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Instrumentation engineering, that is selections and sizing of measuring and control 

instruments and methods, as well as the selection and design of their installation, is an 

important aspect of plant automation engineering. The aim of this master’s thesis was to 

produce a generally applicable, concise, and clear engineering guide for instrumentation 

that could be used in all industrial sectors. The research objectives were to explore factors 

influencing instrumentation, the selection and procurement process, as well as commonly 

used devices and methods and their properties. To achieve the objectives of the study, in 

addition to theoretical literature based research, and empirical research was conducted by 

interviewing professionals in the field. 

The selection of instrumentation is a sum of many factors, but by prioritizing these factors 

based on their flexibility and significance, the selection process can be rationalized. The 

selection and procurement process can be carried out either based on detailed process 

information in the final stages of design, or by establishing framework contracts with 

device suppliers in the early phases of the project, relying on preliminary design 

information and reference projects. 

Based on the results, it was concluded that instrumentation technology is continuously 

evolving but the associated literature stands the test of time. The physical phenomena 

behind the techniques remain the same. Research is not directly suitable for a project 

engineering guide, but it can be used as support for design work and as educational 

material. 
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Instrumentointisuunnittelu, joka kattaa mittaus- ja säätöinstrumenttien valinnan ja 

mitoituksen, sekä niiden asennuksen valinnan ja suunnittelun, on tärkeä osa 

laitosautomaatiosuunnittelua. Tämän diplomityön tavoitteena oli tuottaa yleisesti 

soveltuva, tiivis ja selkeä suunnitteluohje instrumentointiin, jota voitaisiin käyttää kaikilla 

teollisuuden aloilla. Tutkimuksen tavoitteina oli selvittää instrumentointiin vaikuttavia 

tekijöitä, laitteiden valinta ja hankintaprosessia, sekä yleisesti käytettyjä laitteita ja 

menetelmiä, sekä niiden ominaisuuksia. Tutkimustavoitteiden saavuttamiseksi, 

teoreettisen kirjallisuuteen perustuvan tutkimuksen lisäksi toteutettiin empiirinen 

tutkimus haastattelemalla alan ammattilaisia. 

Instrumenttien valinta on monen tekijän summa, mutta priorisoimalla nämä tekijät niiden 

joustavuuden ja tärkeyden perusteella valintaprosessia voidaan järkeistää. Valinta- ja 

hankintaprosessi voidaan toteuttaa joko yksityiskohtaisten prosessitietojen perusteella 

suunnittelun loppuvaiheessa tai tekemällä raamisopimuksia laitetoimittajien kanssa 

projektin alkuvaiheessa esisuunnittelutietoihin ja referenssiprojekteihin perustuen. 

Tulosten perusteella voidaan päätellä instrumentointiteknologian kehittyvän jatkuvasti, 

mutta siihen liittyvän kirjallisuuden kestävän aikaa. Fysikaaliset ilmiöt, joihin tekniikat 

perustuvat, eivät muutu. Tämä tutkimus ei sovellu suoraan projektien suunnitteluohjeeksi, 

mutta sitä voidaan käyttää suunnittelutyön tukena ja opetusmateriaalina. 

Avainsanat: instrumentointi, mittaus, mittauslaite, ohjauslaite 
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1 INTRODUCTION 

Instrumentation refers to the measurements and controls of industrial processes, being an 

important aspect of automation engineering in plant design. In industrial processes, the 

instrumentation is used to control desired process variables, such as pressure, 

temperature, and flow, to achieve the desired product from the process and to keep the 

process safe (Kolmetz et al. 2013, pp. 8 and 11). An important design premise in plant 

engineering is that the accuracy and resolution of the process control depends directly on 

the accuracy and resolution of the measurement and control instruments. 

The development of new industrial production methods in the industrial revolution of the 

19th century also influenced the rapid development of measuring instruments and 

measuring techniques. The development of instruments and techniques has continued 

even more rapidly with the increase of electronics, computers, and automation since the 

middle of the 20th century. Nowadays, several different measuring devices are available 

for measuring different physical variables, which are suitable for different situations. It is 

therefore important for the instrumentation engineer to know the instruments available 

for measuring the quantity in question. (Morris and Langari 2020, pp. 1 and 7) 

Instrumentation engineering involves selecting a suitable measurement or control 

instrument or method, as well as its installation and, if necessary, the design of the 

installation type (Jussila 2023a). According to Morris and Langari (2020, pp. 6–8), the 

selection of measuring instruments is basically based on what the physical quantity is to 

be measured. In addition, the characteristic of the medium to be measured, the 

surrounding conditions, and the cost of the device, its installation and maintenance affect 

the selection of the appropriate device. Nesbitt (2007, p. 426) presents the selection of 

control instruments or final control elements, especially valves, influenced by ambient 

and process conditions, such as flow, temperature and pressure, as well as the properties 

and constituents of the controllable fluid. 

Other common important issues to consider are the requirements set by the customer and 

the process, as well as legislation and existing standards and other guidelines. According 

to Battikha (2003, p. 265), following the requirements of the customer saves unnecessary 

misunderstanding, costs and construction delays. 
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1.1 Background 

This thesis was made in cooperation with AFRY Finland Oy. AFRY is one of Europe’s 

leading engineering, design and consulting companies and it employs around 19 000 

experts globally. AFRY was formed in 2019 when Swedish consultancy company ÅF and 

Finnish company Pöyry PLC combined into one company. AFRY’s Process Industries 

Division supports process industry projects in the pulp and paper, chemicals, biobased 

solutions and biorefining, mining and metals, food and beverage, as well as in other 

process industry sectors. 

Instrumentation and measuring instruments are widely discussed in literature, but general 

guides and handbooks are usually very extensive. Engineering and consulting companies 

also produce internal project-specific instrumentation selection guides, but they do not 

generally indicate why a particular device is chosen in a given situation. The need for this 

research arose from the need to create a generally applicable, concise and clear 

engineering guideline that could be used in all industrial sectors. The aim was to produce 

a guide that takes into account the general factors and provides assistance in the 

engineering process. 

1.2 Research objectives and questions 

This study focuses on the selection and sizing of measurement and control instruments. 

The research objectives are to identify the most significant factors influencing the 

selection and sizing of industrial process instruments and to investigate the typical process 

of instrument selection and procurement in industrial projects. The research also 

examines the available instruments, their features and their suitability for different 

applications. To achieve the research objectives, the following research questions were 

used as a guide: 

RQ1: What factors should be considered when selecting and sizing instruments? 

RQ2: What types of instruments are available and what types of applications can they be 

considered? 

RQ3: What is the process of selecting and procuring instruments? 
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1.3 Research scope 

The scope of this research is limited to the examination of the most common factors, 

solutions, and methods in instrumentation engineering. Industrial processes involve the 

measurement of various quantities, but this study focused on the most frequently 

measured variables: temperature, pressure, level and flow. In terms of control 

instruments, the focus is on valves and their actuators, as they are the primary final control 

elements used to control the aforementioned measured variables. 

1.4 Research process and thesis structure 

The research is divided into a theoretical part based on literature, and a part based on 

empirical research. The theoretical part of the thesis consists of three sections, which aim 

to answer research questions 1 and 2. The first section deals with measurement in general, 

the structure of measuring instruments, as well as their typical static and dynamic 

characteristics. The second section focuses on factors influencing the selection and sizing 

of instruments, such as legislation and standards, as well as the properties and effects of 

the process and medium. The third section presents available and most used industrial 

measuring devices and methods, as well as valves and their actuators. 

In the research part, an empirical study was conducted with the aim of answering research 

question 3 based on the experience of experts. Empirical research was conducted using a 

semi-structured interview as a research method. The research part contains three sections 

that describe in more detail the methods and materials used in the research, the results 

and their analysis. The research part deals with general instrumentation practices, 

selection process and cooperation between different stakeholders. This part also discusses 

the factors influencing the selection, while also answering the research question 1 from 

different perspective. 
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2 MEASUREMENT SYSTEM 

2.1 Measurement units and measurable variables 

Since the beginning of human civilizations, measurements have played an important role 

in, for example, the exchange of goods. At this time, the first units of measurement were 

developed, based on the anything available, such as the dimensions of human body parts, 

such as the foot and the cubit. (Morris and Langari 2020, pp. 1–2) 

Today there is a modern and global unit system The International System of Units or SI, 

which is based on a metric system. SI measurement standard was introduced in 1960 and 

for the last time in 2018 its basic units were defined in the current definitions. SI contains 

seven defining constants, which defines the basic units of the SI system, such as 

temperature and time. The basic units and their definitions are shown in Table 1 in 

Appendix 1. The defining constants are independent of each other and are used to define 

all other 22 SI units, such as pressure, which are called derived units. In addition to these 

units, the SI system includes unlimited number of other derivative units that are defined 

by one or more basic units or derivatives, such as speed and volume. (Gilbey and Wilson 

2020; Bureau International des Poids et Mesures 2022, p. 122 and pp. 137–139) 

According to Altmann et al. (2005, p. 18) and Kolmetz et al. (2013, p. 8), these physical 

quantities are controlled in industry processes and systems to achieve desired products 

and keep the process safe. To get data about these physical quantities, as well as control 

them, they must be measured. The most common measurable variables in industry are 

temperature, pressure, liquid level, and flow rate. Morris and Langari (2020, pp. 2–3) 

remind that measurement unit standards have been developed simultaneously in different 

parts of the world. Other measurement unit standards are still in use, such as the Imperial 

System used especially in the US industry. 

2.2 Measurement system applications 

Measurements are used for many purposes, but the applications used both in industry and 

in everyday life can be divided into three main areas. The first application area is the use 

of measurements to measure the physical quantities of various products when they are 
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traded or compared. Physical quantities that can be measured are, for example, length, 

volume, and mass. (Morris and Langari 2020, p. 8) 

Another application area is using measurements to monitor functions. The information 

obtained from the measurements is used to support decisions in everyday life, as well as, 

to monitor industrial processes. Based on the outside temperature measurement, a person 

decides whether to wear a jacket or not. In industry, measurements can be used to monitor, 

for example, the temperature of the process and if necessary, make changes to the 

adjustments of the actuators that control the temperature. Monitoring is also used to 

maintain safety at the plants. The automation system can be programmed to give an alarm 

in situations where the measurement results differ from normal operating values and 

cause a potential hazard. (Morris and Langari 2020, pp. 8–9 and p. 368) 

The third main application is using measurements in automatic feedback control systems 

(Morris and Langari 2020, p. 9). Altmann et al. (2005, pp. 2–16) states that a feedback 

control system, also known as a closed loop control system, consists of four main 

elements, which are presented in the block diagram in Figure 1. In a feedback control 

system, the process variable ym measured from the process output y is used to control the 

process. The process variable is compared with the setpoint value r given to the process, 

resulting in an error signal e that is fed to the controller. Based on the error signal, the 

controller gives the actuator a control signal, which is called manipulated variable u. The 

changes made for the actuator change the state of the process and the output y of the 

process. In the example case, the process output we are interested in may be a flow. In 

this case, the process variable is the value obtained from the flow measurement, and the 

controller is used to control a valve actuator that changes the magnitude of the flow in 

process. The most used and known controller in industry is the proportional-integral-

derivative controller, known as PID controller (Chopra et al. 2014). 

Figure 1. Simple feedback control system (retelling Altmann et al. 2005, p. 2). 
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In addition to above, an interesting application based on measurements is data-driven 

modelling. Data-driven models can also be called “black box” models or statistical 

models. Using computational methods, the data obtained from measurements can be used, 

for example, to estimate or predict process variables that are difficult to measure. A 

simple example of data-driven model is a linear regression model. Advanced and 

intelligent computational methods include, for example, evolutionary algorithms, fuzzy 

logic, and artificial neural networks. (Lou and Huang 2000; Ge 2017; Loucks and Beek 

2017, pp. 179–182) 

2.3 Measuring instrument 

A measuring instrument is a device that produces information about physical value of a 

measured variable in a form that can be displayed or recorded. The measuring instrument 

is also known as the instrument and the measuring system. At its simplest, the instrument 

consists of only one element, which is the primary sensor. The classic mercury-in-glass 

thermometer is a good example of a simple measuring instrument. The primary sensor of 

the device transforms the physical measurable variable temperature into a form that can 

be observed. In general, the output of the primary sensor is a function of the measurand, 

which is almost linear in many sensors. In this case, the output is the change in mercury 

level as a function of temperature. (Kolmetz et al. 2013, p. 10; Morris and Langari 2020, 

p. 35) 

In addition to the primary sensor, the measuring instrument may contain one or more 

secondary sensors. Secondary sensors are usually used to measure surrounding conditions 

that may affect the measurement result of the primary sensor. The measurement results 

of secondary sensors are used to make the necessary corrections to the output of the 

primary sensor. (Nawrocki 2005, p. 3; Morris and Langari 2020, p. 5) 

Regtien et al. (2004, p. 36) states that in literature, terms sensor and transducer are often 

confused. The definitions are not always completely consistent, and the term transducer 

can mean sensor or vice versa. According to Morris and Langari (2020, p. 5), a transducer 

is a sensor that contains a variable conversion element. This element converts the 

information received from the sensor into a more suitable form, such as electrical. 

According to Guaraglia and Pousa (2014, p. 11) both devices are based on the detection 

of some physical quantity. The difference is that the transducer converts the energy in 
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some form into an electrical form and the sensor converts the energy supplied by a 

separate power supply into an electrical form according to the observations from physical 

stimulus. In this study, the terms are not to be redefined because the output of both devices 

is a signal that reflects the measured physical quantity. 

More complex measuring instruments consist of several separate elements, which may be 

also combined depending on the device (Morris and Langari 2020, pp. 3–4). The other 

possible elements of the instrument and their role in control and monitoring are explained 

below and shown in Figure 2. 

  

Figure 2. The role of elements of measuring instruments in control and monitoring 

(retelling Regtien et al. 2004, pp. 8–9; Guaraglia and Pousa 2014, p. 5; Morris and Langari 

2020, p. 5). 

The following four elements of the measuring instrument according to Figure 2 are related 

to the processing of the signal from the sensor or transducer. The first element is the signal 

conditioner. At this stage the signal is modified to be suitable for the next element which 

is analog-to-digital (AD) converter. The main signal conditioning methods are 

amplification, filtering, modulation, and demodulation. For example, electrical amplifiers 

are used to amplify the low output of primary sensors and transducer. Filtering removes 

irrelevant components from the signal, such as induced noise. (Regtien et al. 2004, pp. 8–

9; Guaraglia and Pousa 2014, p. 4; Morris and Langari 2020, p. 6) 
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The signal from sensors and transducers is usually in analog form. Signal processing is 

easier in digital form and generally signal processors can only handle digital signals. The 

analog signal from the sensor or transducer is converted into a digital signal with an AD 

converter. (Regtien et al. 2004, p. 8; Guaraglia and Pousa 2014, p. 4) 

According to Guaraglia and Pousa’s (2014, p. 4), the next element is the signal processor. 

The signal processor may perform various functions aimed at improving the signal 

quality. In some cases, the signal processor affects the characteristics of the measuring 

instrument, which are discussed in Section 2.4. The signal processor can be used to 

remove noise by mathematical processing of the signal or evaluate the quality of the data 

obtained from the signal. The signal can also be processed statistically, for example by 

averaging the digital data to save storage space. After the signal processing element, the 

digital signal can be converted back to analog signal with a digital-to-analog converter as 

known as the DA converter for the actuation of the measurement signal (Regtien et al. 

2004, p. 9). 

Often the measuring instrument also contains a transmitter element, which transmits a 

signal to some remote station (Guaraglia and Pousa 2014, p. 5), generally to an 

automation system. Depending on the goal the signal is used to indication or recording of 

the measurement or to controlling an actuator such as a valve. Signal indication and 

recording can also be performed at the measurement observation point, but the measuring 

instrument may be located at distance away and the conditions at the instrument may be 

challenging or dangerous. (Regtien et al. 2004, p. 9; Morris and Langari 2020, p. 6) 

According to Danielsson (2010, p. 657), and Morris and Langari (2020, p. 6 and pp. 192–

198), in industry, the measuring instrument signals are traditionally first transferred to the 

junction boxes in the field, from where they are led in multicore cables to the control 

room. When the measurement signal is used for control, a control signal based on it is 

transferred from the control room back to the junction box and from there to the actuator. 

A simple method is to use twisted pair cables for signal transmission, but nowadays it is 

also popular to use fibre-optic cables. In paired cables, the signal is transmitted 

electronically along copper wire, either digital or analog form, while in fibre-optic cables, 

the electrical signal is converted to light, transmitted normally in digital form. Fibre-

optics strengths compared with copper wires are larger bandwidth, lower signal 



14 

 

attenuation, immunity to the interface from electric and magnetic fields and smaller size 

and weight (Babani et al. 2014). 

2.4 Characteristics of instruments 

Regardless of the measurement, the measurement result never fully corresponds to the 

true value of the object being measured. The difference between the measurement result 

and the actual value is called measurement error. The magnitude of the error must be 

known to allow comparison with other measurements results or setpoint value in the 

feedback control systems. (Regtien et al. 2004, pp. 43) 

Possible types of measurement error are personal error, systematic error and statistical or 

random error. Personal errors are caused by the user or installer of the measurement 

device. Systematic error refers to a constant or predictable permanent error when 

repeating a measurement, which can be caused by incorrect calibration, limited detection 

accuracy or a broken measuring device. Statistical error occurs in an unpredictable way 

when repeating a measurement and it is a variation in the measurement result that often 

occurs for an unknown reason. Possible sources for a statistical error can be electrical 

noise and random changes in the circumstances. (Hiltunen et al. 2011, p. 14 and 116; 

Guaraglia and Pousa 2014, pp. 6–7; Morris and Langari 2020, p. 63) 

The characteristics of the measuring instruments play an important role in the selection 

of instruments. The instrumentation engineer must compare the process and purpose 

requirements with the characteristics given by the device manufacturer. (Hiltunen et al. 

2011, p. 9) 

The following sections discuss the typical characteristics of measurements, which are 

used to specify the performance of measuring instruments, as well as their suitability for 

different applications with different measurement requirements. The first sections deal 

with static characteristics of the instruments, that refer to the attributes of the 

measurement result in steady state when the measurable value has settled at a constant 

after any change. (Morris and Langari 2020, p. 12) 
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2.4.1 Trueness, precision and accuracy 

The most discussed terms related to systematic and statistical error are trueness, precision, 

and accuracy. Many international scientific institutions have defined these terms with 

slight differences, such as the International Organization for Standardization (ISO) and 

the Deutsches Institut für Normung (DIN) in standards ISO 5725-1:1994 and DIN 55350-

13:1987-07. (Prenesti and Gosmaro 2015) 

According to Finnish Centre of Metrology and Accreditation (MIKES) publication 

(Hiltunen et al. 2011, p. 17) trueness means the matching between the reference value and 

the average of several or even infinitely many measurement results. When the trueness is 

high, the systematic error affecting the measurement is minimal. However, high trueness 

does not guarantee a small amount of statistical error. (Guaraglia and Pousa 2014, pp. 5–

7) 

Precision is defined as the matching between independent measurement results performed 

in the same or similar situation under well-defined conditions (Hiltunen et al., 2011, p. 

17). Contrary to the above, precision is high when the statistical error is minimal. 

However, precision does not determine the scale of the systematic error. (Guaraglia and 

Pousa 2014, pp. 5–7). Figure 3 shows the differences between trueness and precision. 

 

Figure 3. Difference between trueness and precision. a. low trueness and low precision, 

b. low trueness and high precision, c. high trueness and low precision and d. high trueness 

and high precision (retelling Hiltunen et al. 2011, p. 19). 

The term “accuracy” means the matching between the measured value of a quantity and 

the true value of the measured quantity. It therefore considers both the trueness and 

precision of the measurement. As shown in figure 3, if either of these is low, the accuracy 

of the measurement is also low. In the literature, the term “trueness” is often presented as 

the term “accuracy”. According to most definitions, the accuracy of the measurement 
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refers to a measurement error in single measurement. It therefore reflects the uncertainty 

of measurement. The device manufacturer generally presents the accuracy of the 

measuring instrument in the form of a ±% inaccuracy of the measurement span or 

measured value. (Altmann et al. 2005, p. 19; Hiltunen et al. 2011, p. 17; Prenesti and 

Gosmaro 2015) 

Repeatability and reproducibility are also static characteristics of measurements, which 

are related to the precision. Repeatability refers to the matching between measurements 

made under the same conditions. Reproducibility refers to the matching between 

measurements made from the same sample and with the same method, but under different 

conditions. (Hiltunen et al. 2011, pp. 19–20; Morris and Langari 2020, p. 18) 

2.4.2 Sensitivity, linearity and hysteresis 

Characteristics sensitivity, linearity and hysteresis are related to the operation of the 

measuring instrument with different values of measured quantity in its entire measuring 

range. The terms can be represented graphically with transfer functions. The aim of all 

measurements is to produce an output in response to input, that is a true value of measured 

quantity. The transfer function is a mathematically fitted model and it is used to represent 

the relationship between the input and output of the measuring instrument. This 

relationship shall be known and shall be constant in time so that the output of the 

measuring instrument can be used to describe the measured quantity. (Guaraglia and 

Pousa 2014, p. 13) 

The sensitivity of the measuring instrument refers to the ratio of the change in the 

measured value to the change in the real value of the measured quantity (Hiltunen et al. 

2011, 115). With high sensitivity, the measuring instrument can detect even small changes 

in the value of the measured quantity. Figure 4 shows the examples of the linear transfer 

function of the temperature meter and the non-linear transfer function of the pressure 

meter. The sensitivity is constant across the measurement range when the transfer 

function is linear and changes in the measurement range when it is non-linear. (Altmann 

et al. 2005, p. 20; Guaraglia and Pousa 2014, p. 14) 

An important characteristic of a measuring instrument related to sensitivity is resolution. 

The term refers to the smallest possible change in the input, which can be detected as an 
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output (Altmann et al. 2005, p. 20). High sensitivity allows the instrument to have a high 

resolution, which is usually represented as an absolute value or as a proportion of the 

measuring range (Morris and Langari 2020, p. 22). 

 

Figure 4. Sensitivity with linear and nonlinear transfer function (retelling Guaraglia and 

Pousa 2014, pp. 13–14; Morris and Langari 2020, p. 24). 

A characteristic of measuring instrument’s linearity refers to the degree of match of the 

measurement results with a straight line fitted to them. The linearity of the measuring 

instrument can be represented either as the maximum value of non-linearity or as the ratio 

of maximum non-linearity to the measuring range. When considering the linearity of the 

non-linear transfer function, it is important to note how the line is fitted to the 

measurement results. Figure 5 shows two ways to fit a straight line, which has a 

significant impact on the maximum value of non-linearity. (Guaraglia and Pousa 2014, 

pp. 17–18; Morris and Langari 2020, pp. 22–23) 
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Figure 5. Example of non-linear transfer function maximum non-linearity with Terminal 

Straight Line (TSL) and Least Squares Best Fit Straight Line (BFSL) (retelling Guaraglia 

and Pousa 2014, p. 18). 

Hysteresis refers to a characteristic of the measuring instrument that slows down the 

detection of changes in measurable quantity. When a measuring instrument contains 

hysteresis, the transfer function differs as the measuring quantity increases and decreases, 

as shown in Figure 6. Hysteresis is typical for measuring instruments using springs. 

Hysteresis is usually presented as the ratio of the maximum difference in transfer 

functions to the measuring range. (Altmann et al. 2005, p. 21; Guaraglia and Pousa 2014, 

p. 16; Morris and Langari 2020, pp. 27–28) 

 

Figure 6. Example of hysteresis on the pressure meter (retelling Guaraglia and Pousa 

2014, p. 16). 
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2.4.3 Dynamic characteristic of instruments 

Morris and Langari (2020, p. 29) states that dynamic characteristics describe the operation 

of the instrument when a change occurs in the value of the measured quantity. The 

characteristics affect the operation of the instrument until its output reaches a steady-state 

again. Dynamic characteristics include dynamic error and measurement lag. The dynamic 

error reflects the measurement error between the value of measured quantity and 

measurement result at a certain point of time (Brock and Richardson 2001, p. 122). The 

measurement lag means the time between the input and output (Morris and Langari 2020, 

p. 32). In the example of figure 7, a step input has occurred in the value of measured 

quantity. The dynamic error of the measurement decreases, and the measurement lag 

increases over time.  

 

Figure 7. Difference between the dynamic error and the measurement lag (retelling Brock 

and Richardson 2001, p. 122). 

The dynamic performance of instruments can be modelled using differential equations 

that mimic the action of a real instrument with respect to time (Brock and Richardson 

2001, 117). Equation (1) can be used to represent relationship between linear and time-

invariant measurement system input and output (Morris and Langari 2020, p. 29):  



20 

 

𝑎𝑛
𝑑𝑛𝑞𝑜

𝑑𝑡𝑛 + 𝑎𝑛−1
𝑑𝑛−1𝑞𝑜

𝑑𝑡𝑛−1 + ⋯ + 𝑎1
𝑑𝑞𝑜

𝑑𝑡
+ 𝑎0𝑞𝑜 = 𝑏𝑚

𝑑𝑚𝑞𝑖

𝑑𝑡𝑚 + 𝑏𝑚−1
𝑑𝑚−1𝑞𝑖

𝑑𝑡𝑚−1 +

⋯ + 𝑏1
𝑑𝑞𝑖

𝑑𝑡
+ 𝑏0𝑞𝑖,  (1) 

where qi is measured quantity, 

 qo is instrument output and 

 a0 ... an and b0 … bm are constants. 

Instruments can be divided based on their dynamic characteristics into zero-order, first-

order and second or higher order instruments (Morris and Langari 2020, pp. 29–30). The 

degree of the differential equation describing the instruments is always equal to the 

associated energy storage reservoirs. The measuring system may receive or release energy 

in different forms depending on its mode of operation. (Brock and Richardson 2001, pp. 

152–153) 

According to Brock and Richardson (2001, pp. 118–119 and p. 153), and Morris and 

Langari (2020, pp. 30–32) zero-order instruments react to changes instantly, without 

dynamic error or delay. First-order instruments behave like the example in Figure 7. 

When there is a change in the value of measured quantity, a delay and an error appear in 

the response of the instrument for some time. A simple example of a first-order instrument 

is a mercury thermometer. If the thermometer is placed from room temperature to boiling 

water, the measurement result will reach the water temperature after a certain period. 

First-order instruments receive and release energy in only one form. In the case of 

thermometer, energy is stored in mercury as thermal mass (Brock and Richardson 2001, 

p. 153). 

Figure 8 shows the response of the second-order instrument, where energy is received 

and released in two different forms, which leads to the oscillation of the measurement 

result (Brock and Richardson 2001, p. 153). The examples in Figures 7 and 8 show the 

response of the instrument to step input. In many cases, the value of the measured quantity 

does not change as a step at a certain moment in time, but as a varying ramp input over 

time (Morris and Langari 2020, p. 34). 
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Figure 8. Typical response of a second-order instrument to a step input (retelling Morris 

and Langari 2020, p. 35). 
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3 SELECTION OF THE APPROPRIATE INSTRUMENT 

The choice of a suitable measuring instrument or valve is basically based on the physical 

and chemical properties of the medium to be measured or controlled, as well as the 

parameters of the process. According to Boyes (2010, p. 20), most of the maintenance 

problems associated with automation are due to the misidentification of process 

parameters. Battikha (2003, p. 4), and Morris and Langari (2020, pp. 6–8) state that the 

instrumentation engineer must understand the process so that the instrument choices can 

meet the performance requirements set by the process and the plant, such as the sufficient 

accuracy and speed of response. Other important factors influencing the choice are the 

durability, reliability, and location of the device, its ability to attenuate surrounding 

conditions, maintenance and installation, economics, the impact of the equipment on the 

process, and availability of the equipment. Considerations must also be given to 

regulations and standards affecting engineering, as well as statutory, safety and 

environmental requirements. This section discusses the above factors and the basics of 

sizing instruments. 

3.1 Standards and legislation 

The choice of instruments must also consider the related standardization and legislation. 

Different countries have their own standards and laws in place, so the instrumentation 

engineer must identify those used in that project. The standards are voluntary guidelines 

that rationalize operations, increase safety, and improve economy. However, authorities 

and organizations can make standards mandatory in their own operations. Standards are 

often based on legislation and offer an optional way of meeting the essential requirements 

set out in laws and regulations. (Suomen Standardisoimisliitto SFS ry 2019, pp. 7 and 13) 

As shown in Figure 9, there are different levels of standardization organizations. In 

Finland, the central organization for standardization is the Finnish Standards Association 

SFS. SFS is a member of the European Committee for Standardization CEN and the 

International Organization for Standardization ISO. Nowadays, up to 97% of SFS 

national standards are of European and International origin. Other well-known members 

of ISO and national standardization organizations include ANSI from the United States, 

the German Institute for Standardization DIN, and British Standards Institution BSI. 
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(Suomen Standardisoimisliitto SFS ry 2019, pp. 21–31; International Organization for 

Standardization 2023) 

 

Figure 9. International, European, and Finnish standardization organizations (retelling 

Suomen Standardisoimisliitto SFS ry 2019, p. 23). 

From the perspective of the instrumentation engineer, interesting individual standards 

include SFS 5059 (2007), which includes instructions for placing instruments in the 

process, and SFS-EN 13480 (2017) which deals with metal industrial piping. Also of 

interest is the SFS standard 60543-2-1 (2011), which includes the calculation equations 

needed to predict the flow of compressible and non-compressible media through control 

valves, which are important for sizing valves. In addition to the above-mentioned 

standardization organizations, the Finnish PSK Standards Association offers practical and 

method type standards for use by industry and companies serving it (Koistinen 2023). 

Among their standards of interest are PSK 0201 (2011), which deals with industrial valve 

selection and operating recommendations and PSK 5201 – PSK 5210, which contain type 

drawings of instrument installations, compiled in the PSK-käsikirja 2 (PSK Standards 

Association 2003). Standards on the structural and functional characteristics of field 

equipment are more of interest to device manufacturers. 
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Directives of the European Parliament and of the Council to be considered for 

instrumentation engineering include at least Pressure Equipment Directive 2014/68/EU, 

Low Voltage Directive 2014/35/EU, ATEX Directive 2014/34/EU, EMC Directive 

2014/30/EU and Machine Directive 2006/42/EY. The harmonized European standards 

related to these directives complement and interpret the directives and provide guidance 

on supplementing the statutory requirements of the directives. These directives have also 

been implemented in Finland as various laws and regulations, such as the Government 

Decree on Pressure Equipment 1548/2016 based on Pressure Equipment Directive. 

(Pyyskänen 2013, pp. 19–20; Turvallisuus- ja kemikaalivirasto (Tukes) 2023) 

3.2 Properties of the process and medium 

From the literature on instrumentation engineering, such as Measurement and 

Instrumentation Principles by Morris and Langari (2020), and Instrument Engineers’ 

Handbook by Liptak (2003a), it very quickly becomes apparent that the conditions and 

parameters of the process, as well as the properties of the medium, largely determine the 

choice of measuring and control instruments. A particular temperature measuring 

instrument is not suitable for measuring all temperatures and the operation of flow meters 

depends a lot on the properties of the medium. The instrument to be selected must not 

only be capable to operate under the conditions of the process and medium, but also be 

durable in them. 

When selecting an instrument, the temperature, pressure, and flow rate values of the 

process, as well as their variations, must be identified. The properties of the medium, such 

as density and viscosity, as well as the state and the possible multiphasicity, are important 

factors influencing the selection. Measurement methods are always based on the 

occurrence of a specific physical phenomenon that can give its own limitations to the use 

of the device. For example, magnetic flowmeter requires electrical conductivity from the 

medium where it is used to operate. (Battikha 2003, p. 84; Kayser et al. 2003c, pp. 406–

407; Lomas and Lipták 2003, pp. 160–161; Rall et al. 2003, p. 566) 

The material choices and protections of the instruments can be used to prolong the 

lifetime by improving their durability against the effects of the process and medium. In 

its handbook, Emerson Automation Solutions (2019, pp. 127–128) suggests that, in 

addition to the process temperature and pressure that affect the choice of valve body 
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material, the potential corrosive chemical aggressivity of the medium, as well as the 

erosive properties should be considered. Table 1 presents popular valve body material 

types. Material choices also have a major economic impact. The corrosion-causing 

properties of some media require the use of exotic alloys and metals, the price of which 

rises above the commonly used materials.  

Table 1. Popular casting grades used in valve bodies (Emerson Automation Solutions 

2019, 128). 

Valve body material Features and information 

Cast Carbon Steel (ASTM A216 

Grade WCC) 

Most popular cast steel material. 

Suitable for air, saturated or superheated steam, non-

corrosive liquids, and gases. 

Temperatures below 425 °C. 

Cast Chromium-Molybdenum Steel 

(ASTM A217 Grade WC9) 

Standard cast Cr-Mo grade. 

Popular in steam and boiler feedwater applications. 

Good resistance to erosion, corrosion, and creep. 

Temperature below 595 °C. 

Cast Type 304L Stainless Steel 

(ASTM A351 Grade CF3) 

A common material option for chemicals. 

Temperatures below 425 °C. 

Cast Type 316 Stainless Steel 

(ASTM A351 CF8M) 

The industry standard stainless steel cast body material. 

Greater resistance to corrosion, pitting, creep, and 

oxidizing fluids compared to 304L. 

Widest temperature range: -254 °C to 816 °C. 

Cast Type 317 Stainless Steel 

(ASTM A351 Grade CG8M) 

Good corrosion resistance to, for example, digester 

liquor, dry chlorine dioxide and many other media found 

in pulp and paper plants. 

Temperatures below 538 °C. 

 

Thermowells are protection sockets intended to protect thermal elements from 

mechanical shocks and corrosion. They allow the removal of thermal elements for 

calibration, maintenance, or replacement. The choice of materials for thermowells also 

has its own recommendations according to the medium. Consideration is given to the 

deterioration of the dynamic characteristics of the measuring instrument because of 

protection. Even a thin-walled thermowell increases the measurement time constant by at 

least five seconds. (Daneman and Lipták 2003, pp. 697–700; Morris and Langari 2020, 

p. 7) 
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3.3 Process requirements 

The requirements set by the process and the plant limit the number of suitable devices. 

The needs set by the process and the plant must be identified to select the device that 

meets them (Battikha 2003, p. 5). A measuring or control instrument may have process 

requirements related to characteristics discussed in the previous section, such as accuracy, 

resolution, sensitivity, and dynamic performance. The device can also have process 

performance and operation, as well as safety related reliability requirements. (Morris and 

Langari 2020, pp. 6 and 350) 

According to Lipták (2003b, p. 79), the required accuracy and resolution of the 

measurement depends a lot on the purpose of the measurement. When the measurement 

is used to control the process, for good control, the measurement result must be as precise 

as possible. Battikha (2003, p. 5), and Morris and Langari (2020, p. 18) states that possible 

variations in the measured quantity must be considered and primarily affects the 

measuring range of the selected measuring instrument. To achieve the best possible 

measurement accuracy, the measuring instrument should be selected according to its 

measurement range so that is suitable for the measured values. The measurement range 

should not be too large, but it should cover the normal operation range of the process, as 

well as any deviations and extreme values. Turndown is the ratio between the maximum 

and minimum measurement of the measuring instrument. If the turndown of the 

measuring instrument is 10:1, the instrument is capable of accurately measuring down to 

1/10th of the maximum measurement value. 

Reliability of instruments refers to the probability of operating without failure under 

certain conditions of a specific period. To achieve reliability, the required performance of 

the device must be considered, as well as the physical and electrical conditions that affect 

the operation of the device. Failure of the measuring instruments impairs the performance 

of the measuring system and, at the worst, ceases its operation. In safety-critical 

applications, faults in the measurement system can also seriously affect the wider system 

of which the measurement system is part. The following section deal with the placement, 

installation, and maintenance of instruments, which have a major impact on the reliability 

of the instruments. (Cluley 2010, p. 737; Morris and Langari 2020, p. 350) 
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In addition to these, Morris and Langari (2020, p. 7 and 508) point out that the effects of 

the measuring instrument on the process must also be considered. All intrusive or flow 

limiting measuring instruments and valves cause some degree of permanent pressure loss 

in the fluid flow. For example, the orifice plate used for flow measurement causes up to 

50–90% pressure loss in the flow of the measured fluid. According to Jussila (2023b), 

good practical example of a situation where this must be considered is the measurement 

of the flow rate of the steam going to the steam turbine at power plants. The flow 

measurement method should be chosen that causes the lowest possible pressure loss in 

the steam flow, so that its potential to generate mechanical energy with a turbine is kept 

as high as possible.  

3.4 Installation types 

The instrumentation engineering includes not only the selection of measuring 

instruments, measurement methods, valves, and their materials, but also the selection of 

the installation type and, if necessary, the installation designing (Jussila 2023a). The PSK 

Käsikirja 2 (PSK Standards Association 2003, pp. 6–11) provides a selection of 

installation solutions for flow, level, pressure, temperature, as well as for analysis and 

special measurements. In addition to the engineering, instrument installation type 

drawings are a help for making offers and requests and for installation. The instrument 

installation type drawings include a clearly presented solution in accordance with good 

installation practice, and materials, valves, auxiliary devices, and mounting parts required 

for the installation. The drawings contained in the handbook serve as ready-made, 

technically good, and economically advantageous solutions for the most typical 

instrumentation cases. When selecting installation methods and materials, the specific 

requirements of the case must be considered, and in many cases the drawings in the 

handbook serve as the basis for project and industry-specific drawings.  

Battikha (2003, pp. 270–271) lists the factors affecting the installation type selection and 

their tubing. First, the installation process tubing must comply with the process 

regulations of the pipelines or exceed them in terms of design temperature, pressure, and 

materials. An important guideline is that in installation types with tubes, often pressure 

measurements, the measuring instrument must be either below or above the measuring 

point depending on the quality of the medium. In gas measurements, without condensing 

fluids, the measuring instrument should be placed above the process line and the process 
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tap should be on the top or side of the line. On the contrary, with liquids and condensates, 

the measuring instrument should be located below the process line and the process taps 

on the side of the line. In both cases, all horizontal lines should be sloped so that any 

trapped liquids or gases can flow back into the process. 

Battikha (2003, p. 271) also mentions other factors to consider, such as heating freezing-

sensitive pipes. With obstruction-causing media, the type of installation should include 

connections suitable for cleaning or flushing, and when measuring gases containing 

moisture, the tubes should be equipped with suitable drains, settling chambers, or traps. 

The types of installation related to pressure measurements are discussed more specifically 

in Section 4.2.1. 

3.5 Installation and maintenance 

The correct installation and commissioning of instrumentation systems ensures the safety 

and continuous efficient operation of the plant. The instrumentation of process plants is a 

large capital investment, and the cost of installation is up to 40–50% of the capital cost of 

the instruments. The importance of the careful installation of the instrument is great 

economically, in terms of the efficient operation of the instrument and the process, and to 

ensure long-term reliability. (Gibson 2003, p. 100; Danielsson 2010, p. 655) 

According to standard SFS 5059 (2007, pp. 3–4 and 15), the measurement and control 

technical requirements, process and environmental conditions, as well as operation and 

maintenance activities must be considered when placing the instruments. Measurement 

technical requirements ensure the success of the measurement without any disturbances. 

As an example of the technical requirements, most flow measurement methods require a 

direct undisturbed pipe section and the temperature sensors must be placed in a location 

where the flow of the process fluid is the fastest, but in such way that the process fluid 

does not collect in the protective tube of the sensor. 

The measurement or control instrument must be capable to handle the internal and 

external process conditions. Attention must be paid to the ambient temperatures 

surrounding the instrument, possible vibrations, and corrosive conditions so that the 

measurement can be carried out accurately and the requirements of the device in terms of 

durability are met. The requirements for the durability of the instrument depend largely 
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on its critically to the operation of the process and the maintenance interval of the 

instrument.  The premature breakdown of instrument can cause unplanned shutdowns and 

therefore problems with the operation and safety of the plant. The instrument is expected 

to last a projected life, based on which they will be maintenance and replaced at planned 

shutdowns. Some instruments are also expected to last throughout the operation of the 

plant. (Battikha 2003, p. 5; Boyes 2010, p. 21; Morris and Langari 2020, pp. 7–8) 

The instrument must also be placed in a location that is easily accessible (Battikha 2003, 

p. 5). Standard SFS 5059 (2007, p. 3) instructs that adequate space must be reserved 

around the measuring point for installation and maintenance and in the direction of the 

sensor pull-out. Battikha (2003, p. 266) states that all instruments to be installed in the 

field should be installed and connected in such way that the instrument can be maintained 

and removed for servicing without breaking fittings, cutting wires, or pulling hot wires 

through rigid or flexible metal tubes. 

3.6 Economics 

When making instrumentation purchases, one should not only evaluate the unit prices of 

the instruments. The life cycle costs of instruments include, in addition to the unit price 

of the instrument, installation, operation, maintenance and engineering costs for the entire 

estimated life (Yokogawa Electric Corporation 2019, pp. 3–4). According to Morris and 

Langari (2020, p. 7), the price of an individual instrument is strongly correlated with the 

performance of the instrument. Increasing the static characteristics of instruments, such 

as accuracy, also increases the cost of manufacturing the instrument. In addition to the 

static properties of the instrument, the instrumentation engineer must evaluate its 

durability, maintainability, stability, and usability, which decreases the importance of the 

unit price when making a device selection. 

When evaluating the price of the instruments, the related capital expenditures (CAPEX) 

and operating expenditures (OPEX) must be considered. CAPEX includes the costs of 

investments related to design, procurement, and construction of large assets. In 

instrumentation, it consists of factors such as the cost of the instrument and material 

choices, installation and construction work, and inventory costs. OPEX includes running 

costs related to the operation of the plant, including the costs related to operation, 
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maintenance, engineering, as well as the costs of unplanned shutdowns caused by the 

instrument breakdown. (Yokogawa Electric Corporation 2019, pp. 3–4)  

The cost of the instruments can be compared by calculating their annual cost by dividing 

the instrument CAPEX and OPEX by its expected lifetime (Morris and Langari 2020, p. 

8). According to the example presented in the white paper by Yokogawa Electric 

Corporation (2019, p. 5), a slightly more expensive instrument investment in terms of 

CAPEX may become significantly cheaper in terms of OPEX during its lifetime. The 

savings shown in the Figure 10 are based on the longer time between the calibrations and 

proof-testing, the lower possibility of unplanned shutdowns, and the reduced replacement 

costs of the slightly more expensive instruments. 

 

Figure 10. Hypothetical costs of the pressure transmitter package, the package contains 

500 transmitters, and the lifetime of the transmitter is 15 years (retelling Yokogawa 

Electric Corporation 2019, p. 5). 

Rising energy prices also have a direct impact on the operating costs of various measuring 

instruments and valves. Lomas and Lipták (2003, pp. 161 and 164) states that low-cost 

pressure differential flow measurement methods bring particularly significant operating 

costs. These methods require a variety of pressure drops to make the measurement 

successful, which are created by electric pumps and compressors. Annual energy usage 

costs can even exceed the purchase price of the meter. On the other hand, Jussila (2023c) 

states that generally, the higher the pressure drop in the throttling device, the shorter the 

straight pipe sections required. On the contrary, the lower pressure drop, the longer 

straight pipe sections required, which means more piping and, consequently, higher costs. 

Application Complexity

Corrosive Environments

CAPEX Costs OPEX Costs

Option 1 $1,187,500 Option 1 $250,000

Option 2 $1,183,750 Option 2 $800,00

CAPEX Savings (3,750) OPEX Savings $550,000

CAPEX Drivers Opex Drivers

Invetory Costs Ongoing Maintenance & Calibration

Unplanned Downtime

Proof Testing

Replacement Costs
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3.7 Sizing of instruments 

3.7.1 Sizing of measuring instruments 

The sizing of measuring instruments typically refers to the selection of their measurement 

range. The selection of the measurement range is based on the values of the measured 

quantity, following the principle that the minimum and maximum values of the quantity 

should fall within the measurement range. In cases where the minimum value of the 

measured quantity is zero or close to zero, consideration must be given to the upper limit 

of the measurement range. To ensure the suitability of the measurement range, the specific 

maximum process value can be multiplied by an appropriate factor, and the measurement 

range can be chosen accordingly. If only the process normal value is known, it is advisable 

to estimate a sufficiently large sizing value on case-by-case. Additionally, many local 

temperature and pressure gauges have standardized measurement ranges from which the 

appropriate range should be selected based on the process values. (AFRY 2023) 

3.7.2 Sizing of valves 

In addition to selecting the valve type, its sizing has a major impact on the performance 

of the valve being selected. First, the valve must be large enough to let through the 

required flow, but the valve, which is too large, makes it difficult to optimize process 

control. Valve oversizing is more common in industry, especially due to the use of line-

sized high-capacity rotary valves and the conservative addition of several safety features 

at various stages of the process engineering. An oversized valve increases valve gain, that 

is the ratio of the change in the flow rate to the change in the position of the valve, the 

resulting in less flexibility in adjusting the controller. Oversized valve control is likely to 

occur at smaller flow openings, producing a large change in flow with a certain change 

in valve travel. At the same time, a large part of valve control area may remain completely 

inefficient. Sizing also aims to eliminate undesirable phenomena such as liquid cavitation 

and less damaging flashing, as well as excessive noise. (Pulli 2016, p. 137; Emerson 

Automation Solutions 2019, p. 41 and pp. 45–46; Kirmanen et al. 2022, pp. 19 and 48) 

Valve sizing begins with laboratory tests by valve manufacturers to determine the 

inherent flow characteristics of the valve (Kirmanen et al. 2022, p. 20). The valve capacity 

is described by the value of the valve flow coefficient, which means the amount of flow 

allowed through the valve in a given period of time with a constant pressure drop across 
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the valve (Emerson Automation Solutions 2019, p. 24). Niemelä et al. (2022) has 

determined the flow coefficients of all Neles valves with the valve relative openings of 

10–100%. Laboratory experiments were conducted with room-temperature water in a 

straight line of the pipe, resulting in valve flow capacity according to equation (2). 

Equation (2) contains the numerical constant N1, the value of which depends on the unit 

system used: 

𝐶𝑣 =
𝑞

𝑁1√∆𝑝𝑣
 ,  (2) 

where Cv is flow coefficient, 

q is flow rate, 

 N1 is equation constant and 

 Δpv is pressure differential across the valve. 

When considering the inherent flow characteristics of the valve, it should be noted that 

they do not correspond to the flow characteristics of the valve installed, which are affected 

by the pressure drops that depend on the flow of the pipelines connected to the valve 

(Pulli 2016, p. 134). Today, modern sizing software offered by valve manufactures are 

available, based on modeling and predicting the actual flow characteristics of the valve 

installed, producing optimal controllability and accuracy for individual process services 

(Kirmanen et al. 2022, p. 20). 

In its simplest form, valve sizing is based on comparing the value of the flow coefficient 

of the selected valve with the flow coefficient required by the process. If the flow 

coefficient required is greater than the flow coefficient of the valve when it is fully open, 

the valve limits the flow. When it is smaller, it can be estimated, based on the flow 

characteristics assigned of the valve, how much the valve is open at that flow. The 

appropriate opening at full flow depends on the valve type, as well as the process 

application, being about 60–80% range, and in some cases even up to 90%. At the same 

time, to achieve the best control, the valve opening should not be smaller than 20% at 

minimum flow. (McCarty 2014; Emerson Automation Solutions 2019, p. 100; Jussila 

2023c) 

Harmonized standards ISA 75.01.01 and IEC 60534-2-1, which also has the status of a 

Finnish National standard SFS-EN 60534-2-1, contain widely used calculation equations 
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for predicting the flow coefficient required by the process for compressible and non-

compressible fluids. The use of each equation depends on the compressibility of the 

medium, as well as the quality of the flow. In general, the flow is turbulent, but laminar 

flow can occur with very viscous fluids and low flow rate. To ensure accuracy, the 

standard equations only work with certain limitations. For example, in non-compressible 

flow applications, they are not suitable for non-Newtonian fluids, fluid mixtures, slurries, 

or two-phase fluids. (SFS-EN 60534-2-1:en 2011, p. 6; Emerson Automation Solutions 

2019, p. 97; Kirmanen et al. 2022, p. 8) 

Since the use of calculation equations depends on the medium of the application, as well 

as the quality of the flow, it is impossible to go through all of them within the limits of 

this work. Emerson Automation Solutions (2019, p. 100) presents a simple five-step 

procedure for sizing valves for non-compressible fluids based on the standard ISA 

75.01.01 procedure. Appendix 2 contains more detailed information on the variables and 

equations required for the calculation, as well as an example for valve sizing. 

The first step is to determine all the required information about the desired valve, medium, 

piping and process conditions. Table 2 shows the necessary variables, which vary 

depending on application. The second step is to determine the equation constants N1 and 

N2. N2 is also a numerical constant, the value of which depends on the unit system used. 

The next step is to define the piping geometry factor FP, that is the correction factor for 

pressure losses caused by pipe fittings, and the liquid pressure recover factor of a valve 

with attached fittings and the piping geometry factor FLP. The fourth step is to determine 

the pressure drop ΔPsizing between upstream and downstream. With enough pressure 

difference, the liquid begins to vaporize, causing a choked flow. If the actual pressure 

drop is greater than this pressure difference, the choked flow pressure drop ΔPchoked is 

used for the calculation. The final step is to calculate the flow coefficient required by the 

process and compare it with the valve flow characteristics. If the valve is not suitable for 

that application, repeat steps 3–5 with the parameters of the new valve. (Emerson 

Automation Solutions 2019, p. 100) 

To ensure the functionality of the valve at different flow rates, it is often important to 

determine its characteristics not only at maximum flow but also at minimum and normal 

flow. The control capabilities of the valve are at their best when it operates within its 

linear operation range at all flow rates. At the same time, it is crucial to assess the noise 
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generated by the valve when the pressure differential is at its highest. Careful design and 

evaluation help to maintain an acceptable noise level and preserve the valve’s optimal 

performance. (Jussila 2023c) 

Table 2. Required information for valve sizing for liquids (Emerson Automation 

Solutions 2019, p. 100; Kirmanen et al. 2022, p. 109; Jussila 2023c). 

 

According to Kirmanen et al. (2022, pp. 91 and 94), mathematical description of two-

phase flow is challenging and due to the nature of flow, it is impossible to describe 

different flow forms with sufficient accuracy in one equation. Standardized calculation 

equations therefore do not exist at all. The sizing method they present is based on a 

homogenous flow theory, a common type of multi-phase flow. It assumes that the liquid 

and gas are completely mixed and have the same velocity. 

Valve data Process data 
Piping 

configutration 
Fluid properties 

Size d 
Maximum flow rate 

qmax or wmax 

Upstream pipe 

diameter D1 
Specific gravity Gf 

Valve sizing 

coefficient Cv 

Upstream 

temperature T1 

Downstream pipe 

diameter D2 

Kinematic viscosity 

v 

Liquid pressure 

recovery factor FL 

Valve upstream 

pressure p1 
Pipe schedule sch 

Relative density 

ρ1/ρ0 

  
Valve downstream 

pressure p2 
    

 
Minimum flow rate 

qmin or wmin 
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4 DEVICE GROUPS 

There is a wide range of different devices available for measuring physical quantities that 

are suitable for different situations. It is important for the instrumentation engineer to 

know the features and performance of the available devices, when choosing an 

instrument. In general, the more challenging and complex the measurement application 

is, fewer suitable measuring devices are available. The following sections discuss the 

most used measuring instruments and methods in industry for measuring typical process 

variables: temperature, pressure, level, and flow. Instrumentation also includes the 

selection of actuators and the final control elements, such as valves, which are discussed 

in Section 4.5. The sections present and compare the operation and features of the devices, 

as well as the limitations and possible applications.  

4.1 Temperature 

Temperature is the most measured process variable in industry. It is a measure of heat 

and determines the state of substances. Physical principles that affect temperature are the 

basis for most temperature measurement instruments. There are dozens of available 

devices, of which the typical devices in today's plants to measure temperature will be 

discussed in this section. (Rall et al. 2003, p. 565; Morris and Langari 2020, p. 408) 

Thermocouples are temperature measuring instruments based on the thermoelectric 

effect. They consist of two different metal wires, at the junction of which an electromotive 

force is generated. The magnitude of this electromotive force depends non-linearly on the 

temperature difference between the ends of the wires. By measuring the voltage, the 

temperature of the measuring object can be estimated. (Guaraglia and Pousa 2014, p. 125)  

Clagget et al. (2003b, p. 686), and Morris and Langari (2020, pp. 426–427 and p. 451) 

describes that depending on the metals used, thermocouples have a wide measurement 

range between –250 °C and 2300 °C. Other characteristics of thermocouples also depends 

directly on the metals used in it. The response characteristics of thermocouples is non-

linear, and their sensitivity is relatively low. A typical change of only a few or dozens of 

microvolts at output voltage per degree is prone to noise and the devices is unsuitable for 

detecting small temperature changes. Due to the small thermal mass of the wires, 
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thermocouples may respond quickly to temperature changes (Guaraglia and Pousa 2014, 

p. 126). 

Another commonly used measuring instrument is a resistance temperature detector (RTD) 

based on a change in resistance of resistive materials. The resistive material is metal, such 

as nickel, copper and platinum, whose resistance increases non-linearly as the temperature 

increases. A typical problem that weakens RTD measurement results is the resistance of 

lead wires from the sensor. This problem can be minimized by different wiring 

configurations such as three and four wire configurations. More accurate measurement 

results will be achieved as the configuration becomes more complex, but the cost of the 

measuring instrument will increase. A common RTD made of platinum is the Pt100, 

named for its resistance of 100 Ω at 0 °C. (Wu 2018, pp. 2 and 4; Kuzubasoglu and 

Bahadir 2020; Morris and Langari 2020, p. 432) 

Compared with thermocouples, the measurement range of RTDs is slightly narrower, but 

to many others relatively wide. For industrial applications, for example, platinum sensors 

can be used up to 800 °C (Hagart-Alexander 2010, p. 287), although in practice they are 

not recommended for measurements above 400 °C (Jussila 2023c). According to 

Kuzubasogu and Bahadir (2020, 2), and Morris and Langari (2020, pp. 432 and 452), 

RTDs are generally considered more expensive than thermocouples and have a higher 

response time, but due to higher linearity, accuracy, and ability to detect small 

temperature differences, they are a preferred option for lower temperature measurements. 

The devices discussed above operate in a wide measurement range and are therefore 

suitable for most industrial applications. Semiconductor devices, such as integrated 

circuit (IC) sensors, are a cheap alternative to temperature measurements near the ambient 

temperature (Morris and Langari 2020, p. 436).  Guaraglia and Pousa (2014, p. 126), and 

the Texas Instruments guide (2020, p. 5) describes their operation based on the 

temperature sensitivity of the semiconductors PN junction. As the temperature rises, the 

threshold voltage of the PN junction decreases and the current passing through it 

increases. 

IC sensors do not fare well in the comparison in terms of accuracy and measurement 

range. Nevertheless, the linearity of transfer function, cheap price and small size make 

them a viable option for applications where the temperature is close to the ambient 
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temperature, several measurements are required or space is limited, such as in HVAC 

sites. (Lipták 2003c, p. 622; Guaraglia and Pousa 2014, p. 127)  

When measuring very high temperatures, noncontact measurement methods may become 

necessary. Radiation pyrometers are based on the measurement of the amount of 

electromagnetic thermal radiation emitted from the measuring object (Claggett et al. 

2003c, pp. 630–631). Their different versions can be used to measure temperatures in a 

very wide measurement range from –100 °C up to 10,000 °C (Morris and Langari 2020, 

p. 436). Claggett et al. (2003c, p. 633 and 642) states that in addition to measuring high 

temperatures, radiation pyrometers are suitable for example, for measuring the 

temperature of objects in motion or particularly small objects. However, measuring with 

radiation pyrometers are not entirely unproblematic. Measurements shall consider the 

emissivity, shape, temperature, and surface characteristics of the target object. The 

distance of the measurement and the surrounding conditions must also be considered 

(Guaraglia and Pousa 2014, pp. 129–130). The devices are also considerably more 

expensive compared to the previous ones (Morris and Langari 2020, p. 452). 

According to Ma et al. (2022) and Gangwar et al. (2023), sometimes there is no visual 

contact with the measurement target, or it is otherwise difficult to access. The target can 

also be in an extremely challenging chemically aggressive environment with high 

temperature and pressure. In such situation, fibre optic temperature sensors may become 

necessary. Fibre optic sensors are based on light transmission in fibre optic cables 

between light source and detector (Morris and Langari 2020, p. 390). The temperature 

affects the characteristics of the optical fibre and changes the intensity, frequency, and 

phase of the light according to the temperature (Szczerska 2022). 

Fibre optic temperature measurements are recommended to be used in situations where 

very accurate measurements are required or when other measurement methods are not 

suitable. Depending on the type, they can measure temperatures up to 3600 °C and are 

insensitive to electric and magnetic fields and withstand most chemicals and ionizing 

radiation. The biggest weakness of the devices is the high prices, which often leads to the 

selection of other measuring instruments in applications where it is possible. Table 3 

presents the typical characteristics of the commonly used temperature measuring 

instruments discussed above.  (Morris and Langari 2020, p. 447; Szczerska 2022)  
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Table 3. Typical characteristics of different thermometers (Claggett et al. 2003a, p. 645; 

Claggett et al. 2003b, p. 637; Clagget et al. 2003c, p. 630; Lipták 2003c, p. 620; Rall et 

al. 2003, pp. 566–567; Morris and Langari 2020, pp. 426–452). 

Type 
Measurement 

Range (°C) 

Inaccuracy 

of span (%) 
Sensitivity Linearity Price 

Response 

time 

Thermocouple - 

Type K 
–200 to 1300 ±0.75 41 µV/°C Good Low Good 

Thermocouple - 

Type J 
–40 to750 ±0.75 43 µV/°C Good Low Good 

Thermocouple - 

Type S 
0 to 1750 ±0.5 10 µV/°C Poor Moderate Excellent 

RTD - Pt100 

Class A 
–200 to 800 ±0.01 0.385 Ω/°C Excellent Moderate Slow 

IC sensors –50 to 150* ±3 Good* Excellent Low Good 

Radiation 

pyrometers 
–100 to 10000* ±0.05** Good* Poor High Excellent 

Fibre optic 

thermometers 
250 to 3600* ±1.0 Good* Poor High Excellent 

*   Depends on the model     

** Cannot be achieved, when measuring very high temperatures 

Note: Characteristics vary according to the model and the manufacturer of the measuring instrument 

 

4.2 Pressure 

Pressure is the second most measured process variable in industry. Pressure measurement 

is usually the measurement of the pressure difference between an unknown pressure and 

some reference pressure. In general, the reference pressure is either vacuum or 

atmospheric pressure, but also any other pressure value is acceptable. The term absolute 

pressure refers to a comparison of the pressure to the vacuum that is the absolute zero of 

pressure. Gauge pressure refers to a comparison of pressure with atmospheric pressure. 

Some applications also require a comparison of two unknown pressures. This means the 

measurement of differential pressure. (Higham and Paros 2010, p. 145; Morris and 

Langari 2020, p. 470) 

As with temperature measurement, dozens of different devices and methods are available 

for measuring pressure. Almost all commercial pressure measuring instruments are based 

on pressure sensing elements that undergo displacement or stretching due to pressure 

(Chau 1999, p. 2). This section discusses the three most typical and most common 

mechanical pressure sensing elements. According to Morris and Langari (2020, p. 488), 

the devices using these methods are often equipped with electronic displacement sensors 
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based on different principles, such as strain gauge, piezoelectric and piezoresistive 

sensors, capacitive sensors, or fibre optic sensors. 

Bourdon tubes, diaphragms and bellows are mechanical pressure gauges whose operation 

is based on mechanical movement caused by pressure. The devices can also be used as 

local meters, without electronic sensors. Table 4 shows the typical properties of these. 

(Higham and Paros 2010, pp. 149–152) 

According to Lipták et al. (2003a, pp. 731–734), Higham and Paros (2010, p. 149), and 

Morris and Langari (2020, pp. 475–477), bourdon tube is a commonly used measuring 

instrument for medium and high gauge pressures up to 690 MPa. Its operation is based 

on displacement at the end of a flexible tube, which usually made of metal and bent into 

a circle. The magnitude of the displacement depends on the pressure of the fluid filling 

the tube. The typical forms of Bourdon tubes are C-type, spiral type, and helical type. The 

form of the tube does not affect the accuracy of the measurement much, but the spiral and 

helical types are more suitable for measuring high pressures. All Bourdon tube forms are 

sensitive to shocks and vibrations, and it should be noted that the fluid properties to be 

measured would be similar to the fluid used for calibration. 

Bellows are instruments suitable for measuring low and medium gauge pressures up to 

15 MPa, as well as vacuum pressures up to 250 kPa. Bellows can also be used to measure 

differential pressure up to 3 MPa. The function of the bellows is based on the expansion 

and contraction of a seamless roll formed metal tube. The displacement in the tube is 

almost linearly dependent on the pressure of the fluid affecting on it. Weaknesses in the 

bellows include sensitivity to changes in ambient temperature, hardening, drift and 

hysteresis. (Lipták et al. 2003b, pp. 726–727; Morris and Langari 2020, p. 474) 

The most frequently used pressure sensing element is the diaphragm. The diaphragm is a 

disc made of flexible material, such as plastic, various metals or metal alloys, whose 

deflection corresponds to the pressure applied to it. Different versions of the diaphragms 

can be used to measure low and high gauge pressure up to 200 MPa, vacuum pressure up 

to 5 MPa and differential pressure up to 250 kPa. (Chau 1999, p. 3; Morris and Langari 

2020, pp. 471–472) 
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More accurate and sensitive instruments for very low vacuum pressures are Pirani gauge 

and McLeod gauge. The options for measuring very high pressures are much more 

limited, the popular instrument is manganin pressure sensor. (Morris and Langari 2020, 

p. 488) 

Table 4. Typical characteristics of different mechanical pressure sensing elements 

(Lipták et al. 2003b, p. 726, 2003a, p. 731; Lipták et al. 2003d, p. 736; Morris and 

Langari 2020, pp. 471–477). 

Type 
Design pressure 

(MPa) 

Desing 

temperature (°C) 

Inaccuracy of 

span (%) 

Minimum span 

(kPa) 

Maximum 

span (MPa) 

Bourdon 

Tubes 
Up to 690 (g) Up to 316* ±0.1 to ±5 100 kPa(g) 690 (g) 

Bellows Up to 41 (g) Up to 100* ±0.1 to ±2 
10 (a) and 0.65 

(g) 

0.25 (a) and 

15 (g) 

Diaphragms Up to 200 (g) Up to 538* ±0.1 to ±1 
700 (a) and 

0.12 (g) 

5 (a) & 200 

(g) 

* Depends on the material     

(g) = gauge, (a) = absolute 

Note: Characteristics vary according to the model and the manufacturer of the measuring device 

 

When selecting pressure measuring instruments, the most important thing according to 

Jussila (2023b) is to select the correct and suitable installation type for the process and 

the medium to be measured. Understanding the different pressure sensing elements alone 

do not enable one to determine the suitable measurement method. The issues discussed 

in this section should also be considered in other measurement method based on pressure 

measurement, such as hydrostatic pressure measurement determining the level of liquid 

tanks, and flow measurement methods based on pressure difference (Battikha 2003, p. 

119). The operating principles of these methods are discussed in more detail in Sections 

4.3 and 4.4. 

Based on ABB’s (2012, pp. 8 and 13) white paper, pressure instruments can be divided 

into two groups, where the pressure sensing element of the instrument is either directly 

or indirectly connected to the process. Devices in direct contact with the fluid to be 

measured can be used with homogenous, clean, non-corrosive and not very viscous 

media. According to SICK Sensor Intelligence’s guidelines (2015, p. 6), when the 

medium is hotter than the operating limits of the transmitter, the transmitter can be 
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connected to the process by an impulse line, allowing the process fluid to cool before 

contact with the transmitter. The impulse line can also be used in applications where the 

device wants to be placed in an easier place in terms of maintenance or operation. Reader-

Harris and McNaught (2005, pp. 3 and 6) states that impulse lines cans also be used in 

vibrating process tubes, as well as to connect separate measurement points in differential 

pressure measurements to the instrument. On the other hand, impulse lines can only be 

used with clean mediums that have no risk of blocking or solidifying the lines (Jussila 

2023c). Battikha (2003, p. 121) and Reader-Harris and McNaught (2005, pp. 3 and 18) 

continues that for achieve accurate results, the impulse lines should always be as short as 

possible and in the case of differential pressure measurements equal length to each other. 

Device manufacturers also offer pressure differential transmitters directly mounted in the 

process pipe, eliminating the need for impulse lines in pressure differential flow 

measurements. The installation method is called close coupling. 

For devices that are indirectly connected to the process, there is a remote seal in contact 

with the process fluid. The use of remote seal is a practical way to protect the pressure 

sensing element of the device from corrosive, toxic and viscous media. The remote seal 

conveys the process pressure along the filling fluid, such as silicone oil, to a transmitter. 

These devices can be connected to the process with either a direct-mount style or 

capillaries. Capillaries are used for reasons like impulse lines, but they have many 

advantages over them. They are also practical in situations, where the measuring points 

are far apart, thus avoiding the condensation pots required with impulse lines. They are 

also recommended for media that can solidify in impulse lines or clog them. However, 

the use of capillaries can significantly increase the response time of the transmitter. 

(Battikha 2003, p. 120; ABB 2012, pp. 12–13 and 15; ABB Measurement & Analytics 

2021, pp. 1 and 3) 

According to Battikha (2003, p. 121), all pressure instruments should be separated from 

the process by an isolation valve if the process conditions allow it. The valve allows the 

device to be maintained, calibrated and replaced while the process is running. On the 

other hand, ABB (2012, p. 15) suggests in its white paper that a transmitter installed 

directly in a process tube or tank without yokes or adapters is practical in all cases where 

an isolation is not required. Flush-mounted type of installation is practical with dirty and 

viscous media and especially necessary in the food and pharmaceutical industries, where 

process connections must stay clean for hygiene reasons. 
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The device suppliers also offer special mounting and service valves that allow the 

pressure transmitter to be checked, replaced, purged and calibrated safely without 

interrupting the process (Satron Instruments Oy 2006). At the 2021 Virtual Pulpaper 

event, Olli Ruosaari presented Endress+Hauser’s latest maintenance and isolation valve, 

which combines the advantages of an isolation valve and flush-mounted installation type. 

For applications where an isolation valve is not required but there is a possibility of 

clogging, different rinsing rings are also available (Jussila 2023b). 

4.3 Level 

The level refers to the filling height of a tank, pool, reservoir or similar (Brumbi 1999, p. 

1). Sydenham and Boyes (2010, p. 106) states that the number of suitable measuring 

instruments for the application can be reduced by answering simple questions such as: Is 

the material measured liquid or solid? What is the required measurement accuracy? Can 

the measuring instrument be in contact with the material being measured? Other 

important things to consider are the pressure and temperature conditions, as well as the 

properties of the medium to be measured (Kayser et al. 2003c, p. 405). This section 

presents the most used level measuring instruments and methods in industry and in Table 

5 are shown their typical characteristics. Table 1 of Appendix 3 shows the suitability of 

same measurement methods for different applications.  

According to Brumbi (1999, pp. 5–6), hydrostatic systems are suitable for measuring 

liquid level based on hydrostatic pressure caused by the weight of the liquid in the tank. 

When the density of the liquid to be measured is known and constant, the level can be 

calculated based on the pressure at the bottom of the tank. It should be noted that the 

density of the liquid varies depending on the temperature, which may require a separate 

temperature measurement (Morris and Langari 2020, p. 537). Figure 11 shows three 

simplified hydrostatic systems for atmospheric and pressurized tanks.  

To determine the level of open tanks, only measuring hydrostatic pressure is required. 

The level measurement of sealed and pressurized tanks shall be carried out by measuring 

the differential pressure, where the hydrostatic pressure is compared with the pressure at 

the top of the tank.  The differential pressure measurement may also be used for open 

tanks if the atmospheric pressure is assumed to vary. Measurement using hydrostatic 

pressure can also be done with a bubble unit. Bubblers can be used for both open and 
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sealed tanks. Inert gas or liquid is blown into the bottom of the tank and the pressure 

measured from the bubble tube is equal to the hydrostatic pressure. (Brumbi 1999, p. 5; 

Kayser et al. 2003b, p. 421; Morris and Langari 2020, pp. 537–538) 

 

 

Figure 11. Simplified hydrostatic systems: a. atmospheric tank, b. pressurized tank & c. 

pressurized tank bubbler unit (retelling Brumbi 1999, p. 6; Morris and Langari 2020, p. 

537). 

Kumar et al. (2014), and Morris and Langari (2020, pp. 538, 545 and 548) states that 

when high accuracy and reliability are required from the measurement, and hydrostatic 

systems are not suitable, other measuring instruments can be considered, such as 

capacitive, ultrasonic, microwave or radiation-based instruments. Capacitive sensors are 

suitable for measuring the level of liquids and solid powders or granules. Different 

versions are well-suited for challenging conditions, including low or high temperatures, 

high pressure, or corrosive liquids. Capacitive level measurement is based on the 

properties of a capacitor. The rod-like sensor serves as the first electrode of the capacitor, 

and the second electrode is formed by the wall of a metallic tank or, in a non-metallic 

tank, by another sensor. The capacitance between the electrodes depends on the level and 

the dielectric constant of the substance. However, capacitive measurements are not 

recommended for use in tanks where the dielectric constant of the measured substance 

varies due to the process or its conditions, nor for substances that are prone to 

contamination. 
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Level measuring instruments based on ultrasonic or microwaves are alternative methods 

for non-contact measurements that work on the same principle (Morris and Langari 2020, 

pp. 539 and 541). Brumbi (1999, p. 7) describes that measurements are based on the 

transmission and reception of physical waves. The level of the substance is determined 

based on the time it takes for the wave to travel to the surface and reflect back to the 

transducer. 

Ultrasonic measurement is especially suitable for measuring the level of highly viscous 

liquids and solids in granular or powder form (Morris and Langari 2020, p. 539). Kayser 

et al. (2003a, p. 554) states that ultrasonic measurements are free of restrictions that affect 

the measurement results of many other methods, such as changes in the composition, 

density, conductivity, or dielectric constant of the measured substance. The method is 

also practical for measuring the level of two-phase interface. To determine the distance 

travelled by sound, its velocity in different medium and the effects of temperature and 

pressure must be known (Brumbi 1999, p. 7; Morris and Langari 2020, pp. 540–541). 

According to Kayser et al (2003a, p. 549) and Kayser et al. (2003b, p. 412), ultrasonic 

cannot be used in a vacuum and the surface to be measured must be sound reflective and 

flat. Also, the possible contamination and condensation of the transducer must be 

considered. Jussila (2023b) also states that when there is steam in the tank, radar sensors 

based on microwaves should be preferred.  

The radar sensors based on the use of microwaves are more expensive than ultrasonic 

devices, but they have many advantages over them. For example, the ambient temperature 

and pressure, foam or steam on the surface, or turbulence of the liquid does not affect the 

measurement results much. Microwave radars are also suitable for measuring very high 

distances and non-viscous liquids. However, since microwaves are electromagnetic 

waves, their velocity depends on the dielectric constant of the medium. (Daniewicz and 

Boyes 2003, pp. 505–506; Morris and Langari 2020, pp. 541 and 545) 

Nucleonic or radiometric sensors are non-contact and non-invasive devices based on the 

absorption of gamma and beta rays in the medium. The amount of radiation absorption 

depends on the amount of the material between the source and the detector and can be 

used to indicate the level. The technology does not require wall penetration and is 

therefore a viable option in difficult-to-handle, toxic and corrosive applications. The very 

precise safety regulations relating to the use of nucleonic devices and the costs associated 
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with the final disposal of the radioactive source must be considered. Due to the high price 

of devices, they are mainly used for special applications only. (Kayser et al. 2003c, p. 

412; Lipták et al. 2003c, pp. 524–525; Morris and Langari 2020, pp. 542–543) 

Table 5. Typical characteristics of level measuring instruments (Kayser et al. 2003c, pp. 

408–409; Morris and Langari 2020, p. 545; Emerson Automation Solutions 2021a, p. 

18). 

Type 
Non-Contact 

Possible 

Inaccuracy 

of span (%) 

Pressure 

(bar) 

Temperature 

(°C) 
Liquids Solids Price 

Pressure No 1–3** 
Full vacuum 

to 276 
–105 to 410* Yes No Low 

Differential 

Pressure 
No 0.25–1** 

Full vacuum 

to 276 
–105 to 410* Yes No Low 

Bubbler unit No 0.5–1** 
Limited by 

gas supply 
Unlimited* Yes No Low 

Capacitance No 0.5–3 
Full vacuum 

to 345 
–129 to 482* Yes Yes Mod. 

Ultrasonic Yes 0.25–3 –0.25 to 3 –30 to 70 Yes Yes Mod. 

Radar Yes 0.1–1 
Full vacuum 

to 100 
–60 to 400 Yes Yes High 

Radiation Yes 1–2 Unlimited Unlimited Yes Yes High 

*   Depends on the material 

** A constant density is assumed 

Note: Properties vary according to the model and the manufactrurer of the measuring device 

 

4.4 Flow rate 

Measurement of flow rate is necessary in all processes where material is transported from 

one place to another. The efficiency of several processes depends on how accurately the 

flow can be measured and controlled. The selection of a suitable flow measurement 

method or device is influenced by number of factors, such as the basic nature of the 

flowing fluid, the characteristics of flow and fluid, required accuracy and reliability, as 

well as economics. The possible measurement methods can be divided into two options, 

which are the measurement of mass flow rate and volume flow rate. This chapter 

introduces the typical flow measurement techniques and instruments in industry. Table 2 

of Appendix 3 presents the suitability of flow measurement methods for different media. 

(Fowles and Boyes 20102, p. 31; LaNasa and Upp 2014, p. 31; Morris and Langari 2020, 

p. 525 and 533) 
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LaNasa and Upp (2014, p. 188), and Morris and Langari (2020, pp. 500–501) states that 

the most common measuring instruments based on measurement of mass flow rate are 

Coriolis flowmeters and thermal mass flowmeters. Coriolis flowmeter, also known as the 

mass flowmeter, is suitable for measuring the mass flow rate of liquids, most gases, and 

to a limited extent of these mixtures in pipelines. Most devices also measure the density 

of flowing fluid, which allows determining the volume flow rate. The non-intrusive meter 

consists of one or two tubes, which are electro-mechanically forced to vibrate. As the 

fluid flows through the pipes, the Coriolis force is generated. Force-induced changes in 

vibration are inversely proportional to pipe stiffness and proportional to mass flow 

(Fowles and Boyes 2010, p. 59). 

Coriolis flowmeters offer excellent accuracy and repeatability, as well as a high turndown 

ratio. They should be considered for applications, where mass flow measurement is 

required, the accuracy of measurement is important or the flow profile, density or 

composition of fluid varies. However, the price of the meters is high compared to other 

flow measuring instruments and they are only available up to pipe size DN150. (LaNasa 

and Upp 2014, pp. 189–190; Morris and Langari 2020, p. 503) 

According to Siev et al. (2003b, pp. 245–255), Fowles and Boyes (2010, p. 60), and 

Morris and Langari (2020, p. 503) a thermal mass flowmeter is a cheaper but less accurate 

option, which is mainly used to measure the mass flow of gases. The meter consists of a 

heating element and temperature measurements before and after the heater. The 

flowmeter measures either the rise of temperature in the flow when a known amount of 

heat is applied to it, or heating power required to maintain a constant temperature 

difference. The measured temperature difference or heating power is proportional to the 

mass flow rate, but the density and specific heat of the flowing fluid must be known. One 

strength of the equipment is high sensitivity to low flow rates (Bekraoui and Hadjadj 

2020), but it is also prone to problems caused by dirty flows and is generally used for 

clean and noncorrosive gases (LaNasa and Upp 2014, p. 214; Morris and Langari 2020, 

p. 503). 

LaNasa and Upp (2014, pp. 167–169) describes that a larger number of different 

measuring instruments and techniques are available to measure a volume flow rate. 

Pressure differential flowmeters, also called head flowmeters, are simple and inexpensive 

flow measuring instruments available for most gases and liquids. Meters are not 
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commonly used for viscous liquids and slurries, nor for pulsating, multiphase or non-

Newtonian flows. Their operation is based on the differential pressure produced by the 

constriction element, which is proportional to the square of the flow rate according to the 

Bernoulli’s equation with corrections. According to Morris and Langari (2020, pp. 505 

and 508), flowmeters based on flow restriction cause a permanent pressure loss in the 

flow and always require a straight pipeline upstream and downstream from the meter. The 

meters are also poorly suited for measuring small flows when the pressure loss over the 

measurement is low. Figure 12 shows the most typical used differential pressure 

flowmeters. Orifice plates are the most widely used flow measuring instrument due to 

their cheapness, simplicity, and availability. Fowles and Boyes (2010, p. 64), and LaNasa 

and Upp (2014, p. 185) reminds that the operation of the pitot tube is slightly different 

from the others, although the limitations are similar. Flow rate is determined by the 

pressure difference between the dynamic pressure of the pitot and the static pressure in 

the pipe. The Table 6 shows the typical characteristics of most used differential head 

meters.  

 

Figure 12. Differential pressure flowmeters: a. Orifice plate, b. Flow nozzle, c. Venturi 

tube and d. Venturi cone, where P1 is upstream pressure and P2 is downstream pressure, 

and e. Pitot tube, where P1 is static pressure in the pipe and P2 is dynamic pressure of the 

pitot (retelling Lipták and Boyes 2003, p. 372; Fowles and Boyes 2010, p. 64; Morris and 

Langari 2020, p. 505). 
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Table 6. Typical characteristics of differential head meters (Howe et al. 2003a, p. 374; 

Howe et al. 2003b, p. 277; Howe et al. 2003c, p. 259; Lipták and Boyes 2003, p. 371; 

Lomas and Lipták 2003, pp. 158–159; LaNasa and Upp 2014, pp. 162–163 and 168–

186; Brandt et al. 2016, p. 767; Morris and Langari 2020, pp. 504–509). 

Type 
Pressure 

loss (%) 

Inaccuracy 

(full scale %) 

Available 

sizes DN 

Required 

Straight-

Run 

Cost Notes 

Orifice 50–90 2–5 All 20/5 Low Simple and inexpensive 

Flow Nozzle 30–50 2 25–1500 20/5 Moderate 

Suitable for high-

velocity, non-viscous 

and erosive fluid flows 

Venturi tube 10–20 1 25–3000 15/5 High Low pressure loss 

V-Cone Up to 75 0.5 15–3000 2/5 Low 
Short straight pipe 

requirements 

Pitot tube Low 0.5–5 All 30/5 Low 

At normal velocities, 

accuracy is poor and 

rangeability is limited 

Note: Characteristics vary according to the model and the manufacturer of the measuring device 

Note: In general, the flow range of head meters is wide and their repeatability is good 

 

Other widely used intrusive devices include vortex, positive displacement, and turbine 

flowmeters. Vortex flowmeters can be used for clean fluids as an alternative to traditional 

differential pressure devices. They measure the frequency of the vortex produced by the 

nonstreamlined object in the flow, which is directly proportional to the velocity of flow. 

Different types of positive displacement and turbine meters are rotary mechanical 

flowmeters, the use of which has fallen recent years. Both devices are suitable for 

measuring liquids and gases, providing excellent accuracy and being particularly popular 

in the oil industry. (Fowles and Boyes 2010, pp. 47 and 56; LaNasa and Upp 2014, p. 

210; Morris and Langari 2020, pp. 510–525) 

In many applications, non-invasive magnetic and ultrasonic flowmeters have become 

substitutes for the above-mentioned devices (Morris and Langari 2020, p. 525). Magnetic 

flowmeters are highly usable for measuring the velocity of conductive liquids and slurries 

and although the fluid density and viscosity vary (LaNasa and Upp 2014, p. 190). Their 

operation is based on the law of Faraday’s electromagnetic induction, according to which 

as the electric conductor flows through the magnetic field, an electromotive force is 

generated depending on the flow rate (Fowles and Boyes 2010, p. 51). LaNasa and Upp 

(2014, p. 191) states that ultrasonic flowmeters are suitable for nonconductive fluids and 

are available in two main types, Doppler and transit time flowmeters. Dopplers are used 
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for liquids and gas flows that contain particles traveling along with the flow, from which 

ultrasound reflected. According to Morris and Langari (2020, p. 519) the transit time 

meters, suitable for clean liquids and gases, send an ultrasound through the pipe back and 

forth downstream and upstream. There is a time difference between the sounds, according 

to which the flow velocity can be calculated. The characteristics of other frequently used 

flow measurement instruments are presented in Table 7. 

Table 7. Typical characteristics of other flow measuring instruments (Apple et al. 2003, 

p. 225; Kopp, et al. 2003a, p. 208; Kopp, et al. 2003b, p. 384; Lomas and Lipták 2003, 

pp. 158–159; Siev et al. 2003a, p. 353; Siev et al. 2003b, p. 244; Siev et al. 2003c, p. 

299; LaNasa and Upp 2014, pp. 162–163 and pp. 188–214; Brandt et al. 2016, p. 767; 

Morris and Langari 2020, p. 503 and pp. 510–516; Endress+Hauser 2022). 

Type 

Flow 

range 

(m/s) 

Pressure 

loss 

Inaccuracy 

(full 

scale %) 

Available 

sizes DN 

Required 

Straight-

Run 

Cost Notes 

Coriolis 0–28300* High 0.15–0.5 15–300 None 
Very 

high 

The physical 

properties and flow 

profile of the fluid 

have no effect 

Thermal 
0–

10000** 
Low 1–2 15–1500 5/3 Mod. 

Primarily for gases, 

high turn-down ratio 

Vortex 0.3–10 High 1 15–300 20/5 High 
Not suitable for 

pulsating flow 

Positive 

displacement 
0.02–6 High 0.5–2 15–400 None High 

Wide rangeability 

with high accuracy 

Turbine 0.6–10 High 0.5 15–600 15/5 High 

Two-phase in the 

medium exposes to 

major errors 

Magnetic 0.5–10 None 0.25 2–3000 5/3 Mod. 

Electrical 

conductivity > 5 

µS/cm 

Ultrasonic 0.05–15 None 1 
Up to 

7000 
15/5 High 

High rangeability, 

also available for 

open channels 

Unit: *kg/min, **kg/h 

Note: Characteristics vary according to the model and the manufacturer of the measuring device 

 

4.5 Actuators and valves 

The choice of actuators and valves is also an important part of the instrumentation 

engineering. According to Smith and Zappe (2004, p. 1) valves are control elements that 

can control process flow and pressure. They can be used for either to control the flows or 

to close and open them. Control can be implemented either manually or automatically 

with actuators. Actuators are devices that convert the energy supplied to them into the 
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desired mechanical energy (Poole and Booker 2011). Thus, the performance of the 

actuator is directly linked to the performance of the valves (Sotoodeh 2019). 

Nesbitt (2007, p. 280) states that valve actuators are used to adjusting the position of the 

valves in accordance with desired process control. For shutoff valves, the position may 

be only open or close and for control valves, the position can be anything between 0 and 

100%. According to Onditi et al. (2018), the level of automation of valves varies widely 

between industries. Onditi et al. refer to the statistics by European Industrial Forecasting 

(2015) according to which 75% of valves in the oil and gas industry are automated with 

actuators. When all industries are considered, only 30% of valves have been automated. 

Sotoodeh (2019) describes that use of an actuator can be recommended when the valve is 

widely used, it is located far away, difficult, or dangerous place and when its operation 

must be rapid in terms of safety. The choice of a suitable actuator is influenced by several 

factors, such as the available power supply, valve torque and size, operating speed, and 

surrounding conditions. The three most used industrial valve actuators are hydraulic, 

pneumatic and electric actuators. 

Hydraulic actuators use the power of high-pressure hydraulic fluid to convert it into 

mechanical motion. They can produce high torques and are well suited for large valves. 

One advantage of the actuator is the non-compression of oil used under high pressure, 

which leads to the high sensitivity and stability. Compared with pneumatic actuators, they 

are also smaller and better resistant to corrosion. On the other hand, high pressure 

hydraulic fluid is difficult to handle, control systems are larger, and they are more 

expensive than other actuators. (Smith and Zappe 2004, p. 303; Onditi et al. 2018; 

Sotoodeh 2019) 

Pneumatic actuators have a similar operating principle, but mechanical movement is 

produced by air pressure. Their greatest advantage is the easy availability of compressed 

air and its environmental friendliness. They are also relatively inexpensive, simple, and 

easy to maintain compared to other actuators. However, air is compressive substance 

which may result in reduced accuracy and ability to correct error positions. (Smith and 

Zappe 2004, p. 303; Onditi et al. 2018; Sotoodeh 2019) 

In practice, electrical actuators are geared motors that turn electrical power into 

mechanical movement. Electricity is relatively cheap and often readily available. 
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Electrical actuators are often the first option for most valves, being the cheapest, smallest, 

and lightest of options. The main weakness compared with other devices is that they 

cannot achieve a predetermined safe position in case of error alone but require a built-in 

safety mechanism. Electrical actuators also contain a lot of sensitive and complex 

components and the use in a hazardous place may be limited to some extent and require 

the approval of more detailed certificates before possible use. For larger valves, hydraulic 

and even pneumatic actuators can still be more cost-effective. (Onditi et al. 2018; 

Sotoodeh 2019) 

Selecting the type of valve and sizing it has a large impact on the performance of the 

valve (Emerson Automation Solutions 2019, p. 39). Factors to be considered in the 

selection and sizing are for example, process conditions flow, temperature and pressure, 

medium properties such as density, viscosity and corrosiveness, pipeline size and length, 

and ambient conditions (Nesbitt 2007, p. 426; Brandt et al. 2016, p. 745). The freely 

available standard PSK 0201 (2011) provides additional information on valve selection 

criteria, as well as the most used sealing and lining materials. 

In the standard SFS-EN 736-1 (2018, p. 4), valves are divided into basic types according 

to the movement type of the flow-limiting element and the direction of the flow towards 

the sealing surface. According to the definition, the movement of the globe valve flow-

limiting element is linear, parallel to the flow direction and perpendicular to the sealing 

surface. They can be used as a control or a shut-off valve. Menon (2015, p. 452) and 

Parisher and Rhea (2022, p. 90) describes that the parallelity of the seat with the flow line 

makes the valve effective for throttling applications while producing little disc and seat 

erosion. However, the s-shaped structure of the valve leads to a high resistance, pressure 

loss and turbulence in the flow. The equivalent length to diameter (L/D) ratio of globe 

valves is high, approximately 340. 

Gate valves are suitable for shut-off applications and are one of the most used valve types 

(Parisher and Rhea 2022, p. 87). According to the definition, the movement of the flow-

limiting element is linear, parallel to the sealing surface and perpendicular to the flow 

direction (SFS-EN 736-1 2018, p. 4). According to Nesbitt (2007, pp. 83–86), Menon 

(2015, pp. 448–449), and Parisher and Rhea (2022, pp. 87–88), the gate valves are 

designed to be used in fully open and fully closed positions. When the valve is partially 

open, the seat spoils in a short time and the turbulence created in the flow causes rattling 
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in the valve. When the valve is fully open, resistance to the flow, turbulence and pressure 

loss are minimal. The ratio of L/D of gate valves is only about 8. Gate valves are widely 

available in the variety of sizes and different types, knife gate valves and wedge gate 

valves are suitable for the shut-off applications of various media. 

According to the definition of standard SFS-EN 736-1 (2018, p. 4), in ball and plug 

valves, the flow limiting element rotates around an axis perpendicular to the flow 

direction, and in the open position, the flow passes through this element. Menon (2015, 

p. 449), Crabtree (2018, p. 75), and Parisher and Rhea (2022, p. 94) states that the ball 

valve is a low-cost option that was originally designed for shut-off applications. The use 

has also expanded to control applications, where the ball valve can be used as a 

replacement for the globe valve. In the fully open position, the valve does not resist the 

flow almost at all, and the L/D ratio is only 3 on average. Due to their structure, ball and 

gate valves are both suitable for pipelines that must be cleaned with scrapers or pigs. Ball 

valves are also suitable for regulating gas and vapour flows and especially in low flow 

applications. 

The operating principle of plug valves is similar to ball valves. These are primarily 

suitable for shut-off applications, but for some media they can also be used for control 

applications. The resistance to flow caused by the valve is reasonably low with L/D ratios 

around 18 for straightway type plug valve. Plug valves are commonly used in screwed 

and small-sized pipes. (Smith and Zappe 2004, pp. 97–98; Menon 2015, p. 450) 

Parisher and Rhea (2022, p. 95) describes that butterfly valves are mainly used for control 

applications, which work well when regulating large liquid or gas flows. In shut-off use, 

they are only suitable for low pressure applications, or applications where leakage is 

permissible, due to the poor tightness of the seal. According to the standard SFS-EN 736-

1 (2018, p. 5), the flow limiting element of butterfly valves rotates around an axis 

perpendicular to the flow direction, and in the open position, the flow passes around the 

element. Butterfly valves are available in several sizes and are well suited for situations 

where space is limited (Menon 2015, p. 451). When the valve is fully open, flow 

resistance, turbulence and pressure loss are minimal (Smith and Zappe 2004, p. 120; 

Parisher and Rhea 2022, p. 95). 
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Segment ball valves combines the strengths of both ball and butterfly valves, The flow 

limiting element is only a part of sphere, that is segment of the ball. The ball segment 

rotates around an axis perpendicular to the flow and in the open position the flow passes 

the element. The valves are suitable for both shut-off and control application, and due to 

the cutting structure of the shut-off element, they are well suited for slurry media. The 

shut-off segment can be either V-, U-, or parabolically notched, which achieve different 

flow characteristics. The resistance caused by the valve in the flow in the fully open 

position is comparable to the resistance caused by the ball valve. (Lee and Lee 2010; 

Crabtree 2018, p. 81) 

Table 8 presents the typical characteristics of the valves discussed in this chapter, which 

are retrieved from the product catalogs of the well-known valve suppliers Flowserve 

Corporation, Emerson Automation Solutions and Valmet Flow Control. The reader must 

consider that the data collected in the table are only characteristics of certain valve models 

and when selecting valves, it is necessary to familiarize yourself with the characteristics 

of the models in use. 
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Table 8. Typical characteristics of valves (Brandt et al. 2016, pp. 748–754; Flowserve 

Corporation 2019; Emerson Automation Solutions 2021b; Jussila 2023a; Valmet Flow 

Control Oy 2023). 

 

Type On-Off Control 
Available 

Sizes (DN) 

Nominal 

pressure* 

Temperature 

(°C)* 

Pressure loss 

(fully open) 
Notes 

Globe Yes Yes 15–915 
up to 

PN400 
up to 815 High 

Excellent control 

capability and 

accuracy, low Cv 

applications 

Wedge 

Gate 
Yes No 10–1000 

up to 

PN610 
up to 560 Very low 

Excellent sealing 

capability, high 

pressure 

applications 

Knife 

Gate 
Yes No 50–1500 

up to 

PN50 
up to 200 Very low 

Excellent sealing 

capability, 

challenging 

mediums 

Ball Yes Yes 15–900 
up to 

PN100 
up to 600 Very low 

Excellent sealing 

capability, 

expensive in 

large sizes 

Butterfly Yes Yes 50–3000 
up to 

PN260 
up to 820 Low 

Quick operation 

and compact 

design, no tight 

shutoff 

characteristics 

Segment Yes Yes 25–800 
up to 

PN100 
up to 425 Low 

Often tight only 

in flow direction 

Plug Yes Yes 15–900 
up to 

PN420 
up to 450 Low 

Good sealing 

capability, 

smaller 

applications 

* Depends on the model, size, and material    
Note: Characteristics vary according to the model and the manufacturer of the measuring device 
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5 MATERIALS AND METHODS 

5.1 Description of research process 

The empirical research was carried out in the thesis, the aim of which was to gather 

information from different perspectives on instrument selection and sizing, selection 

process, cooperation with customers and device vendors, challenges, and general 

practices. In addition, the aim was to study the lessons important to the instrumentation 

engineer, as well as the development of instrumentation through the experiences of 

professionals. 

The research was conducted as a semi-structured interview. According to Galletta's 

definition (2013, p. 45), a semi-structured interview is suitable for multiple research 

objectives and includes open-ended questions as well as more theoretical questions that 

aim to elicit data based on the interviewee's experience and data that informs structures 

guiding the particular research field. 

A semi-structured interview as a research method was concluded due to its multiple 

advantages. Galletta (2013, p. 24) states that its key advantage is to consider, besides the 

theoretical handling, also the lived experience of the interviewees. A semi-structured 

interview can be used to manage large and complex entities, in addition to which the 

reciprocity of the interview between the researcher and the participant allows for the 

clarification, rationalization, and critical reflection of the answers. 

To ensure diverse perspectives, the interviews targeted three distinct research groups: 

experts from the engineering company, the customer company, and the device vendor 

company. The selection of participants aimed to encompass a wide range of industry 

sectors. Additionally, the interviewees were required to have significant experience in 

instrumentation engineering. 

5.2 Data collection 

The research data was collected through a semi-structured interview, consisting of 14–15 

questions depending on the research group. The questions were divided into five different 

topic areas, which related to the participant’s background, factors influencing 
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instrumentation selection and sizing, the selection process, customers’ requirements, and 

experiences related to instrumentation engineering. The participants’ background 

information was used to assess the quality of the data obtained from the interviews. Other 

interview questions were designed to address research questions RQ1 and RQ3. The 

interview questions were generated based on information from the published literature, 

considering the topics for which more information was desired and those for which no 

response was received. The interviews contained open questions and questions with 

options. The suitability of interview questions for each research group was improved by 

slightly modifying the questions. However, efforts were made to keep the structure and 

content of the interviews the same regardless of the research group. 

Participants were surveyed from the networks of colleagues and managers. Potential 

participants were contacted via email and phone calls and the final interviews was 

conducted by phone or Microsoft Teams calls. The research plan and interview questions 

were sent to the participants prior to the interview, and they were also offered the 

opportunity to respond to the interview questions writing via email. The submission of 

the research plan ensured the participants’ understanding of the purpose and content of 

the research. An essential part of the research plan was the anonymization of the 

participants, as well as the data received from them. Participants were also promised that 

all confidential information will only be used in this research, and if necessary, hidden 

from the final publication of the thesis. 

The duration of the interviews varied from 20 to 50 minutes and the total number of 

participants was 10. Five of the participants represented engineering companies, three 

customer companies and two device vendor companies. Data from all interviews was 

collected in the ready-made interview question table in Microsoft Excel and interviews 

with participants representing engineering companies were also recorded. Permission to 

record was requested at the beginning of the interviews and the recordings were used to 

ensure the accuracy of the participants' responses. Planned interview questions can be 

seen in Table 9.  
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Table 9. Planned interview questions. 

Subject Question Answer Options 
Recearch 

Group 

Background 

Information 

Which research group do you 

represent? 

Engineering company / Client 

company / Vendor company 
All 

Describe your company, your role in 

the company and the types of projects 

you typically work on. 

Open answer All 

How long have you been involved in 

instrumentation engineering for 

projects? 

Open answer All 

Factors 

Considered in 

Selection and 

Sizing 

What are the main factors that you 

consider in selecting and sizing 

instruments? 

Open answer All 

How do you prioritize the following 

factors? Rank them in order of 

importance. (1 = the most important, 5 

= the least important) 

Accuracy of the measurement / 

Cost of the instrumentation / 

Availability of the 

instrumentation / Compatibility 

with existing equipment / 

Durability and reliability of the 

instrumentation / Something 

else? 

All 

Are there any specific challenges or 

considerations that arise in your 

industry or field? 

Open answer All 

Are there any differences in selection 

and sizing of instruments that you have 

notices between different countries or 

cultures? 

Open aswer E and C 

Selection Process 

Describe your process for selecting 

instrumentation. 
Open answer All 

What tools or resources do you use in 

the selection process? 
Open answer All 

How often do you rely on vendor 

recommendations when selecting 

instrumentation? 

Always / Often / Sometimes / 

Rarely / Never 
E and C 

Client 

Requirements 

Describe how you take client 

requirements into consideration. 
Open answer All 

What challenges or conflicts have you 

encountered when trying to meet client 

requirements? 

Open answer All 

Are there any differences in client 

requirements that you have notices 

between different countries or cultures? 

Open aswer D 

Lessons Learned 

Can you share any valuable lessons you 

have learned about selecting and sizing 

instrumentation through your 

experience? 

Open answer All 

What changes have you made to your 

selection process over time as a result 

of these lessons? 

Open answer All 

How do you stay up-to-date with 

advancements in instrumentation 

techonolgy and incorporate them into 

your selection process? 

Open answer All 

Research group, experts from: E = engineering, C = customer, D = device vendor company 
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5.3 Data analysis 

Data analysis was carried out in Microsoft Excel by combining responses provided by 

participants. Qualitative content analysis was used as the method of analysis. According 

to Vuori (2021), content analysis focuses on the issues, topics, and themes presented by 

the data with the aim of creating a verbal and clear description of the phenomenon being 

researched. In the method, the material is divided into several units of analysis, and 

attention is paid to both differences and similarities between the units of data. 

To achieve a comprehensive picture that considers different perspectives, the answers 

were analyzed group by group and as a one combined group. The aim was to find the 

repeated common points of view in the research groups, as well as similarities and 

differences between the research groups. Individual significant considerations and 

comments were also searched for in the responses of the participants. In addition, the 

obtained from the interviews was compared to information gathered from published 

literature. 
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6 EMPIRICAL RESULTS 

6.1 Background of the participants 

The research interviewed five representatives of the engineering company, three 

representatives of the client company, and two representatives of the device vendor 

company. The participants representing the engineering company had experience in 

several industries, including various international projects. Most experience was with 

projects in the forest industry, but there was also experience in the chemical, food, mining, 

oil, and gas industries. Participants representing client companies worked in international 

forest industry companies, where their instrumentation engineering expertise was 

strongly related to projects in the paper, board and pulp industries. The expertise and 

experience of the participants representing device vendor companies were also linked to 

projects in the forest industry, through the sale of valve and valve combinations. 

All participants in the interview had extensive experience in instrumentation engineering. 

The participants had experience in different engineering tasks in various projects of 

diverse sizes from 10 to 45 years. Typically, the projects in which the participants had 

worked in instrumentation engineering tasks were from smaller process change and 

development work to large-scale plant design projects. The size classes of the projects are 

well illustrated by an estimate given by the interviewee, where the size of the project 

valve deliveries ranges from 100 000 EUR to 15 million EUR, when the valves typically 

account for 2–4% of projects. In addition, experts from forest industry companies had 

also worked on even smaller projects that included process additions and changes related 

to maintenance and development, which of course can be included in larger projects. 

Engineering companies’ experts had worked extensively in various positions such as 

automation, instrument, system, and electrical engineers, as well as project engineers and 

various specialist positions. Experts from forest industry companies had worked as 

automation and electrical engineers in maintenance, and development and investment 

projects. They also had experience working as maintenance technicians. The experts of 

the valve supplier companies had experience in sales, strategy and product portfolio 

development, as well as management tasks. 
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6.2 Factors affecting selection and sizing of instrumentation 

Based on the interviews, process conditions, that is process, process values, the properties 

of the medium and surrounding conditions were clearly considered by all research groups 

to be the most important factors affecting selection and sizing. The requirements of the 

process determine the required accuracy, the materials used and the methods of 

measurement and control. In general, the physical properties of the medium determine 

the method of measurement and the chemical properties determine the material to be used. 

Obtaining the required information requires collaboration with process and piping 

engineering to provide process parameters, flow data, lists of flowing substances and 

pipeline dimensions. According to interviews, the main guidelines for selection and sizing 

are obtained from factory standards. The projects use either the factory’s own standards 

or those created in cooperation with the customer. An important aspect of the standards 

is the selection of measuring ranges and, for example, the over-sizing of control valves. 

At the same time, the recommendations of factory standards restrain the expansion of the 

spare parts stocks of factories, when the same devices from a particular manufacturer are 

used in several applications. 

Experts in engineering offices also stressed the importance of considering statutory 

regulations related to, for example, the functional safety of plants, such as safety integrity 

level requirements, hygiene requirements, and the safety of devices and protection 

systems in explosive atmospheres. Experts from forest industry companies particularly 

appreciated the functionality, reliability, and durability of the devices in the tasks assigned 

to them. 

When participants were asked to prioritize the features of the devices that affect the 

choice, such as accuracy, cost, availability, compatibility, as well as durability and 

reliability, it could be noted that the deviation between responses was high. In general, it 

cannot be said that one feature is more important than another to consider in all device 

choices. However, the research groups shared a common view on the importance of 

durability and reliability of the devices. Experts from the engineering company stressed 

the importance of repeatability of measurements from outside the options. The 

measurement does not have to be absolutely accurate, but the repeatability must be good. 

In customer companies, emphasis was placed on their own factory standards as a factor 

influencing selection. The availability of devices may also be a particularly important 
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factor in certain critical processes. The participant also suggested that cost is a secondary 

factor when it comes to a critical device for process production. The representatives of 

the device vendors highlighted the consideration of the environment and emissions as an 

influential factor. 

Based on the interviews, there were a variety of challenges related to instrumentation and 

although the same challenges exist regardless of the industry sector, there were some to 

specific industries. For example, in the oil industry, temperatures are high and oil is 

challenging medium to measure. In the forest and chemical industry there can be very 

challenging media to measure and control, in the mining industry challenging conditions 

require more robust devices and in the food industry hygiene must be taken into account 

at every turn. Experts from the engineering offices also pointed out the previously 

mentioned regulations of different industries as challenges affecting instrumentation. 

According to customer companies’ experts, typical challenges related to instrumentation 

in the forest industry are analytical measurements with challenging media, the 

contamination of optical devices, abrasives, maintenance and accuracy of analyzers and 

emission measurements, and replacement of radiometric devices. According to 

engineering companies and device vendors, there were also challenges in scheduling 

procurements. The selection and sizing take place quite late in the projects when the 

process and pipelines have been designed. 

The participants were also asked if they had noticed any difference in the choice and 

sizing of the devices between different countries and cultures. The most obvious 

difference was the official regulations and standards in use in different countries. In 

general, the biggest differences are found between industrial sectors and customers, rather 

than between continents or cultures. Customers considered different factors important, 

somewhere one can minimize costs, while somewhere one wants to maximize product 

quality. Device procurement procedures also differ between customers. However, one 

participant said that he thought that in Europe, operations are more calculated than 

elsewhere, and especially in Nordic countries, quality comes first in everything.  

6.3 Selection process 

Participants were asked to describe the process of selecting the instrumentation. Based on 

the answers, typically the selection and purchase of devices for individual or small 
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projects devices can be divided into a few steps. The first step is to collect the process 

and sizing data required for selection from process and mechanics design, piping and 

instrumentation (PI) diagrams, and process descriptions. One factor has not been 

mentioned before is the location of the measuring points, which may also affect the choice 

of devices. Based on these, the selection and sizing of the device can be made in 

accordance with the instructions and standards used in the factory or project. If the 

customer has expertise, the selection and sizing of the devices can be done by themselves, 

but if necessary, suggestions can also be requested from consultants or device vendors. 

Device suppliers have the best understanding of the strengths and limitations of the 

devices they sell. However, the final choice lies with the customer. Once certain specs 

have been assigned to devices based on process conditions, queries can be sent to device 

vendors about the required devices. The customer tenders the suppliers and evaluates their 

offers, for example, according to the price and technical characteristics of the devices. 

The best offer is accepted, and the customer sends the supplier a purchase order.  

In large projects, framework contracts are typically made with the device vendors. In this 

case, the process descriptions and flowing substances are used to make estimates of the 

devices needed in the project, and their quantities, even before the more specific process 

and piping design. Based on the framework contract, project-specific instructions can be 

specified, and when selecting, the engineer already knows which device to use in the 

project. More detailed information about the required devices, as well their quantities, 

will be specified as the project and engineering progress. More specific and individual 

device selections are handled separately as described above. Framework contracts speed 

up selection work and facilitate scheduling challenges when the supplier can prepare for 

deliveries at an earlier stage of the project. 

According to experts in the engineering company, when making selection, it was 

important to understand the process and its requirements. Based on the process conditions 

sent by the customer, it is not always possible to select the most suitable device for the 

application. They also said that the selection is often based on old experiences. Factory 

standards have been created according to the experience of the customer company about 

the devices and their functionality in certain applications. In situations where factory 

standards or other instructions cannot be relied upon, the experience of consultants in 

similar cases can be utilized. From the valve supplier’s point of view, the customer 
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submits their claim in their query and the most suitable product is selected for the given 

specs. 

The participants also raised the question of responsibility, who is responsible if the 

selection or sizing is made incorrectly. If the device does not work as promised, the 

supplier is responsible for the devices they deliver. If the selection has been made on the 

wrong grounds, for example with wrong process values provide by the engineer company, 

the responsibility lies with the engineer. In any case, the customer always accepts the 

selected devices and is also responsible for the decisions they make. 

All the research groups stated that device supplier’s own selection and sizing applications 

were one important tool when making the selection. An example of this was the valve 

sizing and selection software NelprofTM offered by Valmet. Experts from engineering and 

customer companies also cited as important tools their internal electrical and automation 

engineering applications, such as ProElina, which can be used to gather process and sizing 

data, and the libraries of existing devices, components, and their installation types, as well 

as ALMA. The tools in use also included other instructions and tables provided by the 

device supplier, such as material or device recommendations suitable for media. 

Customer companies can also have their own selection and sizing software, but expertise 

of device vendors is often used as a resource. However, according to interviews, making 

selection and sizing yourself maintains professionalism. Further, the standards and 

guidelines in use, PI diagrams as well as experience, are a significant resource when 

making selection. 

Experts from the engineering and customer companies were also asked how often they 

rely on recommendations from vendors for devices. Of the options always, often, 

sometimes, rarely, and never, the most typical answer was often. All device and material 

selections should always be checked in the walk-through meetings where the choices are 

accepted with or without comments. According to the experience of experts in 

engineering offices, the device supplier often selects the best and most expensive device 

suitable for the application, even if a cheaper device or model would be sufficient to meet 

the requirements of the process. However, the supplier is responsible for their 

recommendations, and if an alternative device is not approved on behalf of the supplier, 

responsibility for the operation of the device is transferred to either the engineer or the 

customer. 
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6.4 Client requirements 

The interviews also looked at the requirements given by customers and how to take them 

into account from the perspective of engineering and device vendor companies. 

Typically, the engineering standards and guidelines used in the factory or by the project 

provide the basis for the requirements related to instrumentation. On the basis of them, a 

method of operation is created by which selection, sizing and other engineering should 

be carried out. Representatives of customer companies said they demand durability and 

operational guarantees in certain cases. For example, the measurement must work for the 

first three months without failure and the measurement results must be within a specific 

percentage with the factory’s own laboratory results. When choosing device suppliers, 

handling certain government obligations, such as tax arrears, may also be a requirement. 

In large concerns, centralized annual agreements with engineering and device supplier 

companies are concluded to make matters easier. 

Experts representing engineering companies stated that the customer’s wishes and 

requirements must considered in all design. In well-organized projects, the procedures, 

methods and devices used in the project are reviewed in advance. In these meetings, the 

instrumentation engineer provides suggestions for improvement or their own alternatives 

to the devices used in the project. Based on the discussions, guidelines created in 

agreement with the client are produces for use in the project, which must be followed. 

From the point of view of device suppliers, the requirements related to instrumentation 

are presented in queries sent by the customer and the aim is to implement them according 

to possibilities. The implementation of challenging requirements is discussed with the 

customer and the alternatives are proposed to meet them. Typical special requirements 

for the valves are their tightness and leakage requirements. 

According to experts from forest industry companies, the common challenge when setting 

requirements is the rush. One engineering office expert also noted the constant 

acceleration of project executions as a challenge. During the projects, a number of 

compromises have to be made regarding the selection and installation of the instruments. 

Challenges are also created by the incorrectness and defectiveness of the process data, 

which leads to unsuccessful sizing. New substances and measuring instruments can cause 

problems and the supplier can boldly sell the devices without any prerequisites. For 

example, there have been challenges with radar level measurements when the device 
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should theoretically work in that application, but the practice is different. In addition, 

calculating the cost of devices and their materials was a major challenge. A cheaper option 

can be expected to work for the next two years, but a more expensive solution would last 

10 years. Which will eventually become the more profitable option? The interviews also 

highlighted the challenges posed by certain requirements for smaller operators. Large 

projects may have long payment periods and insurance terms that become impossible for 

small businesses. 

The engineering companies’ experts reported that the biggest factors causing challenges 

and conflicts were the customers lack understanding and experience of the devices, as 

well as getting stuck in good old habits. For example, forest industry companies have 

recently expanded their operations to include the chemical and bioproduct industries, 

where instrumentation solutions may differ from those experienced earlier. Experience 

and knowledge shortages have also been identified in the design of new plants for new 

companies. In addition, it is common for customers to have the same people in charge of 

both electrical and instrumentation engineering and mastering both areas can present 

challenges. Experts from device vendors had also noticed that sometimes another option 

may be better than what the originally wanted. In addition, they noted that difficult 

processes bring with them special requirements that cannot always be implemented. 

Habits that are considered good in older factories may be old-fashioned and alternative 

more modern methods would already be available. 

6.5 Lessons learned and development of instrumentation procedure 

In the final phase of the interviews, participants were asked to share valuable lessons 

related to instrumentation. All research groups emphasized the importance of experience, 

process knowledge and the reliability of process values in instrumentation. Some engineer 

companies’ experts found it a challenge to get stuck in the customer’s old habits, but in 

some cases, it is good to rely on your experiences, as well as knowledge and old data 

about the operation of the device. It is not necessarily a good idea to replace a functional 

and durable device, even if new, more modern devices are available. If you want to be a 

good instrumentation engineer, you have to study the processes and be familiar with their 

behavior. This also enables the engineer to assess the veracity and reliability of the given 

process conditions, such as the pressure differences calculated by process engineers over 

control valves. Engineers also found it important to maintain a confidential customer 
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relationship. Design work is easier when there is a good relationship of trust between the 

customer and consultant. Customer companies’ experts also stressed the importance of 

the relationship between them and device suppliers. When devices delivery times and 

costs are competitive, the supplier is in constant contact and serves after purchases, the 

customer remains satisfied. 

Sizing the control valves is one of the key tasks of the instrumentation engineer, the 

implementation of which the experts of the engineer companies had conflicting opinions 

on. Normally, the physical properties of the flowing substance and valve tightness 

requirements determine the type of valve to be used, and the chemical properties of the 

substance determine the material of the valve. More responsibility for sizing and other 

device selections has been shifted to device suppliers, but some still want to do the sizing 

of the valves themselves, if it is possible on schedule. According to the participants, it is 

typical for forest industry companies to make sizing themselves or through a consultant. 

Of course, selection and sizing software offered by device vendors are in use today. On 

the other hand, the device supplier at least checks the sizing data, because they are 

responsible for the operation of the device they sell. 

While more responsibility has been transferred to device suppliers, experts from forest 

industry companies have noticed that the professionalism of suppliers has deteriorated in 

recent years. When the customer ultimately accepts all device selections, they must be 

able to familiarize themselves with and check them, even though the number of personnel 

has decreased over the years. Many aspects of instrumentation become self-evident with 

experience. Typically, it is important that the device has a high usability and there are as 

few disruptions that stop the process as possible. Device maintenance must also be taken 

into account in the engineering, for example transmitters must be as easy and quick to 

maintain or replace in pipelines as possible. Digitalization is constantly bringing new 

features to instruments and more and more information is available about their operation. 

Experts also emphasized that in projects, things can quickly change as the design 

progresses, and the selection and sizing of already ordered devices can go wrong due to 

changes in process conditions. Device vendors considered clear communication with the 

customer and effective change management crucial. 

Participants were also asked to share their thoughts on the development of 

instrumentation technology, as well as how to stay up-to-date and take it into account in 
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their own work. Based on the interviews, the basics of instrumentation have remained the 

same, and the selection process has not changed much. However, all research groups 

noted that device selection and sizing tools have evolved. In addition to the engineer’s 

experience and knowledge, various lists and tables were used as tools to facilitate 

selection. Current constantly developing software makes work easier and the sizing are 

even more accurate. The downside of software is the reduction of old-fashioned manuals. 

It is almost impossible for some suppliers to select and size their devices without their 

own selection software, so it is essential to manage their use. Even the results offered by 

software should not be completely trusted but should be viewed with caution. 

Professionalism is still needed, although the number of engineers who understand the 

selection process is declining. 

Instruments are constantly evolving and providing more accurate and detailed 

information for their users, but the physical phenomena on which the measurement are 

based have remained unchanged. The development of instruments primarily relates to the 

format of signal transmission, as in the past, signals were pneumatic, whereas nowadays, 

they are obtained directly in electronic or digital form from the devices. Of course, new 

technology also shapes the selection process when the devices can, for example, measure 

more than one quantity or the same quantity from many measurement points at the same 

time. When using these, it is necessary to consider the critically of the measurement and 

the effects of the failure of one device measuring many quantities on the production of 

the process. In customer companies, experts are also required to discuss the necessary 

features with the staff responsible for production. What information is helpful and what 

is useless. 

In addition to above, experts representing valve suppliers reported increased safety and 

environmental requirements, such as leakage requirements to the environment. Device 

vendors are paying more and more attention to the sustainability of their products, as well 

as the entire supply chain, for example in relation to carbon dioxide emissions. 

Keeping up with the evolution of instrumentation technology is a challenge. Training is 

poorly available, but according to the experience of engineering and customer companies, 

project work forces us to familiarize ourselves with new devices and features. In 

particular, the commissioning and start-up phases of the plants were considered 

instructive, in which being involved also develops the engineer’s process understanding. 
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The device suppliers are also happy to present their own device portfolio and the latest 

developments in individual presentations, exhibitions, and other events, as well as in 

conjunction with project device queries. Other available sources for studying new things 

include journal publications in the field, the internet and other literature. From the 

perspective of device vendors, it is important to monitor the evolution of customer 

requirements and listen to their feedback on the existing devices to continuously improve 

and tailor the devices to better fit customers’ needs. 
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7 ANALYSIS OF THE RESULTS 

7.1 Reliability of the empirical research data 

The expertise of the interviewees was mainly focused on the instrumentation of various 

forest industry projects. According to the European Commission’s website (2023), the 

forest industry represents about 7% of the European Union’s manufacturing industry’s 

GDP, making it a major industry. The main principles of instrumentation are the same in 

all industries although each sector has its own special characteristics. Considering the 

long experience of all participants in instrumentation engineering, as well as the 

experience of consultants in engineering companies also in other industries, the results 

obtained can be estimated to be reliable. In addition, the results from the research 

correspond with the information discussed in the literature. In particular, the factors to be 

considered in the selection and sizing of instrumentation were recurred both in the 

experts’ responses and in the literature. Based on this, it can also be assumed that the data 

is reliable. On the other hand, instrumentation is a highly extensive branch of automation 

engineering, and it should be noted that not all factors influencing it has been able to be 

considered within the scope of this thesis. 

7.2 Factors affecting selection and sizing of instrumentation 

The factors guiding the selection and sizing of instruments can be divided into three sub-

areas, following the approach of Battikha’s (2003, p. 4) book with minor additions. 

According to Battikha, the first sub-area of instrumentation selection is typically to 

comply with all statutory regulations, as well as safety and environmental requirements. 

Based on the interviews, these also include the functional safety and hygiene requirements 

of the plant, as well as requirements related to explosive atmospheres. In the same area, 

the company’s or factory’s own engineering standards and guidelines can be added, which 

also play an important role in the selection process, defining the main principles of design 

and selections. The standards can also be implemented on a project-by-project basis in 

cooperation with different stakeholders and define the basic principles of engineering and 

procurement, as well as a significant part of the customer’s requirements for designers 

and device vendors. Through the use of factory standards, selection and sizing are made 
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consistently, their recommendations are based on experience and generally effective, and 

by using them, the inventory of spare parts for factories does not expand. 

Battikha (2003, p. 4) identifies requirements set by the process and the plant as the second 

sub-area to consider in instrumentation. The book emphasizes that this area mainly 

includes requirements placed on the static and dynamic characteristics of the device. The 

instrument must be capable of performing its required task, for example with sufficient 

accuracy, repeatability, and speed. An important factor to be added to this area is the 

process medium, which significantly determines the suitable device and its materials for 

the application. In general, it can be stated that the physical properties of the medium 

determine the appropriate device or method, and its chemical properties determine the 

materials to be used. Based on the interviews, it is clear that the process also sets 

requirements for the durability and reliability of the device. In particular, devices that are 

critical to the process production, that is device that causes an unplanned shutdown when 

it breaks, should be as durable and reliable as possible. In addition, process and 

environmental conditions should be considered when assessing the reliability and 

durability of the device. 

Third, Battikha (2003, p. 4) presents all other good engineering practices as a factor to be 

considered. This sub-area includes factors such as costs, installation and maintenance, 

availability of devices, and compatibility with other equipment. Costs should be 

considered more broadly than just the price of the device and installation. The unit price 

of a single device is a secondary factor when it comes to a critical device for production. 

The breakdown of one device can cause significant expenses. In addition, all other costs 

of the device during its expected lifetime must also be considered. Factories’ own 

engineering standards consider the most typical cases in terms of availability and 

compatibility. On the other hand, big projects may have problems with the availability of 

devices despite this.  

Based on the interviews, prioritizing the aforementioned factors is challenging. Different 

applications require prioritizing different factors and there are variations between 

customers and industrial sectors as well. Finding a device that fulfils all desires may be 

impossible. Morris and Langari (2020, p. 8) also suggest that compromises between 

different factors need to be made when making selections. However, based on the 
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interviews and literature, the above-mentioned sub-areas may be prioritized. The 

prioritization can be approached from the point of view of compromises and importance. 

Factors within the first area, especially the legal requirements, should be followed in all 

circumstances. It is also advisable to adhere to the available engineering guidelines, if 

possible, due to the numerous benefits mentioned earlier. On the other hand, the factors 

related to the process requirements are those that, together with the factors of the first 

area, determine the suitable devices, methods and materials for the application. Unlike 

the first area, compromises may need to be made with these factors. For instance, process 

conditions might necessitate choosing a device with lower performance or vice versa. 

Factors in this area also determine the reliability and durability of the device, which was 

considered particularly important in the responses of experts representing customer 

companies. Based on the factors in the last area, the final selection is made of suitable 

devices that meet the requirements of the first two areas as well as possible. Figure 13 

shows a way to prioritize the factors that affect selection of instrumentation. 

 

Figure 13. Prioritizing the factors affecting the selection of instruments based on their 

importance and flexibility. 

The first box in Figure 13 is evident since in instrumentation as well, compliance with 

legal regulations is essential. Interviews also highlighted functional safety-related 

regulations as significant factors to consider both in terms of importance and as challenges 

related to instrumentation. Standards, on the other hand, are essentially voluntary 

guidelines, but in factory environments, they are often made mandatory to adhere to due 

to organization decisions (Suomen Standardisoimisliitto SFS ry 2019, p. 13). The factors 

presented in the second and third boxes of Figure 13 have been selected from the factors 

identified in literature and interviews and prioritized based on their importance and 

flexibility. For instance, pipe sizes are a factor that might not be adjustable within the 

process requirements, but it has a major impact on, for example flow measuring 
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instruments or valves that are suitable for the application. The factors in the third box do 

not affect the appropriate devices or methods as significantly but should be considered 

where possible. 

7.3 Available devices 

Device suppliers offer numerous devices for measuring and controlling various 

quantities. When selecting instruments, it is crucial to familiarize yourself with the 

devices to be used. The operation of the devices is based on various physical phenomena 

that affect their suitability in different situations. As Morris and Langari (2020, pp. 7–8) 

state, a skilled instrumentation engineer should be familiar with all available devices for 

the intended purpose and possess a deep understanding about their operational 

capabilities in various applications and conditions. Also, it should be noted that devices 

are developed and tested under laboratory conditions that do not fully replicate the process 

environment, so practical knowledge of the operation of the devices is important. The 

recommendations from device suppliers to different situations should be listened to 

although they may vary due to their varying product portfolios. Especially challenging 

instrumentation tasks, device suppliers have the best understanding about their own 

devices, as well as their limitations and strengths. The third section of the theoretical part 

presents the operating principles and typical characteristics of common temperature, 

pressure, level and flow measuring devices and methods, as well as valves and their 

actuators. 

7.4 Observations on instrumentation engineering 

The selection of instruments requires a profound understanding and knowledge of devices 

and methods, materials, various installation types, processes, and the mediums involved. 

While there are numerous factors to consider, experienced designers find the selection 

process intuitive. Selections are made based on plant or project-specific standards, 

according to the client’s requirements. In addition to these, essential tools include PI 

diagrams, engineering software, as well as device suppliers’ selection and sizing tools 

and software. Understanding the behavior of processes and mediums is equally crucial to 

knowing the functionality of the instruments. The behavior of the process determines the 

devices, methods and materials suitable for the application, as well as the characteristics 
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required by measurement or control. The process understanding also helps critically 

examine the correctness and reliability of given process data. 

Based on the interviews, personal experiences with instruments operations on different 

applications contribute to the development of an instrumentation engineer. Due to the 

importance of experience, it is noteworthy that experts have observed a decline of 

instrumentation skills, as well as reduction of personnel who understand the selection 

process. When considering the current trend of accelerated project timelines, it becomes 

clear that device selections and sizing may have been more successful in the past. The 

research does not confirm the claim of decreased instrumentation skills, but possible 

reasons for experts’ experiences may include evolving work practices and methods.  

According to the manual of Kirmanen et al. (2022, pp. 19–20) and book of Pulli (2016, 

p. 134), an increasing number of device suppliers have available more modern software, 

especially for valve selection and sizing. Interviews also reveal that both device suppliers 

and customers have access to software for selecting measuring instruments. The 

availability of selection and sizing tools and software makes the task easier, allowing 

selections to be made even with limited expertise. Moreover, using these software does 

not necessarily require the engineer to critically evaluate the reasons behind each 

selection. Working on projects at different stages and collaboration on-site provide 

valuable learning experiences. In the past, young engineers were directly sent to the site 

to work and learn, whereas nowadays a significant portion of the design work is done 

remotely. The observations of experts can also be influenced by the movement of 

engineers across industries, such as from the forest industry to the chemical and 

bioproduct industry. Previously established principles may not work as effectively in new 

processes with different types of substances. 

7.5 Selection and procurement process 

Typically, in industrial projects, two different selection and procurement methods are 

used to depending on the customer’s preferences and the size of the project. Based on the 

interviews, a more traditional way is to start the process by obtaining the required initial 

data about the process. The reliability of the initial data is crucial since, if they are 

incorrect, the entire selection and procurement process may need to be restarted from the 

beginning. As Boyes (2010, p. 20) points out, most of the maintenance issues related to 
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plant automation arise from misidentified process data. Initial data acquisition requires 

collaboration with the process, piping, and mechanical engineering. Based on the initial 

data, the necessary instruments can be selected and specified. Instrument selections are 

guided by engineering guidelines, customer requirements, experiences and 

recommendations provided by device suppliers. 

In the subsequent stages of the selection and procurement process, the main parties 

involved are primarily the customer company and the device supplier companies. The 

customer company prepare the request for quote (RFQ) based on the specified 

instruments. According to Investopedia Team (Investopedia Team 2023), RFQ is sent to 

several suppliers, with the aim of receiving offers for the delivery of certain products and 

services. RFQ may also include terms related to delivery and payment, as well as other 

requirements related to purchase. The received offers form suppliers are compared, and 

the best proposal that meets the requirements and fulfils the needs is accepted. The 

comparison of proposal may involve evaluating the technical features and compliance of 

the products, cost comparison, as well as assessing the capabilities, experience, and 

reliability of the suppliers. The above-described selection and procurement process is 

shown in Figure 14.  

 

Figure 14. Simplified traditional instrument selection and procurement process based on 

the interviews. 



75 

 

However, in larger projects, this approach becomes challenging from the device 

suppliers’ perspective because the necessary and accurate input data for the first stage of 

the process can only be obtained at a relatively late stage in the projects. Consequently, 

delivering large orders may become practically impossible due to time constraints. 

Another more contemporary method for making instrument selections and procurement 

is by establishing framework agreement with device suppliers. In this case, the process 

changes slightly, and based on preliminary engineering information and reference 

projects, assessments are made at an early stage of the project regarding the needed 

devices and their quantities. According to the definition of The World Bank (2018), a 

framework agreement is a contract made with one or more companies, specifying the 

terms and conditions that apply to all agreements made during its validity period. Through 

framework agreements, the device suppliers can prepare for future deliveries earlier and, 

in addition, the instrumentation engineer has information on the available devices and 

selections may be made while the rest of the engineering is progressing. The selection 

and procurement process with the framework agreement is shown in Figure 15. 

 

Figure 15. Simplified more contemporary instrument selection and procurement process 

based on the interviews. 

The division of responsibility, particularly in valve sizing, appears to be undergoing a 

transformative phase, influenced by the habits and preferences of customers. In the forest 

industry, it is still common for the customer or the consulting engineering firm they work 
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with to perform valve sizing. However, when the device vendor performs a similar task 

during the sizing verification, the rationale behind this workflow may be questioned. The 

instrumentation engineer must understand how the devices work and which device to 

select. The supplier’s selections should also be viewed with caution, due to the way in 

which they choose the best possible device from their product portfolio, even if a cheaper 

option would be sufficient. In any case, from the perspective of project schedules, it may 

not be sensible to utilize the customer’s or consultant’s resources for valve sizing, 

considering that the device supplier possesses the best understanding of their own sizing 

software and devices. It is necessary to ponder whether valve sizing is part of the core 

expertise of a contemporary instrumentation engineer. 

7.6 Development of instrumentation 

Although instrumentation technology is constantly evolving, the basics of selecting 

devices, materials and installation types have not really changed. The operation of the 

devices is still based on the same physical phenomena. An instrumentation engineer can 

still rely on their previous knowledge and the existing literature and guidelines related to 

instrumentation in their work. These resources have stood the test of time. According to 

Morris and Langari (2020, 7), literature related to instrumentation should be used to assist 

in the selection of certain measurement situations. The development of the devices is 

mainly reflected in the improved accuracy and reliability of the devices, additional 

features and the development of data transfer. The complexity of processes and customer 

requirements demands constant evolution of techniques and instruments, and the engineer 

must stay up to date with the latest developments. 

7.7 Future research 

Instrumentation is a broad subfield of automation engineering that could not be covered 

in its entirety within the scope of this work. In industries, many other different quantities 

are measured, such as consistency, density, moisture, and pH. In addition to these, 

analyzers designed for measuring the concentration of fluids are also common. The main 

principles for the selection of these devices are the same, but based on the interviews, the 

operation of analytical measurements, in particular, has posed challenges. Due to 
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increasingly stringent emission limits in factories, the performance and operation of 

available analyzers could be investigated more thoroughly. 

The selection and sizing of valves are integral aspects of instrumentation, but due to the 

limited scope, they could only be briefly discussed. A more extensive theoretical and 

applied research, as well as a closer look at the sizing software of device suppliers, would 

help produce more detailed selection and sizing guidelines. 
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8 CONCLUSIONS 

Instrumentation engineers are required to have a great understanding and knowledge of 

instruments and methods, various installation types, and the behavior of processes and 

mediums. Experience is highly valued in the field, as it makes common instrumentation 

tasks straightforward for engineers.  

There are many factors that influence the selection of instruments, and the process and 

customer determine the prioritized factors for each application. However, in general, it is 

paramount to comply with all regulatory requirements and standards that impact 

engineering. Within these requirements, the suitable instrument and methods can be 

defined based on the requirements set by the process. If multiple options remain after 

considering these factors, the final selection can be made based on other good engineering 

practices, such as cost, maintenance and installation, availability, and compatibility with 

other devices. 

There are also a lot of available devices and methods for measuring and control quantities. 

Understanding their operating principles helps the instrumentation engineer to select the 

most suitable instrument for the application. When comparing instruments, solutions 

based on good experiences and recommendations from device suppliers are of paramount 

importance.  

The process of selection and procurement of instrumentation requires collaboration 

between different engineering disciplines, such as process and piping engineering, as well 

as with the customer and the device supplier. The customer determines the method to be 

used for selection and procurement, according to their preferences and project size. In the 

traditional approach, instrument selections are made based on the received initial data and 

specified devices are requested from various suppliers. In the more modern way, a 

framework agreement is established with one or more device suppliers for the delivery of 

devices and device selections are made as the detail engineering progresses. 
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9 SUMMARY 

The purpose of the research was to produce a generally applicable, concise and clear 

engineering guideline for instrumentation that could be used in all industrial sectors. The 

research objectives were to find out what factors should be considered in instrumentation, 

what kind of instrument selection and procurement process, and what types of devices 

and methods are available and commonly used. The research was based on literature 

related to instrumentation engineering and instruments, as well as data obtained from 

expert interviews on practical operational practices and principles. Publications provided 

by several well-known manufacturers have also been used as a source of this research. 

The theoretical part of the study deals in general terms with the structure, the static and 

dynamic characteristics, and the factors influencing selection and sizing of the 

instruments, as well as the most common devices and methods for measuring and 

controlling. The empirical part of the study was conducted as semi-structured interviews, 

the aim of which was to obtain information through the experience of experts on the 

selection and sizing of instruments, the selection process, cooperation between 

stakeholders, and possible challenges and general practices. 

Factors affecting instrumentation can be divided into complying statutory regulations and 

standards, meeting process requirements, and considering other good engineering 

practices. The first two define the appropriate devices for the application and the last one 

can be used to make the final selection. Selections are always made according to the 

customers specifications, and the basis for selections is often the company’s or project 

specific engineering standards and guidelines, which include the main principles for 

design and selections. The selection and procurement process is executed according to 

the preferences of the customer, either through the traditional method, where selections 

are made once all necessary detailed information about the process is obtained, or through 

a more contemporary approach, where framework contracts are established with device 

suppliers based on preliminary design information and reference projects. 

This research is not directly suitable as a project engineering guide since customers and 

projects differ in their requirements. Also, different processes may have their specific 

characteristics. However, the study covers common factors, solutions, and methods, 

making it useful support tool for design work or educational material. 
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Appendix 1. Seven basic units and their definitions. 

Table 1. Seven basic units and their definitions (Bureau International des Poids et 

Mesures 2022, 130–135). 

Quantity 
Unit 

name 

Unit 

symbol 
Definition 

length metre m 

The lenght of the path travelled by light in a 

vacuum in 1/299 792 458 of a second, where the 

second is defined by caesium frequency Δvcs 

mass kilogram kg 

Taking the fixed value of the Planck constant h 

to be 6.626 070 15 x 10-34 J s, which is equal to 

kg m2 s-1 where the metre and the second are 

defined in terms of c and Δvcs 

time second s 

Taking the fixed value of caesium frequency 

Δvcs, the unperturbed ground-state hyperfine 

transition frequency of the caesium 133 atom, to 

be 9 192 631 770 when expressed in Hz, which 

is equal to s-1 

electric 

current 
ampere A 

Taking the fixed value of the elementary charge 

e to be 1.602 176 634 x 10-19 when expressed in 

the unit C, which is equal to A s, where the 

second is defined in terms of Δvcs 

temperature kelvin K 

Taking the fixed value of the Boltzmann 

constant k to be 1.380 649 x 10-23 when 

expressed in the unit J K-1, where the kilogram, 

metre and second are defined in terms of h, c, and 

Δvcs 

amount of 

substance 
mole mol 

One mole contains exactly 6.022 140 76 x 1023 

elementary entities. This number is the fixed 

value of the Avogadro constant NA when 

expressed in the unit mol-1 and is called the 

Avogadro number 

luminous 

intensity 
candela cd 

Taking the fixed value of the luminous efficacy 

of monochromatic radiation of frequency 540 x 

1012 hZ, Kcd, to be 683 when expressed in the 

unit lm W-1, which is equal to cd sr W-1, or cd sr 

kg-1 m-2 s3, where the kilogram, metre and 

second are defined in terms of h, c and Δvcs 

 

  



 

 

Appendix 2 (1). Sizing valves for non-compressible fluids based on the standard ISA 

75.01.01 procedure. 

Emerson Automation Solutions (2019, 100–104) goes through the calculation equations 

required for non-compressible fluid for valve sizing in its handbook, as well as example 

calculations based on the ISA 75.01.01 procedure. The presented five-step procedure is 

reviewed in Chapter 3.8.1 of the thesis. 

Calculation equations for correction factors 

Piping geometry factor is determined according to equation (1) if the input or output 

connections of the control valve have any fittings such as reducers, elbows, or tees: 

𝐹𝑃 =
1

√1+
∑ 𝐾

𝑁2
(

𝐶𝑣
𝑑2)

2
,  (1) 

where FP is piping geometry factor, 

ΣK is algebraic sum of the velocity head loss coefficients, 

N2 is equation constant, 

 Cv is valve flow coefficient and 

 d is nominal valve size. 

The algebraic sum of the velocity head loss coefficients consists of four terms according 

to equation (2): 

∑ 𝐾 = 𝐾1 + 𝐾2 + 𝐾𝐵1 − 𝐾𝐵2,  (2) 

where K1 is resistance coefficient of upstream fittings, 

K2 is resistance coefficient of downstream fittings, 

KB1 is inlet Bernoulli coefficient and 

 KB2 is outlet Bernoulli coefficient. 

The terms are calculated using equations (3 to 6), where resistance coefficient equations 

are suitable for standard concentric reducers: 

𝐾𝐵1 = 1 − (
𝑑

𝐷1
)

4

,  (3) 



 

 

Appendix 2 (2). Sizing valves for non-compressible fluids based on the standard ISA 

75.01.01 procedure. 

𝐾𝐵2 = 1 − (
𝑑

𝐷2
)

4

,  (4) 

𝐾1 = 0.5 (1 −
𝑑2

𝐷1
2)

2

,  (5) 

𝐾2 = 1.0 (1 −
𝑑2

𝐷2
2)

2

,  (6) 

where D1 is internal diameter of upstream piping and 

 D2 is internal diameter of downstream piping. 

If the inlet and output concentric reducers are equal size, equation (7) can be used: 

𝐾1+𝐾2 = 1.5 (1 −
𝑑2

𝐷2)
2

,  (7) 

where D is internal diameter of upstream or downstream piping. 

Combined liquid pressure recovery factor and piping geometry factor of valve with 

attached fittings is determined by using the liquid pressure recovery factor according to 

equation (8): 

𝐹𝐿𝑃 =
𝐹𝐿

√1+
𝐹𝐿

2

𝑁2
(𝐾1+𝐾𝐵1)(

𝐶𝑣
𝑑2)

2
,  (8) 

where FLP is combined liquid pressure recovery factor and piping geometry factor 

of valve with attached fittings and 

 FL is liquid pressure recovery factor. 

The term liquid critical pressure ratio factor is determined according to equation (9): 

𝐹𝐹 = 0.96 − 0.28√
𝑃𝑣

𝑃𝑐
,  (9)  



 

 

Appendix 2 (3). Sizing valves for non-compressible fluids based on the standard ISA 

75.01.01 procedure. 

where FF is liquid critical pressure ratio factor, 

Pv is absolute vapor pressure of the liquid at inlet temperature and 

Pc is absolute thermodynamical critical pressure. 

 

To determine the pressure drop used in calculation, you must determine the limiting 

pressure drop due to liquid choking according to equation (10): 

∆𝑃𝑐ℎ𝑜𝑘𝑒𝑑 = (
𝐹𝐿𝑃

𝐹𝑃
)

2
(𝑃1 − 𝐹𝐹𝑃𝑉),  (10) 

where ΔPchoked is liquid pressure drop that limits the flow by choking, 

P1 is upstream absolute static pressure, 

 Pv is absolute vapor pressure of the liquid at inlet temperature and 

 FF is liquid critical pressure ratio factor. 

Calculation equation for required flow coefficient 

When the flow is turbulent and the fluid is non-compressible, equation (11) can be used 

to calculate the flow coefficient required by the process: 

𝐶𝑣 =
𝑞

𝑁1𝐹𝑃
√

𝜌1
𝜌0

⁄

∆𝑃𝑠𝑖𝑧𝑖𝑛𝑔
,  (11) 

where q is volumetric flow rate, 

 ρ1/ρ0 is liquid specific gravity at inlet and 

 ΔPsizing is pressure drop value used for liquid sizing calculations. 

Sizing example 

Perform a sizing example using Emerson Automation Solutions’ (2019, 102-104) five-

step procedure. 



 

 

Appendix 2 (4). Sizing valves for non-compressible fluids based on the standard 

ISA 75.01.01 procedure. 

1. Define all the required information about the desired valve, medium, piping and 

proves conditions. 

The desired valve for the application is a globe valve with an equal-percentage cage. The 

assumed size is DN80, with a flow coefficient of 121 when the valve is fully open and a 

liquid pressure recovery factor of 0.89. Other necessary information can be found in Table 

1. Standard concentric reducers are used for valve installation into the pipeline. 

Table 1. Required infromation for sizing (Emerson Automation Solutions 2019, 102). 

Globe valve DN80 Process data 
Piping 

configutration 
Liquid propane 

d = 76.2 mm q = 181.70 m3/h pipe size = DN200 ρ1/ρ0 = 0.5 

Cv = 121 T1 = 21 C sch = 40 Pv = 8.57 bar(a) 

FL = 0.89 P1 = 21.70 bar(a) D1 = 202.74 mm Pc = 42.49 bar(a) 

  P2 = 19.97 bar(a) D2 = 202.74 mm   

 

2. Define the equation constants N1 and N2. 

When we use the flow unit m3/h and the pressure unit bar, the constant N1 is 0.865 and 

when the pipe and valve size unit is mm, the constant N2 is 0.00214. 

3. Define the piping geometry factor FP and the combined liquid pressure recovery factor 

and piping geometry factor of valve with attached fittings FLP. 

Since the upstream and downstream pipe size is the same, all we need are equations 3, 5 

and 7. 

𝐾𝐵1 = 1 − (
76.2

202.74
)

4

= 0.98  (3) 

𝐾1 = 0.5 (1 −
76.22

202.742)
2

= 0.37  (5) 

𝐾1+𝐾2 = 1.5 (1 −
76.22

202.742)
2

= 1.11 = ∑ 𝐾 (7) 



 

 

Appendix 2 (5). Sizing valves for non-compressible fluids based on the standard 

ISA 75.01.01 procedure. 

Calculate FP and FLP using equations 1 and 8. 

𝐹𝑃 =
1

√1+
1.11

0.00214
(

121

76.22)
2

= 0.90  (1) 

𝐹𝐿𝑃 =
0.89

√1+
0.892

0.00214
(0.37+0.98)(

121

76.22)
2

= 0.81 (8) 

4. Define the pressure drop ΔPsizing between upstream and downstream. 

Calculate the liquid critical pressure ratio factor according to equation 9 and the choked 

pressure drop ΔPchoked according to equation 10. 

𝐹𝐹 = 0.96 − 0.28√
8.57

42.49
= 0.83  (9) 

∆𝑃𝑐ℎ𝑜𝑘𝑒𝑑 = (
0.81

0.90
)

2
(21.70 − 0.83 ∗ 8.57) = 11.60 𝑏𝑎𝑟 (10) 

The actual pressure drop ΔP = 1.72 bar is lower than the choked pressure drop. The 

calculation uses an actual pressure drop ΔPsizing = ΔP = 1.72 bar. 

5. Define the flow coefficient required by the process and compare it with the valve flow 

characteristics. 

Calculate the Cv required by using equation 11. 

𝐶𝑣 =
181.70

0.865∗0.90
√

0.5

1.72
= 125.19  (11) 

In this case, the flow coefficient required by the process is 125.19, which means that the 

DN80 globe valve designed for the application limits the flow rate. The required flow 

factor is not much larger, so it could be assumed that the next available larger size would 

be suitable for the application. However, it is a good idea to ensure this by repeating 

calculations from the procedure with the data from the DN100 valve. The DN100 globe 

valve has a flow coefficient of 203 when the valve is fully opened and a liquid pressure 



 

 

Appendix 2 (6). Sizing valves for non-compressible fluids based on the standard 

ISA 75.01.01 procedure. 

recovery factor of 0.91. Nominal valve size is 101.6 mm. In this case, one has to 

recalculate only the algebraic sum of the velocity head coefficient according to equation 

7 and the piping geometry factor according to equation 1. The required flow coefficient 

can then be recalculated by using equation 11. 

𝐾1+𝐾2 = 1.5 (1 −
101.62

202.742
)

2

= 0.84 = ∑ 𝐾 (7) 

𝐹𝑃 =
1

√1+
0.84

0.00214
(

203

101.62)
2

= 0.93  (1) 

𝐶𝑣 =
181.70

0.865∗0.93
√

0.5

1.72
= 121.43  (11) 

Based on the result, the DN100 globe valve in question is large enough to operate in that 

application. If a more accurate prediction of the required flow coefficient is required, the 

calculations can be repeated using the precisely approximated flow coefficient value. The 

calculated required flow coefficient can now be compared to the flow characteristics of 

that valve. In the case of this example, the valve should let through the required flow 

when it is 75% open, and the valve sizing is completed. 

  



 

 

Appendix 3 (1). Selection tables for measuring instruments. 

Table 1. The suitability of level measuring methods for various applications (Kayser et 

al. 2003c, 408–409; Morris and Langari 2020, 5398543; Emerson Automation Solutions 

2021a, 43; Siemens AG 2021, 5) 

Application 

Type 

Hydrostatic 

Pressure 
Capacitance Ultrasonic Radar 

High temperature Yes Yes No Yes 

High turbulence Yes Yes No Limited 

Open channel 

(flow) 
No No Yes Yes 

Interface 

(liquid/liquid) 
Yes Yes Yes No 

Interface 

(liquid/solid) 
No Yes Yes No 

Changing density Limited Yes Yes Yes 

Changing 

dielectric 
Yes No Yes Yes 

Cryogenic No Yes No No 

Steam Limited Yes No Yes 

Foam Ignore Ignore or MF Ignore Limited 

Viscous liquids Yes Yes Yes Yes 

Coating liquids Limited Limited Yes Yes 

Dust No Limited Yes Limited 

Sludges and 

slurries 
Limited Limited Yes Yes 

Powders No Yes Yes Yes 

Granules No Yes Limited Yes 

MF = Measures foam 

Note: The suitability of the device for each application should be discussed with the 

device supplier 

 

  



 

 

Appendix 3 (2). Selection tables for measuring instruments. 
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