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Measurement system for mobile units in cooling towers

Ramin Shadani
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The motivation that set the present project in motion has been the awareness that due to harsh
environments inside the natural draft cooling towers (NDCT), there is currently no technology
available to measure environmental parameters such as temperature, relative humidity and airflow
velocity. Specifically, in NDCTs, the temperature and relative humidity are very high where this
environment is additionally exacerbated by a poor visibility. Due to such conditions, it is difficult
for a human to enter and operate in NDCTs. Consequently, the NDCT´s drop in efficiency goes
unnoticed, thereby resulting in unattended damages of NDCT. This can result in significant
decrease of total plant’s efficiency, increased plant‘s emissions and ultimately in financial losses.
The goal of the present project was to design a measuring unit that will, with the help of mobile
units, enter the NDCT and provide accurate and reliable measurements of the temperature, relative
humidity and airflow velocity. Housing was designed and manufactured to fit the chosen sensors.
The final prototype was designed in a way that it fulfilled all of the above mentioned requirements.
A CREO software and 3D printer were used for design and manufacture.
Acrylonitrile butadiene styrene material was used to make the prototype. This material is resistant
to demanding conditions inside the NDCT. When choosing a temperature sensor and a sensor for
measuring relative humidity, fast time response and low price were required. To carry out the
validation of the prototype, a wind tunnel was constructed, which ensured even air flow
distribution. In the air channel, measurements were made and were used to determine the ratio of
the wind speed to the number of rotations per second of the vane anemometer.
ix

To sum up, in the course of the present project, a device installed on a mobile unit was successfully
developed. It enables measurements of temperature, relative humidity and wind velocity inside
NDCT. It is anticipated that the use of this device will successfully detect anomalies inside the
NDCT. This will prevent reduction of efficiency, increase of emissions and financial losses.
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Merilni sistem za mobilne enote v hladilnih stolpih

Ramin Shadani
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Motivacija za pričetek projekta je bilo dejstvo, da na trgu trenutno ni na voljo naprav, ki bi merile
temperaturo, relativno vlago in hitrost vetra znotraj hladilnih stolpov (HS). Natančneje, v HS sta
temperatura in relativna vlaga zelo visoki, dodatno pa delovno okolje poslabšuje tudi slaba
vidljivost. Zaradi navedenih neugodnih okoljskih pogojev ni možno, da bi človek vstopil in deloval
v tem okolju. Posledično se v HS pojavijo anomalije, ki pa ostanejo neopažene in posledično niso
odpravljene. To se odraža kot poslabšanje učinkovitosti HS, ki pa lahko vodi v zmanjšano
učinkovitost elektrarne, povečane emisije in finančne izgube.
Cilj projekta je bil oblikovati napravo, ki bi lahko bila nameščena na mobilno enoto, vstopila v HS
in tam opravila meritve temperature, relativne vlage in hitrosti vetra. Naprava mora biti lahka in
njena oblika oblikovana tako, da zagotavlja ustrezno namestitev senzorjev, ki merijo zgoraj
omenjene okoljske parametre.
Končen prototip je bil oblikovan tako, da je izpolnil vse zgoraj omenjene zahteve. Prototip naprave
je bil oblikovan s programom CREO in izdelan z uporabo 3D printerja. Za izdelavo prototipa je
bil uporabljen acrylonitrile butadiene styrene. Ta material je namreč odporen na zahtevne pogoje
xi

v notranjosti HS. Pri izbiri temperaturnega senzorja in senzorja za merjenje relativne vlage je bilo
glavno vodilo hitrost opravljene meritve in cena. Natančneje, cena senzorjev naj bi bila nizka,
medtem ko je moral senzor opraviti meritev v najkrajšem možnem času. Za potrebo opravljanje
validacije prototipa je bil izdelan zračni kanal, katerega ki je zagotavljal enakomernega zračni tok.
V zračnem kanalu so bile opravljene meritve, ki so nam služile za ugotovitev razmerja med
hitrostjo vetra in številom rotacij na sekundo.
Če povzamemo, v toku pričujočega projekta je bila uspešno razvita naprava, ki nameščena na
mobilno enoto, lahko vstopi v HS in tam izmeri temperaturo, relativno vlago in hitrost vetra.
Predvidevamo, da bo z uporabo te naprave mogoče uspešno opaziti anomalije v notranjosti HS in
tako preprečiti zmanjšano učinkovitost elektrarn, povečanje emisij in finančnih izgub.
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1. Introduction
1.1. Background
Natural draft cooling towers (NDCTs) are a type of a heat exchanging unit that enables hot
water to get into a contact with air, which results in decreased temperature of the water.
Thus, NDCT serves to cool the water that gets heated up by industrial processes in power
plants. The operation principle of NDCT is that the hot water, by pumps, goes through the
pipes directly into the NDCT. The nozzles are used to spray the water onto to the “fill
media”, which slows the water flow down and exposes the maximum amount of water
surface area possible for the contact of water and air. There are components of NDCT which
do not require daily maintenance, but they are exposed to slow degradation and would affect
the performance of NDCTs.
In NDCT degraded packing, clogged nozzles, growing algae, broken eliminators and poor
water treatment are the major factors causing steady degradation of NDCT’s performance
and hence overall plant’s efficiency [1]. Due to the size of NDCTs, slow pace of the NDCTs
degradation and complexity of the degradation process, often the degradation of NDCT’s
performance goes unnoticed and consequently unattended. In fact, to present knowledge,
there is no known device on the market that would detect and predict such damages and
thereby decreases in NDCTs performance.
The goal of the project, described in the present thesis, was to design an innovative
measuring solution, which will enable to measure local temperature, relative humidity and
the airflow velocity in NDCTs. The innovative solution will be composed out of a mobile
units and four sets of measuring units installed on each of the mobile units. The mobile units
will move through the NDCT for two meters and stay stationary for two minutes. The
measuring units will serve to measure local temperature, relative humidity and the airflow
velocity. Based on the gathered information on environmental conditions it will be possible
to detect and evaluate degradation damages and thereby decrease of NDCTs performance.
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1.2. Objectives
The main objective of the project is to develop a measuring unit to register local temperature,
relative humidity and the airflow velocity within NDCTs.
Specifically, due to high ambient temperature i.e. more than 40°C and high relative humidity
i.e. close to 100%, it is of importance to design a measuring unit composed out of materials
that can withstand ambient conditions found in NDCTs. Since four of the measuring units
will be installed on the mobile units, it is of importance that the measuring units are
lightweight. This will enable the mobile units to move easily inside the NDCT. To secure
that the measuring unit will be of low cost, it is of importance to design it in such a manner,
that certain parts such as bearing of the vane anemometer, shaft of vane anemometer, sensors
and even housing can be easily replaced. The design will be modular, thus enabling parts
replacements, and repair.
Thereby, in following chapters we will describe the working principle of different types of
cooling towers (CTs) and specially, the NDCTs which is of interest for the present project.
Different types of sensors for measuring airflow velocity, temperature and relative humidity
will be discussed in detail. Furthermore, the design of measuring units such as vane
anemometer for measuring airflow velocity, housing and selection of temperature and
relative humidity sensor will be addressed. The designed components were manufactured by
3D printer. The wind tunnel was built to validate and calibrate the measuring units. At the
end we will discuss the results and how to improve the prototype.

2

2. Theoretical background
In this chapter major types of CTs and general working principles will be reviewed. Further,
equipment for measuring airflow velocity, temperature and relative humidity will be
addressed. Specifically, attention will be given to the types of the sensors that will be used
in the present project.

2.1. Cooling towers
Processes of power plants produce heat that needs to be removed. Heat can be removed by
CTs that act as heat exchangers. They reduce the temperature of the power plant processes
that result in more efficient energy use and thereby in improved efficiency of power plant.
CTs can be divided in two basic types i) direct CTs, which expose water directly to the
cooling atmosphere, thereby transferring the heat load directly to the air and ii) indirect CTs,
which involve indirect contact between heat and air. Direct contact CTs can be furthermore
divided into three sub-types as shown in diagram below (see e.g. Figure 2.1). First sub-type
are NDCTs, which do not use a mechanical air-moving device. Second sub-type are
hyperbolic or chimney towers, which have been used primarily for large power installations.
Moreover, the third sub-type of direct contact CTs are mechanical-draft towers. Fans can be
installed on the inlet airside or the exit airside. There are two types of indirect CTs, closedcircuit CTs and coil shed towers. For type of closed-circuit CTs both counter flow and crossflow designs are used in forced- and induced-draft fan arrangements. Although coil shed
towers counter flow and cross-flow types are available with either forced- or induced-draft
fan arrangements, they typically consist of isolated coil sections (non-ventilated) located
beneath a conventional cooling tower (CT). The NDCTs will be considered in this thesis.
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Cooling
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Direct
contact

NDCT

Vertical
spray

hyperbolic
towers

Indirect
contact

Mechanical
draft tower

closed-circuit CTs

Coil shed
towers

Horizontal
spray

Figure 2.1: Detailed division of CTs (coil shed)

As mentioned previously, CTs act as heat exchangers, where the hot water gets into a contact
with air and consequently the temperature of the water decreases. The operation principle of
CTs is shown in Figure 2.2. In detail, hot water is pumped into the cooling tower, where the
nozzles are mounted on the upper part of the cooling tower and spray the water over fill
material. Fill material slows the flow of the water and creates a maximum contact surface
area for water and air. The air enters the CT from the lower part and is pushed upward toward
fill material by fans. Despite there are many different types of direct contact CTs, their
working principle has same basis i.e. cooling by evaporation. In NDCTs, in particular in
towers where the spray is positioned vertically, the airflow velocity is low. This kind of
tower is normally used for low cost requirements when operating temperature is not critical
to the system. Horizontal spray towers use high pressure sprays to improve air and water
contact.
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Figure 2.2: Working principle of cooling towers (CTs)

Operational efficiency and performance of CT is dependent on mechanical maintenance and
cleanliness. Monitoring the mechanical equipment, cleanliness of cold and hot water, is
important to insure they are in good state and if not, repair is required. Inspecting the draining
and cleaning of wet surfaces of CT, to prevent the dirt in NDCT is also part of maintenance.
Maintenance has to be conducted in informal walk-through inspection. Observation of
working fan and periodically verifying calibration of the fan thermostat is also required. By
doing so, one can prevent excessive cycling and thereby securing the most economical
temperature of the cooling part.

2.2. Airflow velocity
Anemometer measures the airflow velocity in different gas flow applications, such as air
conditioning systems. The term anemometer is derived from the Greek word anemos, which
means wind. There are different types of anemometers in use with most important being:
‐ hot-wire anemometer
‐ Pitot Prandtl tube anemometer
‐ laser Doppler anemometer
‐ vane anemometer
5
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Vane anemometer, shown in Figure 2.3, counts the number of rotations of the vane, which
is further used to calculate the airflow velocity. Because the airflow velocity is not constant,
there are namely gusts and lulls present within the airflow, airflow velocity is usually
averaged over certain periods. This type of anemometer is used to measure lower airflow
velocities, which is also a desired function of anemometer that should be applied in the
design of the present measuring unit [2]. Specifically, the objective of the project described
in the present thesis, is to develop measuring units to register local temperature, relative
humidity and the airflow velocity in NDCTs. The maximum airflow velocity inside NDCTs
is about 8m/s, which is relatively low airflow velocity. Because of this, vane anemometer
seems to be an appropriate choice of an anemometer to be applied in the design of a
measuring units.

Figure 2.3: An example of vane anemometer [3]

Further, it is important to investigate how to acquire the vane revolutions, i.e. how to
translate rotation into an electrical signal. Usually there are two methods, magnetic and
optical. Optical system has a potential drawback when used in the CTs, namely 100%
humidity may cause fog creation on the sensor. In this project it is however relatively easy
to add a magnetic sensor to the housing, which will be capable generating a pulse every time
a magnet on the vane passes close to it. The sensor can be a reed switch or, in particular,
Hall effect sensor.
Figure 2.4 shows a detailed construction of vane anemometer. In detail, when the wind
passes through the vane anemometer, the surfaces of the blades create more resistance than
its convex surfaces. Hence, an unbalanced movement is produced, which causes rotational
motion with respect to its hub. One of the vane´s blades has small magnets on it and each
time when the hub makes a single rotation, the magnet crosses the Hall effect sensor. When
the magnet passes, the sensor closes and generates a brief pulse of electric current, before
opening again.
The Hall effect sensor has an advantage over reed switch, because it is not mechanical, so it
is not generating any false signals and it operates faster. If a Hall effect sensor is to be used
6
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in the present project, it must be unipolar. In detail, there are two kinds of Hall effect sensors
available, unipolar and bipolar. The bipolar requires to detect a change in pole i.e. a change
from south pole to north pole and vice versa. Every change triggers the change of the electric
signal. Whereas, the unipolar sensor changes the state of the electric signal every time a
south pole is close to the sensor. The orientation and direction is going to be explained in
Chapter 3. In general, a board of rotational frequency converter has a microcontroller,
external power supply, USB interface, reset button and power led. In the present project
microcontroller, ATMega328p is used for counting the rotations. To determine the rotation
direction, the best way is to install two unipolar hall sensors, one next to another
(horizontally) and then check which sensor first detects the magnet. This will be discussed
more in detail in Chapter 5.

Figure 2.4: Structure of vane anemometer

It is of importance to describe how different angle of blade along the hub to the tip will affect
the speed of vane. Different angle is the reason for different speeds at different parts of the
blade. The air facing the vane and the hub creates the force that rotate the blades. The vane
consists out of blades, which are connected together by a hub. Furthermore, the hub is then
attached to the shaft. The blades are made in the wing shape. Leading edge of the airfoil is
the edge that slices the air. As the leading edge cuts the air, air moves over the blade’s surface
and the camber side. Blade surface consists out of the both upper and lower blade surfaces.
Blade root is the part of the blade near to the hub. Blade tip is the outer end of the blade
farthest from the hub. Plane of rotation is an imaginary plane perpendicular to the hub. The
blade angle changes throughout the length of the blade from hub to tip which is called twist.
The reason for making the blade part at different angles is that the different parts of the blade
travel at different speeds. Tip speed ratio (TSR) is the speed of the blade at its tip, which is
divided, by the airflow velocity. Figure 2.5 shows parts composing the vane’s blade.
7
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Figure 2.5: General definition of a vane blade parts

In the present project, relatively low airflow velocity will be measured, so the anemometer
needs to be accurate. Based on the literature reviewed, because of low costs and easy
calibration and programming, vane anemometer is chosen. One of the limitations of vane
anemometer that needs to be mentioned here is friction of vane´s bearings. Furthermore,
increasing size of vane anemometer will add more weight and more friction, which is not
desired in the present project but also more blade surface and thus force, so the net effect is
better for large vanes. In addition, the 3D printer that is available for manufacture of the
designed measuring units, cannot produce items larger than 200x250mm. In Chapter 4 and
5, the calibration procedure technique is described, the accuracy of vane anemometer is
determined and results of calibration are discussed.
In the beginning, different types of bearings were discussed. The bearing enables, by
positioning installation, to have their outer or inner part rotating. In the present project, it
was decided that the inner part will be fixed on the shaft and outer part, which is attached to
the vane´s hub, will rotate. Jewel bearing, because of their hardness and ability to accept a
high polish, are known as the ideal material where friction, long life and dimensional
accuracy is required. Jewel bearings are of very small size and are typically mounted in
housing. Ball bearings are of different types, for instance deep-groove single-row bearings.
Ball bearings have large operating range of temperatures, they can prevent leaking and avoid
foreign particles entering into the bearings, they are easy available in the market and are of
low cost in case of replacement. All of these features make ball bearings appropriate for
present project.

2.3. Temperature
The temperatures, which are most often measured, are the temperatures of fluids, or the
temperature of solid objects such as metal, bearings and shafts of machinery [4]. Nowadays
different types of temperature sensors are in use, depending on what needs to be measured,
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how accurately it needs to be measured and if it needs to be used for controlling or
monitoring. Herewith, some general categories of temperature sensors are being discussed:
- resistance temperature devices (RTD)
- thermistor
- thermocouple
- infrared temperature measurement devices
The objective of the present project is to measure the temperature inside the NDCT. A
temperature sensor, which is required for measuring the temperatures inside the NDCT,
needs to be of accuracy equal to 0.5°C over the temperature range between 0 to 50°C. Below
an overview of different temperature measuring devices is given. Based on the overview, an
appropriate device used to measure temperature in NDCT, is proposed.
Commonly referred to as RTDs and thermistors, they are two most important types. As the
name suggests, RTDs base on resistance change in a metal, with the resistance rising more
or less linearly with the temperature, while thermistors rely on resistance change in a ceramic
semiconductor, where the rise in the temperature is caused by nonlinear decrease in
resistance [4].
Glass wire wound is a type of RTD temperature sensor for large range temperatures from 200°C to +400°C. This kind of sensors are made by one or two platinum bands layout, which
are wounded on a glass tube and are protected from the environment by a glass layer. These
sensors have a high temperature stability. Small dimension and short response time are
features that can fit them to present project. PT100 from series of glass wire wound sensor
is shown in Figure 2.6.

Figure 2.6: PT100 glass wire wound sensor

Thermistor is a thermal resistance element that changes resistance with the temperature.
Positive temperature coefficient (PTC) thermistors are resistors with a positive temperature
coefficient, which means that the resistance increases with he increase of the temperature.
PTC thermistors are divided into two groups, based on the materials used, their structure and
the manufacturing process. The first group of PTC thermistors is comprised of silistors,
which use silicon as the semi-conductive material. The second group is the switching type
PTC thermistor. This type of PTC thermistors is widely used in PTC heaters. Negative
temperature coefficient (NTC) thermistors are resistors with a negative temperature
coefficient, which means that the resistance decreases with increasing temperature. They are
primarily used as resistive temperature sensors and current limiting devices. The temperature
9
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sensitivity coefficient is about five times greater than the one of silistors and about ten times
greater than those of RTDs. NTC sensors are typically used in a temperature range from
−55°C to 200°C. The non-linearity of the relationship between resistance and temperature
exhibited by NTC resistors posed a great challenge when using analog circuits to accurately
measure temperature, but rapid development of digital circuits solved that problem by
enabling computation of precise values by interpolating tables or by solving equations,
which approximate a typical NTC curve. Unlike RTDs, which are made from metals, NTC
thermistors are generally made from ceramics or polymers. Different materials used result
in different temperature responses. The temperature sensitivity of an NTC sensor is
expressed as percentage change per °C. Depending on the materials used and the specifics
of the production process, the typical values of temperature sensitivities range from -3% to
-6% per °C [4].
NTC thermistors are made from platinum alloy lead wires as shown in Figure 2.7 directly
sintered into the ceramic body. They generally offer fast response times, better stability and
allow operation at higher temperatures than disk and chip NTC sensors. However, they are
more fragile and it is common to seal them in a glass, to protect them from mechanical
damage during assembly, and to improve their measurement stability. The typical sizes range
from 0.075 – 5mm in diameter [4].

Figure 2.7: NTC bead thermistor

The careful selection process must take care of the thermistor’s dissipation constant, thermal
time constant, resistance value, resistance temperature curve and tolerances, to mention the
most important factors. Since the relationship between resistance and temperature (the R-T
curve) is highly nonlinear, certain approximations have to be utilized in practical system
designs [4].
First-order approximation
One approximation, and the simplest to use, is the first-order approximation, which states
that the amount of resistance change is defined by the following equation (2.1):
𝛥𝑅[Ω] = 𝑘 ∗ 𝛥𝑇[°𝐶]
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Where 𝛥𝑅 is the resistance change, 𝑘 is the first order coefficient of resistance of the material
and 𝛥𝑇 is the temperature change [5].
Beta formula
Another equation that gives satisfying results and is accurate to ±1°C over the range of 0°C
to +100°C is given below. It is dependent on a single material constant 𝛽, which can be
obtained by measurements. The equation can be written as:

𝑅(𝑇) = 𝑅(𝑇0 ) ∗ 𝑒

1 1
𝛽∗( − )
𝑇 𝑇0

2.2

Here R(T) is the resistance at the temperature T in Kelvin and R(T0 ) is a reference point at
temperature T0. The Beta formula requires a two-point calibration, and it is typically not
more accurate than ±5°C over the complete useful range of the NTC thermistor [5].
Steinhart-Hart equation
The best approximation known to date is the Steinhart-Hart formula, published in 1968:
1
= 𝐴 + 𝐵(ln 𝑅) + 𝐶(ln 𝑅)3
𝑇

2.3

Here ln R is the natural logarithm of the resistance at temperature T in Kelvin, and A, B and
C are coefficients derived from experimental measurements. These coefficients are usually
published by thermistor vendors as part of the datasheet. The Steinhart-Hart formula is
typically accurate to around ±0.15°C over the range of −50°C to +150°C, which is useful
for most applications. If superior accuracy is required, the temperature range must be
reduced and accuracy of better than ±0.01°C over the range of 0°C to + 100°C is achievable
[5].
Choosing the right approximation
The choice of the formula used to derive the temperature from the resistance measurement
needs to be based on available computing power, as well as actual tolerance requirements.
In some applications, a first-order approximation is more than enough, while in others not
even the Steinhart-Hart equation fulfils the requirements, and the thermistor has to be
calibrated point by point, making a large number of measurements and creating a lookup
table. In present project, Steinhart-Hart equation is used because it fulfils all requirements
of the project.
Thermocouples consist typically of two strips or wires made of different metals, which are
joined at one end, as shown in Figure 2.8. Changes in the temperature at that juncture cause
a change in voltage between the other ends. As temperature increases, voltage of the
thermocouple increases too, though not necessarily linearly.
11

Theoretical background

Figure 2.8: Implementation of thermocouple sensor for measurement in pipes or reservoirs

It is of importance that the temperature sensor used in the present project can operate in the
temperature range between 0 to 50°C with resistance accuracy of 1%, which means that at
25°C it can read from 30.300 to 29700Ω accurate to 0.05°C. At around 25°C, a difference
of 1350Ω represents 1°C. Since, 1% error means about ±0.22°C. A type of RTD sensor,
PT100 glass wire wound platinum RTD elements are suitable for low or very high
temperatures and are tolerant of thermal shocks. They offer good vibration resistance
(depending on mounting method) however based on the overview given, NTC glass bead
thermistor was chosen to be used in the present project. This is because this type of
thermistor varies significantly more with temperature than in standard thermistors. Further,
an important feature of this sensor is its small size.

2.4. Humidity
Humidity is described as the presence of water vapor in the air (or any other gas). In normal
room air, there is typically about 1% water vapor however, this can vary. Humidity is
measured using a hygrometer where the following concepts need to be considered:
- partial pressure
- saturation vapor pressure
- absolute humidity of air
- relative humidity
- super-saturation
A gas mixture, such as air is made out of several pure gas components where the total
pressure of the gas is sum of partial pressures of all component gases. Saturation vapor
pressure is the maximum partial pressure of water vapor that can occur. The absolute
humidity of the air is defined as the total mass of water vapor present in the unit volume of
air at any given condition of temperature [6].
The term relative humidity (RH) is more widely used in the field of heating, ventilation and
air conditioning (HVAC). It is defined as the ratio of the mass of water vapor present in the
unit volume of the air at certain temperature to the maximum mass of the water vapor that
can be accommodated in the unit volume of air when it is saturated. The partial pressure of
12
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the water vapor depends on the mass of the water vapor in the air. Hence, relative humidity
can be defined as amount of water vapor in unit volume of unsaturated air divided by amount
of water vapor in unit volume of saturated air [7].
Relative humidity is expressed in percentage. It indicates the actual humidity present in the
air at the prevalent temperature conditions and widely used by the air conditioning engineers.
The amount of water that can exist as vapor in a given volume increases with the
temperature. When the amount of water vapor is in equilibrium above a flat surface of water
the level of vapor pressure is called saturated and the relative humidity is 100%. At this
equilibrium there are equal numbers of molecules evaporating from the water as there are
condensing back into the water. If the relative humidity becomes greater than 100%, it is
called supersaturated. Humidity measurement is generally reported as relative humidity,
absolute humidity, or dew point temperature. The overview of hygrometers is given below
[7].

2.4.1.

Condensation type hygrometer

Condensation principle hygrometer is a hygrometer that uses cooling or heating to induce
controlled condensation in supersaturated conditions. Stable temperature, at which this
occurs, is measured and reported as dew point. The measurement of the water vapor content
of a gas by the dew-point technique involves cooling a surface, usually a metallic mirror, to
the temperature at which water on the mirror surface is in equilibrium with the water vapor
pressure in the gas sample above the surface. At this temperature, the mass of water on the
surface is neither increasing (the surface is too cold) nor decreasing (the surface is to warm).
In the chilled mirror technique, a mirror is constructed from a material with good thermal
conductivity such as silver or copper, and properly plated with an inert metal such as iridium,
rubidium, nickel, or gold to prevent tarnishing and oxidation. The mirror is chilled using a
thermoelectric cooler until dew just begins to form. A beam of light, typically from a solidstate broadband light emitting diode, is aimed at the mirror surface and a photodetector
monitors reflected light. As the gas sample flows over the chilled mirror, dew droplets form
on the mirror surface, and the reflected light is scattered. As the amount of reflected light
decreases, the photodetector output also decreases. A usual format is a cooled mirror with
optical detection of condensation used as feedback to control the mirror temperature as
shown in Figure 2.9.

Figure 2.9: Principle of operation of chilled mirror hygrometer
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2.4.2. Psychrometer
There are two types of psychrometers, sling and aspirated, which consists of two
thermometers i.e. wet bulb and dry bulb. The wet bulb thermometer in psychrometer is spun
to get airflow over the wet thermometer bulb. Figure 2.10 shows the operation of an aspirated
psychrometer. The temperature on the bottom beam is the wet bulb temperature, which is
lower than the dry bulb temperature. The reason for this is that the wet bulb temperature
reflects the cooling due to the evaporation of water surrounding the thermometer bulb. Once
the wet and dry bulb temperatures are known, psychrometers give a relative humidity
measurement. The information from a psychrometric chart can be used to find humidity
parameters, once the wet and dry bulb temperatures are known [8].

Figure 2.10: Schematics of psychrometer

2.4.3. Capacitive hygrometer
Capacitive hygrometer is a hygrometer using change capacitance of organic materials to
measure humidity. First type of mechanical hygrometer is capacitive hygrometer sensors
which use capacitor that is sensitive to the amount of water vapor in the air to measure
humidity. A capacitor is composed of two adjacent metal plates insulated from each other
by a dielectric (see e.g. Figure 2.11). The capacitance depends on the area of the plates and
the distance between them. In capacitive hygrometer sensors, changes in the amount of water
vapor in the air alter the capacitance and this change in capacitance is proportional to a
change in relative humidity. In capacitive humidity sensors, the effect of humidity on the
dielectric constant of a polymer or metal oxide material is measured. With calibration, these
sensors have an accuracy of ±2% RH in the range 5– 95% RH. Capacitive sensors are often
used in applications where factors like cost, rigidity and size are of concern. In Figure 2.12,
the working principle of capacitive sensors is shown. In capacitive hygrometer, the electrical
permittivity of the dielectric material changes with change in humidity [7].
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Figure 2.11: Scheme of capacitive hygrometer [9]

Figure 2.12: Working principle of capacitive sensors

2.4.4.

Resistive hygrometer

A resistive hygrometer is based on the principle of change of resistance, when a moisture
sensitive material is exposed to the moisture in air. Variations in ambient relative humidity
produce variations in resistance. This occurs in certain moisture sensitive materials such as
hygroscopic salts and carbon powder. In resistive hygrometer sensors, these materials are
applied as a film over an insulating substrate and are terminated by metal contacts. The
components of a resistive hygrometer sensor are represented in Figure 2.13. As air passes
over the film, changes in resistance vary with changes in relative humidity. The resistive
hygrometer sensor is commonly used to measure the humidity in stacks of paper, textile and
cardboard.
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Figure 2.13: Scheme of resistive hygrometer

As presented in Figure 2.13, the resistivity between the electrodes changes when the top
layer absorbs water and this change can be measured with the help of a simple electric circuit.
Modern resistive humidity sensors are coated with ceramic substance to provide extra
protection. The electrodes in the sensor are usually made from metals like gold, silver or
platinum.
Based on the review conducted, it is proposed that for the present project the following
sensors will be used:
- vane anemometer, with embedded magnetic Hall effect sensor,
- for measuring the temperature, thermistor is chosen. Specifically, NTC bead thermistor,
fits optimally to the demands of the present project and
- for measuring humidity, capacitive relative humidity sensor is chosen.
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3. Methodology
Goal of the present project is to develop a measuring unit, and to analyze ambient conditions
such as relative humidity, temperature and airflow velocity in CTs. Measuring unit should:
‐ provide high-resolution measurements in NDCTs,
‐ be mounted on mobile units enabling measurements covering complete NDCT area and,
‐ have capacity to identify in-depth local NDCT damages and anomalies.
In total, four measuring units will be installed on one mobile unit as is shown in Figure 3.1.

Figure 3.1: Position of measuring units on mobile units

The mobile units will move through the NDCT and record relative humidity, temperature
and airflow velocity. Further, the mobile units will be connected through a wireless network
to a computer. Thus, recorded data will be sent to the corresponding software for a
subsequent analysis. As discussed previously (Chapter 2), NTC bead thermistor is selected
to measure the temperature in NDCT and further to measure relative humidity, a capacitive
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hygrometer is selected. Vane anemometers available on the market that could be used in the
present project are either of right dimensions, but too expensive or too small. Thus, for the
present project, the anemometer vane was designed and manufactured. In the design process,
the possibility to disassemble all components in case of replacement or repairing of any of
the components needed to be considered. Further, the weight of the complete prototype also
needed to be taken into account. Namely, the prototype should be as light as possible. The
weight of all components will be described in the section 3.4.
To avoid friction of the vane anemometer, the sleeve for the vane needs to be designed
separately and the appropriate bearing needs to be chosen. To secure optimal rotation, the
blade of the vane has to be twisted with certain angle from the root section to the tip section
of the blade. Moreover, appropriate sensor to count the rotations of vane has to be chosen.
For converting rotations of the vane to pulse, the Hall effect sensor with magnetic method
was chosen. And for calculating the pulses to rotation per second and to record it,
microcontroller was chosen.
As mentioned previously all components of the measuring unit, except the thermistor,
capacitive RH sensor, bearings and Hall effect sensors, that will be purchased, need to be
designed and manufactured. In the following sections, the most important parts are described
in details.

3.1. Vane design for anemometer
As previously mentioned, for purpose of the present project, it is not possible to find a
suitable vane anemometer on the market. Similar problem appears also for the housing of
the vane anemometer, because it needs to mount two additional sensors. Thus, it is suggested
that optimal solution is to design a housing and a cross, which can house appropriate
anemometer and carry two additional sensors. Flexible 3D modelling software i.e. Creo
Parametric 2.0 was used to design and simulate all components. The software can also
virtually assemble the designed components and predict possible problems, which can occur
while assembling the prototype.

3.1.1. Calculation of the blade geometry
Due to time and cost considerations involved in experimental testing of new vane,
simulations by Creo Parametric 2.0 have been used extensively in present project. Figure 3.2
shows a schematic of a blade with several definitions noted.
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Figure 3.2: Blade geometry definitions

The chord (c) is the distance from the leading edge to the trailing edge of the airfoil. The
leading edge radius (LER) and trailing edge radius (TER) are used to measure the blade radii
at the front and back part of the blade. The camber line represents the mid-thickness of the
blade between its pressure and suction sides at every point along the airfoil. Here the magnet
of Hall effect sensor will be mounted. Twist (δ) is angle between root section and tip section
of the blade [10].
These geometry definitions include equations of the twist angle (δ) with chosen value for
present project as described in Table 3.1.
Table 3.1: Equations of geometry definition for vane.
Definition

Equation

Value in present project

blade angle at the hub

β2

50°

blade angle at root section

β1

5°

δ = β2 − β1

45°

Twist

3.1.2. Calculation of airfoil specifications
The National Advisory Committee for Aeronautics (NACA) provides analytical equations
that describe the camber (curvature) of mean-line (geometric centerline) of the airfoil section
as well as the section´s thickness distribution along the length of the airfoil. This airfoil series
is controlled by 4 digits e.g. NACA 5510, which designate the camber, position of the
maximum camber and thickness. Moreover, the airfoil selected is NACA 5510, where the
first number 5 is the maximum camber divided by 100, so M = 5 and the camber is 0.05 or
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5% of the chord. The second number 5 is P, the position of the maximum camber divided
by 10, so P = 5 and therefore the maximum camber is at 0.5 or 50% of the chord. At the end
number 10 is the thickness divided by 100, so the thickness is 0.10 or 10% of the chord [10].
The airfoil section is created from a camber line and a thickness distribution plotted
perpendicular to the camber line.
The equation for the camber line is split into sections on either side of the point of maximum
camber position P, which is in the present project equal to 5. In order to calculate the position
of the final airfoil envelope the gradient of the camber line is also required. The equations
are as shown in Table 3.2:
Table 3.2: Equation for airfoil specification [10]
𝐅𝐫𝐨𝐧𝐭 (𝟎 ≤ 𝐱 < 𝐏)
Camber
Gradient

yc =

𝐁𝐚𝐜𝐤(𝐏 ≤ 𝐱 ≤ 𝟏)

M
∗ (2Px − x 2 )
P2

yc =

dyc 2M
= 2 ∗ (P − x)
dx
P
yt =

M
∗ (1 − 2P)(2Px − x 2 )
(1 − P)2
dyc
2M
=
∗ (P − x)
dx
(1 − P)2

T
∗ (a 0 x 0.5 + a1 x + a 2 x 2 + a 3 x 3 + a 4 x 4 )
0.2

The thickness distribution is given by the last equation in table above where the constants
from 𝑎0 to 𝑎4 are for a 20% thick airfoil. The expression 𝑇/0.2 adjusts the constants to the
required thickness. At the trailing edge, (𝑥 = 1) there is a finite thickness of 0.0021 chord
width for a 20% airfoil. If a closed trailing edge is required the value of 𝑎4 it can be adjusted.
The value of 𝑦𝑡 is a half thickness and it needs to be applied on both sides of the camber line
[10].
Using the equations above, for a given value of 𝑥 it is possible to calculate the camber line
position 𝑦𝑐 , the gradient of the camber line and the thickness. The position of the upper and
lower surface can then be calculated perpendicular to the camber line as shown in equations
in Table 3.3.
Table 3.3: Equations of the position for the upper and lower surface of blade [10]
𝜃 = atan(

𝑑𝑦𝑐
)
𝑑𝑥

Upper Surface

xu = xc − yt ∗ sin(θ)

yu = yc − yt ∗ cos(θ)

Lower Surface

x1 = xc − yt ∗ sin(θ)

y1 = yc − yt ∗ cos(θ)

x=

(1 − cos(β))
2

for 0 ≤ β ≤ π
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The most obvious way to plot the airfoil is to iterate through equally spaced values of 𝑥
calculating the upper and lower surface coordinates. While iterating through equally spaced
values of 𝑥 to plot the airfoil, the points are more widely spaced around the leading edge
where the curvature is greatest and flat sections can be seen on the plots. To group the points
at the ends of the airfoil sections, as the last equation in Table 3.3, a cosine spacing is used
with uniform increments of 𝛽 [10].
By plotting 50 points, which create the curve of airfoil using the Creo Parametric program,
a sketch of LER to TER of blade is created as shown in Figure 3.2. The sketch of the tip of
the blade has to be located with angle of 50° toward central line of the hub. It is because; the
root section of the blade with angle of 5° is located toward the hub´s central line. The angle
of root section and tip section of blade during twist has to be of angle 45° [10].

3.1.3.

3D simulation of the anemometer vane

In relation to the design process of the vane, the computer program Creo Parametric 2.0
allows us to obtain three dimensions i.e. height, width and depth. The result is a digital
prototype of an anemometer´s vane, which will be explored into a detail in the following
sections. In this stage of the design process, different anemometer vane designs were
modeled. Models of anemometer vane were based on appropriate blade angle between the
hub and tip of the blade, low friction, weight and thickness to obtain the final, most suitable,
design. Finally, the present vane with its dimensions is shown in Figure 3.3.

Figure 3.3: Final design of the anemometer vane

With relation to the friction, drag force of the blades is oriented along the rotation axis. The
vane drag thus causes very limited friction in bearings, which tries to stop the motion of the
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vane. Vane lift force is perpendicular to the drag and is the direction of the vane anemometer
rotation. Proper selection of bearing and their installation can reduce the friction. Therefore,
when selecting bearings with least friction possible, low weight, and resistance to water,
need to be considered. Appropriate bearings selection and their installation will be discussed
in section 3.1.4.
In final version of vane design, bearings were installed in a way that they were not directly
attached in the hub. The reason is that material of the blade, hub (ABS) is soft, and surfaces
are rough due to the printing manufacturing method. Therefore, bearings will not likely be
aligned parallelly. This may result in increased friction due to non-parallel installation and
unbalanced vane. To solve this problem a sleeve was designed to keep the bearings parallel.
In Figure 3.4 the dimension of the sleeve, which is inserted into the hub of the vane, is shown.

Figure 3.4: The dimensions of sleeve for vane´s hub

The sleeve will be inserted into the vane´s hub as shown in Figure 3.5.

Figure 3.5: Attachment of sleeve in vane´s hub
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3.1.4.

Bearing selection

In the present project, bearing allows motion between the vane and the shaft. In addition, it
also decreases the friction between them. Every bearing has a maximum allowable rotation
speed. In the present design, the bearing will rotate very slowly and thus maximum allowable
speed is not a problem. Here, different types of bearings will be considered and later the best
one will be selected. The deep groove ball bearings are of three main types: open type,
shielded type, and sealed type. Shielded type has low torque, good speed capability, good
dust resistance and operating temperature between -10°C to 110°C. These properties fit the
requirements of to present project. Considering conditions in present project such airflow
velocity up to 8 m⁄s, maximal rotational 1200 rpm (20⁄s) and maximum frequency of 20Hz,
shielded type of NSK deep groove ball bearings are chosen. Dimensions of selected NSK
deep groove ball bearing (MR 52 BZZ) is given in the Figure 3.6. [11].

Figure 3.6: Dimension of selected bearing

In the present project, the ball bearing outer ring will be attached to the sleeve and inner ring
will be attached to the shaft as shown in Figure 3.7.
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Figure 3.7: Position of sleeve, bearing and shaft in vane´s hub

The housing, which will carry the vane of the anemometer, has to also carry temperature and
relative humidity sensor. The design of housing and assembling of vane to the shaft and
housing will be described in detail later on.
Furthermore, the requirement for two parts is due to the installation of the shaft and vane.
The anemometer vane and shaft are installed first in the housing; later the cross is attached.
The dimensional drawing of the shaft is shown in Figure 3.8. The shaft can be made of brass
or stainless steel and will be fixed to the housing by two seeger rings.

Figure 3.8: Dimensions of the shaft for present project

3.1.5.

Hall sensor and magnet selection for the vane
anemometer

In this project the airflow velocity will be measured using previously shown anemometer
vane. To estimate airflow velocity, rotational frequencies of the anemometer´s vane need to
be measured.
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The Hall sensor will generate a series of pulses, when the magnet mounted into vane
anemometer blade will pass next to it. Depending how many magnets there are on the vanes,
there can be "n" pulses for every revolution. For instance, if there are two magnets on the
vane, there are two pulses for every rotation. Thus, number of pulses in a minute needs to be
registered and then divided by the number of magnets and the result will be rotations per
minute. For this purpose, the Hall effect sensor and microcontroller will be used in present
project. The series of Company Hamlin 55100 miniature flange mount Hall effect proximity
sensor with three wires was chosen, because of its dimensions and working principle. The
Hall effect proximity sensor is shown in Figure 3.9 [12].

Figure 3.9: Dimensional drawing of Hall effect proximity sensor

The feature of this Hall effect sensor is as follows:
‐ magnetically operated position sensor
‐ high switching speed
‐ three wires (voltage output) versions
‐ reverse/over voltage protection
‐ built in temperature compensation
‐ unaffected by harsh environment
Based on manufacturer's data and testing performed, the maximum distance between the
magnet and sensor on the vane anemometer is determined to be 5mm. To avoid any lost
pulses, it is preferable if the distance between the Hall effect sensor and the magnet is less
than 3mm.
A mentioned before the magnet has to be mounted in blade, such that the magnet will cross
the sensor for every rotation of the anemometer vane. The small magnet Generic N52
Magnets with dimensions, as shown in Figure 3.10, and following features was chosen:
- strong magnetic performance without demagnetization and
- maximum operating temperature of 80°C.

26

Methodology

Figure 3.10: Dimension of selected magnet

The rotational frequency meter can be built in many different ways. Nowadays it is easier to
use a microcontroller or computer for data acquisition, processing and display. In fact, any
microcontroller is more than suitable for this application. However, due to limited funding
and easy programming, the Atmel ATMega 8-bit microcontroller, shown in Figure 3.11, was
selected. With such microcontroller, it is possible to perform the measurements on all sensors
of the measuring unit simultaneously.

Figure 3.11: Atmel ATMega 8-bit microcontroller, used to measure airflow velocity, temperature
and humidity

Arduino software was used to program the microcontroller. During the measurements in the
NDCT by mobile units, the information on airflow properties will be transferred over the
Wi-Fi connection to the stationary measurement computer.
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3.2. Design of housing and cross
The accuracy of a measurement does not only relay on the sensor accuracy but, also on the
set up of the sensing system. For each change in the temperature or humidity, the sensor
requires a certain amount of time to equilibrate with the new environmental conditions.
Consequently, the sensor’s readings may lag behind the actual values during this time. This
is described as a response time. How to design a housing to acquire accurate measurements
is described in the following paragraph.
Any external or internal heat sources close to the sensor are likely to cause increased
temperature readings. It needs to be secured that the sensor is not exposed to the locations
with high temperatures so that the heating of the sensor is avoided. The sensor should also
be thermally decoupled from all other components, which accumulate the heat (being in
contact close or to sensor). Furthermore, it is also important to shield the sensor from heated
air and heat radiation. In relation to the internal heating, the sensor must not be located in a
hot location or near housing, with high heat capacity. In addition, it needs to be secured that
the sensor does not touch anything except the airflow. To achieve fast temperature response
times, the thermal coupling of the sensor to the environment should be as strong (Figure
3.12). Furthermore, thermal coupling of the sensor to the thermal mass of the housing should
be weak.

Figure 3.12: The proper consideration for locating sensor toward airflow in present project

For proper humidity measurements, it is important that the sensor is positioned as close as
possible to the environmental air. In order to achieve this, the housing design has to be done
in such a way that it allows unobstructed airflow over the sensor. The void volume of housing
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should be as small as possible. There should be no material which can absorb humidity inside
of the void volume (such as wool).
As a result of design iterations and the above-mentioned conditions, the most suitable design,
shown in Figure 3.13, was suggested. Such a design includes all three sensors and can be
mounted on the mobile units. It uses least useless volume possible, it is lightweight and it
can be easily assembled and unassembled. Before final design, there were several
intermediate designs. The intermediate designs were rejected mostly because of large void
volume, which results in increased weight. In addition, these volumes have a larger
temperature capacity in comparison with the final design. Another reason which makes the
final design better is the position of relative humidity and temperature sensors within airflow.
There is some consideration needed for supporting the cables of sensors in final version.
Also, by exclusion of void volume, the assembly size is 200x250mm, which is within the
boundaries for printing with available 3D printer. In addition, the cable gland is a cable entry
system that attaches to and secures a cable to electrical equipment allowing the cable or wire
to enter an enclosure while sealing out dust, dirt and liquids and providing strain relief. As
mentioned previously, to avoid any direct contact of sensors with the housing material to
perform proper and accurate measurement, the sensors will be installed in suitable cable
gland. The cable gland for each sensor will be described in sections 3.3 and 3.4.

Figure 3.13: The final design of housing

As mentioned previously, the dimension of housing is very important, seeing as that the
available 3D printer can print maximum sizes of 200x250mm. Therefore, the dimension of
final housing design is shown in Figure 3.14 below.
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Figure 3.14: Dimension of final housing design

As explained previously, the prototype is composed of two parts. The housing, which is
shown above, and cross as shown in Figure 3.15 below.

Figure 3.15: Dimension of final cross design
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Between the housing, cross and anemometer´s vane, spacer will be mounted on the shaft at
both sides. The purpose of spacer is to prevent any kind of friction in case of extension or
shortening of material due to temperature changes, either in shaft or housing. The spacer can
also be printed out by 3D printer but it has to be in mentioned dimensions because otherwise
it can cause friction. The dimensions of the first spacer are shown in the Figure 3.16 below.
And its mounting on the vane anemometer is shown in Figure 3.17. The second spacer, which
will be mounted between vane and cross, is 1mm long but the rest of the dimensions are the
same as for the first spacer.

Figure 3.16: Spacer dimension for present project

The purpose of placing spacers between vane and housing in mentioned configuration is to
prevent axial forces action on the bearing. Axial forces may add friction and change
calibration characteristics of the bearing.

Figure 3.17: Component drawing of the shaft and bearing of the vane anemometer

For connection between the prototype and the mobile unit, we selected to use of the shelf
design. Financially as well as regarding time and reliability it is advantageous to buy this
part rather than to manufacturing is using 3D printing. This is since it would be complex to
print the housing and connector part as one unit. Figure 3.18 shows dimensions of the chosen
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connector. The connector is produced by RK Company, and it is made out of reinforced
polyamide. The connector enables adjustment of the angle between the mobile unit support
and vane anemometer housing. The connector is attached to the housing by two small bolts
and nuts [13].

Figure 3.18: Dimension of connector between housing and mobile unit support

In following section, the selection of relative humidity and temperature sensor and their
mounting onto the vane anemometer housing will be discussed. Furthermore, the selection
and features of chosen temperature and humidity sensors for present project will be
addressed [13].

3.3. Temperature sensor
Based on the overview of the temperature sensors in Chapter 2 it was concluded that the
suitable sensor for the present project is NTC thermistor (type EC95), 30KΩ 0.2C bead from
manufacturer Amphenol advanced sensors. This thermistor has 0.2°C accuracy over
temperature range of 0 - 70°C. Dimensions of temperature sensor are shown in Figure 3.19
below [13].
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Figure 3.19: Dimension of NTC interchangeable thermistor, type EC95

As mentioned previously, in the present project, the size and weight of all components are
important. Despite the added weight, the recommended temperature sensor has to be inserted
in a protection sleeve. We selected to use a PG7 cable gland. The selected gland provides
required mechanical strength, and is not in direct contact with vane anemometer housing.
The dimension of PG7 cable gland used for temperature sensor is shown in Figure 3.20 [15].

Figure 3.20: Dimension of PG7 cable gland used to mount the temperature sensor

The electrical part of the sensor and a cable connecting the measuring unit to the mobile unit
measuring computer must be waterproof and resistant to other environmental influences and
physical damage. The cable glands must be properly selected depending on the cable
diameter. The use of sealing tapes, thermo-tightening sheath or other materials such as fillers
are not desired in the present project to adjust to the cable gland size. In Figure 3.21 below
the temperature sensor mounted in cable gland is shown.
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Figure 3.21: Temperature sensor and cable inserted in a PG7 cable gland

3.4. Humidity sensor
Based on reviewing different humidity sensors and their principle of operation in Chapter 2,
it was concluded that for the purpose of this project the most suitable is a capacitance
humidity sensor. We selected a HIH5031 sensor from the manufacturer Honeywell. The
sensor operates down to 2.7Vdc, ideally in battery-powered systems where the supply is a
nominal 3Vdc. In addition, the selected sensor features fast response time, enhanced accuracy
and is molded in thermoset plastic housing. We have mounted the humidity sensor in a PG
13.5 cable gland. The dimension of PG13,5 cable gland for relative humidity sensor is shown
in Figure 3.22 [15].

Figure 3.22: Dimensions of 𝑃𝐺13,5 cable gland for mounting of relative humidity sensor

Figure 3.23: Selected humidity sensor inserted in a PG 13.5 cable gland

Table 3.4 shows the weight of all the components of the prototype. The final weight of the
measuring unit is about 261g without considering the cable. The weight of the cable is
additional 28g per meter.
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Table 3.4: The weight of all components and materials used in design of the measuring unit
Component

Material

Weight [g]

Housing

ABS

136.5

Cross

ABS

5.5

Vane of anemometer

ABS

39.6

Sleeve of anemometer

Brass

3.00

Stainless steel

0.40

-

1.00

Shaft

Stainless steel

1,5

Seeger rings

Stainless steel

2.00

Temperature sensor

-

1.00

Humidity sensor

-

2.00

Cable gland for temperature sensor

Plastics

9.00

Cable gland for relative humidity sensor

Plastics

15.00

Reinforced polyamide

46.00

Bearings of anemometer
Hall effect sensor

Connector to the stick

3.5. Assembly simulation of measuring unit
After the selection of all the components that will be used to construct the measuring unit,
Creo parametric 2.0 was used to simulate the designed project. The simulation included
position of the sensors, assembling of the bearing, sleeve, spacer, shaft and vane of the vane
anemometer. As shown in figure 3.24 (a) first the shaft was inserted into the housing and it
was secured from the back of the housing using seeger rings. Then, the spacer with the length
of 2mm was positioned on the shaft to prevent the friction between housing and vane as
shown in Figure 3.24 (b).
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(a)

(b)

Figure 3.24: (a) Assembly of shaft on housing (b) Mounting the spacer on shaft between the
housing and the vane

As mentioned previously, bearings must be positioned parallel to each other. To enable this,
a sleeve was designed which is attached to the vane´s hub. The shaft and bearings will be
later mounted to the shaft, as shown in Figure 3.25 (a) below. During simulation, we will
ensure that there is no friction between blades of the vane and housing. Further, as shown in
Figure 3.25 (b), inside one of the blades the magnet is provided according to the before
explained requirements. Later the vane will be assembled on the shaft of the housing as
shown in Figure 3.26.

(a)

(b)

Figure 3.25: (a) The position of the sleeve in the hub (b) The position of the magnet insertion into
the blade
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Figure 3.26: Simulation of vane assembly on shaft

After positioning of the vane and prior to assembling the cross, another spacer with length
of 1mm is provided to prevent the friction between cross and anemometer vane.
Furthermore, the cross, which is shown in Figure 3.27, will be assembled to the housing.

Figure 3.27: Cross in present project

Afterwards, suitable seeger ring were used to secure the shaft from the cross side as shown
in Figure 3.28 (a). The final step of the simulation was to simulate the connecting part
between the housing and the mounting to the mobile units and the positioning of the
temperature and humidity sensors, as shown in Figure 3.28 (b).
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(a)

(b)

Figure 3.28: (a) Assembling the cross on housing (b) Final assembling of measuring units

After completing the simulation, the measuring unit was manufactured by 3D printer as it
will be described in details in the following section.

3.6. Manufacture of unit components
For manufacturing of the designed components of a prototype vane anemometer, the fastest,
easiest and cheapest solution is 3D printing. We had the possibility to use two materials,
acrylonitrile butadiene styrene and poly lactic acid. Acrylonitrile butadiene styrene (ABS)
3D printer filament, offering strength and temperature resistance, was used. Poly lactic acid
(PLA) is cheaper than ABS material. Nevertheless, printing with PLA material failed during
examination under environmental conditions required for operation for the present project.
Table 3.5 below shows the properties of both, PLA and ABS, materials that can be used in
3D printing.
Table 3.5: Properties of (acrylonitrile butadiene styrene) ABS and (poly lactic acid) PLA materials
Features

PLA

ABS

20-60°C (optional)

80-110°C (mandatory)

57°C

104°C

Melting temperature

150-160°C

N/A

Printing temperature

180-230°C

210-250°C

Print bed temperature
Glass transition temperature

As a purely amorphous substance, ABS have no true melting temperature, it liquefies well
before the recommended printing temperature.
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Based on properties shown in the Table 3.5 and required environmental temperature, the
appropriate material for printing the components of this project is ABS. In fact, ABS’s heat
and solvent resistance properties makes it an ideal material. The most significant drawback
of ABS material is water absorption. To prevent this, plastic spray Jay Agenciez, providing
a highly isolating film to the surface of blades, was applied.
After printing, the surface is rough and for reduced water absorption and pleasant
appearance, roughness should be decreased. Because ABS is dissolvable in acetone, acetone
is sometimes used to smooth surface of a 3D printing objects made from ABS filament.
Nevertheless, in the present project smooth polishing paper was used to polish the surfaces.
In Figure 3.29 printing process of the vane is shown.

(a)

(b)

(c)

Figure 3.29: (a) Printing process of the vane after one hour (b) The process after 6 hours (c) The
process after 12 hours

In the next step, housing was printed as shown in Figure 3.30. Similarly to the vane’s surface,
anemometer’s housing surface was rough as well. To prevent friction between the vane and
the housing, each component was carefully polished separately. In particular, tips of all
blades needed to be perfectly polished because of the limited distance between the tip of
blades and the housing.
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(a)

(b)

(c)

Figure 3.30: (a) Start of printing process of the housing (b) The process after three hours (c) The
process after fourteen hours

The sleeve, which was attached to the vane’s hub, was machined by computer numerical
control machine (CNC). The sleeve is shown in Figure 3.31. As discussed previously, the
sleeve enables accurate positioning and securing of bearings parallel to each other.

Figure 3.31: Sleeve of vane´s hub machined by CNC machine

3.7. Assembly of all manufactured components
When all the components were printed and polished, assembly of all components was
performed. The assembly was performed in agreement with the procedure described in
section 3.5. First, the shaft was attached on housing as shown in Figure 3.32 (a). To prevent
friction, it was of great importance to provide a straight position of the shaft before
assembling it to the housing. The next step was to add the spacer with length of 1mm to the
shaft, between the housing and vane as shown in Figure 3.32 (b). Due to the design, the
spacer cannot come in contact with the outer part of bearing, which is rotating.
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(a)

(b)

Figure 3.32: (a) Assembling shaft to housing (b) Attachment of the spacer to the shaft

Afterwards, the bearings were installed inside of the sleeve. It is important to ensure that
bearings are completely fitting to its positions as this secures its parallel position relative to
each other. As it was mentioned previously, in case that bearings are not aligned to each
other, increased friction may be present during the rotation of the vane. Before assembling
the vane to the shaft, a magnet was placed in the cavity at the tip of the blade for rotational
frequency measurement as shown in Figure 3.33 (b). It is of importance that this magnet will
pass next to the Hall effect sensor mounting location. After that, the vane is ready for
assembly to the shaft as shown in Figure 3.33 (a) below.

(a)

(b)

Figure 3.33: (a) Installed bearings in to the sleeve (b) Placement of the magnet at the tip of the
blade
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Furthermore, the cross is assembled to the housing as shown in Figure 3.34 (a). Finally,
temperature sensor, relative humidity sensor and Hall effect sensor are secured to the
housing as shown in Figure 3.34 (b).

(a)

(b)

Figure 3.34: (a) Final assembly of the cross on housing (b) Assembling of the humidity and
temperature sensor on measuring unit.

The assembled measuring unit is ready to be calibrated and validated in wind tunnel. In
following section, the setup of wind tunnel and the process of calibration will be described
in details.
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3.8. Wind tunnel
In this project, the wind tunnel was used to simulate the airflow velocity within the NDCTs.
In particular, the conditions needed to be simulated in order to test the developed vane
anemometer. A wind tunnel setup with flow direction upwards simulates flow conditions in
the NDCT. Therefore, we had chosen the wind tunnel setup as shown in Figure 3.35 below.

Figure 3.35: Wind tunnel setup for present project

For wind tunnel installation, fan, ducts, diffuser, straightener and bell mouth were used. In
the present project radial fan from Klima Celje, model 104/124 CVX, Slovenia was used.
The fan was available in the laboratory [16]. Its dimensions are shown in Figure 3.36.
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Figure 3.36: Dimensions of radial fan model 104 CVX 160 by Klima Celje model 104 CVX used
for the wind tunnel

The fan achieves the maximum volume flow rate, which is, 0.2 m3 ⁄s and maximum power
of 0.37KW. Figure 3.37 shows characteristics curve of the selected fan.
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Figure 3.37: Characteristics curve of the selected fan [16]

The suction side of the fan and duct need common segment. The test section velocity is
controlled by varying the fan RPM by frequency inverter Fuji Frenic, model 5000G11. The
frequency inverter was available in the laboratory.
The flow profile inside the vertical section of the wind tunnel must be constant and there
should be no swirling flow present at the location of the vane anemometer. There are three
main sources for this i.e. the swirl caused by the fan due to rotation of the runner, the elbow
on the top and the diffusor. The swirl energy at the fan can only be partially improved in a
straight uniform duct, and only over very long distances, like more than 10x of duct´s
diameter. An effective flow straightener will reduce the swirling of the flow. The straightener
only reduces swirling, but not distribution of velocity over the measuring plane. The elbow
on the top does not increase vortices.
The straightener, as shown in Figure 3.38 is designed to eliminate vortices, tangential
direction of the flow but is of little use in equalization of asymmetric velocity distributions
through the wind tunnel. The straightener will be installed before the wind tunnel elbow and
after diffuser [17].
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Figure 3.38: Standard dimensions of the straightener (BS EN ISO 5801)

The straightener was constructed according to BS EN ISO 5801 standard. In detail, eight
radial plates with the dimensions should be of adequate thickness to provide sufficient
strength but should not exceed 0.007 times diameter of the straightener, which means 1mm.
The plates were positioned in such a way that the angle among individual neighbouring
plates was 45°. Creo Parametric 2.0 software was used to design the first plate as shown in
Figure 3.39 (a), second plate as shown in Figure 3.39 (b) and two copies of each plate were
created. To insure appropriate assembly, simulation was performed to virtually place all
plates together as shown in Figure 3.40 (a). Afterwards, the straightener shown in Figure
3.40 (b) was manufactured [17].
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(a)

(b)

Figure 3.39: (a) Dimensions of first plates for straightener (b) Dimensions of first plates for
straightener
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(a)

(b)

Figure 3.40: (a) 3D design of the straightener (b) Manufactured straightener

Figure 3.41: Position of the straightener in the wind tunnel

Further, to make the airflow uniform at the inlet, a bell mouth was designed. This prevents
formation of vortices around the circumference of the pipe wall. The dimensions are shown
in Figure 3.42.

Figure 3.42: Dimension and material of the bell mouth
48

Methodology

In detail, to create the bell mouth a wooden board was selected and a hole with the diameter
corresponding to the diameter of the wind tunnel was cut into the board. The size of wooden
board was 500x500mm. As shown in Figure 3.42, from the wind tunnel wall to the bottom
80mm radius was applied. The board was secured to the end part of the wind tunnel using
holes, bolts and nuts. For the manufacturing of the round part of the bell mouth, an easy
deformable material i.e. attic extruded foam was glued on the surface of the wooden board
as shown in Figure 3.43 (a). Several layers were applied with holes with increased opening
as required to achieve a radius. Afterwards, acrylic putty material was used to make radius
of the bell mouth. The contour was sprayed with polishing material to make the surface
smooth as shown in Figure 3.44 (b).

(a)

(b)

Figure 3.43: (a) Manufacturing of the round for the bell mouth (b) Polishing of the bell mouth.

Smooth surface of the bell mouth enables the air to slide over the surface of the material and
to enter the tunnel with as little flow separation as possible. The final design of the
contraction is shown in the Figure 3.44 below.
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Figure 3.44: Final design of the bell mouth for wind tunnel

3.9. Validation and calibration
It is important to perform calibration and validation of the vane anemometer. The values
obtained will be further used to calculate the airflow velocity inside the CTs. For this
purpose, a wind tunnel was installed in laboratory as shown in Figure 3.45.
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Figure 3.45: Installed wind tunnel in the laboratory

The test section airflow velocity is controlled by varying the fan rotation speed by frequency
inverter as it was explained in previously.
The most accurate method is to measure the airflow velocity at cross-sectional area of the
bell mouth and then, based on the measurements the average velocity in the cross-section is
determined. For best results, the cross-section of the bell mouth at the location of the
measurement should have the following ideal characteristics:
- The velocities at all points are parallel to one another and at right angles to the crosssection of the bell mouth.
- The curves of distribution of velocity in the section are regular in the horizontal and
vertical planes.
- The cross-section should be located at a point where the airflow is nominally straight.
Depending on these ideal characteristics, positioning system was built as shown in Figure
3.46. It has to be mentioned that the elbow of the wind tunnel is in same direction as Y
direction at the bell mouth of the wind tunnel (see Figure 3.45).
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Ideal condition is when the velocity is the same all over the measurements locations in cross
section.

Figure 3.46: Positioning system of cross section at bell mouth of wind tunnel

There were twenty measuring points at the bell mouth of the wind tunnel selected for
measurement of velocity in X direction and Y direction as shown in Figure 3.47.
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Figure 3.47: Measuring points in the bell mouth of the wind tunnel

For measurement of velocity the hot wire probe (Almemo, FVAD35-TH5K2, Switzerland)
as reference anemometer was used as shown in Figure 3.48 (a). This was done to verify if
the airflow velocity all over the measurement cross section is equal. Since, this equalization
is ideal case; in present wind tunnel, the airflow velocity will not be equal in all points.
Thereby, the average velocity in the cross section will be considered.
A traversing arm was built, as shown in Figure 3.48 (b), made of two joints connected by
two beams. The axes were all orientated in the direction allowing movements in the crosssection area. This was a necessary feature to allow for the control of the rotational direction
of the reference anemometer.
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(a)

(b)

Figure 3.48: (a) Reference anemometer Almemo, FVAD35-TH5K2 (b) Traversing arm for
changing position of probe in entrance of tunnel

The airflow velocity at constant frequency of operation of the fan, operating at frequency of
15Hz of frequency inverter, was measured in all ten points in X direction and all ten points
in Y direction. The reference anemometer measured the airflow velocity. Afterwards,
average airflow velocity over the entire cross section was calculated. The vane anemometer
(X=160mm, Y=160mm and Z=220mm) and the reference anemometer (X=160mm,
Y=160mm and Z=165mm) were mounted deep behind the wind tunnel bell mouth with angle
of 90° toward Z direction and angle of 0° toward X and Y direction as shown in Figure 3.49.
The calibration was performed for various volume flow rates and their corresponding airflow
velocities. Selection of operating points for calibration was performed by adjusting the
frequency of inverter, driving the radial fan of the wind tunnel. The frequency of inverter
was from 60Hz decreased by 2Hz for consecutive operating points down to 8Hz. Vane
anemometer rotational frequency was averaged every ten rotations by programming of the
microcontroller. Finally, all measured data from vane anemometer are presented in the
following chapter. The calibration diagrams enable conversion from rotational frequency,
measured in the cooling tower, into airflow velocity.
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Figure 3.49: Positioning of the vane anemometer in behind the wind tunnel bell mouth.

It is of importance to note that all measured graphs are specific to the present vane
anemometer unit. When another vane anemometer will be manufactured, the calibration
procedure must be repeated. The vane anemometer was calibrated twice, in dry and wet
conditions. Wet conditions were simulated by spraying the water into the wind tunnel. The
goal of such approach was to simulate the saturated humid environment in wet cooling
towers. In the following Chapter 4, the results of calibration will be shown and discussed. In
Chapter 5 possible improvements of the prototype will be discussed.
The calibration of relative humidity and temperature sensors were not performed. Such
decision was taken due to time constraints. It is suggested that factory calibration of these
two sensors is adequate for measurements in wet cooling towers. In addition, for calibration
of relative humidity sensor, special instrumentation is needed which was not available in the
laboratory. In Chapter 5, the improvement of relative humidity and temperature sensors will
be discussed.

3.10. Measurement uncertainty
It is impossible to measure, validate or calibrate measurement equipment without errors. The
error between exact value of measured variable and measured value can occur due to
different reasons [18].
One of the most important measurement instruments used for present project is hot wire
anemometer (FVAD35-TH5K2). It is used as a reference measurement sensor to calibrate
the vane anemometer. The technical information of this anemometer is described in Table
3.6. In addition, among other factors dust particles, dirt and oil vapors in the airflow, not
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properly aligned insertion, flow instabilities and uneven distribution of velocity in the wind
tunnel increase the measurement uncertainty of the hot wire anemometer [18].

Table 3.6: Technical data of FVAD35-TH5K2 used as a reference measurement instrument
Measuring range

0.2 to 20m/s

Resolution

0.01 m/s

Response time

<1.5 seconds

Accuracy

± (0.2m/s + 2% of measured values)

Nominal condition

22°C ± 2K, 45% RH ± 10% RH 1013mbar

Temperature compensation

0 to +50°C

Influence of temperature

± 0.3% of measured values/°C at 0.3 to 20m/s

Incidental flow

bidirectional

Angle dependence

<3% of measured value with deviation <15°

Pressure range

Ambient pressure

Pressure compensation

Automatic in range 700 to 1100mbar

The resolution of the wind speed measurement is 0.01 m/s (Table 3.6). Meaning, the inherent
uncertainty of the measurement will be at least ± 0.01 m/s. Furthermore, the accuracy of the
measurement is 0.2 m/s ± 2%. Thus, the total estimated measuring uncertainty would be ±
(0.2 + 2% of the measured value) + 0.01. If this is applied to the results presented in Table
4.1, the inherent measurement uncertainty is 0.99 ± 0.01m/s. Further, the accuracy of the
measurement, if the value of 0.2 m/s ± 2% is taken into account, is 0.22 m/s. Meaning, the
estimated totally measurement uncertainty is 0.99 ± 0.23 m/s.
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4. Results
The results section includes measurements of airflow velocity distribution in the wind tunnel
and calibration of the vane anemometer in dry and wet conditions.

4.1. Measurement of velocity distribution in the wind
tunnel
Frequency inverter, set on 15Hz, provided stable airflow velocity. The airflow velocity was
measured deep in the wind tunnel bell mouth at predefined twenty points in X and Y
direction as depicted in Figure 3.49. Table 4.1 and figure 4.1 show airflow velocity and
average airflow velocity in the cross section. The labelling of measuring positions in Table
4.1 corresponds to Figure 3.47.
The Figure 4.1 shows the airflow velocity over the cross section in X and Y direction. The
largest deviation between X and Y direction is 0.09 and it can be ignored. Based on the data
provided in Table 4.1 and Figure 4.1 it is suggested that the airflow velocity close to the duct
wall (after 310mm in Y direction) is greater than in the centre of the duct. As it can be
recognized in the Figure 4.1, the airflow velocity starts to increase in Y direction at 312.5mm
until the 362.5mm.
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Table 4.1: Airflow velocity in different fan rotation and position
Distance [mm]
X Direction

Y Direction

137.5

0.0

162.5

0.0

187.5

0.0

212.5

0.0

237.5

0.0

262.5

0.0

287.5

0.0

312.5]

0.0

337.5

0.0

362.5

0.0

0.0

137.5

0.0

162.5

0.0

187.5

0.0

212.5

0.0

237.5

0.0

262.5

0.0

287.5

0.0

312.5

0.0

337.5

0.0

362.5
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Minimum
[m/s]

Maximum
[m/s]

Average
[m/s]

0.95

0.99

0.978

0.96

1.04

0.995
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Figure 4.1: Verifying of wind tunnel by reference anemometer (hot wire probe)

4.2. Calibration of the vane anemometer
Figure 4.2 shows the relation between the rotational speed of the radial fan of the wind tunnel
and velocities measured by the reference anemometer (hot wire probe).
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Rotational frequency of inverter[Hz]
Figure 4.2: Relation between the rotational frequency of inverter and airflow velocity (m/s)

Figure 4.3 shows the relation between the rotational speed of the radial fan obtained from
8Hz to 60Hz and rotations per second of vane anemometer.
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Rotational frequency of radial fan of the wind tunnel [Hz]
Figure 4.3: Relation between rotational frequency of inverter and rotation per second of vane
anemometer

The sensible decreasing and increasing of rotation per second of the vane anemometer in
Figure 4.3 will be discussed in following chapter.
Figure 4.4 describes rotation per second recorded by vane anemometer, and airflow velocity
inside the wind tunnel, which was measured in same time by reference anemometer (hot
wire probe) positioned under the measuring unit in dry and wet condition.
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Figure 4.4: Relation between rotation per second of the vane anemometer, and airflow velocity

Regarding Figure 4.4, deviations from the linear relationship in some frequencies of the vane
anemometer were noticed. The cause and possible improvements will be discussed in next
chapter. This graph (see e.g. Figure 4.4) is of the most importance to the present project.
When the mobile unit drives across the drift eliminators surface of the NDCTs, the mobile
unit measurement computer will record the rotational frequency of the vane anemometer,
and using the calibration diagram above calculate the instantaneous airflow velocity.
The comparison of the rotational frequency of the vane anemometer in wet and dry
conditions shows that vane anemometer rotational frequency in a wet condition is greater
than in the dry one. Nevertheless, the difference is less than the measurement uncertainty of
reference hot wire anemometer. It has to be mentioned that both measurements were
performed on same day so the conditions in laboratory were not different.
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5. Discussion
The main objective of the present project was to develop a measuring unit to provide accurate
measurement of temperature, relative humidity and the airflow velocity inside NDCTs. It
was desired that the measuring unit would include the following features:
‐ All three sensors have to be assembled in one housing.
‐ Measuring unit needs to be light, to keep the weight of the mobile units low.
‐ The vane anemometer should have the least friction possible.
‐ Measuring unit must be able to withstand, and operate in the environment inside the
NDCT.
‐ Production of measuring unit needs to be of low cost.
The vane anemometer was chosen for the present project, where rotation of the vans
generates a pulse, and is intended to be used for measuring low airflow velocities. As
mentioned in the Chapter 2, there are different types of anemometers available on the market,
but the vane anemometer was chosen since it is easy to implement and use. Hot wire probe
could be also suitable for the measurement of airflow velocities in dry cooling towers.
However, because of the presence of water droplets in NDCTs, using a hot wire probe is not
an option. Moreover, this anemometer can operate on batteries, which is an important aspect
since the mobile units will be in connection with computer and controller by Wi-Fi.
Further, among all the bearings for anemometers that exist on the market, deep groove ball
bearings were chosen because they have the lowest friction at sufficiently high mechanical
strength. For sensing of rotational frequency, the Hall effect sensor was selected. Magnetic
sensing, as opposed to the optical method, was applied in order to acquire the vane rotation
for translating the movement into an electrical signal. In addition, the magnetic sensor is not
prone to fogging as it is the case with optical sensors. It is also easier to mount a magnet to
generate a pulse in comparison with an optical sensor. The Hall effect sensor is used because
it is not mechanical as reed switch, meaning it is not likely to generate the false signal and it
is faster. Furthermore, unipolar instead of bipolar Hall effect sensor is chosen because the
unipolar sensor changes the state of the electric signal every time a south pole is close to the
sensor Chapter 2.
For the present project, Atmel AT-Mega 8-bit family of microcontroller was used since it is
easy programmable. It also offers a possibility to change the calibration equations, while the
programming capabilities are fully suitable for the needs of the present project.
The housing of the measuring unit should use the least of volume possible; it should be very
light and easy to assemble and disassemble. For this purpose, the housing was designed in
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two parts consisting of housing and cross. During the manufacturing process, ABS material
instead of PLA was used since it was observed that PLA material is not resistant to high
temperatures in comparison to ABS. Temperature resistance of around 60°C is a prerequisite
to withstand the conditions in NDCT.
One of the most important factors in the present project is the weight of the measuring
instrument considering the mobile unit will carry it. As mentioned in Table 3.4, the heaviest
part is the housing. To decrease the weight, some sinking with certain dimensions on the
surface of this part can be considered, as shown in Figure (5.1.) below. Such a design would
have only limited influence on measuring the airflow velocity and working principle of vane
anemometer. Another option to decrease the weight of this part is to design it with hollow
walls which will reduce the weight but on the other hand, it has to be also ensured that the
housing would not deform when exposed to high temperatures.

(a)

(b)

Figure 5.1: (a) 3D consideration of sinking in housing (b) Dimension of consideration of sinking in
housing

It is not possible to reduce the weight by decreasing the size of the vane anemometer.
Namely, small vane anemometers are too susceptible to the local airflow fluctuations. On
the other hand, a large vane anemometer is less sensitive to local turbulence in the flow. An
additional step in improving the housing is the improvement of the cross (see Figure 5.2).
Because of the limited thickness of the cross, it is possible that it will lose its stability after
a certain time. The idea is to consider an edge and its dimensions, as shown in Figure 5.2
(a), on the housing and design the cross as a circular as shown in Figure 5.2 (b). The cross
will be attached to the housing as shown in the simulation depicted in Figure 5.2 (c).
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(a)

(b)

(c)

Figure 5.2: (a) Design and dimension of edge on housing for the cross (b) Dimension and design of
the cross (c) 3D assembling of the cross on the housing

In addition, to keep both the housing and the cross parallel and the vane in the middle part
of the shaft, diameter of middle part of the shaft (inside of sleeve) can be the same as inner
diameter of bearings (see Figure 5.3). Thus, when the seeger rings are secured from both
sides of housing and the cross, they would not put pressure on the inner part of bearings.

Figure 5.3: Dimension of improved shaft

It needs to be pointed out that during the act of designing the housing, cross and vane,
printing and polishing the material, and while assembling, care needs to be taken that all this
is done in a manner preventing any kind of possible occurrence of friction between housing,
cross and vane´s blades. Further, by observing the obtained results, one must take care while
assembling the parts to avoid any small mistakes as this can cause misalignment or error and
it can affect the results. It has to be mentioned that the printing of the parts, even with a more
accurate 3D printer, is expected to influence the result and the performance of this measuring
unit.
Finding a good insulation material to fasten the relative humidity and temperature sensor
and to eliminate the cable gland is another way to decrease the weight of the prototype. As
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mentioned previously, we must assure that the sensors will not be in direct contact with the
housing.
Furthermore, to improve the anemometer to measure of airflow velocities in case of opposite
direction, we introduced the solution depicted in Figure 5.4. Two magnets can be mounted
on the tip of the blade as shown in figure 5.4 below. In the case of usual forward rotation of
the blade, the magnet 1 will switch before magnet 2. In the case of rotation in the opposite
direction, the magnet 1 will switch after the magnet 2. Starting point of blade (magnet 1) and
exiting point of blade (magnet 2).

Figure 5.4: Setup for measuring the both direction airflow

The vane anemometer was calibrated, and it formed the most important part of the present
project. In addition, the major interest of the present project is the airflow velocity
measurement, while the relative humidity and temperature measurements are less important
and less critical for the implementation of measurements in CTs. To improve measurement
of relative humidity, the product of Vaisala company i.e. Humicap humidity sensor can be
used for present project. The key benefits of such a sensor are its long-term stability, easy
maintenance and protection against liquid water, dust and dirt. The sensing head of the
sensor is warmed continuously to keep the humidity level inside below the ambient level,
which reduces the risk of condensation forming on the probe. However, some problems of
such a sensor remain, among them its price, size and power consumption.
Regarding the temperature sensor, temperature measurement is not the main interest of
present project. Thereby, the thermistor is more than suitable in this project. The requirement
for the calibration of temperature sensor as for relative humidity sensor is not strict as the
calibration is already performed by the producer.
As mentioned in the previous chapter and according to Figure 4.1 and Table 4.1, the airflow
over the cross section of the wind tunnel is not evenly distributed. Specifically, the airflow
close to the duct of the wind tunnel is larger in Y-direction. To avoid uneven distribution of
the airflow, it would be advantageous to conduct the measurements within straight wind
tunnel and axial fan. Namely, it is expected that the elbow of the wind tunnel, as used in the
present study, causes the flow stabilities and uneven distribution of airflow velocity across
the cross section. Unfortunately, due to excessive length of the wind tunnel, it was in the
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present project impossible to conduct the measurements in the straight vertical position of
the wind tunnel within the laboratory for water and turbine machines based and without
purchasing new axial fan. If the wind tunnel was positioned horizontally, it is expected that
the anemometer calibration would be negatively affected. Furthermore, air outlet and air
entrance of wind the tunnel were positioned very closely to each other (see e.g. Figure 3.45).
This is likely to result in a turbulent airflow close to bell mouth of the wind tunnel. As was
shown in Figure 4.2, the relation between the rotational speed of the radial fan of the wind
tunnel and velocity measured by reference anemometer (hot wire probe) is linear except in
at certain frequency range.
The calibration using the reference anemometer was performed. Based on the observation
of the Figure 4.3, it shows that the prototype does not have much friction, because by
increasing the rotation of the fan, the airflow velocity started to increase linearly except in
certain frequency range. During the measuring of wet conditions it was observed that the
water drops were not able to enter the tunnel, which suggests that the airflow at the bell
mouth of the wind tunnel is too turbulent.
To improve the measurement in this stage, one has to keep in mind that the wind tunnel is
sucking the air from the bottom upwards (Chapter 3.8). The exit duct of the tunnel´s fan
(outlet air), which blows the air to the environment, needs to be in an open area and directed
away from the bell mouth of the wind tunnel. Such configuration prevents an interaction
between the wind tunnel entrance and the outlet air. Another step of improvement at this
stage of measurement is to provide a wide free area at the location close to bell mouth,
especially for airflow volume flow rates. In addition, the setup of straight wind tunnel
(without elbow) and the use of axial fan instead of radial fan are other possibilities which
can help to obtain a better result.
Furthermore, one plausible explanation is that the spacer between the housing, cross and
vane is not strong enough to keep the vane in the middle of the shaft. If this assumption is
true, then the spacer needs to be improved.
Bell mouth of the wind tunnel and the place where wind tunnel is installed can affect the
results. In particular, when measurements are performed for low airflow velocity, care needs
to be taken that an airflow within the room is minimized. This includes closing all the
windows and doors in the room and restricting any personal movement around the wind
tunnel. As mentioned before, Figure 4.3 and Figure 4.4 give the impression that the
anemometer rotates more smoothly in wet conditions than in dry conditions. While this may
be the case, the difference is not relatively large and it is suggested that the result will be
improved if the measurement is done in real condition. Specifically, during our experiment,
the water was sprayed manually. For the improvement, we may add a small water nozzle
near the wind tunnel inlet, to spray the water droplets constantly with the same flow rate.
This setup has some advantages. First, it eliminates the effect of moving person on the
airflow velocity, while the person is performing the spraying and second; the water will be
sprayed constantly and with the same volume flow rates for all frequencies.
At the end, the final cost of the production of the measuring unit is around 70 EUR for all
sensors, 3D printing and materials. By contrast, on the market, a vane anemometer of a
similar size alone costs over 700 EUR, not including tax, transportation and customs charges.
In addition, it has to be taken in consideration that there are also some expenses for the
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temperature sensor and the humidity sensor. Thus, it can be concluded that the measuring
unit as designed in the present study has significant financial advantage over similar devices
that could be purchased on the market.
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6. Conclusion
It is concluded that all the objectives of the project described in this thesis were achieved,
namely;
1) We designed and manufactured a measuring unit that is suitable for use in NDCTs.
2) The obtained results indicate the anemometer works accurately in dry and wet conditions.
3) We found that the setup of the wind tunnel was a reason of some error in the results.
The humidity sensor, the temperature sensor and the connector between the prototype and
mobile units were bought from market, while the rest of the components were designed and
manufactured. Specifically, the housing is lightweight and can thus be easily carried by the
measuring unit. The material used for manufacturing the housing and other belonging parts
is able to withstand the environment typical for NDCTs. All three sensors were successfully
implemented into the housing. Estimation of the production costs offers financial advantages
over designs purchased on the market.
Recommendations for future research
Recommendations for future research based on this thesis are;
- To design and produce a measurement unit with lighter weight.
- Use more accurate 3D printer to manufacture the designed components.
- In case that the finances are not an issue, it is recommended to choose more accurate
temperature and humidity sensors.
- Calibration of the measuring unit should be conducted in optimally positioned wind
tunnel.
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