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Abstract
This thesis covers development of temperature measurement model for a prototype
device. The prototype is used for development of other measurements, where tem-
perature acts as a secondary quantity, which is used to compensate for errors in the
primary measurements. No hardware development was done, existing features of
the prototype were used for measurements. Developed model was mathematical and
created in a way that allows easy implementation into embedded software. Addi-
tional challenges for development were large mass of the prototype and heating of
cuvette where primary measurements are done. The prototype is intended for use in
hazardous environment, which affects its design choices.

Data about raw measurement values was gathered with an experiment planned
using design of experiments (DOE). Mixed-level factorial design was used in the
experiment. Data gathered from the experiment was used to develop a measurement
model that achieved desired accuracy specification. The model was implemented into
embedded software and several replicates of prototype built for verification testing.
Performance of the model was verified with a smaller experiment using multiple
devices. Gage R&R analysis was done to assess repeatability and reproducibility
of the measurement model. Results of Gage R&R were not as expected, but the
measurement accuracy was still within specifications. Improvements were made to
the measurement model based on verification experiment data.
Keywords Temperature measurement, measurement model, design of experiments,

mixed-level factorial, hazardous environment, verification testing
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Tiivistelmä
Tämä diplomityö käsittelee lämpötilan mittausmallin kehitystä prototyyppilaitteelle.
Prototyyppiä käytetään muiden suureiden mittausteknologian kehitykseen. Läm-
pötila toimii toissijaisena parametrina näille suureille, jolloin sitä käytetään niiden
mittavirheen korjaukseen. Osana diplomityötä ei tehty laitekehitystä, vaan käytettiin
prototyypissä jo olevia mittaus antureita. Kehitetty mittausmalli on matemaattinen
ja kehitetty tavalla joka mahdollistaa sen implementoimisen sulautettuun ohjelmis-
toon mahdollisimman helposti. Lisähaasteita kehitystyölle toivat prototyypin suuri
massa ja pääasiallisten mittausten suorittamiseen tarkoitetun kyvetin lämmittämi-
nen. Prototyyppi on tarkoitettu käytettäväksi räjähdysvaarallisissa ympäristöissä ja
tämä on vaikuttanut sen suunnittelulähtökohtiin.

Käsittelemätöntä mittadataa kerättiin kokeella, joka oli valmisteltu koesuunnit-
telun periaatteiden mukaisesti. Kokeessa käytettiin sekatasoista faktoriaalikoetta.
Kerätys datan perusteella kehitettiin lämpötilan mittausmalli, joka täyttää sille
asetetut vaatimukset mittaustarkkuuden suhteen. Malli implementoitiin sulautet-
tuun ohjelmistoon ja prototyypistä valmistettiin useita kopioita verifikaatiotestausta
varten. Mittausmallin suorituskykyä verifioitiin pienemmällä kokeella käyttäen useam-
paa kopiota prototyypistä. Mittauksen toistettavuutta ja uusittavuutta tutkittiin
Gage R&R -menetelmillä. Näiden menetelmien tulokset eivät olleet odotusten mukai-
sia, mutta mittaustarkkuus täytti silti vaatimukset. Verifikaatiotestauksesta saadun
datan perusteella jatkokehitettiin mittausmallia paremmaksi.
Avainsanat Lämpötilan mittaus, mittausmalli, koesuunnittelu, sekatasoinen

faktoriaalikoe, räjähdysvaarallinen ympäristö, verifiointitestaus



5

Preface
I had the chance to do this thesis as part of my everyday work at Vaisala. While
most of the writing happened at home, the hours used into this during work hours
were crucial. For that and general flexibility for my combined studies and work, the
first thank you goes to my manager Arto Harju.

I thank my thesis supervisor professor Mervi Paulasto-Kröckel for her feedback
and especially critique on my writings. Another person who read my drafts carefully
and provided excellent academic advice early on, worthy of my gratitude is Antti
Heikkilä. I also thank Esko Hellgren for proofreading and finding all kinds of typing
mistakes that I had missed. Thanks to Jarno Parttimaa for our discussions in physics
and his opinions on good writing practices. I also wish to thank Enni Haverinen,
Jani Pakarinen, Olli Lauronen, Niina Kajovuori and my advisor Petteri Juvonen for
many things.

Lastly, special thanks to all my krav maga brothers and sisters who helped me
get rid of all extra energy and accumulated frustration. I would have become insane
without you!

Vantaa, September 12th 2018

Mikael Nosa



6

Contents
Abstract 3

Abstract (in Finnish) 4

Preface 5

Contents 6

Symbols and abbreviations 7

1 Introduction 9

2 Temperature measurement 11
2.1 Resistance thermometers . . . . . . . . . . . . . . . . . . . . . . . . . 12
2.2 Thermocouples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
2.3 Radiation thermometers . . . . . . . . . . . . . . . . . . . . . . . . . 15
2.4 Noise thermometers . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Effect of other quantities on temperature measurement . . . . . . . . 17
2.6 In situ measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

3 Hazardous environment 20

4 Design of Experiments 23
4.1 Full factorial design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 Fractional factorial design . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3 Mixed-level design . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4 Response surface method designs . . . . . . . . . . . . . . . . . . . . 27
4.5 Analysis of variance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

5 Experimental setup 30
5.1 Prototype device . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
5.2 Experiment setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

6 Experiment results 39
6.1 Data and its integrity . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.2 Measurement model . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

7 Verification of model 52
7.1 Test setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
7.2 Test results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

8 Conclusion 62

References 64



7

Symbols and abbreviations

Symbols
A, B, C, D Steinhart-Hart coefficients
c0 . . . ci thermocouple coefficients
cp specific heat (in constant pressure)
E thermoelectric potential [µV]
F probability output of analysis of variances
F

(1)
H2O water factor 1

F
(2)
H2O water factor 2

I number of levels for each factor
J number of factors
kB Boltzmann constant, 1.38064852 ∗ 10−23 J/K
m mass
MSE mean square of residuals
MSF mean square of factors
PC probability of presence for combustible gas-air mixture
PE probability of explosion
PI probability of presence for ignition capable event
Pw water vapor pressure
Pws water vapor saturation pressure
Ptot total pressure
PPMv volumetric absolute humidity in parts per million
Q heat
q thermal power
R resistance
r correlation coefficient
R0 resistance at 0 ◦C
R100 resistance at 100 ◦C
RHproc process relative humidity
RHproc_ref reference process relative humidity
T absolute temperature
t time
t90 temperature relative to cold junction
Tamb ambient temperature
Tamb_ref reference ambient temperature
Tdigital temperature measured at ambient end of prototype
Text_b first compensated ambient temperature
Text_c process temperature compensated ambient temperature
Text_d water compensated ambient temperature
Tmcu microcontroller internal temperature
Tproc process temperature
Tproc_b first compensated process temperature
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Tproc_c ambient temperature compensated process temperature
Tproc_d water compensated process temperature
Tproc_e Tmcu compensated process temperature
Tproc_ref reference process temperature
TPt100 temperature measured at process end of prototype
TPt100_20 TPt100 when Tamb = 20 ◦C
TPt100_40 TPt100 when Tamb = 40 ◦C
TPt100_60 TPt100 when Tamb = 60 ◦C
V volume
V 2 average of squared voltages
x arithmetic mean
α temperature coefficient for material
∆f frequency range
∆T temperature gradient
δText error of ambient temperature measurement
δTproc error of process temperature measurement
ρ density
σ standard deviation

Abbreviations
AC Alternating Current
AIAG Automotive Industry Action Group
ANOVA Analysis of Variances
BIPM Bureau Internationale des Poids et Mesures,

international organization representing members of the Metre Convention
DC Direct Current
DOE Design Of Experiments
FINAS Finnish Accreditation Service
HSE Health and Safety Executive,

national health and safety authority in United Kingdom
IEC International Electrotechnical Commission
MCU Microcontroller Unit
MIE Minimum Ignition Energy
MSL Measurement Standards Laboratory
NIST National Institute of Standards and Technology,

national metrology institute of United States of America
NTC Negative Temperature Coefficient
PCB Printed Circuit Board
PRT Platinum Resistance Thermometer
PTC Positive Temperature Coefficient
PTR Precision to Tolerance Ratio
RSM Response Surface Methodology



1 Introduction
This master’s thesis covers measurement technology development done for Vaisala Oyj.
Vaisala is a company that creates devices for environmental measurements [1]. These
measurements were initially weather related, but have since been expanded to
industrial processes [2]. This development of temperature measurement technology is
related to industrial processes as a secondary parameter, yet one that affects primary
measurements. The goal was to develop temperature measurement capability for a
process in hazardous environment, where optics required by primary measurements
are also heated to avoid condensation of water on them. In this thesis, hazardous
environment refers to flammable gas in a pipeline. Literature uses terms hazardous
atmosphere and explosive atmosphere to refer to any mixes of flammable gases, dusts
or vapors in mixture with another gas, typically air [3]. Another term is hazardous
location [4]. It is this combination of hazardous environment and heating in the
process end that makes simultaneous temperature measurement challenging. Some
development on the subject had been done by others at Vaisala before this thesis
was started. There was already a prototype built that had rudimentary capabilities
and acted as hardware basis for this development. This thesis continues development
from there with focus on creating a temperature measurement model that produces
accurate and compensated readings from raw values.

The stated goal can be elaborated to mean that measurement accuracy of
±5.0 ◦C should be achieved without need to use external temperature probe due to
effect of heated optics. Accuracy specified is based on estimates by a team developing
the primary measurements, that such accuracy keeps their measurement accuracy
within required limits. Not reaching desired accuracy in primary measurements
would hinder productization potential of this measurement technology. As the target
environment is a process that can be considered hazardous, amount of couplings
that penetrate into it should be minimized. Analog inputs in environments with
potentially explosive atmospheres would also need to be galvanically isolated and
Ex i certified [5]. This would increase size, cost and complexity of designs with
external probes. Therefore an external temperature probe in addition to a probe
with the primary measurements is a disadvantage for productization. To achieve this,
empirical tests are done with developed prototypes to gather data. Such data is then
used to create a mathematical model that produces accurate temperature values from
raw measurement results. This model then needs to be verified for reproducibility
with multiple individual probes of the same model. Methods used include statistics,
especially regression analysis, design of experiments and Gage R&R.

Main question to be answered during this development was if it is possible
to achieve the desired accuracy without an external temperature probe. Even if
such solution is not possible, the information is valuable for further developments.
Other questions related to that are what other conditions exactly affect temperature
measurement and how reproducible it is when rolled out to multiple devices of the
same model. The main question will be answered by conducting an experiment
and calculating a measurement model as a result. Accuracy achieved by the model
provides an answer to the main question. Answers to the other questions are to be
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figured out by verification tests including a reproducibility study.
There are some limitations to the scope of this development. Firstly, hardware

design is not included, it already exists in one form and if changes to it are needed,
they are made by another team. In such case however, tests and development
will continue on new prototypes. This is a natural part of technology and product
development. New prototypes are expected to be created throughout the development
process. Secondly, development efforts are made only for temperature measurement
accuracy. While some tests may be done for other temperature related things than
measurement accuracy, any further work based on such results are out of scope of
this thesis. Actual productization of said technology is also ruled out of scope, but
as stated previously, some requirements for this development are laid out by desire
to create a product out of it.

Throughout this thesis, word prototype is used several times. Prototype means
an example of a machine or device to be developed [6]. In this context, several
such prototypes with minor differences existed during the making of this thesis.
These prototypes served as hardware basis for developing several technologies, not
just the temperature measurement. Another important term is probe, which in
Vaisala’s vocabulary is used to mean a device or part of it, that houses the sensor
itself. A device can consist of an indicator part and one or more separate probe parts.
Sometimes a device is just a standalone probe that does the measurement and sends
the result out through signal lines. These probes are often inserted into some specific
process through conduits and fittings used by customers. Word cuvette is used to
describe a part of the prototypes. Cuvette is defined as a transparent container
for holding fluids for study [7]. While a cuvette may be made of glass [7], other
transparent materials can also be used. In this context, cuvette used in prototypes
had plastic outer walls, a mirror on one end and was open on the other end. The
open end was againist a glass when the cuvette was installed in its place at the
end of the probe. These cuvettes were made for gas, which flows in and out freely,
while it is measured optically. When something is measured in such process, this
is called in situ, another term which is used throughout this thesis. In situ means
doing something in the original place, in this case, measuring in the process and not
outside of it [8]. In practice this means that the probe must be fully or partially
inside the process and at least some feedthrough is required to get signals in and out
of it.
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2 Temperature measurement
To measure temperature, it is necessary to understand it. Kinetic theory of gases
defines temperature as kinetic energy distribution of molecules that is proportional
to the absolute temperature in ideal gas law [9, 10]. This means that the larger the
temperature of a given matter of molecules (or other particles), the more kinetic
energy they have, thus the more motion they have [11]. Another definition is in ther-
modynamics, where temperature is a state that takes the same value in two systems
that are in thermal contact, when they reach thermal equilibrium [9, 12]. When such
systems are in thermal contact, heat flows from one system to another, from high to
low, until both systems have equal heat, being in thermal equilibrium [9, 11]. This
then introduces two important concepts related to temperature measurements, ther-
mal contact and thermal equilibrium [9]. This means that to measure temperature
of some arbitrary matter, there must be a thermal contact between the matter being
measured and the temperature sensor [11]. When that contact exists, heat flows,
and temperatures of the matter and the sensor change towards each other. Once the
change has fully occurred, both are in thermal equilibrium. Then the temperature
sensor can be used to find out current temperature of these two systems in thermal
contact with each other.

In practical measurements care must be taken to ensure proper contact of tem-
perature sensor to target being measured [9]. Improper contact can cause the sensor
to reach equilibrium with something else, and measure the temperature of different
matter or object than intended. This is especially important when measuring solid
objects, as they are more difficult to get to contact compared to liquids and gases [9].
Temperature sensors must also be given enough time to reach thermal equilibrium
with the target being measured, otherwise untrue results are received [9]. This is
based on heat transfer being dependent on temperature difference, material properties
and time as shown in Equation 1 where q is thermal power expressed in watts, V
is volume, cp is specific heat and ρ is density [9]. Hautala and Peltonen give this
Equation in another form, where the quantity on the left side is change of energy
per change of time [11]. This means that heat energy per time is transferred across
some medium, which is dependent on mass and specific heat of the medium and
temperature difference over it. Figure 1 further illustrates this.

q = V cpρ
dT

dt

⇒q = mcp
dT

dt

(1)

As Equation 1 shows, mass of object and its specific heat affect the time it takes
for heat to transfer until thermal equilibrium is achieved. Temperature gradient dT
also affects this as a driving force. In actual measurements, masses and specific heats
of all materials in thermal contact matter. A thermal sensor in proper contact with
the object to be measured changes towards the object’s temperature quickly at first,
but this response slows down as the temperature difference decreases [9]. As real
temperature sensors are rarely homogenous objects, calculating the response through
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Figure 1: Thermal power transfer as two objects pursue thermal equilibrium. Simul-
taneous cooling of hotter object is not shown.

theoretical equations becomes complex, for many sensors include encapsulation and
wiring in addition to the sensing element itself [9].

In practice there is no direct way to measure temperature as it is defined through
the kinetic theory of gases or the zeroth law of thermodynamics [13]. Instead
temperature measurement is done by measuring other physical quantities that are
affected by temperature [13]. According to Ricolfi et al. [9] temperature sensors
can be divided to primary and secondary sensors. Primary or thermodynamic
sensors measure some physical quantity that is directly related to principles of
thermodynamics, while secondary or practical sensors have an empirical relation to
some physical quantity [9]. Michalski et al. [13] categorize temperature measurements
as either direct or interferential. Direct measurement means measuring a quantity that
has been affected by temperature, while interferential measurement applies energy
to a medium, which is then observed to measure its thermal characteristics [13].

Historically various gas and liquid thermometers have been used to measure
temperature [12, 13]. Such thermometers function by utilizing a closed capillary
tube with constant volume, where a liquid or gas expands as temperature rises, then
indicating the temperature on an analog scale [12, 13]. These thermometers are
not optimal for modern process monitoring or controlling, as they lack electrical
connections [9]. For this reason, this Section only discusses electrical temperature
sensors.

2.1 Resistance thermometers
Resistance thermometers are based on a principle that electrical resistance of a
material changes in relation to temperature [9, 14]. This change can be either
directly or indirectly proportional to temperature. Resistance thermometers range
from simple chips of sensing material with two leads to more complex wire wound
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structures with hermetic encapsulation. Sensing elements can be made of pure metals,
non-metals or alloys. Examples include carbon, copper, germanium and rhodium-iron
alloy. Platinum is the most commonly used due to its wide range and linearity. [9]
Depending on construction, platinum resistance thermometers (PRT) can have a
range from −200 ◦C to 600 ◦C [15] or even to 1300 ◦C with special high temperature
PRTs [9]. PRTs are available as platinum thick- and thin-film resistors on small chips
and as high purity platinum wire wound around a supporting rod [9]. The latter are
used for high accuracy measurements where strain caused by thermal expansion of
the wire can be avoided, as a coiled wire has space to move when expanding [14].
PRTs are typically created as Pt100 and Pt1000 sensors, where the number refers to
their resistance at 0 ◦C [16]. In case of Pt100, platinum has temperature coefficient
α = 3.850 × 10−3◦C−1 defined by Equation 2, where R0 is resistance at 0 ◦C and R100
is resistance at 100 ◦C [9]. This results in a resistance change of 0.385 Ω/◦C when
calculated using Equation 2 and substituting 100 ◦C with 1 ◦C.

α = 1
100 ◦C × R100 − R0

R0
(2)

Other resistance thermometers used are thermistors with either positive or negative
temperature coefficient [9, 14]. Of these, thermistors with negative temperature
coefficient (NTC) are more common for measuring temperature, while those with
positive temperature coefficient (PTC) are used as heat switches [9, 13, 17]. Typical
materials for thermistors are oxides of iron, chromium, manganese and nickel [14, 13].
Thermistors can be almost as accurate as PRTs at a cheaper cost, albeit with narrower
range of accurate measurement [9, 13]. Typical measurement ranges of thermistors is
between −100 ◦C and 300 ◦C [13]. Nominal resistance values of thermistors are given
at 25 ◦C and for NTC thermistors typical values are between 1 kΩ and 20 kΩ [14].
Thermistors are available as beads, rods and discs [9, 14] for through-hole mounting
and as chips [13] for surface mount components. Relation between temperature and
reistance of thermistors is according to Equation 3 [18, adapted from] where A, B, C
and D are coefficients. Presence of natural logarithms and exponents shows that
response of thermistors is not linear. The equation can have more exponent terms,
but third order provides usable approximations [18, 9].

1
T

= A + B ln(R) + C [ln(R)]2 + D [ln(R)]3 (3)

Resistance measurement requires a current going through the resisting elements
and voltage over them being measured, so self-heating can become an issue [14, 13].
The amount of power dissipated over them should be minimized to make sure
the measurement result is not higher than the actual object being measured [14].
Measurement circuits are usually designed to have 0.5 mA to 10 mA for PRTs and
10 µA to 100 µA for thermistors [9]. Self-heating errors can be compensated if they are
determined with a measurement at the same conditions as actual usage will happen [9].
Resistance introduced by wires can be compensated by four wire measurement, where
current is fed through two wires and voltage loss over the resistive sensor is measured
over two other wires [9]. Resistance thermometers can also be configured into various
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bridge circuits, like Wheatstone, Kelvin or Siemens bridge [9, 13]. These bridges
provide accurate resistance measurements as direct currents (DC) are balanced
through them [9, 13, 17]. Figure 2 illustrates a Wheatstone bridge. There exist
alternating current (AC) bridges where frequency of the measurement signal is usually
around few hundred hertz [9]. Advantages of AC bridges are linearity, sensitivity to
changes in resistance and neutralization of parasitic voltages [9]. Some AC bridges
use square wave as the measurement signal, sine wave is less common [13].

Figure 2: Wheatstone bridge circuit.

2.2 Thermocouples
Thermocouples are wires of two different metals that are joined at the measurement
end, called hot junction and reference end, called cold junction [9, 17]. This cold
junction side often includes measurement circuitry instead of the wires being just
twisted together [9, 14]. Function of thermocouples is based on Seebeck effect, where
the two differing materials create a thermoelectric potential dependent on temperature
difference between the hot and cold junctions [9, 11]. For temperature measurement
purposes, temperature at the cold junction must be known and then temperature at
the hot junction is calculated using Equation 4, where t90 is temperature relative
to cold junction temperature and E is thermoelectric potential in microvolts [19].
Coefficients c0 to ci are coefficients unique for each thermocouple type and voltage
range of E [19]. Table 1 lists ITS-90 recognized types of thermocouples and materials
they are made of [20].

t90 = c0 +
n∑

i=1
ciE

i (4)

Thermocouples have wide ranges, for example type T has range from −200 ◦C
to 300 ◦C [9, 20]. Type R has the widest range, being from −50 ◦C to 1768 ◦C [19].
Thermocouples are used for laboratory and industrial applications where very low or
very high temperatures need to be measured [9]. Materials used in thermocouples
must have high enough melting point to allow measurement of high temperatures, be
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Table 1: Thermocouple types and materials. [20]
Type (+) material (−) material
Type T Copper Copper-nickel alloy
Type J Iron Copper-nickel alloy
Type K Nickel-chromium alloy Nickel-aluminum alloy
Type E Nickel-chromium alloy Copper-nickel alloy
Type N Nickel-chromium-

silicon alloy
Nickel-silicon alloy

Type R Platinum13%-
rhodium alloy

Platinum

Type S Platinum10%-
rhodium alloy

Platinum

Type B Platinum30%-
rhodium alloy

Platinum6%-rhodium
alloy

homogenous after annealing and be resistant enough to corrosion [9]. Thermoelectric
potential of the material combination must be large enough to be reliable measured [9],
typically from 1 µV to 100 mV [20].

Thermocouples are sheathed in electrically insulating materials to prevent contact
of the two wires except at the hot junction. Materials used for this include enamels,
rubbers, plastics, fiberglass and ceramics for highest temperatures. Requirements for
flexibility, abrasion resistance and corrosion resistance limit choices for sheathing
materials. Less flexible materials are usually used when the thermocouple will be
housed in a metal or ceramic protection tube. [20] Such tubes are often made gas
tight on process end for insertion into a medium to be measured in situ [20, 9].

2.3 Radiation thermometers
All physical objects that have absolute temperature above zero emit thermal radiation.
As per Stefan-Boltzmann law, this radiant exitance is dependent on the fourth power of
temperature [9, 11], thus the effect is much greater for high temperature objects. This
physical principle is utilized for contactless temperature measurement in radiation
thermometers [9]. Wavelengths emitted by hot objects, which radiation thermometers
are capable of sensing, range from 500 nm at visible light spectrum up to 20 µm at
far infrared [9]. Emissivity of different materials differs and this affects total thermal
radiation of objects [9, 11]. Some types of radiance thermometers require surface
emissivity of the measurement object to be known [9].

There are many different types of radiation thermometers. Total-radiation ther-
mometers measure a wide range of infrared and are used as generic thermometers for
low temperature measurements, where the objects do not emit at visible wavelengths.
Single-waveband or monochromatic thermometers measure thermal radiation at
narrower wavebands, which may be at nanometer or micrometer wavelengths. When
shorter wavelengths of near infrared or visible light are used, radiant energy increases
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rapidly, about 2 % per ◦C. [9] This increases sensitivity, as small changes in tempera-
ture can be distinguished from each other. Multi-waveband thermometers are more
specialized instruments that measure thermal radiation at multiple different ranges
of wavelengths [9]. Results on multiple wavelengths from a same object provide
information on the object’s emissivity, that can be used to gain more precision on
temperature measurements. Ratio thermometers measure at two separate but narrow
wavelengths, and temperature is calculated based on ratio of radiances at these
different wavelengths. This eliminates emissivity, absorption and reflection related
anomalies, assuming the effects are identical on both wavelengths used. [9]

Detectors used are semiconductors, silicon being common due to its detectivity,
linearity, stability and low cost. Other materials used include germanium, indium
arsenide and indium antimony. Silicon and germanium have minimum target temper-
atures of 400 ◦C and 200 ◦C respectively. Indium-based detectors can be used starting
from 0 ◦C. Many radiation thermometers indicate temperature by analog signals,
either volts or milliamperes, some have digital communication lines. Optical filters
are often used in radiation thermometers to limit the measurement wavelengths to a
desired range. Both bandpass and edge filters are used. The former let through a
certain range of wavelengths, while the latter only let through wavelengths above or
below a given cut-off wavelength. Optical fibers are used in practical applications to
direct thermal radiation from a measurement location to the thermometer itself that
performs detection and indication. Flexible and thin fibers allow measurements from
places which would be obstructed otherwise. [9]

2.4 Noise thermometers
Noise thermometers measure electrical fluctuations, or thermal noise [14], over
resistors [9]. This noise is statistical in nature and its mean value is zero [9].
Amplitude of the fluctuations is dependent on temperature [14, 9]. Thermal noise is
not dependent on structure of the resistor or its material properties, allowing many
possibilities when designing such sensors. Equation 5 shows the practical equation for
squared noise voltage when the sensing element is purely resistive. In the Equation
kB is Boltzmann constant, R is resistance of the element and ∆f is frequency band
over which the noise is measured. It is important to notice that V 2 means average
of squared voltage values, as square of average that is always zero would not give
sensible results. [9]

V 2 = 4kBTR∆f (5)
Noise thermometers are immune to sensor drift caused by environmental effects.

As long as the resistance itself does not change, then according to Equation 5 measured
voltages stay the same. [9] Despite this advantage, noise thermometers are not as
common as other types discussed in this Section, because of their very low signal levels.
According to Ricolfi et al, thermal noise voltages can be in range of nanovolts [9].
Such low amplitude signals require good design in instrumentation, electromagnetic
interferences must be prevented from overwhelming the actual signal and large gain
is required for amplifiers with minimal amplifier noise. Still noise thermometers are
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used for scientific and industrial applications where either the environment is too
demanding for other types or effects of drift need to be compensated. [9]

2.5 Effect of other quantities on temperature measurement
Depending on environment and circumstances, other parameters might affect tem-
perature measurement. Temperature from other locations may be conducted to
the object being measured through sensor structures, including both signal wiring
and mechanical probe body around the sensor. This happens practically every time
because thermal contact exists between the sensor and object, but the effect can
be minimized. As far as Equation 1 is considered, masses and specific heats of the
materials in system are obvious choices to minimize. By making sure that the mass
of the sensor itself, the signal wires and mechanical structures are as light as possible,
less thermal power is transferred to the object. Conversely, less transfer of thermal
power is needed from object to the sensor to achieve thermal equilibrium and make
the measurement. Specific heat as a material dependent quantity can be affected
by selecting materials that have smaller cp. For example cp for steel is 0.46, while
for silver it is 0.235 [11]. Changing the material solely based on specific heat is not
necessarily wise, as the new material may not be as suitable for the purpose due to its
other material properties. It may add total mass of the probe due to larger density for
example. Using contactless temperature measurement like radiation thermometers
can counter such problems, if they are otherwise suitable for the application.

Even if there is no conductive contact between the sensor and object, heat
is transferred through convection in fluids and radiation in vacuum [11]. From
perspective of thermodynamics, this is also thermal contact and Equation 1 still
applies. Even in static atmospheric conditions, temperature from a hot object is
transferred to surrounding air through convection, which causes the object to cool at
least from the surface. Temperature measurement of the object would then show lower
value than is really the case. This could be countered by placing the temperature
sensor so that it gets a representative reading of the object, for example inside a hole
drilled to the object for this purpose. Even if the object itself has large mass and
does not dissipate enough heat to ambient air to cool, flowing air or other fluid can
cool the sensor, again causing lower reading than intended [21]. Same principle also
applies the other way around if the fluid surrounding the object is hotter than it.
Effects of convection can be estimated using Equation 6 when temperature, specific
heat and mass flowing in time of the fluid are known [11, adapted from]. When the
thermal power brought or taken from the object is known, change in temperature
in a given time can then be calculated using Equation 7 which is simple inverse of
Equation 1.

q = cpT
m

t
(6)

∆T = qt

mcp

(7)
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Water vapor in ambient also affects temperature of objects through heat transfer.
For liquid water to have become water vapor, energy has been transferred to it [11].
This energy is present as latent energy in the water vapor and can be transferred
as heat to other objects. If the object to be measured or the temperature sensor is
cooler than the ambient temperature, water can condensate on its surface. When
this phase change from gas to liquid occurs, energy is released to the surface [11].
This energy then increases temperature of the object as shown by Equation 8 [11].
In this Equation, Q is heat expressed in joules, as opposed to q in Equation 7, which
is thermal power expressed in watts [9]. The difference is lack of time as a variable.

∆T = Q

mcp

(8)

Water is so effective in transfer of heat because it has large specific heat, being
4.19 kJ/(kg K) [11]. Inspection of the unit of specific heat cp reveals that 4.19 kJ of
energy is required to raise temperature of 1 kg by 1 K [11]. This is three orders of
magnitude less than the amount of energy required for phase change of water from
liquid to vapor, which requires 2260 kJ/kg at normal pressure [11]. This energy is
transferred as heat to the object when water condenses on it [11].

2.6 In situ measurements
In situ temperature measurement means performing the measurement directly in
the place [8] where the temperature of interest exists. Examples include measuring
cutting tool temperature during metal processing [22] or monitoring heating of
electronics with sensors at the location where the heat is generated [23, 24]. This is
opposite of taking a sample from the original place to somewhere else to be measured.
In the case of temperature this is not very evident, as temperature itself is not matter
that can be moved, but a physical state of matter. A temperature measurement that
is not performed in situ, means that a fluid or solid is taken from some place and its
temperature is then measured. In practice this can take form of a process pipeline
with some gas, where a sample is pumped to a smaller sampling cell to be measured,
then returned back or discarded. In situ measurement does not necessarily mean
contact measurement, radiation thermometry through optical fibers from moving
machine parts is by definition still in situ [22].

Advantages of in situ measurement are that it is representative of true conditions in
the process and has a faster response because of immediate contact with the matter
being measured. If the substance to be measured is very corrosive or otherwise
reactive, it can cause a disadvantage by damaging the sensor. In these cases the
sensors need to be replaced or a sampling system with chemical purging options
used. Sensors and materials can be selected so that they are suitable for the process
conditions [9, 14]. A compromise for in situ temperature measurement is to use a
thermowell, where a mechanically and chemically robust cylinder is inserted into the
process. Temperature sensor is then inserted into this thermowell, that conducts heat
to it, while protecting the delicate sensors from corrosion and mechanical stress. [21]
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Smaller scale in situ measurement exist in electronics, where temperature sensors
are often integrated into components during manufacturing [23, 24]. These are used
for monitoring component health [23] and electrical processes indirectly through
thermal load [24].In the latter case, care must be taken to ensure sites measured in
situ are representative of the system and phenomena occurring in it [24].
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3 Hazardous environment
Various chemical plants, fuel storages and gas pipelines are hazardous environments
in a way that unwanted combustion is possible [3]. In all these environments, the
goal is to prevent combustions and explosions [3]. In the context of this thesis, focus
is on a gas pipeline filled with flammable gas. Measurement technologies under
development are meant to be used inside such pipe, in a hazardous environment.
Area surrounding such gas pipeline also becomes hazardous if the flammable gas
leaks or is vented to it [4]. While a gas or dust may be flammable, it only becomes
explosive when it exists as a mixture with air at certain concentration range [3, 4, 14].
This is illustrated in Figure 3 for mixture of hydrocarbons and air, but the principle
is the same for other flammable substances [14]. The Figure also shows the level of
ignition energy that in the worst case concentration is able to ignite the mixture.
This is level is called minimum ignition energy (MIE) [4, 14]. MIE is dependent
on temperature, pressure and in case of electrical ignition, material and shape of
electrode [3]. Explosive mixtures can also be ignited by hot surfaces [3, 14] or optical
radiation [3].

Figure 3: Safe concentrations and minimum ignition energy for hydrocarbon-air
mixture. [14, adapted from]

Areas with various risks of explosive mixtures of gases or vapors being present
are divided into different zones [3, 4, 14]. Bentley provides the following concise list
of zones based on International Electrotechnical Commission (IEC) recommenda-
tion [14]:
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Zone 0 – explosive gas-air mixture continuously present or present for
long periods;
Zone 1 – explosive gas-air mixture is likely to occur in normal operation;
Zone 2 – explosive gas-air mixture is not likely to occur and if it occurs,
it will exist only for a short time. [14, p. 313]

Measurement devices and other instrumentation operating at different zones
have differing technical requirements [4]. For example zone 0 allows only equipment
that are intrinsically safe (Ex ia), encapsulated with capability to be safe after two
malfunctions (Ex ma) [5] or have special protection mechanisms (Ex s) [4]. Zone
1 also allows encapsulated (Ex m), flameproof (Ex d) and increased safety (Ex e)
equipment [4]. Ex i is defined in standard IEC60079-11 and means that electrical
energy produced by the equipment can not ignite an explosive mixture even under
certain fault conditions [25]. This means prevention of sparks with sufficient ignition
energy [4]. Exact details of what this requires from design are not within scope of
this thesis and thus will not be discussed. Special protection marked by Ex s means
that the equipment is designed to be safe although it does not conform to any specific
standard [3, 4]. Ex m refers to designs where ignition-capable parts are encapsulated
and thus prevented from contact with explosive mixture [4, 26]. Typically this
means that electronic parts of the device are molded over using a suitable compound,
like plastic, ceramics or thick grease [4]. It can also be done by potting the entire
device full of such compound after assembly [4]. Flameproof enclosures take another
approach, as the purpose is to limit flame propagation when an ignition occurs [4].
Inside such enclosures MIE can be exceeded and surface temperatures present may
be enough to cause ignition [3]. In case of ignition, the enclosure must withstand
explosion pressure without permanent structural damage [3] so that any flame does
not get outside of it [4]. Ex e means that the equipment does not produce sparks and
exceed temperature limits specified for various gases [3, 27]. This type of protection
is a more robust continuation of standard industrial equipment, meaning stronger
mechanical designs and better insulation for live parts [4]. Ex e is often used for
electric motors, generators and transformers, as well as their wiring, but does not
allow active electronic components (diodes, transistors, etc.) [4].

Hazardous environments are also categorized by temperature classes in addition
to zones [28]. There are six temperature classes based on ignition temperatures
of various substances [3, 29]. Table 2 shows these classes [3, 29] as well as gives
examples of substances that fall into each temperature class [3]. Equipment approved
for lower class can not be used in an environment which requires higher class, for
example T3 device may not be used in T4 environment [3].

Principles for electrical equipment to be installed in hazardous environment are
based on risk management. It is not possible to completely prevent an explosion
or a fire from happening, instead the focus is on reducing the risk of it. Let PE
be probability of an explosion occuring as shown in Equation 9. In the equation,
PC is the probability of a combustible gas-air mixture being present and PI is the
probability of ignition energy being present. [4]

PE = PC PI (9)
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Table 2: Temperature classes and example substances. [3, adapted from]
Temperature
class

Maximum surface
temperature

Example substance

T1 450 ◦C Acetone
T2 300 ◦C Butane
T3 200 ◦C Kerosene
T4 135 ◦C Ethyl ether
T5 100 ◦C (None given)
T6 85 ◦C Carbon disulphide

Values for PC in Zones are not given in standards [4], instead individuals such
as industries or national authorities may specify such probabilities [29]. British
Health and Safety Executive (HSE) has given example values as h/y [29] but here
they are converted to probability numbers. In zone 0, PC = 10−1, although in
many cases can be assumed to be 1. In zone 1, 10−3 ≥ PC > 10−1, while in zone
2, PC < 10−3. According to Magison probability PC = 10−4 for division 2 (North
American equivalent of zone 2) would be more severe than typically occurs in such
areas [4]. These numerical probabilities are purposefully more pessimistic than real
life conditions in their respective zones.

Values for PI vary according to sources of ignition and in case of electrical equip-
ment installed into hazardous environments, their design. For a surface constantly
glowing hotter than flash point of the combustible mixture, PI = 1. Ordinary relays
and other electromechanical switches with sparking contacts could have PI = 10−2,
while semiconductor switching circuitry might have two or three orders of magnitude
lower chances of igniting a combustible mixture [4]. For practical purposes proba-
bilities of 10−6 or lower can be considered to equal zero. Likewise for PC ≥ 10−3

the chance can be considered to be 1. When electrical devices are installed on
hazardous locations, they should not significantly increase the risk of ignition. After
the installation PE should not change from zero to one, even if this means change
from 10−6 to 10−3. [4]

In case of Ex ia and Ex ma, there is a requirement that they must still prevent
increase of PE even if two faults occur [4, 5]. Other types of protections, such as Ex e
or Ex ib, only require the safety be upheld after one fault or abnormal condition [4].
Faults can mean genuine malfunctions of a component inside the equipment or a
wire being detached accidentally [4]. Abnormal condition can mean for example
combustible gas mixtures seeping into places where they are not expected or various
errors by users [4].
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4 Design of Experiments
Conducting experiments is a good way to solve problems, optimize processes and
improve on them [30]. However, experiments need to be planned carefully in order to
gain useful findings from them. One scientific method to do this is known as Design of
Experiments (DOE) [30, 31]. DOE is a statistical method where variables are isolated
from each other and changed in a controlled manner [32]. Main driving point in DOE is
to find true response in an output variable caused by input variables [30]. This is often
expressed as a mathematical formula Y = f(X) where Y is the result, often called
response, and X is an input variable [30, 31]. In NIST/SEMATECH e-Handbook of
Statistical Methods, these X’s are called main effects [31]. Fisher calls them factors
and experiments designed by principles of DOE are called factorial designs [32]. There
often are multiple X’s, which can be uncontrollable, and possibly unknown, variables
that affect the response [30, 31]. It is debatable whether uncontrolled variables that
have an effect on the response can be called X’s, as X’s are intended as varied inputs
in experiments.

When experiments are planned using DOE, the plan is usually made in form
of a table, which lists tests steps and values to be given for each factor [30, 31].
When numerical values are not yet decided, typical notation is −1 and +1 for the
values [30, 31, 33]. Low and high are also sometimes used [30].

While the values for each factor is varied from one end to the other, the values
chosen in DOE do not need to be smallest or largest possible values. Such extremes
would be beneficial for a physical model of the phenomenon experimented upon, but
in practice this is not necessary. Instead they can be chosen to be lowest and highest
values within a region of interest. [30] This way the response calculated is accurate
near the region of interest, while sacrificing accuracy elsewhere.

In Six Sigma, opposite method of experimenting is called one factor at a time
(OFAT) [30]. This means varying only a single variable and keeping others constant
when experimenting to find optimal response for that variable [30]. Once such point
is found where response is desired for that one variable, it is locked as constant and
another variable varied in turn [30]. The disadvantages of OFAT compared to DOE
is that true response function is not discovered and combined effects of variables are
left unaccounted for.

In practical problems there are multiple input variables that need to be con-
sidered [30]. To avoid making the experiment complicated, it is useful to screen
for variables to reduce their number. Testing each one of them and finding their
correlations to the end result is time consuming [30]. While finding effects between
input variables and the end result experimentally is one way to perform screening,
simple logical thought and limitations by what can be experimented on can be
used to narrow down the list. This requires sufficient knowledge of the process or
phenomenon to be experimented upon [30].
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4.1 Full factorial design
Full factorial designs are used for optimizing processes [30] and to gain understanding
of phenomena where exact nature of underlying variables are not understood [32]. In
full factorial designs all factors receive all possible values, typically −1 and +1 [30, 31].
For this reason, notation for full factorial design is 2k, where 2 is the number of
values each factor can have and k is number of factors [30, 31]. Figure 4 shows
an example of a 23 full factorial design. Such an experiment would have 23 = 8
tests, each of them listed in Table 3. Experiment with 8 tests is not too large to
perform, unless a single test takes considerable time. Full factorial designs with more
factors grow exponentially, therefore usually 2 to 5 factors are used for full factorial
designs [30, 31]. If there exist more factors which are suspected to have an effect on
the end result, screening should be done first to narrow the factors to those that
contribute the most [30].

Figure 4: Full factorial of 23 design. [33, adapted from]

It is also possible to perform full factorial experiment by having a middle point in
addition to extremes, this is called three-level full factorial design [31]. Such design
uses notation in the form of 3k [31] and thus requires many tests than ordinary
full factorial design with the same number of factors [34]. Three-level full factorial
designs are used when the response is expected to have curvature [31]. The middle

Table 3: Tests to be done in a full factorial design of 23.
Test X X X

1 −1 −1 −1
2 −1 −1 +1
3 −1 +1 −1
4 −1 +1 +1
5 +1 −1 −1
6 +1 −1 +1
7 +1 +1 −1
8 +1 +1 +1
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point for each factor gives the possibility to detect curvatures, as its distance to origo
(in the center of the cube) is different than that of the corner points [31].

4.2 Fractional factorial design
Experiment screening is often done in the form of fractional factorial design. This is
the simplest form of DOE, where only a fraction of available tests are run [30, 31]. For
example, screening may have five different variables, or factors. If each of them gets
two possible values, high and low, total amount of test steps is 25 = 32. Depending
on complexity of a single test, performing 32 of them may take a considerable amount
of time and other resources [31]. With fractional factorial design only a fraction,
typically ½ or ¼, of tests are executed [31]. With the given example this would mean
16 or 8 tests with these fractions respectively. This provides brief information on
which factors contribute to the response, while it does not provide accurate functions
of each [31].

Notation used for fractional factorial designs is 2k−1, where 2 is the number of
values each factor can have, k is amount of factors and −1 means that half of the tests
are dropped [31]. For ¼ fractional factorial, there would be a −2 instead. Figure 5
illustrates a three factor design where ½ of the tests are planned. This is would
be indicated as 23−1 design. Table 4 further shows which values each factor in said
fractional factorial design will receive.

Figure 5: Fractional factorial of 23−1 design. [33, adapted from]

Table 4: Tests to be done in a fractional factorial design of 23−1.
Test X X X

1 −1 −1 −1
2 −1 +1 +1
3 +1 +1 −1
4 +1 −1 +1

For fractional factorial designs to work, they must be balanced and orthogonal [31].
In this context balanced means that each factor has the same number of possible
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values [31]. Orthogonal for experiment designs means that values of any two factors
must balance out to zero across the design [31]. This is evident in Table 4 as any
factor gets as many low values and high values as other factors.

4.3 Mixed-level design
Ordinary full factorial designs are symmetrical, so that every factor has the same
number of different values [30, 31]. This makes planning and conducting the experi-
ment easy. It also enables calculating of linear effects to the response [31]. Sometimes
practical problems require some factors to have multiple values, while others have
only two or three [31, 34]. This is usually the case when effect of some factor to the
response is suspected to be non-linear [34]. For experiments with unequal number
of values per factor, mixed-level designs are used [31, 34]. Mixed-level means that
there are more than two values for each variable, and the amount of values can
differ between each variable [31, 34]. Thus the design is not fully symmetrical cube.
Figure 6 illustrates a three factor mixed-level design where factor X1 has three values,
while other factors have only two.

Figure 6: Mixed-level factorial design with X1 having 3 values. [33, adapted from]

For sake of clarity, the values in this case are not named −1 and +1, because
0 between them is only used for the origo [31]. The notation for values is simply
1, 2, 3... [31]. Another naming convention for three values is low, medium and high [34].
Table 5 lists all tests done in the example case shown in Figure 6.

While mixed-level designs do provide more information for factors that have
multiple values, they increase the number of tests needed [31]. They also require
more careful planning to ensure all possible combinations are tested [31]. Before
committing to a large mixed-level experiment, it is recommended to consider if
such a design is necessary. Also if the effects could be screened with a simpler full
factorial experiment first. If non-linearity is suspected, a three-level full factorial
design [31] or a smaller mixed-level design as shown in Figure 6 could be used to
confirm non-linearity for all factors or just one.
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Table 5: Tests to be done in a mixed-level factorial design.
Test X X X

1 1 −1 −1
2 1 −1 +1
3 1 +1 −1
4 1 +1 +1
5 2 −1 −1
6 2 −1 +1
7 2 +1 −1
8 2 +1 +1
9 3 −1 −1
10 3 −1 +1
11 3 +1 −1
12 3 +1 +1

4.4 Response surface method designs
Response surface methodology (RSM) varies two to four factors with preset steps and
second or third degree polynomial model to get accurate response from their effect [31].
Because of the amount of steps for each factor, such experiment takes more time
than full factorial. The advantage is a response model with local curvature around
selected values of factors, that allow searching of optimal response. [30] Figure 7
illustrates an example of a response surface method for a three factor design [33].
This specific one is called a face centered central composite design, or Box-Wilson
central composite design [31]. It features a cube like in full factorial design, added
with a center point or origo and points at faces of the factorial cube [31]. In RSM
designs the origo and non-corner points are called star points [31]. The distance
from origo to the corners of the cube are different than to the face points, thus
allowing curved responses along the faces. While three-level full factorial designs can
be used to detect curvature, they can not provide accurate polynomial functions of
the response [31]. This is because the values at edges of the cube also have either
−1 or +1 of other factors contributing. For the points at center of each face of the
cube, other factors are balanced and the effect of a single factor can be seen in the
response [31].

Another variant of RSM is a Box-Behnken design, where test points exist at origo
and at the middle of each edge of the cube. It is not a factorial design at the same
time, as central composite designs are. Box-Behnken designs require three levels for
each factor and are commonly employed for three factors. For the lack of integrated
factorial design, a Box-Behnken design requires fewer tests for the same number of
factors than central composite designs. Lack of corner points also avoids responses
where all factors are at their extreme values. [31] This can be an advantage if the
combined actual process values would be problematic, for example, mixing of two
gases in a ratio that creates an explosive mixture.
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Figure 7: Three factor central composite design, one type of response surface
method. [33, adapted from]

If an experiment had been conducted using full factorial design, and the response
indicates curvature, a follow up experiment can be made with a suitable RSM design.
Adding the origo and star points is enough to transform a full factorial design into a
central composite design. [31] This avoids having to design and conduct a whole new
experiment to get higher order responses.

4.5 Analysis of variance
Analysis of variance (ANOVA) is a method for comparing multiple groups of data
to see if they originate from the same population or not [31]. There can be two or
more groups, as long as an arithmetic mean can be calculated for each of them [30].
When there are only two groups to compare, other comparison methods such as
Student’s t test [31]. Typical use case for ANOVA is to investigate dependency
between a response and several input variables, like factors used in DOE [30]. Core
functionality of ANOVA is to compare variance between arithmetic means of all
groups to variances of each group [30]. If the variances of all groups can’t be
distinguished from the variance of means of all groups [30], then the groups can’t be
statistically distinguished from each other, and are assumed to be of same population.
In such case a null hypothesis that the groups are not different is not rejected [31, 30].
Null hypotheses are used in statistical analysis to tie in a practical difference to a
statistical difference [30, 40]. A null hypothesis is formed so that it is either rejected
based on statistical results, or it is failed to be rejected [30, 32]. In case the null
hypothesis is rejected, an alternative hypothesis can then be accepted [31, 30].

Mathematical functionality of ANOVA is shown in Equations 10, 11 and 12 [31].
Value of F will be a probability that the groups are different from each other [31].
MSF equals mean squares of factors (groups that data originates from), while MSE
equals mean squares of errors, also called residuals [31].

F = MSF
MSE (10)

In Equation 11, J is number of factors and I is number of levels, or different
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values for each factor [31]. In Equations 11 and 12 i and j are indexes for levels and
factors respectively, while y are data values gathered from experiment.

MSF = J
∑(yi − y)2

I − 1 (11)

MSE =
∑ ∑(yij − yi)2

I(J − 1) (12)

Values used are typically collected to a table known as ANOVA table [31, 32].
Table 6 shows an example of such table for a one-way ANOVA [31]. One-way ANOVA
is used when there is one response that can have multiple factors contributing to
it [31]. When there are more than one response and multiple factors can contribute
to any of them, a two-way ANOVA is used [31]. Two-way ANOVA uses a different
table and different equations [30, 31], and is not discussed in this thesis.

Table 6: One-way ANOVA table.
Source Sum of squares Degrees of freedom Mean square F
Factor J

∑(yi − y)2 I − 1 MSF F
Residual ∑ ∑(yij − yi)2 I(J − 1) MSE

Total ∑ ∑(yij − y)2 IJ − 1



30

5 Experimental setup
Basis of this thesis was to develop a temperature measurement model for an in
situ measurement device. This was done experimentally, by utilizing a prototype
device that represents a probe to be inserted into a process. Said prototype has
large mass, contributed mostly by its metal structures, that was expected to affect
temperature measurements as explained in Section 2. Another affecting feature is
heating feature of the probe’s sensor head. This prototype device is further discusses
in Section 5.1. The experimental idea was to perform a series of test measurements at
various ambient and process conditions, then using the gathered data to generate a
mathematical model that provides accurate enough value for the process temperature.

As the temperature measurement model to be developed will be based on empirical
data gathered from experiments, said experiments need to be planned carefully. Trying
to develop the model based on theoretical physics alone would be time consuming
and difficult due to complex structure of the prototype device. Through well planned
experiments it is possible to find relations between environmental variables and
temperature measurement. These relations are then utilized in the experiment to
quantify their effect on the temperature measurement. In statistical terms they
are independent variables of the end result, which is their dependent variable [35].
Theoretical understanding of thermodynamics helps in plotting which variables can
have an effect on temperature measurement. Discussions with colleagues were done
to ensure as many potentially affecting variables were found. Affecting variables
based on these discussions are presented in Table 7 below. Probe body refers to
structure of a prototype device described in Section 5.1.

Table 7: Overview of found variables.
Variable Reasoning Expected effect on mea-

sured process temperature
Ambient
temperature

Conduction of heat along
probe body

Changes towards ambient tem-
perature

Process humidity Warm water vapor trans-
fers heat from process to
probe body

Higher humidity increases tem-
perature

Installation depth Different probe length to
conduct heat from pro-
cess to ambient

Changes towards ambient tem-
perature faster in shallower
depth

Power consumption
of the device

Power losses generate
heat inside the device
and it conducts to
temperature sensors

Increases temperature as power
consumption increases

Flow of gas in
process

Increased heat transfer
between process and
probe

Higher flow changes measured
value towards process tempera-
ture
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Conducting a large experiment with all listed variables would be too time consum-
ing. Additionally some of the variables don’t necessarily have that large effect on the
end result, so they can be left out initially. Variables were screened based on simple
logical thought based on reasons shown in Table 7. While installation depth can be
varied in experiments, its expected effect is response time, not the actual difference
in temperature measurement accuracy itself. Also because the later product can be
specified to be installed at some fixed depth every time, this variable was ruled out of
the experiment. Due to technical limitations of environmental chamber in use, flow
rate in process side can’t be varied. It was also left out of the experiment. Power
consumption can be varied through load of analog outputs, but this was decided
against to keep the experiment simple for now. Thus variables to be experimented
with were ambient temperature and process humidity, in addition to varying process
temperature as well.

For this experiment a mixed-level factorial design was chosen. This design was
created with three variables: process temperature (Tproc), ambient temperature (Tamb)
and process humidity (RHproc). The resulting design is a cube shown in Figure 8,
although the cube has been simplified to not include points inside the cube, only
on its edges. All three factors have multiple different values, resulting in a complex
structure. Table 8 lists all variables and their values. Process temperature of 0 ◦C is
an exception, as it has no humidity steps due to technical limitations of test setup. In
this case the region of interest is between −40 ◦C and 60 ◦C for ambient temperature,
between 0 ◦C and 60 ◦C for process temperature and between 10 %RH and 90 %RH
for process humidity.

Figure 8: Mixed-level factorial design with multiple values for every factor. For
clarity these are shown only on cube edges, and not elsewhere where such points
occur.

While a simple full factorial design with three variables and their extreme values
would require merely eight test steps, as shown in Figure ??A, the added values
in this case add complexity. Before the experiment was started, total amount of
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Variable Values n
Ambient temperature −40 ◦C, −20 ◦C, 0 ◦C, 20 ◦C, 40 ◦C & 60 ◦C 6
Process temperature 0 ◦C, 20 ◦C, 40 ◦C & 60 ◦C 4
Process humidity 10 %RH, 30 %RH, 50 %RH, 70 %RH & 90 %RH 5

Table 8: Variables with their values of mixed-level factorial DOE.

required test steps was calculated as shown in Equation 13. The subtraction of one
is done because there are no humidity steps for 0 ◦C.

ntotal = nT amb × (nT proc − 1) × nRHproc + (1 × nT amb)
ntotal = 6 × (4 − 1) × 5 + (1 × 6) = 96

(13)

While 96 test steps is a large amount compared to typical eight for three variable
full factorial, it can still be practical amount to execute. To get some insight into
testing times before beginning the experiment, two estimates were made of the time
required. First one assumed that stable results require one hour settling time for
each process humidity step, not including ramp times. Instead of randomized order
of values, each humidity step would be done in succession while holding the process
temperature the same. Likewise all process temperatures would be done in succession
while keeping the ambient temperature the same. This would minimize ramp times
and keep total experiment time as low as possible without sacrificing reliable data.
Ramp times were assumed as 30 minutes for both process temperatures and ambient
temperatures. This in total would make experiment time 95 hours as per Equation 14.
Second estimation was based on 30 min settling time for each process humidity step,
including their ramp times. Ramp times were assumed as 15 min for each process
temperature step and 30 min for each ambient temperature step. Reason for this
difference is practical experience of the environmental chamber to be used for ambient
temperatures. It has been found to be slow and prone to overshoot, therefore no
shorter ramp time than 30 min. Otherwise the succession of test steps would be the
same. Equation 15 shows the result of this estimation, which was 49 hours.

ttotal = (1 h × nRHproc) × (nT proc − 1) × nT amb + (0.5 h × (nT proc + nT amb))
ttotal = (1 h × 5) × (4 − 1) × 6 + (0.5 h × (4 + 6)) = 95 h

(14)

ttotal = (0.5 h × nRHproc) × (nT proc − 1) × nT amb + (0.25 h × nT proc) + (0.5 h × nT amb)
ttotal = (0.5 h × 5) × (4 − 1) × 6 + (0.25 h × 4) + (0.5 h × 6) = 49 h

(15)

Considering available testing resources, 95 hours is not too much. Thus it was
selected as basis for conducting the experiment. If the settling times or ramp times
would be noticed to be too short during first parts of the experiment, they could
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be changed and the experiment restarted. Reasons for changes might be overshoot
of environmental conditions inside the chambers, fluctuation of conditions while a
chamber stabilizes for new setpoint or slow thermal response due to the prototype’s
mass. These events can be verified by comparing setpoints of chambers to readings
of reference instruments instaleld into them.

5.1 Prototype device
The experiment was conducted with a prototype device known as Prototype 2A.
Prototype 2A is shown in Figure 9. This device consists of a cylinder shaped front
part and a rectangular connection box for wiring. These parts are made of stainless
steel and can be expected to conduct heat from one end to other. Affixed to the front
part is a plastic cuvette that houses optical sensors for measuring parameters other
than temperature. Around the cuvette is a sintered PTFE filter that protects the
optics from intrusive objects, solid contaminants and liquid droplets. Functionality
is provided by main electronics printed circuit board (PCB) inside the cylindrical
front part. It interfaces with another PCB that is located inside the connection box.
This PCB is used to connect wiring such as power supply and output signals to the
device. The wiring box is type Ex e protected. The cylindrical front part is filled
with potting compound after assembly, as it is Ex m type. The main board also
houses a microcontroller unit (MCU) that contains firmware, which controls primary
measurement sensors, reads values from internal temperature sensors and provides
various diagnostic information. Communication with the microcontroller happens
via RS-485 bus. RS-485 is a serial communication bus that uses differential signaling
to provide robustness against electrical interference [36].

For temperature measurement, the main PCB inside the device contains two
temperature sensors. One Pt100 sensor is located near the cuvette end and measures
process temperature. An integrated chip that measures temperature is located near
the opposite end of the board, approximately 2 cm from the PCB edge. Neither of
these is in direct contact with the measured environment, instead measuring temper-
ature of the potting compound inside the device. This is because the environment to
be measured in is a hazardous environment of flammable gas, which has requirements
explained in Section 3. For this reason, temperature sensors are inside the Ex m
protected potted structure. This needs to be taken into account when developing
the model. For diagnostics purposes, microcontroller on the main PCB contains its
own internal temperature measurement that can be read through digital outputs.

The device is also fitted with two heating resistors near the cuvette. These are used
to keep the cuvette and optics warmer than process temperature to avoid condensation.
Water condensing into optical parts interefers with other measurements, so it must be
avoided. This heating is expected to affect the temperature measurement, although it
is not done by using the measuring Pt100 as a heating element. The heating resistors
are located approximately 1.5 cm apart from the Pt100 measuring temperature. The
resistors are continuously heated with power of 1 W each, totaling 2 W. The heating
potentially affects surface temperatures of components, therefore no electronics near
the heating resistors can be directly in flammable gas. instead they are inside the
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Figure 9: 3D render of prototype 2A.

potted probe structure.
Prototype 2A also has 3 analog outputs that provide measurement signals between

4 and 20 mA as well as one analog input with the same range. Using these is expected
to provide various heating effect inside the probe, as current flows through components.
This is again something that could be taken into account when developing the model
if it has noticeable effects.

Mass of Prototype 2A is 2.4 kg, with most mass being in form of the steel
structures forming its body. The device is intended to be installed into a process,
where the in situ measurement will happen. In practice this means that some length
of the cylindrical part in inserted through a suitable conduit, for example a ball
valve, to the process. As explained in Section 2, solid matter conducts heat if there
is a gradient [11]. In a practical installation or the experiment conducted this will
happen and can affect temperature measurement. One example could be a situation
where the ambient temperature is warmer than process temperature. In such case
process end of the device will experience higher temperature than the measured gas
would be. While this is not necessarily enough to increase process temperature, heat
will conduct through steel to the potting compound and be then sensed by the Pt100
temperature sensor. Magnitude of the effect depends on thermal conductivities of
steel and the potting compound [11]. This is one potential source of error that needs
to be taken into account when creating the measurement model.
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5.2 Experiment setup
For conducting the experiment, two environmental chambers were used. The other
one was for creating ambient temperature, the other one for process conditions, being
temperature and humidity. These chambers were positioned next to each other and
both had inlets on their sidewall aligned, so that a direct connection was possible
from one to another. The prototype was installed so that the cuvette end was inside
the environmental chamber creating process conditions, while the connector box
was inside the other chamber creating ambient temperature. The installation also
included a 1 cm thick steel flange to provide rigid fitting of the probe on the inside
wall of the ambient temperature chamber. The inlet was sealed with kneadable butyl
rubber sealant to prevent humidity seeping from the process conditions chamber.
Figure 10 shows the installation.

Figure 10: Experiment setup of the environmental chambers.
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The environmental chamber used to create ambient temperatures was Vötsch HT
4002. The chamber is small in size and with later prototypes there were difficulties
installing them, as they were longer than prototype 2A. This was solved by removing
the filter and cuvette from such prototypes before installation, and installing them
later inside the other chamber. Operating temperature range of the Vötsch is from
−40 ◦C to 85 ◦C. It was controlled manually from one temperature to next as no
complex temperature profiles were required. This Vötsch had many difficulties getting
its temperature down to −40 ◦C because of heat gradient from the other chamber
through the probe itself. In reality the lowest temperatures achieved were around
−35 ◦C, but this was not a problem later when creating the model.

The other chamber used to create process temperature and humidity was Espec
ARS-0390-AE. In to the installation, only about 10 cm worth of probe was within
the chamber, which is still realistic enough in situ measurements. The Espec was
programmed to perform a temperature and humidity profile where each process
temperature is created once, and within it each relative humidity condition. There
were no humidity conditions created when process temperature was at 0 ◦C because
the Espec could not reliably generate them below 5 ◦C. Also because 0 ◦C as process
temperature is an exception. There were also inaccuracies in creation of lower
humidity values, mainly 10 %RH and 30 %RH. This was not an issue for model
creation either. Figure 11 represents the temperature and humidity program created
for the experiment. This program was run once for every external temperature
created by the Vötsch. Every transition from one process temperature to the next
takes one hour. Likewise every change of humidity condition takes one hour with
soak time being one hour as well. Exception is the 0 ◦C where there are no humidity
steps but the temperature is held for four hours to get as stable readings as possible.

Figure 11: Environmental condition program for process chamber.
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All wiring to the prototype was supplied via the screw terminals inside the
connection box. At this stage this only included power and data cables. Adjustable
laboratory DC power supply was used to provide 24 V as main voltage for the
prototype. Data connection was done by wiring a stripped down Vaisala RS-485
USB cable to a screw terminal inside the connection box. Voltage supplied to the
probe was verified by a measurement before starting the experiment and the data
lines were tested as well. Also before starting the experiment, both chambers were
driven to 25 ◦C and left to stabilize for four hours. After they had stabilized, values
of the prototype’s temperature sensors were read. They differed from 25 ◦C and were
simply offset corrected to show exactly 25 ◦C. This was done to provide at least one
point where the readings are correct.

Figure 12: Drawing of the experiment setup.

As setpoints of environmental chambers are not reliable indication of true condi-
tions inside the chambers, other instruments were used for monitoring these conditions.
Figure 12 illustrates the experiment setup. Vaisala HMT337 relative humidity and
temperature transmitter and DL2000 relative humidity and temperature data logger
were used to monitor conditions inside the Espec. In this case data from the DL2000
data logger was used in creation of the measurement model described later. HMT337
was used for quick checks because it has a display. Probe of the HMT337 was placed
in the middle of the chamber, hanging from its ceiling by copper tape. This position
was chosen to represent average of the whole chamber. DL2000 was placed on a
tray inside the chamber, roughly in the middle but lower than probe of HTM337. A
DL1416 temperature data logger with external probes was used to measure various
temperatures inside both chambers. One of its four probes was placed inside a hole
bored to the potting compound of the prototype from the connector box side. This
was used as verification of performance of the digital temperature sensor on the



38

main PCB of the prototype. Another probe was inserted into a hole drilled to the
filter around the cuvette. This was used to measure temperature of the cuvette at
various process temperatures. Other two probes were places inside both temperature
chambers, one to each. These were used for reference readings to be used for model
creation.
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6 Experiment results

6.1 Data and its integrity
Criticization of the gathered data and especially verification of its integrity were
performed before any measurement model development commenced. This was done
to avoid wrong conclusions based on unreliable data as well as to ensure data existed
for 96 specified test steps of the experiment. This plan was necessary, as on the first
change of process temperature from 40 ◦C to 20 ◦C the ambient temperature chamber
malfunctioned and went from −40 ◦C to room temperature. This was noticed few
hours after it had happened, so all data gathered since the malfunction was invalid.
The experiment was paused, Vötsch fixed and experiment then resumed from process
temperature 20 ◦C. On second try everything went without further issue.

Another mishap was that the terminal software used to record values from the
prototype stopped recording the results to its working file at one occasion. This
happened at 20 ◦C process temperature when ambient temperature was 40 ◦C. This
was a difficult problem to notice as the serial line stayed up, data was coming through
to the software, it just wasn’t being recorded anywhere. Rather than redoing that
part of the experiment, it was decided after a short discussion to interpolate the
values using gathered data from surrounding values. In this case surrounding values
means the average temperatures of Tproc = 20 ◦C when Tamb = 20 ◦C or 60 ◦C. This
was done for every humidity value at that process temperature as well as for process
temperature value of 0 ◦C. Interpolation was linear but with offset correction to
make it better match what it was expected to be. The details are discussed later.

In addition to integrity, data also needs to be reliable. In the case of measurement
values from the prototype device itself, this meant ensuring that there are no anomalies
in the results. The recorded data was exported to a spreadsheet, important values
plotted to graphs and visually inspected for spikes and drifting. No such things were
found in the graphs. If spikes were found, they could have been filtered by calculating
a moving average on the portion of data where they would be present. Moving
average is calculated as shown in Equation 16 [31, adapted from]. It is important to
notice that a moving average only smoothens peaks, it does not level drifting values,
rather it emphasizes them [31, 37].

xi = xi + xi−1 · · · xi−n+1

n
(16)

If a moving average would have been needed, a value for n would have been chosen
as 5. This is because for values at 5 min intervals, 6 values represent 30 min, which
was half of a programmed humidity step. However, placing the moving average in
parallel with the original values is easier with odd values of n [31]. This could be done
with even numbers if calculating a further moving average of the first results [31],
but was deemed unnecessary for this task.

In case of drift in the values, meaning unexpected trends to either direction
while environmental conditions are stable, there were some. These were minor and
located right after a change in process temperature had occurred. Since the soak
times at each process humidity were 1 h long, even 20 min lag in the prototype’s
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measurements was not thought to be an issue. These lagging parts were simply
ignored and averages calculated of stabilized parts. Figure 13 shows an example
of recorded data for a certain ambient temperature. In the graph, ramp parts are
marked with green and lag parts are marked with red. Figure 14 shows a portion
of the same data in better detail. Ranges of values where humidity conditions have
been stable and where average values were calculated from are marked with grey.

Figure 13: Recorded data from the prototype as time series. Intentional temperature
ramps are marked with green, lag caused by slow response marked with red.

Figure 14: Closer detail of recorded data. Ranges from which averaging was done
are marked.

In case of reliability of the reference instruments, they need to be as close to
truth as possible. Both DL2000 and DL1416 data loggers were calibrated before the
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experiment began. HMT337 humidity and temperature transmitter was calibrated few
months beforehand. While calibrating it immediately before the experiment would
provide clearer evidence about its performance, this was not deemed necessary as the
said instrument had been calibrated annually for 5 years and its stability was known.
It was also a redundant instrument as the DL2000 data logger was used as the main
humidity reference. Both data loggers passed the calibration, meaning that at chosen
calibration points their measured values are within their accuracy specifications.
Small adjustments were still made to them to get as accurate readings during
the experiment as possible. The calibrations were done at Vaisala’s Measurement
Standards Laboratory (MSL) which is accredited by Finnish Accreditation Service
(FINAS) [38, 39]. The calibration results are also traceable to National Institute of
Standards and Technology (NIST), national metrology institute of United States of
America [38, 39].

In total there were seven similar time series like the one in Figure 13 from the
prototype. There were also same time series of data for both loggers that acted as
reference instruments. For creation of the model, more simpler, discrete data was
required. To achieve this, averages were calculated from stable parts of all time series
to acts as a single value that represents a measurement at certain environmental
condition. This is shown in Figure 14. Table 9 shows a portion of such averaged
data. As the full data set would have 96 values for 5 quantities, it is not shown in
entirety. Tamb_ref came from DL1416 data logger, while Tproc_ref and RHproc_ref are
from DL2000 data logger. TPt100 came from the Pt100 sensor at cuvette end of the

Table 9: Sample of experiment data after calculating average values.

Tamb_ref [◦C] Tproc_ref [◦C] RHproc_ref [%RH] TPt100 [◦C] Tdigital [◦C]
−40.41 59.72 16.9 42.44 −17.77
−40.41 59.72 35.4 44.12 −16.48
−40.41 59.72 54.1 45.82 −15.65
−40.41 59.72 72.5 47.70 −15.11
−40.41 59.72 90.1 49.61 −13.00
−40.70 39.83 17.0 27.82 −24.30
−40.70 39.83 35.6 28.25 −23.83
−40.70 39.83 53.1 28.94 −23.05
−40.70 39.83 73.1 29.62 −22.49
−40.70 39.83 90.5 30.58 −22.02
−41.12 19.93 15.9 13.11 −33.81
−41.12 19.93 34.4 13.40 −33.88
−41.12 19.93 52.6 13.80 −33.62
−41.12 19.93 71.2 14.07 −33.35
−41.12 19.93 89.8 14.16 −32.74
−40.89 0.00 28.8 −1.30 −36.05
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main PCB and Tdigital came from the digital temperature sensor at connection box
side of the main PCB as explained in Section 5.1.

A basic linear interpolation was done for the aforementioned portion of data that
had not been recorded due to software issue. This portion was when Tproc = 20 ◦C or
0 ◦C and Tamb = 20 ◦C. To begin, a table was created in a spreadsheet where these
missing values are in the middle, surrounded by the same values when Tamb = 0 ◦C
and 40 ◦C. Table 10 clarifies what this means.

Table 10: Initial stage for missing data to be interpolated.
Tamb = 20 ◦C Tamb = 40 ◦C Tamb = 60 ◦C

TPt100_20
[◦C]

Tdigital_20
[◦C]

TPt100_40
[◦C]

Tdigital_40
[◦C]

TPt100_60
[◦C]

Tdigital_60
[◦C]

20.14 21.63 25.89 58.56
20.69 21.72 26.40 58.57
20.67 21.80 25.87 58.57
20.20 21.86 25.69 58.49
20.13 21.91 25.64 58.43
5.52 20.64 10.80 56.93

First try of interpolation was a purely an average between two surrounding values.
This is expressed in Equation 17. When looking at values received through this
method, the results were satisfactory. This method gives a very good linear fit for
TPt100 and Tdigital as well. Figure 15 shows how well the interpolated values fit the
rest of the data surrounding it. The same linear fit lines marked by dashed red lines
also fit at other process temperatures, already hinting of a strong linearity of TPt100.

Figure 15: Average values of TPt100 at three different ambient temperatures, 0 ◦C,
20 ◦C and 40 ◦C. Red dashed lines show linearity of responses at different process
temperatures.
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TPt100_40 = TPt100_20 + TPt100_60

2 (17)

As the result was acceptable on the first try, the calculated values as shown in
Table 11 were taken into use. If this had not been the case, a polynomial interpolation
would have been tried instead. This would have started as 2nd degree polynomial,
then 3rd and greater until a satisfactory result would have been found.

Table 11: End stage as interpolated data has been filled in.
Tamb = 20 ◦C Tamb = 40 ◦C Tamb = 60 ◦C

TPt100_20
[◦C]

Tdigital_20
[◦C]

TPt100_40
[◦C]

Tdigital_40
[◦C]

TPt100_60
[◦C]

Tdigital_60
[◦C]

20.14 21.63 23.01 40.10 25.89 58.56
20.69 21.72 23.55 40.15 26.40 58.57
20.67 21.80 23.27 40.19 25.87 58.57
20.20 21.86 22.95 40.18 25.69 58.49
20.13 21.91 22.89 40.17 25.64 58.43
5.52 20.64 8.16 38.79 10.80 56.93

6.2 Measurement model
Creation of the model can be summed as finding correlations between measured
values and reference values, then compensating the measured values by calculated
coefficients to minimize difference to reference values. The process began by doing
basic corrections for TPt100 and Tdigital. This was done by trying to directly find
a relation between TPt100 and Tproc_ref as well as Tdigital and Tamb_ref. Whenever
regression analysis was done to find correlation between two sets of values, a null
hypothesis [30, 40] was first formed. The research hypothesis itself was an alternative
hypothesis [30, 40], being in all cases the opposite of the null hypothesis. If a strong
enough correlation was found, the null hypothesis was rejected. Then by inductive
reasoning [41, 42] the alternative hypothesis most probably is true. In this case the
two null hypotheses were: “There is no correlation between TPt100 and Tproc_ref” and
“There is no correlation between Tdigital and Tamb_ref”. As these first variables under
analysis share common shape with the reference values, strong linear regressions
could be found. Both null hypotheses were rejected. Graphical representation of
regression analysis between TPt100 and Tproc_ref is shown in Figure 16.

Coefficients k and c were calculated for both TPt100 and Tdigital based on these
correlations. Formulas 18 and 19 elaborate on this. The new compensated variables
were named Tproc_b and Text_b to keep track of what stage of compensations they
are of, and to make them suitable for software implementation as is.

Tproc_b = k TPt100 + c

Tproc_b = 1.1917 × TPt100 + 1.9638
(18)
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Figure 16: Linear correlation between TPt100 and Tproc_ref.

Text_b = k Tdigital + c

Text_b = 1.2347 × Tdigital + (−9.3937)
(19)

While these first two compensations were done in parallel, the rest happens in a
stricter sequence. Next step was to try and find correlation between the two measured
temperatures in their compensated forms. This time instead of Text_b, Tproc_b was
compared to error of Text_b. This error, named δText_b, is defined in Equation 20 and
means measurement error compared to reference values. Thus the null hypothesis was:
“There is no correlation between Tproc_b and δText_b”. When regression analysis was
done, there was strong linear correlation as r > 0.9. This resulted in rejection of the
null hypothesis and usage of found correlation coefficients as k and c in Equation 21.
Figure 17 represents correlation between Tproc_b and δText_b.

δText_b = Tamb_ref − Text_b (20)

Text_c = Text_b + k Tproc_b + c (21)
Major difference to previous correction is that coefficients k and c are applied to

Tproc_b and this new result is then added to Text_b. Reasoning for this is to flatten
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Figure 17: Linear correlation between Tproc_b and Text_b.

the error, as the correlation was found between Tproc_b and the measurement error
of Text_b.

Even before starting the experiment, humidity was expected to have some effect
on temperature measurement as mentioned in Table 7. This effect was indeed visually
evident from time series data, as can be seen in Figure 14. Higher humidity conditions
have resulted in higher measured temperatures, causing clearly identifiable steps.
Therefore trying to compensate temperature measurement by removing effects of
humidity is sound. One of the primary measurements in this prototype device is
humidity measurement, but it was not in use at the time when the experiment was
conducted. So instead of humidity values measured by the prototype, those from
the DL2000 reference instrument were used. For model creation this is a suitable
proxy, although it is assumed that the humidity measurement will at some point
have comparable accuracy as the reference instrument.

The DL2000 temperature and humidity data logger measured and recorded the
humidity as relative humidity, expressed in %RH. While there is a recognizable
response at time series data for humidity values, they seem different at different
temperatures. This is possibly due to different absolute humidities at those temper-
atures. For this reason before looking for any correlations, relative humidity was
converted into volumetric absolute humidity expressed in ppm (PPMv). According
to Vaisala’s Humidity Conversion Formulas, PPMv is calculated from water vapor
pressure as shown in Equation 22 [43]. In this equation Pw is water vapor pressure
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and Ptot is total pressure [43]. For sake of simplicity, Ptot was chosen as 1013.25 hPa.

PPMv = Pw

Ptot − Pw
× 106 (22)

To proceed from %RH to PPMv, Pw needs to be calculated first. This was done
using Equation 23 [43].

RH = Pw

Pws
× 100%

⇔ Pw = RH Pws

100%

(23)

This in turn requires that water vapor saturation pressure Pws is known. Pws is
dependent on temperature as shown in Equation 24 [43]. This Equation sacrifices
accuracy for simplicity. More accurate equations for calculating Pws exist, but they
are also more complex [43, 44]. In the equation, A, m and Tn are experimentally
determined constants. These are shown on Table 12.

Pws = A × 10( m∗T
T +Tn ) (24)

Table 12: Constants for calculating Pws over water [43, adapted from].
Temperature range A m Tn Error
−20...+50 ◦C 6.116441 7.591386 240.7263 0.083%
+50...+100 ◦C 6.004918 7.337936 229.3975 0.017%
+100...+150 ◦C 5.856548 7.27731 225.1033 0.003%
+150...+200 ◦C 6.002859 7.290361 227.1704 0.007%
+200...+350 ◦C 9.980622 7.388931 263.1239 0.395%

Using Equation 24, Pws was calculated for all reference process temperatures
Tproc_ref. These values were then used to calculate Pw from each reference humidity
using Equation 23 and finally PPMv from them using Equation 22. It was noticed
from the graphs drawn from the data that the effect of humidity seemed to be
larger at some process temperatures than others. Upon further inspection, it was
noticed that the ambient temperature also contributes to the magnitude of the
effect. This effect is shown in Figure 18. Therefore it was decided to account for
temperature as well, by factoring in temperature gradient between the two ends of the
prototype. This in turn lead to development water factor described in Equation 25
which represents scalar product of temperature gradient and absolute humidity. ∆T
represents temperature gradient from ambient end to the process end, being in most
cases a negative value. The values of data run through first version of the equation
were very large, being in the order of magnitude of millions, therefore scaling was
done by adding division by 104.
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Figure 18: Effect of humidity on measured process temperature when
A) Tamb = −40 ◦C, B) Tamb = −20 ◦C, C) Tamb = 0 ◦C & D) Tamb = 60 ◦C.

F
(1)
H2O = ∆T PPMv

104 (25)

Next a null hypothesis was created that stated “There is no correlation between
δText_c and F

(1)
H2O”. A correlation was found. 4th order polynomial fit provided

the best results, with r > 0.7. Correlation between δText_c and F
(1)
H2O is shown

in Figure 19. The null hypothesis was rejected and coefficients k1, k2, k3, k4 and c
calculated from the polynomial fit. Thus a new variable Text_d was created, defined
as shown in Equation 26.

Text_d = Text_c + (k1 F
(1)
H2O

4
) + (k2 F

(1)
H2O

3
) + (k3 F

(1)
H2O

2
) + (k4 F

(1)
H2O) + c (26)

Text_d is the final stage of compensated ambient temperature. Its purpose is to
be used for performing similar compensations for the process temperature. Final
δText was calculated from humidity compensated Text_d to find out how close to the
reference instrument this temperature measurement is. Largest values of error were
+5.14 ◦C and −5.22 ◦C. Roughly ±5.25 ◦C accuracy has been achieved for ambient
temperature. Figure 20 shows the error of Text_d. Largest values occur at the first
humidity step of each process temperature, most likely due to lag in those parts as
shown in Figure 13.

Whole reason for measuring the ambient temperature is to use it for compensating
the process temperature. First step in this was to calculate error of Tproc_b and
find out if it has any correlation with Text_d. Null hypothesis was that “There is
no correlation between δTproc_b and Text_d”. Equation 27 shows how δTproc_b was
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Figure 19: Polynomial correlation between δText_c and F
(1)
H2O.

Figure 20: Error of final compensated ambient temperature, Text_d.

calculated. There was found to be a strong linear correlation, where r > 0.9 as shown
in Figure 21. The null hypothesis was rejected and coefficients k and c taken from
the linear fit. Equation 28 shows how the next compensated process temperature,
Tproc_c is calculated.

δTproc_b = Tproc_ref − Tproc_b (27)
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Figure 21: Linear correlation between δTproc_b and Text_d.

Tproc_c = Tproc_b + k Text_d + c (28)
As the last step of refining the process temperature, humidity was once again

taken under consideration. First a new temperature gradient was calculated based
on latest temperature values, Tproc_c and Text_d. This gradient was used as ∆T

in Equation 25 to get a new water factor, named F
(2)
H2O. To search for correlation

between humidity and process temperature, error δTproc_c was calculated like in
Equation 27, but using Tproc_c instead of Tproc_b. Then a null hypothesis was created
that stated “There is no correlation between δTproc_c and F

(2)
H2O”. Figure 22 shows the

resulting correlation when a 4th order polynomial fitted. Correlation was reasonably
strong as r > 0.57 and the null hypothesis was rejected. It is likely that without
previous compensations through Text_d which also includes humidity compensation,
this correlation would have been stronger. Nevertheless new coefficients k1, k2, k3, k4
and c were taken from the polynomial fit. This resulted in calculation of humidity
compensated process temperature Tproc_d as shown in Equation 29.

Tproc_d = Tproc_c + (k1 F
(2)
H2O

4
) + (k2 F

(2)
H2O

3
) + (k3 F

(2)
H2O

2
) + (k4 F

(2)
H2O) + c (29)

As additional part of documentation a flowchart was made to explain to interested
parties how the temperature measurement model works. It has two distinct branches,
one for ambient temperature and the other for process temperature. It is meant
to show order of different steps in the process and which value relates to any other
value. This flowchart is shown in Figure 23.
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Figure 22: Polynomial correlation between δTproc_c and F
(2)
H2O.

Figure 23: Finished temperature measurement model explained as a flowchart.

One last step for model creation was to calculate δTproc_d and see how large value
it gets, meaning how much it deviates from reference instruments. This was done as
in Equation 27, but Tproc_d was used in place of Tproc_b. Largest values of error in
this case were +3.63 ◦C and −3.38 ◦C. It is possible to say that ±3.75 ◦C accuracy
was achieved. Figure 24 shows the response of Tproc_d together with reference values



51

of Tproc_ref while Figure 25 shows δTproc_d, being error in final process temperature.
Largest values are at the first humidity step of each new process temperature in
the experiment profile, as was in the case of Text_d. This is most likely due to same
reasons and partly also because errors in Text_d add to errors in Tproc_b.

Figure 24: Final process temperature values of Tproc_d with reference values Tproc_ref.

Figure 25: Error of final compensated process temperature, Tproc_d.
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7 Verification of model
While the end result of the temperature measurement model is satisfactory, it is only
applicable to the one prototype on which it was developed. It is not safe to assume that
it will perform exactly with same accuracy on other individuals of the same prototype
model. Bureau Internationale des Poids et Mesures (BIPM) defines reproducibility
of measurement as precision of measurement under changed conditions [45]. These
conditions include different location of measurement, different person conducting the
measurement, changes in measurement system as whole and replicated measurements
on same or similar quantities [45]. The part about change in measurement system can
be interpreted to mean another individual measurement device of same model that is
used to perform the same measurement again. Repeatability is defined as precision
of the measurement under same conditions, immediately after previous measurement
or a short time afterwards [45]. Precision then is defined as closeness of values in
repeated measurements to each other [30, 45]. It is therefore easy to investigate
precision of the model on a single device, like Prototype 2A. But to truly understand
capability of the model, its reproducibility with several clones of Prototype 2A needs
to be found out through tests. This was referred to as verification of the model and
is discussed hereafter.

One way to test repeatability and reproducibility of measurement systems is Gage
R&R, a comprehensive test based on variance of measurement values [30, 31, 46].
Gage R&R is done by performing a series of measurements on the similar measurement
targets multiple times for each. When doing so, several things are varied as listed
below [30, 31].

– Users performing the measurements.

– Measurement instruments used to measure parts.

– Other methods in measurement system, like how the values are indicated or
recorded.

– Repetitions of the same measurement. This can be done minutes, days or
months after the previous measurement.

– Parts to be measured. This can also mean some physical quantity rather than
physical object.

Each value recorded is grouped into different population based on the varied pa-
rameters during test. Variances of these populations are calculated and compared. [31]
Larger variance for some user or another measurement instrument indicates a possible
reproducibility issue [30]. A measurement system that produces neither reproducible
nor repeatable results is not optimal.

For this verification case, Gage R&R was used in a way that only measurement
instruments and parts were varied. By parts are meant process and ambient conditions,
Tamb, Tproc and RHproc. In practice this means implementing the temperature
measurement model into software and building few copies of Prototype 2A with that
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software inside, then testing their measurement capabilities. Comparing the results
would then give insight into precision of the model and its reproducibility on multiple
identical instruments. This would account for individual instrument caused variation
in results and help determine if the requirement for ±5.0 ◦C has been achieved.

7.1 Test setup
As verification of performance will be done with multiple devices, it is not feasible to
duplicate the experiment described in Section 4. Instead a smaller set of measurements
was designed based on a region of interest. This region is based on probable conditions
in an actual measurement environment. Figure 26 shows this region of interest among
the full range of possible process values. In addition to its corners, the region also
contains midpoints in form of Tproc = 30 ◦C and RHproc = 50 %RH. Ambient
temperature is taken into account by choosing extreme ends, −40 ◦C and 60 ◦C,
together with midpoint 0 ◦C.

Figure 26: Region of interest for process conditions, this is repeated for Tamb = −40 ◦C,
0 ◦C and 60 ◦C.

The verification run has three variables, each with three different values. Total
amount of steps in it is simply 33 = 27. This was decided to be implemented so that
Tamb is set to one value, then all values of Tproc are run one by one, each time going
through all three values of RHproc. Ramp times for each change of Tproc were set to
30 min and soak time in each value of RHproc to 1 h. All this would be done three
times, once for each value of Tamb, resulting in total test time of 31.5 h as calculated
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in Equation 30.

ttotal = 1 h × nRHproc × nTproc × nTamb + (0.5 h × nTproc × nTamb)
ttotal = 1 h × 3 × 3 × 3 + (0.5 h × 3 × 3) = 31.5 h

(30)

In practice this time could not be achieved as the same Vötsch temperature
chamber was again controlled manually. A program was made for the Espec chamber
that goes through all process temperatures and humidity steps in them. This
program was then run each time the Vötsch had reached a new value for ambient
temperature. Time for each verification run was still considerably shorter than the
original experiment that took 95 hours. Figure 27 represents the process temperature
and humidity program.

Figure 27: Verification program for process chamber.

There was a major change in the prototypes before the verification tests began.
Changes in mechanical and electical design led to creation of new prototype, named
Prototype 2B. The major change was replacing the flattened cube shaped connection
box to a cylindrical. There were also minor changes in electronics, as a new PCB was
designed to fit the cylindrical connection box and changes were made to the main
PCB as well. In the changed main PCB, heat generation is larger than previously
and this may have an effect on the model’s performance. Mass of the prototype also
changed from 2.4 to 2.6 kg, which may have an effect on thermal capacity. Figure 28
represents Prototype 2B. Several of these new prototypes were built to have sufficient
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numbers available for testing, including this verification testing of the temperature
measurement model.

Figure 28: Simplified drawing of Prototype 2B. Red blocks indicate location of
temperature sensors for Tdigital and TPt100.

During these verification tests, all prototypes were installed in the same way
as described in Section 5.2. The device was installed so that the cuvette end with
primary measurements is inside the Espec chamber while the connection cylinder
side is inside the Vötsch. Inlets at side walls of both chambers were aligned with
each other to make this type of installation possible. Same 1 cm thick steel flange
was fitted around the thread near the connection cylinder. The installation was
done by putting the device inside the smaller Vötsch chamber and then pushing the
cuvette end through the inlets into the Espec. A minor problem was encountered
while installing the first one of these new prototypes to the chambers: due to changed
connection box design, Prototype 2B is longer than Prototype 2A was. This problem
was countered by removing the cuvette before installation and then installing the
device. When the cuvette end is properly inside the Espec, the cuvette was fitted
back into its place again. Inlets of both chambers were sealed with butyl rubber to
keep humid air inside the Espec. Same reference instruments were used as in the
original experiment. DL2000 data logger was used to measure process temperature
and humidity in the Espec, while DL1416 data logger was used to measure ambient
temperature in the Vötsch. This time, additional probes of the DL1416 were not
inserted into the potting compound or the cuvette of the prototype, as this was not
deemed necessary for the verification.

All wiring was done through the connection cylinder and out from cable glands at
the end. Power supply was initially set to 30 V. Purpose of this was to act as a worst
case scenario. If the measurement is accurate enough in the worst case scenario, it
is also in normal operating conditions. This voltage was found to increase internal
temperature too much, so it was changed to 19 V after the first test run and then
retested with the same device. The first test run was not useless however, it provided
important information of Prototype 2B’s thermal behavior under varying temperature
conditions. Analog outputs were wired to shunt resistors and set to constant values
of 5 mA for first and second output, 10 mA for the third. Nothing was connected to
the analog input, it was left unconnected. Data was recorded by terminal software
over RS-485 using a USB cable. Figure 29 illustrates the test setup. Recording in the
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software was automated with a terminal macro to happen at 5 minute intervals. Both
data loggers were also set to have 5 minute measurement intervals. The idea here is
that after the prototype has stabilized to a certain environmental condition, several
measurements at with 5 minutes between them represent the repeated measurements
of Gage R&R. All wiring and connections were inspected by measurements or simple
functional tests to make sure they were correct before starting verification testing.
Both chambers were also set to 25 ◦C and left to stabilize for four hours so that TPt100
and Tdigital could be offset corrected to indicate 25 ◦C. These preliminary checks were
done once for each prototype that underwent verification testing.

Figure 29: Drawing of the setup during verification testing.

To make data processing easier, a spreadsheet file with premade calculations was
created. This spreadsheet has highlighted cells where averaged values from reference
instruments and device under test are inputted. It then calculates values all the
way to Tproc_d so that measurement accuracy of the device can be verified. This
was also intended to be used in the future, if new prototypes are made, so that
the effect of their changes to temperature measurement accuracy can be found out
with short and repeatable test. If something causes the accuracy to fall outside of
targeted boundaries, redesign of the whole model needs to be considered. That in
turn would require redoing the entire experiment, possibly with variation on step
times or parameters used. In such case the experiment would be done with the
newest prototype available as well.

7.2 Test results
Verification tests were conducted with multiple devices of Prototype 2B. There
were no issues with data reliability, all values were recorded properly and no data
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was missing. Therefore no retests were required for data reasons. Neither were any
interpolation attempts. Data exported from the reference instruments and terminal
software was initially in form of time series. Figure 30 shows an example of this. Once
again there were some cases where TPt100 lagged behind when ambient temperature
had changed. This was not considered an issue as there were still enough data points
after stabilization. For the verification purposes, averages were calculated from stable
parts of data and inputted into their respective cells in the verification spreadsheet.
For Gage R&R purposes, three consecutive values from each stable part were taken
and inputted into another spreadsheet for further processing.

Figure 30: Raw data from prototype 2B_16 during verification testing. Inactive
parts between changes in ambient temperature intentionally cut away.

Accuracy of fully compensated external temperature Text_d was considerably
worse than it was during creation of the model. Some prototypes had errors as
large as 16 ◦C, mostly showing too high values. Most devices were within ±6.25 ◦C
of reference. Despite this, the final process temperature Tproc_d had much smaller
error. The device with largest error, Prototype 2B_9, differed between 4.46 ◦C and
−1.02 ◦C compared to reference. Largest outliers are where the process temperature
is 60 ◦C. This was traced to inefficiency in humidity correction of the model, as it
causes offset at low humidity values. This was corrected by forcing the 4th order
polynomial curve to go through origo, which changed the coefficients. Even before
this change, desired accuracy of ±5 ◦C was achieved with every device tested. The
change was able to pull peaks above 4 ◦C down by approximately 0.5 ◦C, which
matches the eliminated offset. Thus the new form of calculating Tproc_d is as shown
in Equation 31. The change is the lack of constant c at the end and changes in values
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of coefficients k1, k2, k3 and k4.

Tproc_d = Tproc_c + (k1 F
(2)
H2O

4
) + (k2 F

(2)
H2O

3
) + (k3 F

(2)
H2O

2
) + (k4 F

(2)
H2O) (31)

Another new discovery was that there was a linear correlation between δTproc_d
and the internal temperature of the microcontroller at the main PCB, Tmcu. This
parameter was originally intended for diagnostics purposes. The reasoning for trying
to search for correlations with Tmcu is because much of the heat generation of the new
electronics design happens near the MCU. When Prototype 2B had been designed
and first of them built, there were concerns about how the increased heat generation
between chosen measurement points TPt100 and Tdigital would affect the temperature
measurement model. Based on values of δTproc_d being within ±5 ◦C this was not a
critical issue. Still a null hypothesis was formed that states: “There is no correlation
between δTproc_d and Tmcu”. Figure 31 shows there to be a correlation with r > 0.7.
Thus the null hypothesis was rejected and linear coefficients taken into use as shown
in Equation 32.

Figure 31: Linear correlation between δTproc_d and Tmcu.

Tproc_e = Tproc_d + k Tmcu + c (32)
Together with changes to humidity compensation of Tproc_d and inclusion of Tmcu

compensation, a new revision of the temperature measurement model was created.
This revision was later implemented into firmware of the prototypes. Meanwhile
the verification spreadsheet was updated with new formulas to calculate values all
the way until Tproc_e. Using data gathered during verification testing, accuracy of
final compensated process temperature Tproc_e was investigated. All devices were
completely within ±3.4 ◦C. Figure 32 shows the performance of worst individual
device.

Large mass of Prototypes 2A and 2B contributes to high thermal capacity as
explained in Section 2. This in turn affects response times when rapid changes in
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Figure 32: Measurement error of Tproc_e as function of Tproc_ref.

temperature difference between ambient and process occur. In practical applications
that does not happen, instead changes happen gradually. The measurement model
could be improved to lessen the effect of these changes, but that would require
repeating at least many parts of the original experiment if not the whole of it. In such
case the program made for Espec would need to be changed to have longer duration
of process temperatures after any change in either temperature. Considering the
time required for this and the rarity of situations where large changes happen fast,
this is not worth the effort.

Repeatability and reproducibility of the model was studied with gage R&R using
verification data. Crossed Gage design with analysis of variances (ANOVA) [32] was
chosen. ANOVA uses calculated variances of populations to estimate differences [32].
In the Gage R&R study each process temperature and humidity combination was
treated as one part, while ambient temperature was only factored in as an external
condition that may or may not affect reproducibility. This resulted in nine different
parts, each being measured several times under different ambient temperature. Dif-
ferent individual prototypes were considered as operators to differentiate between
hardware tolerances, while Gage performance was attributed to the implemented
software model itself. As for data itself, values recorded in a spreadsheet were calcu-
lated according to the latest model to final values of Tproc_e. These values were then
compared to reference values to get δTproc_e, which was considered the measurement
result from the part. This makes comparing the parts possible as their δTproc_e are
close to each other on both sides of zero.

A Gage R&R spreadsheet was generated in Minitab software, which had columns
for each value to be inputted. These included run order, part, operator and difference.
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Table 13 shows the results of the performed crossed Gage R&R. From the first row can
be read that the measurement model contributes to almost 80 % of variation between
results. Of this little more comes from repeatability rather than reproducibility. This
means that there are issues with performing the same measurement in the same
process conditions multiple times. There are also reproducibility issues, which can be
traced to differences between individual prototypes and how well the model fits them,
each of them measures the same condition differently. About 20 % then comes from
actual differences, which can result from errors in reference instruments or specific
conditions inside the Espec at given moment.

Table 13: Gage evaluation results.
Source StdDev % Study Var % Contribution
Total Gage R&R 1.5131 89.31 79.76

Repeatability 1.1275 66.55 44.29
Reproducibility 1.0090 59.55 35.47

Part-to-part 0.7622 44.99 20.24
Total variation 1.6942 100.00 100.00

In a good measurement system, largest contribution to variation should come
from the actual real differences between parts to be measured [30, 31, 47]. According
to Automotive Industry Action Group (AIAG), a measurement system is considered
capable if has Precision to Tolerance Ratio (PTR) of 10% or less [47]. PTR of 30%
or more is considered unacceptable performance [47, 48]. Figure 33 shows Gage
results as bar chart, with the red bar representing % tolerance. This means the same
as PTR, as PTR is defined as shown in Equation 33 [48] while Open Source Six
Sigma defines % tolerance as shown in Equation 34 [30]. In both formulae, T equals
tolerance, which is further specified as range between upper and lower specification
limits [30]. In Equation 34 n is given as 5.15 by Open Source Six Sigma as 5.15 σ
includes 99 % of normally distributed data [30], but n is typically specified as 6 in
six sigma applications.

PTR = 6σg

T
(33)

% tolerance = StudyV ar

T
= nσ

T
(34)

Because the % tolerance for measurement system itself in this Gage R&R study
is about 90 %, the system is not satisfactory. It is possible that using different
individual prototypes as operators in the Gage R&R made the results worse. Most
likely something went wrong with the experiment setup that led to variance of
repeatability being larger than variance of reproducibility. One such thing that
was suspected is different values accidentally set for analog outputs one device.
That would lead to different internal thermal loads and affect measurement results.
Nevertheless reproducibility of the model when replicated to several devices was an
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Figure 33: Contribution and tolerance percentages of Gage study.

important aspect to be studied. It is also possible that that using the difference
between the Tproc_e and reference value Tproc_ref causes part-to-part variance to be
too large for reasonable results in ANOVA. Despite these Gage R&R results, all
devices did meet the required ±5 ◦C measurement accuracy requirement. Therefore
verification results were considered successful. New ideas for further development
of the measurement model surfaced during verification, but they are outside of the
scope of this thesis.
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8 Conclusion
A temperature measurement model was developed during this thesis that achieves
measurement accuracy of ±5 ◦C when implemented into embedded software of certain
prototype devices. This measurement model was developed based on data gathered
during a 96 step mixed-level factorial experiment. Integrity of recorded data was
checked before it was used. During this check it was noticed that a portion of
data was left unrecorded due to technical issues with terminal software, but the
missing data was linearly interpolated based on other data points. The measurement
model includes linear corrections, compensation of process temperature with ambient
temperature, process humidity and internal temperature of the MCU. Model creation
used regression analysis as the main tool for finding correlations between variables
and calculating correlation coefficients to be used for correcting the measured values.
The measurement model’s performance was evaluated with verification testing. For
this testing several copies of the prototype were built, albeit they differed in hardware
and this caused inaccuracies for the model initially. The measurement model was
further developed with additional compensation step to fulfill desired measurement
accuracy. Gage R&R analysis was done to find out repeatability and reproducibility
of the model. These results were unexpected as they showed the model itself to
contribute the most to total variance and having larger variance in repeatability than
reproducibility. This was most likely because of unnoticed mishaps during testing.

Main question for this development work was if it is possible to achieve ±5 ◦C
measurement accuracy without an external temperature probe. Results of the verifi-
cation testing shown in Figure 32 prove that the answer is yes. In situ temperature
measurement with accuracy of ±3.4 ◦C has been achieved for these prototypes. Other
minor question was what other conditions affect the process temperature measure-
ment. Most significant ones were ambient temperature, humidity in the process
and internal temperature of the device, caused by power losses in electronics. All
these factors were compensated to minimize their effect on the process temperature
measurement. Final minor question was about reproducibility of the measurement
model when implemented on several devices of the same model. This answer is not
entirely conclusive as the reproducibility tests were performed on newer Prototype
2B, rather than Prototype 2A that was used for model creation. While the results
of Gage R&R study were unsatisfactory in regards of reproducibility, measurement
error for Tproc_e was within specifications for all individual devices.

Future development potential was recognized during the final steps of verification
testing. There exists a correlation between measurement error of Tproc_e and tem-
perature gradient over the prototype. This could be studied and if found promising
enough, implemented as a further step, Tproc_f for the measurement model. One
thing that was not studied during this thesis was the effect of gas flow in the process
to the measurement. This was left out due to technical reasons as there was no
suitable test setup to vary air flow inside a temperature and humidity controlled
process at the time. Later during verification testing another person built such a
test setup and performed an experiment on the effect of air flow to the temperature
measurement. It had larger effect than anticipated and needs to be compensated
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somehow. Such development is out of scope for this thesis, rather continues by others
as a development branch of its own. Because of the measurement accuracy achieved
and despite the effects of gas flow, the measurement model developed during this the-
sis was taken into use as is for actual product development. Once the productization
is complete, this measurement model will be a core part of the final product.
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