-concept results. Table[d.2] summarizes
these results in which the reproducibility of the leads increased dramatically (IQR
decreases).

Moreover, the precision of the copper leads of the second prototype design improved
further due to use of thinner copper foils. Figure[d.5| compares the nominal sheet
resistance of three designs (proof-of-concept, first prototype, and second prototype).
In numbers, the median nominal sheet resistances for the leads of the second pro-
totype are: 3.36 (IQR = 0.08) m2/sq for the heater leads, 3.54 (IQR = 0.11) m/sq
for the inner sensing leads, and 3.58 (IQR = 0.08) mf2/sq for the outer sensing leads
which is an improvement factor of ten.

Next, AR was calculated for the new designs to reveal the impact of the thinner
copper foils with higher precision. Therefore, Fig.[4.4] is updated with the first and
second prototype sensing lead differences (Fig.. In detail, the proof-of-concept
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Figure 4.5: Nominal sheet resistance (S1 - S3.9) at proof-of-
concept (PoC), the first (1Pty) and the second prototype (2Pty
). Only meander lengths of 50 mm are depicted. For each sensor
batch the median (stars), the upper and lower quartile (dots),
and the minimum and maximum (crosses) are shown. (colors:
red...heater, blue...inner leads, and green...outer leads)
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Figure 4.6: Normalized resistance differences at the sensing lead
pairs (S2.1 - S3.9). The diagram range corresponds to the gray
shaded area of Fig.[f.4] and contains the Ar values of both the
first and second prototype layout.

resistance differences are 20% (inner sensing leads) and up to 60% (outer) in relation
to their mean value. However, the first prototype differences are 5% (inner) and 10%
(outer) and less than 3% (inner) and 6% (outer) for the second prototype. Now,
the lead precision seems to be sufficient for the desired thermal flow transduction.
Furthermore, it is to be expected that this precision can improve further due to
technological advances and gained experience. However, the current differences of
the resistance between the leads will require a calibration of each individual sensor.
Corresponding procedures and results can be found in [105].

Especially large PCB devices expose the weaknesses of the production process. The
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field test sensors (S4.1) have much longer meanders (250mm) leading to higher
lead resistances. Twelve sensors have been produced whereby nine sensors are fully
functional and, therefore, used for the measurements. Nine sensors are not sufficient
for sound statistics evaluation and this must be kept in mind when reading the
results. Nevertheless, the median for the heater is 8.4 (IQR = 3.3) m$/sq, for
the inner sensing leads it is 8.0 (IQR = 2.5) m/sq, and for the outer ones it is
9.1 (IQR = 5.1) m€/sq. These results revealed once more the large variations of the
resistances. According to the producer, these variations are caused by the large size
of the device which are close to the limits of the etching equipment. However, the
sensor dimensions are pre-specified by the targeted pipe diameter of the test channel.
To reduce the IQR, a larger etching equipment would be required as well as optimal
process parameters. Nevertheless, the focus of the field test is to characterize the
sensors in a realistic environment where the resistance variation of the sensors is of
minor importance.

Transient Characteristics

Heating and cooling cycles are applied to the heater lead of the sensors (S1) to
determine their transient behavior. A typical cycle is depicted in Fig.[4.7] where
after an idle period of 5s (heating time t,) a heating power of 100 mW is applied
for 30s (cooling time t.). The subsequent temperature relaxation is recorded for
10s. The parameters delay time t4, rise time ¢, on time toy, storage time tg, fall
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Figure 4.7: Resistance change during one heating and cooling
phase for a proof-of-concept heater lead (S1). The heating power
(100mW) is enabled at ¢, = 5s and switched off at t. = 30s. Two
horizontal lines (red dot-dashed) mark the 10% and 90% thresholds
of the resistance change. The vertical lines (green dot-dashed)
represent the characteristic time parameters: delay time t4, rise
time ¢, on time ton, storage time tg, fall time t;, and off time
toFF-
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Heating Delay Rise On Storage Fall Off
power  time time time time time time
mW S S S S S S
200 0.44 9.1 9.5 0.42 8.5 8.9
+0.03 +0.2 +0.2 +0.03  +0.2 +0.2
100 0.47 9.3 9.8 0.46 9.0 9.5
+0.03  +0.2 +0.2 +0.04 +0.2 +0.3
50 0.43 9.7 10.1 0.42 9.7 10.1
+0.03 0.3 +0.3 +0.03 0.2 +0.2
25 0.35 11.1 114 0.38 12.3 12.8
+0.03 0.3 +0.3 +0.03 404 +0.4
12 0.26 16.6 16.9 0.28 16.7 17.0
+0.04 +0.8 +0.8 +0.04  £0.7 +0.7
6 0.19 20.5 20.7 0.21 22.2 22.4

+0.03  £0.9 +0.9 +0.04 £0.9 +0.9

Table 4.3: Transient parameters of the proof-of-concept sensors
(S1) for different heating powers where the mean values with stan-
dard deviation are calculated.

time t¢, and off time topr are derived from such transients [106]. For the current
work, the delay time t4 elapses between the onset of heating and the time where the
measured resistance change of 10% of its total change during the heating period.
The rise time ¢, covers the period of normalized resistance change from 10% to
90%. Accordingly, the sum of delay and rise time is termed on time toy, the period
required to reach quasi saturation. Storage time t¢ is defined as the period from
turning off the heating power to the point where the normalized resistance change
reaches 90% again while the fall time ¢; covers the transition from 90% to 10% of
the resistance change. The sum of storage and fall time is defined as off time topp,
which is required for a nearly complete cool down.

The transient behavior was then studied for different heating powers and the cor-
responding results are summarized in Tab.[.3] These results reflect the dynamic
behavior of the sensor at zero flow and are in good agreement with the correspond-
ing simulation. Figure[d.8| depicts a comparison between the simulated temperature
curve and the curve calculated from the measured resistance of a heater lead. These
results validated the heat transfer model used for numerical simulations. The study
delivered the period which is needed to reach thermal saturation for intermittent
flow measurements.
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Figure 4.8: Comparison of the simulated and measured temper-
ature change of the heater when a heating power of 100 mW is
applied at zero flow. In this case, thermal saturation is reached
after 16s.

4.2 Lock-In Measurements

Lock-in amplifiers are used to detect and measure very small AC signals at a well-
defined frequency [107]. They are needed to acquire tiny AC signals even when they
are obscured by a huge noise level. In principle, the lock-in amplifier is a phase-
sensitive detector in combination with large averaging time constants. This phase-
sensitive detection (PSD) technique picks out the interesting spectral component
at the specific reference frequency of any broadband signal. Employing two phase-
sensitive detectors with the same reference frequency, but different phases, enables
continuous phase estimation of the respective spectral component of the investigated
signal. Therefore, lock-in measurements require a pure sinusoidal reference signal
Viet - sin(wieft + Oyer) that interacts with the spectral component of the amplified
measured signal V; - sin(wgt + ©g). This signal is then multiplied by the reference
signal. The output signal of the multiplicator Vg is:

‘/psd = ‘/s V;ef : Sin(wst + @s) : Sin<wreft + @ref)

1
= 5 ‘/s ‘/ref : COS([UJS - wref] t+ @s - @ref> - (43)

1
5 ‘/s ‘/ref . COS([WS + Wref] t+ @s + @ref> ;

where V; and V¢ are the amplitude of the measured and reference signal, wys and
wrer are the angular frequencies, ©, and O, are zero phase angles, and t is the
time. The output of the multiplier consists of two AC signals, one at the difference
frequency wys — wrer and the other at the sum frequency wg 4+ wyer. This signal passes
a low pass filter that suppresses AC components, leaving only spectral content in
the vicinity of wyer left. Specifically, for ws = wyet, the filtered PSD output becomes
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a DC signal which is proportional to the signal amplitude at wy:

Vosa = %‘/s Viet - €08(Os — Opet) (4.4)
Now, if the measurement exhibits noise or uncorrelated interfering signals, the se-
quence of multiplier and low pass filter ensures that only signals whose frequencies
are close to the reference frequency appear at the PSD output which is converted
into a slowly varying DC voltage. Signal components at frequencies far from the
reference are efficiently attenuated at the PSD output by the low pass filter. The
attenuation depends on the bandwidth of the low pass filter. Therefore, the low
pass filter determines the bandwidth of detection and only signals at the reference
frequency will result in a true DC output. That’s why lock-in amplifiers always
need a reference signal that has the same frequency as the targeted signal. Lock-in
amplifiers can generate the reference signal by themselves or they synchronize the
internal reference oscillator to an external source that is correlated with the exper-
iment. This task accomplishes a phase-locked-loop (PLL) that locks the internal
reference oscillator to this external reference, resulting in a sine wave at wy = Wyef
with a fixed phase shift of O,.

Most common lock-in amplifiers are dual-phase which means they have two PSDs
allowing them to generate four alternative outputs. The first two ouputs represent
the input signal as a position vector relative to the lock-in reference and are named
X and Y. X is called ’in-phase’ component and is defined as:

X =V;-cos(0) (4.5)

where © = (O3 — O,) is the phase difference between the signal and the lock-in
reference. Y is called 'quadrature’ component and is generated from the second
PSD via shifting the signal by 90°. Y can be expressed as:

Y =V,-sin(©) . (4.6)

The other two outputs are the magnitude R and the phase © of the signal vector
and are defined as:

R=vVX2+Y2 : ©=tan! <§>

Another important question about lock-in amplifiers is what they display on their

outputs and in which unit. As a general rule, lock-in amplifiers display the signal
in Volt RMS (Root Mean Square).

Experimental Setup

An experimental flow channel (Fig.[4.9) is used to characterize the behavior of the
sensor (S1 - S2.7) at well-defined flow velocities. The flow channel consists of an
acrylic glass pipe with a total length of 82 cm and an inner diameter of 5 cm where
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Figure 4.9: Photograph of the measurement setup to characterize
the sensors. The device being tested is placed in the middle of a
flow channel and supplied with a constant current (heater) as well
as with an AC sinusoidal signal (sensing leads) from a waveform
generator. Variable air flow rates are imposed by the suction with
a fan positioned at one end of the tube. The four sensing leads
form a Wheatstone bridge that is excited by the internal reference
oscillator of the lock-in amplifier which measures also the bridge
detuning voltage.

the sensor is stretched across this pipe via two slots. A double vane fan (AVC,
12V DC) is located at the end of the pipe which establishes the flow by suction.
The flow velocity inside the channel is adjusted by regulating the electrical current
Ipan = 50 — 300 mA of the fan with a power supply (Hameg HMP 2030) and the
corresponding flow velocities are measured with an industrial anemometer (Testo
435 - hot wire probe). The anemometer was placed precisely in the middle of the
flow channel and with the manufacturer specification table (correction factor) the
anemometer velocity was converted into a mean flow velocity. Figure[d.10| displays
the measured fan characteristic. As a result of this measurement, a parabolic fit
to the fan characteristic was computed for simple conversion of flow measurement
results:
m/s

N A2
where Ipan is the supply current of the fan.

168 I ™5 _05m)s | (4.7)

VUFLOW — —12.3 ]%A A

For the flow transduction experiments exploiting the lock-in measurement tech-
nique, the heater of the sensor was supplied with a constant current to regulate the
injected heating power. The four sensing leads were connected to a Wheatstone
bridge to avoid large bias signals at the lock-in input terminals enabling a higher
signal gain. The bridge was supplied by a waveform generator (Agilent 33220) with
a 5V sinusoidal at 5kHz. A resistor of 1k{) was inserted in series with the bridge
which determines the AC current through the bridge and guarantees negligible self
heating of the sensing leads. An SR830 Stanford Research Systems lock-in amplifier
with Digital Signal Processing techniques was used to perform phase sensitive de-
tection. The internal reference oscillator locks to the trigger output of the waveform
generator.
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Figure 4.10: Measured and approximated flow velocity in the
flow channel as a function of the fan current. The fan starts
to rotate at 50mA (0Om/s) and reaches its saturation at 300 mA
(3.4m/s). A parabolic approximation to the experiment was de-
rived (red). Below 0.5m/s the approximation does not fit the
measurement resulting in a error. One reason for the kink in the
measured data is, that at these current levels the fan does not
rotate smoothly.

Reynolds Number

After identifying the feasible flow velocity range, the related Reynolds number range
(see Sec. can be evaluated. With Eq., the physical parameters of the fluid
(p = 1.205kg/m*(20°C), n = 19.83 uPa), and the diameter of the flow channel
(L = 0.05m), Reynolds numbers can be calculated for this flow arrangement. Up to
a Reynolds number of Re = 2300, corresponding to a mean flow velocity of 0.76 m/s
over the flow channel cross-section, the flow in a sufficiently long circular channel is
laminar. For Re > 4000 turbulent flow results in the flow channel.

However, to extend the flow range with a stable flow velocity profile around the flow
sensor position, flow collimators were inserted before and after it. The collimators
are tubes of length 70 mm that exhibit a diameter of 5 mm each. Around 100 pieces
are oriented in parallel and fill the entire cross-section of the flow channel. These
incorporations decrease the apparent Reynolds number by a factor of ten. Therefore,
the threshold velocity for the onset of turbulences increases up to 7.57m/s. At least,
it can be assumed that the flow is laminar in the measurement range with the given
setup. Moreover, the collimators induce a rather uniform flow velocity distribution
compared to the parabolic velocity profile that would evolve in the flow tube without
collimators.
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Preliminary Measurements

Bridge Imperfection

Due to the resistance mismatch of the copper leads, the bridge is detuned causing
an offset even without any flow. To counter this effect, an offset compensation is
required to measure very small relative deviations caused by the introduced flow.
The SR830 lock-in amplifier has the option to remove such an offset signal manually
or automatically. The auto offset automatically adjusts the signal offset to zero
with the start of actual flow measurements. Nevertheless, tracking the offset values
is important because it will reveal the drift of the bridge mismatch. In Fig.[4.11] the
measured X (in-phase) and Y (quadrature) signals are shown as a function of the
bridge supply voltage in a range from Vgyiqge = 5 — 10 V. Additionally, two linear
regression lines are derived from these data points. As expected, the offset voltage
increases linearly with increasing bridge supply voltage.

120 1 1 1 I I
1ol® * X mean offset values

— Xregression line
100 H

90
80
70
60
50

® e Y mean offset values

— Y regression line

Offset voltage in pV

4 5 6 7 8 9 10 11
Bridge supply peak-to-peak voltage in V

40

Figure 4.11: X (in-phase) and Y (quadrature) mean offset volt-
ages over the bridge supply voltage in a range from Vgiigge =
5—10V at zero flow velocity (S1). Additionally, for X and Y a lin-
ear regression line is shown with Xgregression = 10.07 - Vriqge — 1.99
and YRegression =10.75 - VBridge + 2.24.

Another interesting question is if the offset voltage changes with time or flow ve-
locity (without heating). Therefore, in advance of each lock-in flow transduction
measurement (see Sec.[4.2)) both offset values were recorded prior to the turning-on
of the heating but with the sensing lead bridge already supplied. Figure[d.12] de-
picts the corresponding offset voltages. The offset measurement was performed for
several sensor designs (S2.1 - S2.7) and the results are summarized in Tab.[4.4 The
measurements show no drift or flow velocity dependence of the offset voltage. This
means, the self heating of the sensing leads caused by the supply of the Wheatstone
bridge is small enough. Moreover, compensating the offset voltage before each flow
transduction experiment allows measuring small voltages changes caused by the
heating with sufficient accuracy.
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Figure 4.12: Offset voltages (X and Y') as a function of the flow
velocity. The sensing lead bridge (S2.1) is supplied but without
heating.

Sensor X Y

number n nY

S2.1 5.03+0.08 —0.18£0.01
S2.2 —36.85£0.07 —1.03 £ 0.08
S2.3 91.2£020 —-2.1+£0.10
S2.4 —58.7+0.40 —0.54£0.05
S2.5 1724030 —1.7£0.10
S2.6 —48.7+0.10 —0.44+£0.03
S2.7 56.5+0.80 —0.55£0.05

Table 4.4: Mean Offset voltages (X and Y') and the deviation of
the lock-in for typical instances of different sensors types (S2.1 -
S2.7). For each sensor 56 measurements were performed.
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Bridge Voltage

After measuring and compensating the offset voltages of the lock-in amplifier, tran-
sients of the bridge detuning voltage are recorded in response to pulses of the heating
power for different flow velocities. Figure[d.13] depicts a typical result where only
the in-phase signal (X)) changes with the onset of heating power at ¢t = tony = 10s.
In detail, the bridge detuning voltage raises to 8211V and reverts back to zero after
turning off heating (¢t = topr = 70s). As expected, the quadrature signal (Y') with
respect to the bridge supply signal remains zero during the whole measurement con-
firming that all elements of the Wheatstone bridge are pure resistive at the applied
frequency of 5kHz. Therefore, only the in-phase signal is considered further on.
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Figure 4.13: Typical bridge detuning voltage of a lock-in mea-
surement (S2.1). Both X and Y components have been recorded
at a flow velocity of 1m/s and a heating power of 100 mW. The
heating is turned on at 10s and turned off at 70s.

To gain the flow characteristic, the saturated in-phase signal was recorded for each
instance of a set of fan currents starting from Ipaxy = 30 — 300 mA with an incre-
ment of Al = 5mA. The current levels are converted into the corresponding flow
velocities using Eq.[4.7] Finally, the bridge detuning voltage is plotted versus the
flow velocity yielding Fig.[d.14] for example. The shown characteristic is typical for
the transduction behavior of calorimetric sensors. As can be seen, the maximum
in-phase signal change for the sensor type (S2.1) is 951V at 0.47m/s in response
to the applied heating power. Two sensitivities are extracted from the slope of the
conversion characteristic. The first one amounts 399 pV /m/s and applies to the flow
regime between 0.16 and 0.39 m/s while the mean value for the decreasing region is
—9.7uV/m/s in the flow regime taken between 0.55 and 3.44m/s.

Subsequently, the heating power was typically halved after each experiment to es-
timate the minimal power for flow measurements with a sensitivity higher than
0.1 pV/m/s. Figure depicts the related results. These series of measurements
were terminated at a heating power of 1 mW because of the insufficient signal to
noise ratio. For each heating power value the maximum bridge detuning voltage,
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Figure 4.14: Characteristic of the sensor type S2.1 which is typ-
ical for the calorimetric principle. 56 measurements at different
flow velocities were performed with a constant heating power of
100mW. The bridge detuning voltage after saturation of each
transient is plotted versus the mean flow velocity.
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Figure 4.15: Characteristics of the sensor type S2.1 for different
heating powers.

the corresponding flow velocity where the maximum bridge voltage was noted, and
two mean sensitivities are presented in Tab.[.5] At the maximum characteristic the
sensitivity of the sensor is zero. However, there is a small low-flow regime of very
high sensitivity while after the maximum the sensitivity is negative, its magnitude
drops with increasing flow rate, but it remains the same over wide range. Even
with 3mW heating power the lock-in amplifier measurements provide a small but
exploitable signal.

With a further study, the influence of layout variations like lead gap distance, sub-
strate perforations between neighboring leads, or wing widths was explored. Each
sensor type was measured with the previous setup using 100 mW DC heating power.

Figure[d.16] depicts three flow transduction characteristics where only the gap be-
tween the leads was 100, 200, and 300 pm. This variation leads to different temper-
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Py S1 Range VBdgmax S2 Range
for S, (UBdg,max) for S,
mW nV/m/s m/s nV (m/s) pV/m/s m/s
100 399.0 0—0.47 94.9(047) —-9.7 0.47—-3.5
20 78.9 0—0.55 25.0(0.55) —7.6 0.55—3.5
25 49.6 0—0.55 12.4(0.55) —1.1 0.55—-3.5
12 9.7 0—-0.85 6.1(0.85) —0.5 0.85—3.5
6 6.4 0—-0.70 3.6 (0.70) —0.2 0.70—-3.5
3 6.0 0—047 1.7(047) -0.1 0.47—-3.5
1 X X X X X

Table 4.5: Bridge voltage maximum Viqg max With respect to flow
velocity variations for different magnitudes of the heating pulse
(Py). The corresponding sensitivities S; and Sy of the sensor S2.1
are given as well as their flow range.

atures of the sensing leads because the developed temperature profile at the sensor’s
surface remains nearly unchanged. If the gap is small then the temperature differ-
ence between the individual sensing leads is not the highest possible which results
in a smaller bridge voltage but an increase of the measurement range. By increas-
ing the gap the flow dependent temperature difference becomes higher as does the
bridge voltage but saturation is reached faster. Comparing the bridge voltage max-
ima reveals that the design S2.2 does have a 12.5% higher and S2.3 a 33.2% higher
maximum than design S2.1. An increase of the distance between neighboring leads
beyond 300 pm promises further increase of the maximum signal. However, at some
point, the gap is getting too large and the heat influence drops. Therefore, the
bridge voltage will decrease. More details are summarized in Tab.[4.6]

Another comparison is depicted in Fig.[£.17 As explained in Sec.[3.4] there could be
excessive heat conduction through the substrate and, to counter this effect, perfo-
rations in form of linear hole arrays have been drilled between neighboring copper
leads. As anticipated, the output voltage increases for the perforated sensors since
air inside drilled holes has lower thermal conductivity (0.026 W/mK) than the re-
moved substrate (0.3 W/mK). Less thermal conduction along the PCB causes higher
temperatures around the heater under the same environmental conditions. For all
three designs the gap between neighboring leads of 300 pm, S2.3 does not have any
holes. Design S2.4 has holes with a diameter of 100 pm and a distance between
them is 100 pm resulting in a 40.12% higher bridge voltage maximum. The distance
between the holes of S2.5 is 300 pm whereas the hole diameter remains the same.
As a result, the transduction behavior is worse than in S2.4 but better than in S2.3

(see also Tab.[4.6).
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Figure 4.16: Influence of the gap distance on the sensor charac-
teristic. S2.1 has 100 pm, S2.2 has 200 pm, and S2.3 has 300 pm
gap distance.
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Figure 4.17: Influences of perforate substrates on the sensor char-
acteristic. 52.3 has a gap distance of 300 pm without perforation.
S2.4 has a straight line of holes with a diameter of 100 pm and
a distance between the holes of 100 pm. S2.5 has holes with a
diameter of 100 pm and a distance between the holes of 300 pm.

The last comparison (Fig. illustrates the influence of the wing width of the
PCB substrate. The sensors 52.3 and S2.5 have a wing width of 200 pm. S2.7 has
the same hole placement and diameter as S2.5 but the wing width is enlarged to
4.2mm. The maximum bridge voltage for S2.7 is 25.5% higher (1771V) than the
value measured for S2.5.

Table[d.6] summarizes the transduction characteristics of six different design vari-
ants (see Tab.. The maximum bridge voltage, two mean sensitivities, and their
corresponding flow velocities are presented and they give an overview how design
variations can improve the sensor characteristics. The next goal was to adapt the
simulation models to cover the more complex designs in order to gain reasonable
agreement with related experiment results. With an updated model, the design of
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Figure 4.18: Influences of perforate substrates as well as the

wing width on the sensor characteristic. S2.3 have the increased
gap distance of 300 pm (same as S2.5 and S2.7) without holes
and a wing width of 200 pm. S2.5 have holes with a diameter of
100 pm and a distance between the holes of 300 um, and a wing
width of 200 pm. S2.7 have holes with a diameter of 100 pm and a
distance between the holes of 300 pm, and an increased wing width

of 4.2mm.

Sensor S; Range V Bdg,max S, Range

for S, (VBdg,max) for S,
nV/m/s m/s nV (m/s)  pV/m/s m/s

S2.1 399 0—0.39  95(0.47) —10 0.55—-3.5

S2.2 1111 0—0.24 107(0.32) —13 0.39-3.5

52.3 746 0—-0.32 127(0.39) —15 0.47—-3.5

S2.4 1440 0—-0.24 177(0.32) —25 0.39-3.5

S2.5 869 0—-0.32 141(0.39) —16 0.47—-3.5

S2.7 1911 0-024 177(0.32) —21 0.70—-3.5

Table 4.6: Transduction measurement results for different designs
of the prototype series (S2.1 - S2.7). The bridge voltage maximum
and mean sensitivities are listed along with the corresponding flow
velocity ranges.
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improved sensors for the targeted pipe and environment will become much easier.

The lock-in measurements confirm the fundamental curve of the constant current
mode. The temperature difference (up- and downstream around the heater caused
by the imposed current), starting from zero flow, increases with the flow veloc-
ity because the upstream side is cooled more efficiently than the one downstream.
Above a certain velocity threshold vpggmax, indicated by the bridge voltage maxi-
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mum Vpgemax, the overall cooling of the sensor lead to a general reduction of the
local excess temperatures which outweighs the initial behavior. After this point, the
temperature difference will decrease with increasing flow velocity resulting in a lower
bridge voltage. This leads to the ambiguity for the interpretation of the measured
signal in terms of flow velocity. For e.g. S2.1 a reading of 80 'V corresponds to two
possible flow velocities: 0.25 and 1.6 m/s (see Fig.[1.14)).

The basic idea is to overcome the ambiguity of the output signal by combining it
with a threshold value which is gained from one or two sensing leads individually. In
combination with the common velocity ranges of HVAC systems only the decreasing
part (Range for S) is used for determining the flow velocity. However, the sensitivity
S, is very small and thermal saturation is reached around 4 m/s. Therefore, several
geometric parameters were varied to increase this sensitivity but regardless of how
the parameters are adjusted, the measurable velocity range is still too small.

A main aim of this work is to develop flow sensors which can measure over a wider
velocity range. This means, the calorimetric approach described above is not promis-
ing and another approach had to be pursued. Nevertheless, several of the results
discussed so far have been already presented at scientific conferences and published
in journals [108-110].

4.3 Constant Temperature Mode

This section explains the development of the evaluation electronics to use the sensor
in a closed loop operation to enable a constant temperature (CT) mode. First,
preliminary experiments with results are presented. Afterwards, electronics are
designed which are needed to enable the CT mode and measurements with the
electronics are performed. Finally, field tests at a partner university are carried out
to test the new approach in higher velocity ranges and in a real environment.

Preliminary Experiments

Before the sensor was operated in the constant temperature mode, the potential of
hot-film anemometry (Sec.[L.3) for the targeted HVAC application was considered.
Therefore, only the heater voltage is measured where a constant heating power is
applied at different flow velocities. In Fig.[4.19the outcome of this hot-film anemom-
etry in constant current mode is presented. In a nutshell, this mode is also not usable
for the targeted application in HVAC systems because the sensitivity of the signal
above 3m/s is to small and the signal depends on the ambient temperature. Details
of the measurement setup and more results can be found in this paper [111].

The constant temperature mode needs the ambient temperature for reference and
control of the heat dissipation in the heating lead in order to work correctly. How-
ever, inserting an ambient temperature sensing element would require a completely
altered sensor design. The actual sensor design, offers four temperature sensing leads
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Figure 4.19: Constant current hot-film anemometry results. The
heater voltage is depicted as a function of the mean flow velocity
in the pipe with a constant heating current of Iy = 115 mA which
corresponds to a heating power of 100 mW.

Flow channel |

Figure 4.20: Photograph of the experimental setup for prelimi-
nary measurements for the constant temperature mode. The sen-
sor was placed in the middle of the flow channel and supplied with
a constant current (Iy = 115mA). A flow was induced with a fan
and each sensing lead is measured individually. To keep the self-
heating of the sensing leads sufficiently low, they are each supplied
with a low constant current of Iy = 10mA.

for flow transduction. Initially, these sensing leads are supplied with a constant cur-
rent of [y = 10mA, to keep the self-heating sufficiently low. The sensor is measured
in an experimental flow channel (Fig.[.20) which is similar to the setup described
above (see Fig.. Instead of the Wheatstone bridge configuration, seven multi-
meters are employed to measure each of the four sensing lead voltages individually,
the temperature around the sensor, the heater voltage, and the fan current. The
mean flow velocity range changed slightly in the new setup (o = 0.9 — 3.66 m/s)
because a different fan was used.

Figure[d.21] depicts results of this measurement where each sensing lead voltage
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Figure 4.21: Voltages at the four sensing leads versus mean flow
velocity of the sensor with constant heating power of 100 mW
(leads: UO - upstream outer, UI - upstream inner, DI - down-
stream inner, DO - downstream outer).

is measured individually. Like the heater voltage in constant current mode (see
Fig.4.19), all sensing lead voltages decrease with increasing flow velocity when a
constant heating power of 100 mW is dissipated at the heater.

Finally, three relevant signals are deduced from these four sensing lead voltages.
The first one, Uy, is the sum of the upstream sensing lead voltages minus the sum
of the downstream ones:

Uy = (Uvo+ Uur) — (Upo + Upr)
x  (Tvo + Tu1) — (Tpo + Ton) (4.8)

X TU,mean - TD,mean )

where the indices indicate the position on PCB: U/D stands for up- and downstream
and /O for inner and outer position, U; are the corresponding sensing lead volt-
ages and 7; are the individual temperatures. Ty mean and Tp mean denote the mean
temperature up- and downstream of the heater position. The second signal, Us, is
the sum of the inner sensing lead voltages minus the sum of the outer sensing lead
voltages:

Uy = (Upi+ Uu) — (Upo + Uvo)
< (Tpr + Tur) — (Tpo + Tvo) (4.9)
X TI,mean - TO,mean )

where T mean and 70 mean denote the mean temperature of the inner and outer pair
of the temperature sensing leads. The last signal, Us, is the sum of all sensing lead
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voltages:
Us = Upr+ Uui+ Upo + Uvo
x  Tpr+Tur + Tpo + Tuo (4.10)
x TS mean

where 7§ mean denotes the mean temperature of all sensing leads of the PCB sensor.
Figure[d.22] depicts the flow dependencies of these three signals. The signal Us rep-
resents the cooling of the PCB. It features the same trend as Uy in constant current
mode which is not really useful, because it is ambient temperature dependent and
it reaches thermal saturation above 3.5m/s. U, is the mean temperature difference
between upstream and downstream of the sensor. It is flow velocity dependent but
it reaches saturation similar as Us and Uy in the constant current mode. Moreover,
there is no ambient temperature sensing, therefore, it is not useful for a constant
temperature mode but, unlike U3 and Uy, this signal is flow direction dependent
which is interesting for measuring the flow direction.
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Figure 4.22: Three signals deduced from the four sensing lead
voltages as a function of the mean flow velocity: Uy = (Uyo +
Uut) — (Upo + Upi), U2 = (Upr + Uut) — (Upbo + Uvo), Us =
Up1 + Uyt + Upo + Uyo.

Similar to U; is the signal Uy which reaches saturation above 3.5m/s in constant
current mode. This signal describes the difference between the mean temperature
at the middle of the sensor (measured with the inner sensing leads) and the mean
temperature at the periphery of the PCB (measured by the outer sensing leads). At
first glance, this signal does not seem usable since the temperature at the periphery
of the PCB differs somewhat from the ambient temperature, therefore, a constant
temperature mode does not seem feasible. However, when the distance between the
heating lead and the outer sensing leads is large enough, the temperature of the
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outer sensing leads almost reaches the ambient temperature depending on the flow
velocity as well as the dissipated heating power. For the targeted application, this
distance is around 3 mm.

Keeping the signal U, constant with an electronic controller results in a constant
temperature difference between the mean temperature of the inner and outer part
of the sensors (Timean — 70.mean = constant). With increasing flow velocity the
electronic controller must increase the heater voltage to maintain this constant tem-
perature difference which means the heater voltage can be used to determine the
flow velocity. Above a certain velocity the temperature distribution will not change
with increasing heating power causing the signal to saturate. However, this constant
temperature mode promises a wider velocity range and, therefore, this approach is
worth a detailed investigation.

Electronic Controller Design

The constant temperature approach has to be experimentally proven in the higher
velocity ranges (up to 8 m/s). Therefore, an electronic circuit was developed which
controls the heater voltage depending on the temperature difference signal U,. This
section describes the main parts of the circuit, its characteristic behavior, and its
verification with measurements.

Since the signal U; should remain constant, each of its components must be mea-
sured individually and combined according to Eq.[d.9] To track the temperatures
of the sensing leads, the minor voltages at the terminals of these low resistances
(few Ohms) must be measured with sufficient precision (mf2). Therefore, four con-
stant current sources provide the sensing currents of 10 mA for each sensing lead.
Next, four instances of a high accuracy instrumentation amplifier (INA101, Burr-
Brown [112]) were used as front-ends of the controller. This instrumentation am-
plifier is specially designed for low-level signal amplification where three precision
operational amplifiers (OpAmp) and laser-trimmed metal film resistors are inte-
grated on a single monolithic chip. The differential gain of this IC can be set by
connecting a single external resistor (Rg = 20082 = G = 201). The INA101 offers
external offset adjustment which can be used to null its output at zero flow. This
allows for adjustment to the resistance differences of the sensing leads (see Sec.[4.1)).
Furthermore, two INA101 output signals are inverted by further OpAmps to revert
the sign of the voltage of the outer sensing leads in order to easily generate the
temperature difference signal U;. Simple circuit simulations where carried out and
verified with measurements on a breadboard prototype where gain and offset adjust-
ments are tested. These simple experiments proved that the INA101 is a suitable
candidate.

The next decision considers the choice of the controller for the heat source. Since,
the signals of the sensing leads are small it seems appropriate to use an analog
electronic controller. In addition to the printed board circuit for conditioning of the
small signals, an analog controller can be easily added to form a compact sensor
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interface. It can be built and easily adjusted via OpAmps with passive components.
The use of OpAmps causes some problems due to their non-ideal properties [113].
First, there is an offset voltage which can be expressed as:

. aUOﬁ' aUQﬁ al—]Off

Alog(9, Up, 1) = 5 5HA0 + 52 AU + —

At (4.11)

where ¢ is the temperature, Ug is the supply voltage, and ¢ is the time [114].
Since the final goal is to measure in HVAC systems over a long period of time
combined with considerable temperature variation, the drift of the offset voltage
with time and temperature will become an issue which must be investigated through
long term characterization of the complete sensor in HVAC environments. Other
possible issues may result from gain nonlinearity, limited suppression of the supply
voltage variations, input offset voltage and input bias current, and noise. The
INA101 features an offset voltage of max 251V with a comparable low offset drift
of max 0.2511V/°C, a nonlinearity of 0.002 %, a bias current of +5nA, and a noise

of 13nV/vHz.

There are several architectures of analog electronic controllers where the most com-
mon types are P-, I-, PI-, PD- and PID controllers [115]. They are classified by their
feasible transient behavior. The P-controller output signal is proportional to the dif-
ference between actual value and desired value, i.e., the error signal at the controller
input. This architecture enables a fast dynamic controller response but it cannot
null the error signal completely. The so-called I-controller integrates the input to
form the controller output signal. Therefore, any finite deviation would lead to a
feedback signal increasing in magnitude with time. Thus, the integrating feedback
loop prevents stationary deviation between actual and desired value. The dynamics
of the integration feedback loop is determined by the respective loop gain. Again,
the phase delay of this feedback loop must be considered to provide stable operation
of the I-controller. Usually, I-controllers feature very limited bandwidth. On the
other hand, with an increasing I-influence the attenuation of the controller output
also increases. If a P-controller is combined with an I-controller, a PI-controller is
established. It allows to use the advantages of both controllers and neglect their
drawbacks. Actually, there are two feedback branches operating in parallel. The
total feedback signal yg(t) is then the addition of the P- and the I-amount which
can be expressed as:

1
where e(t) is the control deviation, kg is the gain, and 7, is the reset time. These
are the two adjustable parameters of a PI-controller and they are defined by passive
elements in an OpAmp based architecture.

The PD-controller combines an amount in proportion to the time derivative (D) of
the deviation signal with an amount that is proportional (P) to the deviation signal.
The time derivative is important whenever a controller should quickly react to fast
changes of the deviation signal. By combining the three basic elements (P, I, and



76 CHAPTER 4. EXPERIMENTS AND RESULTS

D) a PID-controller is established which can be expressed as:

de(t)
dt ’

yR(t) = kPR |:6(t) + Ti : / G(t) dt + TV (413)
where kpg is the gain and T, is derivative time (rate time). The PID-controller is
the most flexible of the presented architectures but requires the highest effort for
optimum adjustment of its parameters. Therefore, the most common way to build
a PID-controller is to generate each component of the controller feedback signal
(P, I, and D- signal) separately. However, it is possible to realize the controller
with a single amplifier. By using only a single OpAmp for the controller circuit,
its gain and time parameters are not independently adjustable. The appropriate
design of such controller circuits is very challenging and typically restricted to mass
products where a costly design procedure is payed back by large scale production.
The preferable approach for prototyping is the use of separate OpAmps for each
elementary feedback function.

Not every controller architecture is suited to combine well with a specific controlled
system: this can lead to instability. Instability is one of the most unpleasant ef-
fects. Therefore, exploring the transient behavior of the controlled system is the
first essential step. The sensor’s transient behavior is already known from Sec.[4.1]
However, the transient behavior including the signal conditioning electronics is re-
quired for the design of the controller. Therefore, the step response of the sensor
with electronics is measured for a heating voltage of 10 V. The transient behavior
of this system is identified as a PTy — system (Fig.. From the step response
characteristic parameters of the controlled system (Fig. are extracted which
are then used to design the controller and, further, to optimize it. According to the
diagram, a down time T, = 0.4s follows, i.e., the time from the applied step to the
point where the inflectional tangent crosses the abscissa. The time from the point
where the inflectional tangent crosses the abscissa to the point where the tangent
crosses the set point is called adjusting time and amounts 7, = 4.5s. Finally, the
stationary gain of the controlled system is identified as Ky = 0.054.

After characterizing the controlled system, a Pl-controller was chosen. While a
PID-controller would be faster but the time constants of the system are rather slow
(20s), it indicates that a D-element is not necessarily required. Moreover, the D-
element in combination with the down time may tend to instability. However, the
step response of the controlled system was not specified when the analog circuit
was designed. Hence, a flexible PI-controller architecture was placed on the printed
board electronics. Figure[d.24]depicts the corresponding analog circuit with separate
adjustment of the P (R1) and I (R2 and C2) branch. The main goal is to design
the controller in such a way to achieve an advantageous dimensioning of the whole
control circuit. The composition of the controller has to consider the dynamic
quality, the quality factor in the time- and frequency domain, and the response of
a change of the reference or/and the error variable.

A theoretical method for designing a controller is to use differential equations ac-
cording to the vast control system literature [115-H119]. However, there are more
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Figure 4.23: Step response of sensor (S3.1) and signal condi-
tioning electronics when a 10V step is applied at the heater. A
sampling interval of 10 ms was applied. The evaluation of the down
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Figure 4.24: Electronic PI controller with separated adjustment
for P and I parameters (inverting). The controller branches are
combined with an inverting summation OpAmp circuit.

practical tuning rules where the substantial effort of solving differential equations
are avoided. There are popular design rules [114] from Ziegler and Nichols, from
Chien, Hrones, and Reswick, or the T-sum-control rule. The tuning rules from
Chien, Hrones, and Reswick are based on the step response of the controlled sys-
tem (see Fig.[4.23). Table[d.7] gives an overview of different dimensioning formula
for the controller parameters kg, Ty, and Ty for the P, PI, and PID controller ar-
chitectures. There are four specific cases of controller dimensioning to choose from
depending on the targeted application. Two refer to a step change of a disturbance
of the controlled system and another two for the tracking of step changes of the set
point signal. Each case is further divided in an aperiodic control response with zero
overshoot and a control progress with, e.g., 20% overshoot.

The disturbance related response is of relevance when the flow velocity changes.
However, the dynamics of the controlled system also changes and the control loop
may deviate from optimum behavior. Therefore, the fastest control progress with
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Table 4.7: Setting values for the controller parameters as per
Chien, Hrones, and Reswick (only usable for Ty/T,, > 3). The
down time Ty, the compensation time Ty, and the system gain
ks are calculated from the step response of the controlled system
while 1 is the overshoot, kR is the proportional coefficient, T}, the
reset time, and Ty the lead time (Tab. 10.3-3 and 10.3-4 [114]).

20% overshoot for the step response was reached with the setting values k, = 125
and Ty = 1.6s. These values are achieved by the parameter of passive components
in the Pl-controller circuit (see Fig. and the values of the passive components
are calculated with the equations:

Ry
k= =

Rs (4.14)
TN == RQCQ

As can be seen, some values of the passive components have to be chosen and
the corresponding ones calculated with Eq. to: Ry = 10k, Ry = 220Kk(2,
Cy = 6.91nF, Ry = 1kQ, Ry = 120k{2. Now, all components are dimensioned and
the circuit is ready for testing. The complete analog circuit is depicted in Sec.[B.1]

Controller Measurements

The sensors were connected with the signal conditioning circuits followed by the
PI-controller and then measured under the same conditions as described in Sec.[4.3]



4.3. CONSTANT TEMPERATURE MODE 79

40 1 I I
— +  simulation
35H .-+ simulation corr N
> —— measurement -~
?5;0 _ -
% 25 - - —
> . >
= -~
% 20 F - -
T o<
o ~
1.5} - |
O ~
-
1.0 | | | |
0 2 4 6 8 10

Velocity in m/s

Figure 4.25: Result of the PI-controller experiments along with
related simulation data. The heater voltage Uy is depicted as a
function of the mean flow velocity in constant temperature mode.

(see Fig.[4.20)). Instead of recording each of the four sensing lead signals, only the
heater voltage as a function of the mean flow velocity was evaluated.

Figure[4.25] shows the flow dependence of the heater voltage of the Pl-controller in
comparison with corresponding simulation results. There are several reasons for the
mismatch between simulation and measurement. The first one is the influence of
a parasitic resistor in series with the heater occurring only in the measurements
case while the simulations returned only the voltage directly at the terminals of the
heating lead. Therefore, for comparison of the two results, a small offset correction
is necessary. Another reason is the difference between modeled and experimental
boundary conditions (tip and end of the sensor) which are not implemented in the
2D simulation. The last one regards the heating power. When the lead is heated,
not the complete power contributes to the convection. In detail, the sensor heats
up, which is still covered by the simulation, but there is also heating power lost
backwards from the sensor (out of the pipe). This results in an offset of the applied
heating power between simulation and measurement.

However, with an offset correction of 0.35V the simulation was modified and then
the simulation is in good agreement with the measurement. As can be seen, the
heater voltage Uy (measured) shows a strictly monotonically increasing behavior
over the measurement range (0.9 to 3.66m/s). According to Fig.[4.25] the flow
velocity can clearly be assigned to the corresponding heater voltage. The maxi-
mum velocity of the implemented measurement setup was limited to 3.66 m/s, but
in HVAC systems the velocity can reach up to 8m/s. The tendency of the con-
stant temperature mode and the comparison with simulation results suggests that
this approach is also suitable for higher velocities. However, this has to be tested
and verified with additional measurements where higher velocities are in the focus.
For instance, the high density of heat dissipation in the heating leads may cause
reliability issues.
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Field Tests

Field tests with the third layout sensor family (Sec. were performed at the
“Energetikum” in cooperation with the University of Applied Sciences Burgenland
(Fig.. This facility is a living lab with sensors and actuators placed all over the
building. The main part of the setup is a coiled pipe, common in many HVAC sys-
tems, to build a realistic but also easy accessible and controllable test environment
before testing the sensor in a real HVAC system. This 15m long pipe is split into
two parts where the first one is 10 m long with a pipe diameter of 250 mm. This part
is used as a transition channel. It is necessary to suppress flow irregularities induced
at the pipe entrance and to achieve a steady flow at low velocities. In the last third
of this part the PCB sensor is stretched across the pipe (Fig. - Control station).
The second part is 5m long and starts with a coupling of 250 mm to 400 mm. This
coupling is necessary because reference flow sensor and fan have larger dimensions.

3 input

ules

~ \ Dl
\ A 4
Reference sensors

Figure 4.26: HVAC test facility at the University of Applied
Sciences Burgenland. At the control section (inset) the sensor is
mounted across the pipe. The power supply and PI controller are
located nearby. Downstream of the control section, the reference
flow meter and additional sensors (ambient temperature, humidity,
ambient pressure) are placed. At the end of the pipe a fan is
mounted to draw air through the pipe. At the tip of the pipe
there is only a long 10m transition channel to suppress the flow
irregularities induced at the pipe entrance.

The reference sensor is a differential pressure sensor (Sec. of the type MKS
Barathon 220DD. IT operates on the variable capacitance technique. On one side
of the sensor head, where the pressure has to be measured, is a tensioned metal
diaphragm located. The other side is opposed to an electrode assembly and when the
diaphragm deflects, a capacitance change generates a voltage linear to the pressure.
The fan used for generating the volumetric air flow is the AR sileo 400E4 from J.
Pichler GmbH. It has a rotor with bionic designed blades, a rated power of 240 W,
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and a maximum rotational speed of 1320 min~! to generate a volumetric air flow up
to 3863 m*/h.

There are several parameters of interest which are recorded during the measure-
ments. The ambient temperature and humidity are recorded with a stainless steel
Vaisala probe (HMP110 C15A0 C3B0). The ambient pressure is measured with a
Vaisala PTB220 digital barometer. Of course the heater voltage of the flow sensor,
the time, the rotational speed of the fan, and the pressure values of the reference flow
sensor also have to be measured simultaneously. All these parameters are recorded
via an analog digital converter FP-AI-110 from Texas Instruments. It has eight
analog voltage or current input channels with 16-bit resolution.

Before the measurements could start, the sensor has to be put through the channel
and mounted under slight tension to prevent the sensor from vibrating. To save time
two 3D printed parts were designed for the sensor mount (see appendix Sec.|A.3]).

The mean air flow velocities are evaluated from the signals of a differential pressure
sensor. First, the differential pressure is measured and then corrected with the
offset pressure (ambient pressure - Vaisala PTB220 barometer) at zero flow in the
test pipe. Next, the volume flow rate is calculated with:

V - Oframe "V dpcorr ) (415)

where dp.or is the corrected differential pressure, and Cgame is a characteristic of
the frame including the air density. The air density is calculated from material
properties, the actual values of temperature, humidity, and the ambient pressure,
respectively. With the computed air density and further frame parameters, Crame 1S
read from a look-up-table of the frame data sheet. With Eq.[I.T} Eq.[4.15] and the
area of the test pipe, the mean air flow velocity is evaluated. Table[d.§| depicts the
measured and its consequential parameters for several interesting points. As can be
seen, the correction of the differential pressure is necessary to calculate the mean
flow velocity precisely. According to the maintainer of the HVAC test facility, the
resulting error of the mean air flow velocity in the HVAC pipe setup then amounts
+0.15m/s + 5% from reading.

The electronic circuit designed for sensor characterization works with 12V sup-
ply. In connection with the typical lead resistance of a 250 mm long PCB flow
sensor (S4.1), the supply voltage limits the available heating power. Therefore, flow
transduction using the constant excess temperature mode was restricted to the flow
range 0to2m/s. In a redesign of the electronics, the supply voltage was increased
to £20V so a higher heating power is possible. However, the input span of the
implemented analog to digital converter was limited to 10V requiring an attenu-
ation of the heater voltage in front of the ADC (analog digital converter). In the
subsequent section, the according correction of the digital data is done without any
further comment.

After redesign and with the new sensor layout (S4.1) the transient behavior also
changed. Therefore, the procedure to design the PI controller was repeated as
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dp T ¢ WP V o

Pa °C % Pa m® /h m/s
-1.462 24.14 44.40 0.002 8 0.05
-0.382 23.96 45.18 1.080 178 1.00
2.871 23.82 45.50 4.333 356 2.02
8.774 24.03 45.13 10.236 548 3.10
15.827  23.99 44.95 17.287 712 4.03
25.916  23.90 45.64 27.376 896 5.07
37.155  23.83 46.72 38.614 1064 6.02

Table 4.8: Measured parameters for calculating the mean air
flow velocity in the test pipe. Differential pressure dp, ambient
temperature 7', and ambient humidity ¢ are measured while offset
corrected pressure dpeorr, volumetric air flow rate V, and mean air
flow velocity © are derived from the measured ones.

described in Sec.[4.3] The new values of the controller are set to R; = 10k(2,
Ry =220k, Cy = 6.91F, Ry = 10k, Ry = 130 k(2.

Before the measurements could be performed, the operating point of the sensor must
be defined. All four sensing lead currents are set to 10 mA so negligible self-heating
is assured. At zero flow velocity and without heating, the output signal of each
front-end is set to 0.5V. Next, the set point voltage which determines the excess
temperature was adjusted to 55mV leading to a heater voltage of 6.6 V at zero
flow velocity. This is necessary because the system cannot be cooled actively, only
passively by turning off heating. If the Pl-controller receives a negative command
value, the sign of controller output current changes but this does not mean that the
heater absorbs energy. Therefore, these offset values are used to avoid a negative
command value. Figure[d.27) depicts the results of the measurement at the test
environment. Finally, flow velocities up to 6 £ 0.15m/s + 5% from reading were
easily measurable with the modified electronic setup.

For the last measurements, the same sensor (S4.1) is installed in a real HVAC
system at the Energetikum (Fig.. The sensor was placed in a pipe with 250 mm
diameter. This pipe is a merging pipe from two offices. Although, the space was
restricted, the installation was easy and fast. Only two holes had to be drilled, the
sensor was spanned across the pipe, and two mounts were attached on the pipe to
hold the sensor. A reference sensor was located one meter downstream of the sensor.
The reference sensor was an IVL 10 air velocity and temperature sensor (Produal
Oy). The Pl-controller, the power supply, and the ADC transmitter module were
placed near the two measuring devices. This ADC transmitter module was an
NI WSN-3226 node (National Instruments) and recorded the results from the PI-
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Figure 4.27: Measurement results from the field test experi-
ments. The heater voltage Uy is plotted as a function of the mean
flow velocity where the error bars indicate the error of the refer-
ence sensor. The installed fan enables flow measurements from
0.53m/s up to 10m/s. However, only flow velocities up to 6 m/s
were measurable with the electronic setup.

controller and the reference sensor. In detail, this module was a four channel,
low power, wireless voltage/resistance measuring device which communicates with
gateways to form a wireless sensor network. The gateway (NI WSN-9791) was
connected to a host PC, running NI LabVIEW, to display measurement results,
status information, and to change the gateway or device settings. In each office, the
HVAC outlet angle was controlled via a GLB181.1 E/3 compact controller (Siemens)
through a central and automated monitoring system. However, it was possible to
manually regulate each controller, so the air flow velocity was set at well-defined
values.

Figure[d.29] depicts the results of the measurement at the Energetikum HVAC in
comparison with the measurements in the recreated pipe (“Bigpipe”). The electron-
ics are adjusted as for the measurements in the pipe of the test facility. With the
overall control system of the HVAC system two outlets and the corresponding ven-
tilators are set to generate specific flow velocities. However, this is also the reason
for the difference between the measurements of the Energetikum and the Bigpipe
because the velocity cannot be set exactly to zero. There is still a little slit in the
outlets which causes a small volumetric flow. So, even if the electronics are set to
the same zero value as in the recreated pipe, there is still an offset between the
two experiments. In combination with the very limited accuracy of the reference
sensor (£0.5m/s 4+ 7% from reading) it is not possible to adjust the sensor as ac-
curately as in the test experiments. Installing a more accurate reference sensor was
not possible, because such a sensor could not be calibrated with the HVAC system.
The measurements at the Energetikum should reveal how to install the sensor in
an existing HVAC system and show possible improvements for building a working
prototype.
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i

Figure 4.28: HVAC setup at the Energetikum facility. The PCB
flow sensor is placed in a pipe in the same way as it was placed
in the test environment. A reference flow meter (reference sensor)
was located 1 m downstream of the sensor. The signals from both
sensors are recorded with an ADC module which sends the data
via WLAN to a central server.

Another test in the Energetikum facility focuses on the long term behavior of the
S4.1 sensor (Fig. to characterize the drift under real operating conditions.
Therefore, the PCB and a reference sensor measured the flow velocity in a normal
working mode over a couple of days. This means the control systems adjusted the
outlets and ventilator speeds automatically to the programmed values. At night
the system shuts down leading to no air flow. In the morning the system starts
and keeps the temperature and fresh air flow at the defined level over the working
period into the afternoon. Both PCB and reference sensor show the same behavior
which proves that the PCB sensor was working correctly over three days. However,
as mentioned previously, due to the accuracy of the reference sensor the PCB sensor
cannot be calibrated accordingly allowing only qualitative evaluation of the PCB
sensor. A major result is that there was no measurable drift of the zero point during
the three days.
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Figure 4.29: Heater voltage in dependence of the mean flow
velocity. Energetikum and Bigpipe refer to the test facility Ener-
getikum and to the the field test measurement, respectively. There
is a difference between the measurements because the velocity at
the Energetikum cannot be set exactly to zero and because the
accuracy of the reference sensor is very limited.
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Figure 4.30: Long term measurements at the Energetikum fa-
cility. The whole HVAC system was controlled by an automatic
system. PCB and reference sensor were measured every 10s dur-
ing 72h. The scaling factor for the reference sensor is 1V £ 1m/s
(£0.5m/s + 7% from reading) while for the PCB it is shown in

Fig.
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4.4 Summary of Chapter 4: Experiments and

Results

Resistance measurements were carried out regarding the resistance of the sensors

and the used equipment.

*

The measurement equipment was evaluated on whether it can measure small
resistance changes accurately enough.

A developed adapter board was measured to reveal its resistance influence

The so-called sheet resistance was introduced for comparison:

RS:R%

The differences between left and right copper sensing leads were analyzed:

AR — Rieft — Rrign
" Riestt+Rright
2

The measurements revealed a huge difference between the individual copper leads
at the proof-of-concept design. The main reason was found in the additional
etching step which was then dismissed for the next designs.

The transient temporal behavior of the sensor was studied to verify and optimize
the simulation and to find out when an accurate velocity measurement is possible.

Lock-in measurements were performed to reveal the flow velocity dependence of the

Sensor.

*

*

*

*

An experimental setup with an acrylic glass pipe and a double vane fan, which
was controlled via a power supply, was constructed and verified.

The copper leads were merged to a Wheatstone bridge which was supplied with
a waveform generator and read out with a lock-in amplifier.

Several experiments were performed to find offset and bridge voltages, sensibili-
ties, and velocity ranges for the different designs.

The outcome of these experiments showed that the velocity range is not wide
enough for the targeted application.

Other thermoresistive approaches are investigated to find a way to expand the ve-
locity range.

*

*

*

The hot-film principle is also not usable but from corresponding measurements
three relevant voltages were deduced with one leading to a feasible novel operation
mode.

By keeping the sum of the mean temperature around the heater and the mean
temperature at the periphery of the PCB constant, the heater voltage to achieve
this becomes a function of the flow velocity.

The simulations are adapted for this constant temperature mode in closed loop
operation.
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x An analog PI controller with separate adjustable parameters was developed and
its components designed with the tuning rules from Chien, Hrones, and Reswick.
Therefore, the step response of the system was analyzed.

*x Measurements with the analog controller are performed and compared with the
simulation results. There are differences between these two results but the reasons
are known and are compensated via a small correction factor.

x Measurements at the University of Applied Science Burgenland are performed
to test the sensor in higher velocity ranges. A new sensor was designed to fit in
these larger pipes and therefore, the electronics had to be adjusted accordingly.
The sensor is now able to measure flow velocities up to 6 m/s.

x The last experiments were performed in a living lab to test the sensor in a real
environment over a long period.






Chapter 5

Discussion, Conclusion, and Outlook

In the last chapter the achieved results are highlighted and the most important
findings are discussed. Then, the entire scientific work is concluded with additional
comments and ideas that could not be considered within the research project. At
the end, further steps to transfer the prototype into a commercial sensor are given.

5.1 Discussion

The first results for designing a thermal flow sensor on PCB technology are gained
from the developed analytical model and from subsequent FEM simulations. From
the deduced differential equation (Eq. the excess temperature at the sensor sur-
face (Fig. is evaluated resulting in the typical output behavior of a calorimetric
thermal flow sensor at the specified dimensions (Fig.[3.5). For increasing the sensi-
tivity or extending the measurement range at a specific heating power, additional
sensing elements are implemented and evaluated (Fig.. Therefore, by changing
the sensing position or heating power, the output characteristic can be tuned to fit
the required specifications.

However, there are several simplifications which limit the results of the analytical
model. First, the sensor is assumed symmetric around the horizontal axis (parallel
to the flow) which is not the case because heater and sensing elements are placed
on top of the substrate and covered by a protective layer instead of being embedded
in the substrate. Next, it is assumed that the temperature field does not change
along the lateral axis (along the leads) and the boundaries at the beginning and
the end of the sensor are neglected. The flow is assumed as a uniform flow velocity
and the heating power is generated only by a line source where no heat losses in
the out-of-plane direction are covered. Although there are several limitations in
this model, the analytical model with it simplifications is used to get a qualitative
insight of such flow sensors and it is the first step to a sensor design.

In the simulation model more realistic boundary conditions are implemented as well
as fabrication limits of the PCB manufacturer (Fig.[3.7). At first, the transient
behavior of the sensor at constant heating (constant current mode) and for different

89
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flow velocities is evaluated (Fig.. This leads to a transient temperature of the
sensing elements (Fig.[3.10)). Afterwards, these transients are evaluated for different
flow velocities (Fig.3.11)) confirming the analytical model and that the targeted
transduction principle is feasible.

Next, the simulations are extended to compute the constant temperature mode. The
new outcome is a temperature difference matrix (Fig. where parameter sweeps
with the inlet flow velocity and the injected heating power are performed. From
this matrix the heating voltage as a function of the mean flow velocity is deduced
(see Fig.. Now, the heater voltage increases monotonically over the targeted
velocity range (0 — 10 m/s). However, there have to be several simplifications of the
simulation taken into account which lead to these results. First and foremost, the
developed simulation is a 2D FEM simulation with all its benefits and drawbacks.
It is assumed that the temperature field does not change in lateral direction which
may apply to the middle of the sensor. Whereas, the cooper leads are placed at the
tip of the sensor reversing loops and at the bottom there are connection lines to
the connection pads which both disturb the temperature field. Another drawback
is that a small amount of injected heat power does not contribute to the convection
heat transfer because it flows back via the connection lines disappearing completely
from the flow environment. Therefore, the injected heating power in the simulation is
higher than in reality and, as a result, the simulated voltage in constant temperature
mode is lower than in reality. Additionally, it is only the voltage simulated which is
directly needed at the heater. There are additional supply lines to the heater and
contact resistances causing further deviations.

First experimental results regarding the sheet resistance of the copper leads put the
project on a knife edge. The variation of the copper lead resistances was so high
(Fig.[4.2), that a simple readout method seems unfeasible because it could require
a sophisticated readout electronics needing more parts, place, energy, and higher
costs which is contrary to the intention of the research project. The main cause
for these huge differences was an additional etching step which was implemented to
decrease the height of the copper leads. According to the manufacturer the etching
solution is not homogeneous over the entire bath. With a new thinner laminate
this devastating etching step can be avoided and with optimized process parameters
the precision increased significantly for the first prototype over the proof-of-concept
(Tab.. For the second prototype an even thinner laminate was used, increasing
the precision further more (Fig.. The results of these measurements revealed
that it is possible to produce thermal flow sensors based only on PCB technology
but with limited precision.

Then, the transient behavior of the copper leads was experimentally measured
(Fig. and compared (Fig. with simulation results for optimization. These
results validate the heat transfer model confirming the time which is needed to reach
sufficient thermal saturation for intermittent flow measurements.

Next, lock-in experiments study the sensor response as a function of the mean
flow velocity. Therefore, the sensing leads are connected in a Wheatstone bridge



5.1. DISCUSSION 91

configuration and its bridge voltage is measured (Fig.|4.13|) while a constant heating
power is applied to the heater. This bridge voltage is evaluated for different mean
flow velocities revealing the flow conversion characteristic of the sensor (Fig.|4.14)
which is typical for the transduction behavior of calorimetric sensors. This result
shows the limits of the pure calorimetric readout method. Major drawbacks are the
ambiguity of the output signal and the limited measurement range due to thermal
saturation.

To overcome this ambiguity of the output signal it is combined with a threshold
value which is gained from one or two sensing leads. First, the maximum of the
Wheatstone readout is shifted into a low velocity (for instance:< 0.5m/s, Fig.,
which is rarely in normal operation of HVAC systems, by adjusting the parameters.
Then, the threshold voltage of the sensing lead (for instance: 1 mV) is gained at this
velocity (Fig.|3.11)). The Wheatstone signal which can occur at two flow velocities
(for instance: 80pV of 0.25 or 1.6 m/s, see Fig. is compared to the threshold
voltage. Now, it is possible to easily determine the correct flow velocity, for instance:
if the threshold voltage is below 1 mV then the flow velocity is 1.6 m/s else it is
0.25m/s.

To shift the thermal saturation into high velocity ranges, several geometric parame-
ters are varied (Fig. - . However, regardless how the geometric parameters
are adjusted, the sensor reaches saturation around 4m/s. Consequently, the pure
calorimetric principle with constant heating power will not work in the targeted
measurement range!

Experiments with the constant temperature mode focus on finding a solution how
to run the sensor in a closed loop operation mode to extend the measurement range.
Thereby, each copper lead is measured individually with 100 mW heating power at
different flow velocities confirming the expected hot-film output behavior (Fig.|4.21)).
This means, all lead voltages decrease with increasing flow velocity. Then, three
signals (Fig. are deduced from these measurements to find a suitable command
variable for the controller. At first glance, none of these voltages seem usable because
the constant temperature mode needs the ambient temperature to work properly.
So far, the ambient temperature is not measured precisely anywhere and the only
option is to relocate the outer sensing leads as far away as possible from the heater
to achieve this.

Nevertheless, signal Uy, which represents the temperature difference between the
mean temperature around the heater and the mean temperature at the periphery
of the PCB, allows to measure a constant temperature difference. By keeping this
signal at a constant level, the heating voltage (Uy) is a strictly monotonous function
of the velocity. This constant temperature mode will work at typical conditions in
HVAC systems.

To verify this constant temperature mode an analog controller was dimensioned
by applying a step response to the sensor combined with its amplifier electronics
(Fig.|4.23). Subsequently, characteristic parameters from a step response were eval-
uated. With the tuning rules from Chien, Hrones, and Reswick the setting values



92 CHAPTER 5. DISCUSSION, CONCLUSION, AND OUTLOOK

for the analog controller were calculated. The sensor was tested in the same pipe
as before but this time with the controller focusing only on the heater voltage. In
Fig.[4.25] the results of the measurement and the simulation are compared reveal-
ing the error of the simulation. The error of the simulation is caused by several
simplifications and after implementing a correction factor, the results are in good
agreement. Nevertheless, the measurement results confirm the monotonic increase
of the heater voltage as a function of the mean flow velocity.

There are still two major drawbacks with the measurements (Fig.. First, due
to the restrictions of the experimental setup it is still not possible to test mean
flow velocities over 4m/s. Second, it is difficult to generate a smooth flow at low
velocities (< 0.5m/s). At these velocities the fan rotates slowly so that the influence
of the pulses of the fan blades is noticeable. Nevertheless, such small flow velocities
are not common in HVAC systems making this problem less important.

The field tests (see Fig.[4.29) show the behavior of the sensor in a real HVAC en-
vironments. A new sensor design was developed to fit the specific dimension and
the controller was adapted. It should be pointed out that even velocities up to
9m/s were tested but at these high velocities the sensor tends to vibrate if it is
not mounted tightly. To avoid any damage to the sensor and the subsequent parts
(reference sensor, fan, etc) the velocity upper limit was set to 6 m/s. Up to this level
the targeted monotonic characteristic was achieved. As can be seen, there are con-
siderable differences in measurements in the two test environments caused by two
main factors. First and foremost is the limited accuracy of the installed flow sensor
of the Energetikum facility which severely deteriorated the reference measurement
of the adjusted flow. On the one hand, this is bad news because the measurement
cannot be taken seriously for any form of comparison or calibration leaving several
questions unanswered. On the other hand, this stresses the urgent need for a specif-
ically designed, robust, and cost-effective alternative flow velocity sensor. Second,
the velocity could not be set exactly to zero considering an additional offset during
calibration of the PCB sensor.

Finally, the long term measurements focused on typical HVAC operation over several
days (see Fig.. Like the other experiments at the Energetikum, these results
should be seen as a first step to an application in real HVAC environments. After
evaluating the results, the PCB sensor shows the same trend as the reference sensor
proving the constant temperature mode in closed loop operation as the best choice.
Surprisingly, the PCB sensor senses even lower flow velocities than the reference
sensor but the exact value could not be evaluated due to the lack of a confident
reference value. However, the major result of this measurement is that there was
no detectable drift of the zero point over the recorded three days.
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5.2 Conclusion

The absolute necessity to reduce the energy demand in buildings also targets the
energy consumption for heating, ventilating, and air conditioning system. Modern
buildings are accordingly designed so that HVAC systems operate in an optimized
mode. However, in older, existing buildings this is not the case and the systems work
inefficiently. To improve this unsatisfying status a rough determination of the actual
flow distributions is needed. The volume flow rate has to be measured in the duct
system at several strategic locations. With the knowledge of the cross-sections of
the pipes only the mean flow velocity has to be measured. There are several sensors
available but there is a severe lack of sensors which measure accurately enough, are
easy to install and are suitable for mass production.

In this thesis, such a sensor was developed which can measure the mean flow veloc-
ities in HVAC systems. First, the condition in HVAC systems as well as suitable
flowmeters are summarized. A suitable technology for this application was found
in thermal flow sensors. In particular, the thermoresistive principle was chosen as
thermoelectrical conversion because it needs no moving parts, is easy to install and
exchange in pipes, is robust, accurate, reliable, and suits the requirements for mass
production. As production technology, the printed board technology was chosen
because it is a well-established technology for mass production in electronics and a
thermoresistive sensor can be realized with it.

First, an analytical model was developed to obtain a qualitative understanding of the
sensor. By using the energy conversation on an infinitesimal 3D slice in combination
with several simplifications a differential equation of the sensor was deduced. Its
solution reveals the excess temperature at the sensor spots as a function of the mean
flow velocity. This excess temperature is symmetric around the heater without any
flow and becomes more and more asymmetric with the rising flow velocity. When
comparing the excess temperature at two spots up- and downstream of the heater
as a function of the mean flow velocity, a typical feature of a calorimetric sensor was
found which is the ambiguity of the output characteristic where an abrupt rise until
the maximum followed by a slow decline. At additional lead locations the output
characteristic was evaluated again. This can be used either for a higher sensibility or
a wider measurement range depending on these locations. Nonetheless, the purpose
of this model was to get a qualitative understanding of the sensor behavior.

Next, a 2D-FEM simulation with Comsol Multiphysics was developed where the con-
jugated heat transfer module was utilized which combines the heat transfer module
with the laminar flow module. With the incompressible Navier-Stokes equation the
velocity field inside the flow channel and around the sensor was evaluated and, then,
the heat transfer equations incorporating conductive and convective heat transfer
were solved. Two different operation modes of the sensor were simulated.

The first one was set up with constant heating where the mean inlet flow velocity was
varied while constant heating was applied. In detail, the simulation was solved in
two steps where the first one solves the laminar flow module stationary because the
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flow velocity is not influenced by the heating power. Whereas, the second one solves
the heat transfer module with a time dependent solver taking the velocity results
from the first step. The results are the temperature distribution and the velocity
field in the flow channel. With post processing algorithms the temperatures as well
as its transients of each sensing lead were derived. The results of these simulations
show the temperature change of the sensing leads depending on the flow velocity
and confirm that the targeted transduction principle is feasible.

The other simulation regarded constant temperature model. Hence, parameter
sweeps of the dissipated heat and the mean inlet flow velocity were set up where
the solver calculated pressures, velocities, and temperatures. The mean inlet veloc-
ity was in the range from 0.1 — 10m/s and the heating power in the range from
0 — 1.8 W. The results were temperature matrices for each sensing lead. Next, a
temperature difference (e.g. 2K) was defined between the average temperature of
the inner and that of the outer leads and the needed heating power was evaluated.
The result is the heater voltage as a function of the mean flow velocity which is
monotonically increasing from 0 — 10m/s. The simulations revealed the transients
of the sensing leads and required heating power for the constant heating mode as
well as the feasibility of the constant temperature mode at the targeted velocity
range.

Based on model and simulation results and with the specific restrictions of the
producer, the layout of the sensor was designed. The applied fabrication process
was based on flexible printed circuit technology and PIU-Printex GmbH was chosen
as the manufacturer. The basis of the sensor was a conventional FR4 glass epoxy as
dielectric substrate material with a thickness of 100£13 pm and it was fabricated by
lamination. On the substrate a copper foil was laminated with an initial thickness of
18+ 3 pm at first, then 9+2.0 pm, and 5+ 1.7 pm in the last design. The width of all
leads was 100 4+ 5 pm which was the lowest possible limit of the manufacturer at this
time. On top of the substrate with the copper leads a protective layer (polyimide
film) was placed with a thickness of 30 + 10 um.

The design features one heating element in the middle and two sensing elements up-
and downstream of the heater. Several designs were tested in which parameters like
meander length, meander number, lead gap, holes, holes gap, and wing width were
varied.

Next, measurements regarding the resistance of the sensor were performed. The
difference between a soldered and plugged solution was tested to see how much the
plug influences the measurements. As a result, the plug does not have any relevant
influence during the measurements. After measuring the resistance values of all
sensors, the sheet resistance for better comparison was evaluated. Additionally,
the sheet resistance differences of the heater, inner and outer sensing leads, as well
as left and right sensing leads were evaluated to obtain a detailed picture of the
resolution and limits of the PCB technology. The outcome of these measurements
is that for increasing the resolution the reproducibility of the copper leads and by
association the sheet resistance has to be improved. Heating and cooling cycles have
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been applied to the sensor which revealed its transient behavior when an accurate
measurement is possible.

The next measurements characterized the behavior of the sensor at well-defined flow
velocities. Therefore, an experimental flow channel with an acrylic glass pipe was
created. The flow was established by suction with a double vane fan and the sensor
was read out with a lock-in amplifier. The expected typical transduction behavior
of a calorimetric sensor was measured. It was possible to tune the signal for either
a higher sensitivity or a wider measurement range with different designs. However,
it was not possible to extend the range to meet the specifications of typical HVAC
systems which meant that another approach was necessary.

Electronics were developed to run the sensor in a constant temperature operation
to increase the measurement range. Therefore, an analog PI-controller was designed
which keeps the difference between the mean temperature at the middle of the sensor
and the mean temperature at the periphery of the PCB at a constant level. As a
result, the heating voltage becomes a function of the mean flow velocity which was
measured in an experimental setup. These laboratory measurements verified the
simulations but only in a limited measurement range. Therefore, the PCB sensor
with the constant temperature mode was tested in a real HVAC environment. With
this, the design was adapted to meet the dimension of the real HVAC environment
requirements. While the accuracy of the reference sensor was not optimal, flow
velocity and long term measurements were performed to prove the sensor principle
feasible. Now, it is possible to measure the mean flow velocity of an old HVAC
system over the range of 0 — 10m/s with the new PCB sensor.
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5.3 Outlook

There are many additional considerations needed before the new sensor is ready-to-
use for the commercial sensor market. While it is not the main purpose of science
to build such a final commercial product, it can provide essential knowledge and
experience to achieve this goal.

First and foremost, the resolution of the PCB manufacturer is a key element to get
more reproducible copper leads for one sensor. Through the revealed variations it is
challenging to design readout electronics without the need of calibration. While high
accuracy regarding resistance values is not needed, with technological advance and
experience the resolution of the PCB will improve further allowing to manufacture
more symmetric sensors with smaller lead resistance variation.

In this project, a flexible PCB was used for the sensor whereas a rigid PCB was
used for the front-end electronics. It would be beneficial to place both functional
parts on one PCB. The electronics could be placed onto the flexible PCB or a
semiflex PCB may be used. The flexible part of the semiflex PCB acts as sensor
and the rigid part will be used for the electronic components. There are several
benefits putting these two things together. First, the overall costs of the sensors
decrease dramatically because there will be only a single PCB which means fewer
masks and process steps, faster manufacturing time, etc. Second, it is also possible
to let the manufacturer solder the electronic components on the PCB. Hence, the
interconnections between the sensor and the electronics will become shorter and
plugs can be completely avoided. Third, because there is only a single part, the
sensor installation becomes easier and faster. Finally, for large quantities the cost
of one sensor will be so low that a damaged sensor can just be replaced with a new
one.

A major goal is the integration of several PCB sensors into a big sensor network but
this is beyond the scope of this thesis. Currently, one sensor was put into a sensor
network at the Energetikum facility and connected to the ADC transmitter module.
The idea was to read out the sensor wireless via a hub which is connected to the
network. Therefore, a micro controller (nC) with the ability to communicate over
a wireless protocol would be a feasible solution. For example, a simple algorithm
starts with an initialization which wakes up the pnC from a sleep modus as well as
the front-ends. After a short delay the sensor will be read out and will convert the
measured voltage into the corresponding flow velocity. After that, the nC sets up
the communication with a wireless hub and sends the data to the hub. Finally, the
algorithm will put the pC to sleep and shut down the front-ends.

In the presented work the front-end as well as the controller are implemented com-
pletely analog. Inserting a pnC also allows digitalizing several parts of the controller.
Most nC’s already have several ADCs and DACs implemented with, for example,
sigma-delta modulation. Therefore, only some amplifier pC’s with passive compo-
nents are needed as front-ends which decrease the amount of parts as well as space.
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Another benefit of using a nC is the possibility to perform a calibration of the sensor.
Currently, through the resistance differences of the copper leads, the amplifier elec-
tronics have to be manually adjusted. When the pC measures these resistance values,
it can then calibrate the controller automatically. Therefore, the small influence of
humidity or ambient pressure can be compensated. Moreover, this calibration can
be repeated after a specific time interval to counter long time drifts, to compensate
dirt on the sensor, or detect a damaged lead.

Other future tasks will be the improvement of both the model and the simulation
by adapting them to more realistic conditions. Improvements for the model should
target the heat source and the dissipated heating power as well as the symmetry
of the sensor. Additionally, the infinitesimal 3D slice should be improved in a
manner so that it does not only apply at the sensor in the pipe. The performed
2D simulation should be extended into 3D allowing for superior results. But 3D
simulations are more complex and time consuming in terms of design, meshing and
iteration processes for achieving convergent solutions which is shown for a similar
problem by Suhaimi [120]. Assuming laminar flow may be reasonable for labor
experiments with small cross-section dimensions, for real HVAC systems turbulences
have to be taken into account as well. Comsol Multiphysics uses k-e-turbulence
models [121] for these turbulent streams. Furthermore, for improving accuracy it is
possible to implement CFD (computational fluid dynamics) models [122] into heat
transfer module in Comsol.

A critical issue in installing several sensors is the placement of the sensors in the
duct system. While the sensor is stretched over the whole cross-section of the
pipe, it does not cover the complete area of the pipe and at some positions, like
after bends or branches, inevitable turbulences may not be recognized or can cause
errors. Therefore, optimal strategic positions should be targeted. The first attempt
was performed by Sauter [89].

With these PCB sensors it will be possible to recalibrate HVAC systems in old
buildings to work properly again which will contribute to the urgent needed energy
reduction. The sensors will be easily adapted to any pipe dimensions and installed
very quickly not only in HVAC systems but also in any sort of pipe with streaming
fluids. Moreover, the sensors are not limited to measure only air streams, they are
able to work in different fluids, like water or oils, requiring only a little redesign of the
sensing locations and front-ends. Due to the fact that the sensors are covered with
a protective layer, they are able to measure in hazardous environments expanding
their possible applications even more. These PCB Sensors are able to measure
flow accurate enough while still being cost-effective and robust enough to allow the
detection of inefficiency at a more superior rate than is currently possible.
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Appendix A

Sensor Geometries and Mounting
Parts

In the following, geometrical dimensions of the developed sensors and their mounts
are given.
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A.1 Proof-of-concept
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Figure A.1: CAD drawing of the proof-of-concept.
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A.2. PROTOTYPE

A.2 Prototype

L [ | a 3 d
I I 1 I I I 1 I I I 1
v "JUBSUOO UBJJUM JNO JNOYJIM PeJESJUNWWOA Jo peonpoJded eq J,uea J) {Auedoid ano s) Buimenp syl Oﬁmgoaﬁ
jaawa ur u
— T | 2 L ur uorsuawI( [[V
9 133HS HISNNN_ONIMvHA (B)) LHOIIM 3108
al$oH] 4 _
3 azis O L IN
4 Cm_wwn_ Jsonpsuel| 31va ;
B|9 sewol
9 OQBOHOL& 2 _mu;m nszM_m_m
=<
()
Q
>
Qo
()
=
—
()
>
«Q
—
5 ©
o
ﬁQ
A
2
o R 0 ©
65'12 | *
‘ 0T'1@
o €899 . —/ h o
950 2
=
| -
T . !
€8°0¢
> w o o m _ m

Figure A.2: CAD drawing of the prototype.
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A.3 3D Printed parts for mounting the sensor
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Figure A.3: Mount for the tip of the sensor
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Electronics

B.1 Schematics of the electronics

107



108 APPENDIX B. ELECTRONICS

T T %
+12V
AR 2 s
S, LR
. FREanEn g
o T “ Al
JE8%
5T E
53
l 2
R oY=
2 53
Land 2 SEiIa
Ziz:i. s uza 12y 7
zzd9z,¢
4 3555 88¢ H
25988378
—12v & |j
o * =k ¥ F 1
o o by 3 j:a o
“ Bz
M
CONNCDLX0L
+12
L +1,2V L
FIE - o
2 g1z
HEE " = E
e 6% B
< bl £38 |
g ¢ -
2dy5ssts +12v
7 U :‘;
. =
e E
3 o *
== —12)
b 5
D) = 2 #mﬁ a 0!
2
41 Me
CONCDLHOL
<
G <~ +12v
GND -
+ 2
| +12v e o Hr L
D] k)
TT 1E15 V_heater
I EE R z
2333IR4E .
§8957 "5 2
: # | ¢k :
gg?é . £ GND
EE R
odas5s8s
22933373
v v
FEEV
73t
£5359
9
g EEY <
vJd58
22988
5
&
2 e
connpixos £
ot
' s@ i
< B Sheet: /
GlD 2 File: PI_Regler.sch
8 Title:
Size: A3 [ Date: [ Rev:
KiCad E.D.A. kicad 4.1.0-alpha+201607250104+699246ubuntuls. ouvlr»pucmua
T 2 3 4 T El T 6

Figure B.1: Schematics of the electronics (front-ends, PI-
controller, and supply) for the constant temperature mode.
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