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Abstract 

 

During the continuous production of bread sometimes there are problems that 

lead to interruptions in the production and consequently to quality problems. One 

such problem is the bread burning in the contact area between the bread and the 

conveyor belt. 

In order to understand the problem and to know how to quantify it, it is necessary 

to understand what a thermodynamic system is and what types of systems exist, 

how the various types of heat transfer are processed, how to measure the 

temperature of an object by infrared radiation and some mathematical methods 

such as the least square root method. 

Temperature measurements were planned and carried out. The goal with the first 

experiment was to understand how the temperature of the conveyor belt varies 

during an interruption. All the other tests were done to investigate the effects of 

different solutions in the temperature variation of the belt.  

According to the results, the best solution is to turn off the oven during an 

interruption and the worst to spray the belt with water.  

To spray the belt with water may be a better solution than these results shows, 

but it is very affected by other problems, like depositions of limestone on the 

nozzles. 

A lot more solutions could be found but due to the time available, it was not 

possible to investigate all the variables/solutions in the process. A long-term  study 

would help understand much more within the regulation of the industrial baking 

process. 
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Sammanfatning 

 

Under kontinuerlig produktion av bröd finns det ibland problem som leder till avbrott i 

produktionen och kvalitetsproblem. Ett sådant problem är att brödet blir bränt  i 

kontaktytan mellan brödet och transportbandet. 

För att förstå problemet och veta hur man kvantifierar detta,  är det nödvändigt att 

förstå vad ett termodynamiskt system är och vilka typer av system finns, hur olika 

typer av värmeöverföring sker, hur man mäter temperatur med hjälp av infraröd 

strålning och några matematiska metoder som minst kvadratrotsmetoden. 

Temperaturmätningar planerades och genomfördes. Målet med det första 

experimentet var att förstå hur transportbandets temperatur varierar under ett 

huppehåll. Alla andra tester utförades för att undersöka effekterna av de olika 

lösningarna i bandets temperaturvariation. 

Enligt resultaten är den bästa lösningen att stänga av ugnen under ett uppehåll och 

det värsta att spreya bältet med vatten. 

Att spreya bältet med vatten kan vara en bättre lösning än vad resultaten visar, men 

det påverkas mycket av andra problem, som avsättningar av kalksten på 

munstyckena. 

Många fler lösningar kunde hittas men det var inte möjligt att undersöka alla variabler 

/ lösningar i processen på grund av tillgänglig tid. En långsiktig studie skulle hjälpa till 

att förstå mycket mer inom regleringen av industriell bakning. 

 

 

Nyckelord: infraröd termometer, transportband, brödproduktion, LEAN 
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Introduction 

Background 

According to LEAN thinking, a company's level of waste tells a lot about its 

effectiveness, its internal organization, and its strategic planning. Maintain high-quality 

standards and low production costs are two difficult goals to achieve together and it is 

only through a continuous effort to improve and reduce waste that these objectives can 

be achieved. 

In this process of continuous improvement, it is important to signal and solve the 

problems when they actually occur. The use of the right tools allows us to do it faster. 

Real-time data acquisition is an effective way of being able to analyze a production 

process and act on it in a small fraction of time (WOMACK & JONES 2003, pp 10-17 ). 

Purpose and goal 

The industrial production of bread, as opposed to the artisanal one, is continuous and 

ideally without interruptions. But sometimes these interruptions occur and can cause 

quality problems, which means a lot of waste and, consequently, heavy losses of 

money and resources. The quality problem under study can be easily described as an 

irregular cooking of bread (burnt or uncooked bread). 

The purpose is to be able to regulate the production line so that the baking process 

becomes more effective after these disturbances. 

Several variables can be controlled (such as the speed of the belt, the energy delivered 

to the oven, the pressure inside the oven, the load among others). Some sensors 

already exist that can measure many of these parameters. There are some exceptions 

like the speed and the temperature of the belt. It is not possible to have sensors inside 

the oven to measure these parameters because the ambient inside the oven is very 

hostile. 
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The goal is to develop a measurement system so that we can measure the belt 

temperature in real time so that the best solution to maintain its temperature at an ideal 

level can be found. The described measurement system will be implemented and 

connected to the system that exists already in the company consisting of, among other 

things, several PLC and field buses. 

Limitations 

Certain restrictions on this project have been imposed due to the time available and the 

company's specific work requirements. Due to time limits, only one production line has 

been chosen and the number of products to be tested depends exclusively on 

production planning.  

The analysis of the whole process is very complex due to the number of associated 

parameters. Of all these parameters, only three will be included in this study, ie. will be 

considered study variables. 

In continuous production, it is intended that no interruptions occur or that the duration 

is as short as possible. It is known that these interruptions can vary from some seconds 

to several minutes. The analysis of all interruptions would be too complex and take a 

lot of time. That is why only short breaks will be considered in this project, i.e. breaks 

less than 4 minutes. 

Polarbröd AB, Älvsbyn 

With almost 140 years of existence, Polarbröd is still a family company with origins in 

the pearl of Norrbotten - Älvsbyn. Polarbröd is part of Polarbröd group that employs 

close to 400 people and has a turnover of 1 billion Swedish crowns and bakes almost 

40000 tonnes of bread, being the third producer o bread in Sweden. The company 

follows a long-term global monitoring strategy and produces, by Polarkraft which is also 

part of the group, their own energy from renewable sources (wind energy). Besides 

Sweden, Polarbröd sells their products in Norway, Finland, Spain, Portugal, 

Switzerland, Great Britain, Iceland, France, Denmark, The Netherlands and Germany. 
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Overview of entire thesis 

This thesis is divided into seven chapters, such as: 

 Introduction – In this chapter the background for this thesis is presented, as well 

as its purpose and the goal. The thesis limitations are also discussed in this 

chapter. 

 Theory – Some theoretical definitions are presented in this chapter. These 

definitions are related to the various areas that serve as a basis for this thesis 

(mathematics, physics, heat transfer, thermodynamics and automation) and 

help to understand each method used and each solution tested. 

 Methods – In this chapter, the methods used in this thesis are described, duly 

based on the theoretical definitions and according to the goals described. 

 Results – The results of the empirical tests are presented in this chapter. 

 Discussion and conclusions - The discussion of the results and analysis of the 

various solutions considered are made in this chapter. 

 Future work - Here is the last chapter, some guidelines and some advice are 

presented so that the company can continue with this work. 
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Theory 

Measuring 

As defined in the standards, metrology is the science of measurement and its 

application. It is a natural science based on the experimental method that respects rules 

well defined by standards. There are several institutions worldwide that deal with these 

standards as for example: 

 ASTM - American Society for Testing and Materials 

 ISO - International Organization for Standardization. 

When measuring something, the measure is expressed by a value and a unit. In other 

words, the value indicates how much and the unit indicates of what. 

A system of units, according to the current definition, is a consistent set of units of 

measure that contains a set of fundamental units of measure from which all other units 

contained in the system are derived.  

Table 1 - Base quantities and symbols of the international system of units (SI) 

Base quantity Symbol for quantity Symbol for dimension 

Length l, x, r etc L 

Mass m M 

time, duration t T 

electric current I, i I 

thermodynamic temperature T Q 

amount of substance n N 

luminous intensity Iv J 

When talking about measuring, other definitions are very important like: 

 physical quantity is a property of a phenomenon, body, or substance, where 

the property has a magnitude that can be expressed as a number and a 

reference 

 measurement principle is a phenomenon serving as a basis of a measurement 

 measurement procedure is the detailed description of a measurement 

according to one or more measurement principles and to a given measurement 
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method, based on a measurement model and including any calculation to obtain 

a measurement result 

 measured quantity is the quantity value representing a measurement result 

 measuring instrument is a device used for making measurements, alone or in 

conjunction with one or more supplementary devices 

 measurement system is a set of one or more measuring instruments and often 

other devices, including any reagent and supply, assembled and adapted to 

give information used to generate measured quantity values within specified 

intervals for quantities of specified kinds 

 sensor is an element of a measuring system that is directly affected by a 

phenomenon, body, or substance carrying a quantity to be measured  

 range of a nominal indication interval (span) is the absolute value of the 

difference between the extreme quantity values of a nominal indication interval 

 resolution is the smallest change in a quantity being measured that causes a 

perceptible change in the corresponding indication  

 step response is the time duration between the instant when an input quantity 

value of a measuring instrument or measuring system is subjected to an abrupt 

change between two specified constant quantity values and the instant when a 

corresponding indication settles within specified limits around its final steady 

value  

All of these are standard definitions that can be found in the normative references 

(JCGM 200:2008). 
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Thermodynamic system 

A thermodynamic system consists of a quantity of matter or region to which our 

attention is focused. As can be seen in the following figure, the thermodynamic system 

is delimited according to what we want to calculate by a line called boundary. 

Everything outside the boundary is called surroundings. 

A system can be open (if both matter and energy can move through the boundary), 

closed (if only energy can cross the boundary) or isolated (where neither matter or 

energy can move across the boundary). Open systems are also called control volume 

systems. 

The boundary has no volume or mass and can be real or imaginary, fixed or 

movable.(Cengel & Boles 2001, pp 10-12). 

 

Figure 1 - A thermodynamic system (Basics of a thermodynamic system and its properties. 2017) 

Temperature 

Temperature (T ) is defined as the average kinetic energy (energy of motion) or average 

speed of all the particles in a material. In the international system of units (SI), it can be 

expressed on an absolute scale named Kelvin (symbol K ) or most commonly on the 

Celsius scale ( symbol °C ), which is a relative scale. The relation between these two 

scales can be expressed by the following equation 

𝑇 (𝐾) = 𝑇 (° 𝐶) + 273.15 ( 1 ) 

The measurement of temperature by contact makes use of the zeroth law of 

thermodynamics as a measurement principle. This law states that "If two systems are 
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in thermal equilibrium with a third system, then they are in thermal equilibrium with each 

other" (Cengel & Boles 2001, p 17). 

Heat 

By definition, heat refers to the energy that is transferred between bodies with different 

temperatures (Incropera & Dewitt 2002, p.2). The transfer of energy can occur in three 

different modes: 

 conduction 

 convection 

 radiation  

The transfer of heat Q (J) from/to a system causes a variation of its temperature which 

is directly proportional to the mass m  (Kg) and to the specific heat c (
J

Kg ∙K
) of that 

system. This relationship is described by the following equation 

𝑄 = 𝑚 ∙ 𝑐 ∙  ∆𝑇 ( 2 ) 

Considering the area A (𝑚2) through which the heat transfer Q (J) occurs, the above 

equation can then be rewritten in order to obtain the heat transfer per unit area 𝑞 (
J

m2)  

𝑞 =
𝑄

𝐴
= 
𝑚 ∙ 𝑐

𝐴
 ∙  ∆𝑇 ( 3 ) 

Deriving the previous equation with respect to time, one obtain the heat flow per unit 

area 𝑞′′ (
𝑊

𝑚2)  

𝑞′′ =
𝑑𝑄

𝑑𝑡
=  
𝑚 ∙ 𝑐

𝐴
 ∙  
𝑑𝑇

𝑑𝑡
 ( 4 ) 

Conduction 

In this mode, the energy transfer occurs due to a gradient of the temperature inside a 

solid body or between distinct solid bodies in direct contact. 

This heat transfer mode is described by the formula  
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𝑞′′ = −𝑘 ∙   
𝑑𝑇

𝑑𝑥
 ( 5 ) 

where 𝑞′′ the conductive heat flux per unit area (
𝑊

𝑚2 ), k is the thermal conductivity (
𝑊

𝑚 ∙𝑘
) 

which is a property of the solid material and (
𝑑𝑇

𝑑𝑥
) is the temperature differential in the 

direction of the transfer (Incropera & Dewitt 2002, pp 2-3). 

Convection 

In this mode, the energy transfer occurs between a moving fluid and bounding surfaces 

when the two are at different temperatures. The fluid-surface interaction results in a 

boundary layer where the velocity varies from 0 to the flow velocity.  

Convection is described by the formula  

𝑞′′ = ℎ ∙  ( 𝑇𝑠 − 𝑇∞ )  ( 6 ) 

being 𝑞′′ the convective heat flux per unit area (
W

m2 ),  h the convection heat transfer 

coefficient (
W

m2 ∙ K
), 𝑇𝑠 the surface temperature (K), and 𝑇∞ the fluid temperature (K)  

(Incropera & Dewitt 2002, p 6). 

Radiation 

In this mode, the energy transfer occurs without a presence of any medium, being the 

energy transported by the electromagnetic waves. The electromagnetic spectrum was 

defined by many scientists in the 18th century  

The equations  

𝐸𝑏 =  𝜎 ∙   𝑇
4  ( 7 ) 

and 

𝐸 = 𝜀 ∙  𝜎 ∙   𝑇4  ( 8 ) 

shows how much power (𝐸 and 𝐸𝑏) is emitted as radiation by a body at a certain 

temperature. The black body emitted power 𝐸𝑏 at a temperature 𝑇 is always greater 

than the power emitted by a real body at the same temperature 𝐸.  
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The radiation flux per unit area 𝑞′′ (
W

m2 ),  between two bodies at different temperatures 

( 𝑇𝑠𝑢𝑟 is the surface temperature and 𝑇 the emitter temperature) can be calculated with 

the formula 

𝑞′′ = 𝜀 ∙  𝜎 ∙  ( 𝑇4 − 𝑇𝑠𝑢𝑟
4  ) ( 9 ) 

where σ is the Stephan-Boltzman constant (σ = 5.67 ∙ 108  W
m2  ∙ K⁄ ) and ε is the 

emissivity of the surface (  (Incropera & Dewitt 2002, pp 8 -10). 

Infrared temperature measuring 

All bodies emit a certain quantity of electromagnetic radiation (when its temperature is 

above the absolute 0 temperature ie. 0 K or -273.15°C ) which is proportional to its 

temperature as described by the equations (4) and (5). Measuring the infrared radiation 

that a body emits, it is possible to measure its temperature using the Wien´s law which 

is derived by Plank's formula by differentiation 

𝜆max  ∙  𝑇 = 2898 𝜇𝑚 𝐾  ( 10 ) 

In the following figure, one can see the relation of the wavelength of radiation emitted 

by a body and its temperature  

 

Figure 2 - Electromagnetic radiation emitted by a body at different temperatures (Smith 1999) 

To measure the infrared radiation emitted by a body, a basic measurement system can 

be modelled as seen In the following figure. This system is composed of a lens that 

concentrates the radiation in a sensor which emits an electric signal that is received by 

an electronic circuit capable of filtering and amplifying this signal that is then shown in 

a display 
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Figure 3 - IR measurement system modulation (Optris 2017) 

The wavelength varies in a wide range depending on the material, on the thickness of 

the object and the temperature range to be measured (Optris 2017, p 9) 

Industrial automation 

Industrial automation is a set of techniques and equipment used in the industry to 

improve the production processes. Some advantages of automation are: 

 reduced human labour,  

 minimization of production errors, 

 increased production flow,  

 minimization of production costs,  

 streamlining of production processes 

 standardization of productive processes 

Field buses 

Industrial automation has played a very important role in today's world. The number of 

sensing, control and actuation systems and the need for communication between these 

and other systems and equipment has grown exponentially. The number of cables 

required to power and connect all of these systems and equipment can be so high that 

it would be unsustainable to manage and maintain such a level of automation. In order 
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to reduce wiring and increase data traffic between the various automation systems 

implemented in the industry, local area networks have been created capable of 

collecting data and controlling sensors and actuators.  

Although the previous analogue system (4-20 mA) is immune to interferences, the 

number of cables required in these networks is much lower (2 for the entire network in 

opposition to 2 for each equipment in the case of the older system), maintenance is 

reduced and cheaper and the performance is better (the field equipment can store and 

process data internally not needing a special control program to do it) , These networks 

called field buses are built in a very simple way. Commonly these field buses are 

constructed with a pair of twisted wires in which power and data travels as can be seen 

on the following figure (Buchanan, 2004 p.689). 

 

Figure 4 - Field bus schematics (adapted from Exchange 2010) 

Several types of field buses can be found in the industry, with different functionalities 

depending on the area they are going to be used and the number of layers used. in the 

following table some field buses are compared as to its area of application (Buchanan, 

2004 p.690-714). 

Table 2 - Application areas of some field buses 

Field bus type Main application area 

Bitbus Process control 

WorldFIP Real time control/process/machine 

CAN Automotive 

Foundation 

Fieldbus 

Process industries 
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BACnet Building automation 

ISP Process control 

CEBus Household devices 

PLC 

PLC stands for programmable logic controller which is a special form of 

microprocessor-based controller. This kind of controllers uses a programmable 

memory to store instructions and to implement functions such as logic, sequencing, 

timing, counting and arithmetic in order to control machines and processes. and are 

designed to be programmed using a simple, rather intuitive, form of language. The term 

logic is used because programming is primarily concerned with implementing logic and 

switching operations. Input devices, e.g. sensors and output devices, such as motors 

or valves are connected to the PLC, using digital or analogic I/O ports. The operator 

then enters a sequence of instructions (program) into the memory of the PLC. The 

controller checks the inputs and outputs according to the program and carries out the 

control rules for which it has been programmed (Bolton 2006 p.3).  

The least square root method 

The creation of models from experimental data is the easiest way to explain and predict 

the behaviour of a given system. For this, it is necessary to adjust the data obtained 

experimentally to a curve and thus to obtain an equation that makes possible the 

interpolation, the differentiation and the integration of signals as well as the calibration 

of measurement instruments (Albritton, Schmeltekopf and Zare, 1972). 

Considering a set of n data points p (xi, yi), where x is the independent variable and y 

is the dependent one. It is possible to adjust data by a linear function f(x) of the form 

𝑓(𝑥) = 𝛼 +  𝛽 ∙  𝑥  ( 11 ) 

The error 𝜀 is the diference between the observed values yi and the fitted values 𝑓(xi), 

which is calculated using the following equation 

𝜀𝑖 = 𝑦𝑖 −  𝑓(𝑥𝑖)   ( 12 ) 
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Substituting equation 11 into equation 12 gives  

𝜀𝑖 = 𝑦𝑖 − [𝛼 +  𝛽 𝑥𝑖]   ( 13 ) 

The best fit is achieved by minimize the sum of the squares of the deviations 𝑆(𝛼, 𝑏) , 

i.e. 𝑆(𝛼, 𝛽)  ⟶ 0.  This means that 

𝑆(𝛼, 𝛽) =∑𝜀𝑖2
𝑛

𝑖=1

= [𝑦𝑖 − 𝛼 − 𝛽 (𝑥𝑖)]2  ( 14 ) 

The minimum of this function is matching its partial derivatives (relative to alpha and 

beta) to 0. By doing this, the following equations are obtained 

𝜕𝑆(𝛼, 𝛽)

𝜕𝛼
= −2 ∙  ∑  [𝑦𝑖 − 𝛼 − 𝛽 (𝑥𝑖)]2

𝑛

𝑖=1

  ( 15 ) 

and  

𝜕𝑆(𝛼, 𝛽)

𝜕𝛽
= − 2 ∙  ∑𝑥𝑖 [𝑦𝑖 − 𝛼 − 𝛽 (𝑥𝑖)]2

𝑛

𝑖=1

  ( 16 ) 

Which can be simplified the system of equations that follow 

{
 
 

 
 𝑛 ∙  𝛼 + 𝛽 ∙  ∑𝑥𝑖

𝑛

𝑖=1

=∑𝑥𝑖

𝑛

𝑖=1

 𝛼 ∙  ∑𝑥𝑖

𝑛

𝑖=1

+ 𝛽 ∙  ∑𝑥𝑖2
𝑛

𝑖=1

=∑𝑥𝑖 ∙ 𝑦𝑖

𝑛

𝑖=1

  ( 17 ) 

The purpose of this method is to find 𝛼 and 𝛽 values that minimize error and this is 

done by solving the system of equations in 𝛼 and 𝛽.  (The Method of Least Squares, 

(n.d., pp.4-5) 

Linearization of exponential equations 

Linearizing equations is this process of modifying an equation to produce new variables 

which can be plotted to produce a straight line graph (Sturtevant, 2009). 

The equation of a straight line with slope 𝛼 and that intercepts the y-axis on the point 

(0, 𝛽 ) is  
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𝑦 = 𝛼 +  𝛽 ∙  𝑥  ( 18 ) 

This method is used because it is easier to calculate the parameters of a straight line 

(𝛼 and 𝛽)  than any other kind of equation.  

There are several methods to linearize an equation. The choice of the method to be 

used depends only on the type of equation to be linearized (quadratic, exponential, 

sinusoidal, etc.). The method explained in this section is used to linearize exponential 

equations, represented by an equation such as the following 

𝑌 = 𝐶 ∙  𝑒𝑏 ∙ 𝑥 ( 19 ) 

The linearization process is very straightforward. The first step in this process is to take 

the natural logarithm ( ln) of both sides of the equation as shown in equation 19 

ln (𝑌) = ln (𝐶 ∙  𝑒𝑏 ∙ 𝑥) ( 20 ) 

After simplifying this equation as follows, we obtain an equation which, as can be seen, 

is identical to equation 17 

ln(𝑌) = ln(𝐶 ∙  𝑒𝑏 ∙ 𝑥) ⟺ ln(𝑌) = ln(𝐶 ) + ln(𝑒𝑏 ∙ 𝑥) ⟺    

⟺ ln(𝑌) = ln(𝐶 ) + 𝑏 ∙ 𝑥    ( 21 ) 

Comparing equations 18 and 21, it can be seen that the linearization parameters 

y, a and b  

 

Table 3 - The linearization parameters y, a and b 

𝒚 = 𝐥𝐧(𝒀) 𝜷 = 𝐛 𝜶 = 𝐥𝐧(𝐂) 
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Method 

This thesis is based on an experimental work carried out at the Polarbröd facilities. The 

method used is divided into three different parts:  

 studying and planning,  

 implementation and testing 

 analysis 

Studying and planning 

During the study phase of the problem, many questions were posed, since the process 

is very complex. The following questions were chosen to serve as the basis for this 

study. 

 What do we want to find out? How do we define the problem? 

 Is there appropriate equipment to conduct an experiment that allows us to find 

out what we want? 

 What are the variables that affect our problem? 

 What steps will we take to find an optimal solution to the problem that has been 

defined? 

Knowing that interruptions occurring during production can lead to quality problems, 

because the bread burns inside the oven, is not enough to define the problem.  

It is also very important to quantify the problem when trying to solve it. For this, it was 

necessary to consider a thermodynamic system composed by the belt as represented 

in figure 5. The reason that this system was considered is that most of the bread burns 

in the contact area between the bread and the belt. 
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Figure 5 - Thermodynamic system (belt) 

The most relevant properties of the system are its mass (m) and specific heat (c). 

During continuous production, almost all the heat transferred by convection and 

radiation to the belt (Qin) is transferred by conduction to the dough (Qout).  

As a result, the heat absorbed by the belt (Q) is almost insignificant. According to 

equation 2, the temperature variation DT is very low (DT → 0). 

During an interruption, a large part of the heat transferred to the belt (Qin) is absorbed 

by the belt (Q) and the remaining heat is transferred by convection and radiation to the 

surroundings (Qout).  

Considering again equation 2, the heat absorbed by the belt (Q) causes an increase in 

its temperature which can be quantified by rewriting this same equation 

∆𝑇 =
𝑄

𝑚 ∙ 𝑐
 ( 22 ) 

This system is expected to have a one-time constant step response, which means that 

the temperature variation follows an exponential rise.  

This kind of variation is expressed by an equation as follows 

 ∆𝑇 = 𝑎 (1 −  𝑒𝑏𝑡)  ⟺  𝑇 = 𝑇0 + 𝑎 (1 −  𝑒𝑏𝑡) ( 23 ) 

where b is the symmetrical inverse of the time constant (𝑏 =  − 1
𝜏
 ) indicating the rate at 

which the temperature varies and a indicates the amplitude of the temperature variation 

( 𝑎 = 𝑇𝑠𝑠 − 𝑇0). 𝑇𝑠𝑠 is the steady state temperature and 𝑇0 the temperature at the 

beggining of the interruption. 

The problem is then defined as: 

” How does the conveyor belt temperature change during an interruption in production? 

What can be done to make the temperature variation as small as possible?” 



17 
 

In this phase were also discussed possible solutions, taking into account the 

specificities and limitations of the company's production processes. Of the several 

solutions found, only three solutions were tested. 

The first solution involved varying the speed of the belt and the second one to vary 

the power delivered to the oven, turning it off. 

The third solution involved the removal of a certain amount of heat from the belt by 

direct cooling it, near to the oven outlet. This cooling was done using a system capable 

of spraying water, already existing near the oven outlet. This system can be seen in the 

next figure (the arrows shows the spraying direction). 

 

Figure 6 - The spraying system 

The environment inside the oven is very hostile because of its high temperatures, 

making it impossible to measure the temperature of the belt by contact. Taking into 

account this scenario, it was decided to use infrared temperature sensors, as they allow 

measurements to be made at a distance.  

Among all the regulation parameters of a tunnel oven, such as the one used in the 

company, only three were used as study variables. These variables are defined in the 

following table. 

Table 4 - Variables that are considered to affect the temperature of the belt 

Quantity Symbol  Unit Dimension 

Speed V m/s 𝐿 𝑇−1 

Power P W 𝑀 𝐿−2 𝑇−3 

Heat Qr J 𝑀 𝐿−2 𝑇−2 
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The variables presented in table 3 represent the following parameters of the process: 

 speed (v) - represents the speed of the belt, 

 power (P) - represents the power delivered to the oven, 

 heat (Qr) - represents the energy removed from the belt, in the form of heat. 

Two kinds of experiments were planned: 

 simple experiments, where these variables and their effects will be studied 

separately 

 combined experiments where two variables and their effects will be studied 

together. 

In the tables below, the conditions in which these two types of tests were performed are 

described. Table 5 shows the conditions for the simple experiments and the table 6 shows 

the conditions for combined experiments 

Table 5 - Description of simple experiments 

Experiment 

nr. 

Parameter 

varied 

Description of the experiment 

1 ---- 
Observe the variation of the temperature of the belt during a two-

minutes break 

2 V 
Observe the variation of the temperature of the belt when the belt 

speed is increased to its maximum value for two minutes 

3 P 
Observe the variation of the temperature of the belt when the oven 

is turned off for two minutes 

4 Qr 
Observe the variation of the temperature of the belt when the belt is 

sprayed with water for two minutes 
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Table 6 - Description of combined experiments 

Experiment 

nr. 

Parameter 

varied 

Description of the experiment 

5 v, P 

Observe the variation of the temperature of the belt when the 

speed of the belt is increased to its maximum value for 2 minutes 

and the oven is turned off for 1 minute after the speed is restored 

6 Qr, P 

Observe the variation of the temperature of the belt when the belt 

is sprayed with water for 2 minutes and the oven is turned off for 

1 minute after spraying 

7 v,Qr 

Observe the variation of the temperature of the belt when the 

speed of the belt is increased to its maximum value for 2 minutes 

and the belt is sprayed with water for 1 minute after the speed is 

restored 

8 Qr, v 

Observe the variation of the temperature of the belt when the belt 

is sprayed with water for 2 minutes and  the speed of the belt is 

increased to its maximum value for 1 minute after spraying 

 

The first experiment was carried out with the intention of knowing the variation of the 

temperature of the belt during an interruption in the production, answering the first 

question posed while defining the problem. All other experiments will answer the other 

question. 

With regard to the first and second solution, the main advantage is their easy 

implementation, because it is only required a change in the process regulation 

parameters. No disadvantage has been found for these two solutions. 

In the case of the third solution, an excessive or out of time cooling can lead to other 

problems such as the dough to get stuck in the belt or the bread not being baked. 

Another disadvantage was indicated by the company regarding the use of water to cool 

down the belt. During the spraying process, limestone deposition can occur in the 

nozzles causing them to become clogged, reducing the effectiveness of this process 

and increasing the need for maintenance. It was expected that this solution presented 

the best results, provided that the spraying process works without failures or 

restrictions. 
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The planning of the experiments to evaluate the best solution was based on the 

mentioned variables. As an alternative to the belt speed, which can not be measured 

directly, the baking time value can be used. During the data acquisition process, it was 

found that the baking time values supplied by the sensor are not correct due to an 

incorrect calibration. A recalibration of this sensor could be performed, but this would 

affect other operating parameters. Changing these parameters would be quite complex 

and time-consuming, so the value indicated by the sensor instead of doing a re-

calibration. The company has shown, however, the desire to know this measurement 

error. Thus an experiment was planned which, although not within the scope of this 

project, serves to know the true value of the baking time. 

The goal of this measurement is to find a coefficient (Cs) that relates the speed of the 

belt and the baking time. The measurement of the speed was made with a tachometer 

and the baking time was obtained by the sensors installed in the oven.  

 

Description of the measurement process: 

With the oven at the room temperature, the speed of the belt was measured with a 

tachometer, in a region of the belt inside the oven as seen in the following picture.  

 

Figure 7 - Measurement of the celt speed 

The experiment was repeated 11 times, varying the baking time between 35 and 80 

seconds. The minimum value of the baking time that can be reached, which 

corresponds to the maximum speed, for this belt is 35 seconds. The maximum value 

chosen in this test for the baking time was 80 seconds because, according to 

information obtained in the company, this value is higher than the baking times normally 

used in the production. The baking times (𝑡𝑏) tested are shown in the table below 
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Table 7 - Baking times ( tb )  

35 36 40 43 45 48 50 50.5 55 60 80 

Knowing that during the transport of the dough/bread inside the oven, it travels a 

distance corresponding to the length of the conveyor belt (𝐿𝑏), during a period of time 

which corresponds to the baking time (𝑡𝑏), then the speed of the conveyor belt(𝑣𝑏) is 

calculated by the ratio of its length and the baking time. This relationship is quite useful 

because there is no direct way of measuring (during the baking process) the speed of 

the conveyor belt. 

𝑣𝑏 = 
𝐿𝑏
𝑡𝑏

 ( 24 ) 

According to data supplied by the company, the length of the conveyor belt is 13,342 

m. The conveyor belt speeds were then measured as described and the cooking time 

values corresponding to these speeds were recorded. The expected values for the 

velocity (𝑣′𝑏) can be seen on the next table 

Table 8 - Expected values for the speed of the belt 

22.9 22.2 20.0 18.6 17.8 16.7 16.0 15.9 14.6 13.3 10.1 

The tachometer used in these tests was the Shimpo DT-105A with a surface speed 

wheel (6" circumference). In the datasheet, one can find the specifications of this 

tachometer. Some of these specifications can be seen on the next table: 

Table 9 - Tachometer specifications 

Display Range 0.10 to 25000 rpm with floating decimal 

Accuracy  ±0.06 rpm in the interval 0.10 to 999.99 rpm 

±0.6 rpm in the interval 1000.0 to 9999.9 rpm 

±0.006% rpm in the interval 10000 to 25000 rpm 

Sampling frequency 1Hz 

 

Then, to carry out the planned experiments, it was necessary to choose an infrared 

temperature sensor. The selection of the sensor took into account the material of the 

conveyor belt (wrought iron), the temperature range inside the oven and the price. 
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The sensor chosen was the Optris® CX LT - Infrared thermometer , which calculates 

the temperature of a surface by measuring the radiation emitted by a body as described 

previously. 

 

Figure 8 - The Optris® CX IR thermometer (OPTRIS® 2017-10A) 

This is a two wire for rugged industrial applications with the dimensions shown in the 

next figure. 

 

Figure 9 - The Optris® CX IR dimensions (OPTRIS® 2017-10A) 

Depending on the distance between the surface and the sensor, the diameter of the 

measuring spot varies as shown in figure 3. 

 

Figure 10 - Relation between the distance from the sensor to the surface and the spots diameter ( OPTRIS® 2017-

10A) 
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Due to limitations on the placing of the sensors and the conveyor's belt specifications, 

the sensor was placed 700mm from the belt which, according to the optical chart above, 

will generate a spot diameter of 32mm. This sensor has the characteristics seen in the 

table below: 

Table 10 - Optris® CX factory settings (OPTRIS® 2017-10A) 

Temperature range  -30 ... 900°C 

Spectral range  8 ... 14µm 

Optical resolution 22:1 

Accuracy ±1.5°C or ± 1.5% - whichever is greater (@ 23±5°C) 

Repeatability ±0.75°C or ±0.75% - whichever is greater (@ 23±5°C) 

Temperature resolution 0.2°C 

Response time 150ms (95% signal) 

Output 4 ... 20mA (scalable analogue output) 

Power supply 5 ... 28 VDC 

 

The spectral range of the sensor can be modified by software, thus changing the 

temperature range.The figure below shows the coupling schematics for this sensor. 

 

Figure 11 - Optris® CX wiring (OPTRIS® 2017-10A) 

Implementation and testing 

The sensor was mounted on a tripod and placed at the entrance of the oven, at a 

distance of 70 cm from the belt, as shown in the figure below. 

Several interruptions occurred during the study period, but only those under 4 minutes 

were considered. The temperature values observed during these interruptions 

(corresponding to the experiment 1) were then used to quantify the belt temperature 

variation during short interruptions. 
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Two conditions were considered during the execution of the remaining experiments. 

Firstly it was desirable that production would not be affected by testing. It was also 

intended that the initial temperature would be normalized before the tests so that 

temperature fluctuations and noise that could affect the measurements could be  

avoided. To meet these two conditions, the tests were performed on different days and 

during the production of different products. 

Analysis 

Two different analyzes were done to find the best solution among those described: 

  a quantitative analysis, measuring the temperature of the belt 

 a qualitative analysis based on the pros and cons of each solution. 

The process to quantitatively analyze the results was divided into three steps. In the 

first step, the data obtained was linearized. In the second step, the already linearized 

data was fitted by the least squares method. It was also in this step that the parameters 

a and b  used on equation 10 were calculated. The advantages and disadvantages of 

each solution tested have already been described and serve as a basis for the 

qualitative analysis. 

The results of the test carried out to know the measurement error on the baking time, 

were analyzed in the same way as the results of the experiments. 
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Results 

After understanding and quantifying the problem, after studying and testing the possible 

solutions, it was time to present the results. It should be recalled that the parameter a 

indicates the amplitude of the temperature variation and parameter b indicates how 

quickly this variation occurs.  

From the performed experiments, the values of a and b are given in the following table.  

Table 11 - Calculated parameters from the data and equations 

Experiment  

nr. 

Parameter Time constant1 

𝝉 (s) 

Equation 

A B 

1 31.80 - 0.0248 40 𝑇 = 𝑇0 + 31.8 (1 −  𝑒−0.0248𝑡) 

2 18.20 - 0.0110 90 𝑇 = 𝑇0 + 18.2 (1 −  𝑒−0.0110𝑡) 

3 13.10 - 0.0083 120 𝑇 = 𝑇0 + 13.1 (1 −  𝑒−0.0083𝑡) 

4 19.80 - 0.0067 150 𝑇 = 𝑇0 + 19.8 (1 −  𝑒−0.0067𝑡) 

5 17.30 - 0.0056 178 𝑇 = 𝑇0 + 17.3 (1 −  𝑒−0.0056𝑡) 

6 13.90 - 0.0093 107 𝑇 = 𝑇0 + 13.9 (1 −  𝑒−0.0093𝑡) 

7 18.60 - 0.0078 128 𝑇 = 𝑇0 + 18.6 (1 −  𝑒−0.0078𝑡) 

8 22.60 - 0.0124 80 𝑇 = 𝑇0 + 22.6 (1 −  𝑒−0.0124𝑡) 

 

These results are plotted in the following figures 

 

                                                

1 By definition 𝜏 = −
1

𝑏
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Figure 12 - Experiment 1 -  𝑇 = 𝑇0 + 31.8 (1 −  𝑒−0.0248𝑡) 

 
Figure 13 - Experiment 2 - 𝑇 = 𝑇0 + 18.2 (1 −  𝑒−0.011𝑡) 

 

 

Figure 14 - Experiment 3 - 𝑇 = 𝑇0 + 13.1 (1 −  𝑒−0.0083𝑡) 
 

Figure 15 - Experiment 4 - 𝑇 = 𝑇0 + 19.8 (1 −  𝑒−0.0067𝑡) 

 

Figure 16 - Experiment 5 - 𝑇 = 𝑇0 + 17.3 (1 −  𝑒−0.0056𝑡) 

 
Figure 17 - Experiment 6 - 𝑇 = 𝑇0 + 13.9 (1 −  𝑒−0.0093𝑡) 
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Figure 18 - Experiment 7 - 𝑇 = 𝑇0 + 18.6 (1 −  𝑒−0.0078𝑡) 

 
Figure 19 - Experiment 8 - 𝑇 = 𝑇0 + 22.2 (1 −  𝑒−0.0124𝑡) 

All models were plotted on the same figure so that it is easier to make a quantitative 

analysis of the results. 

 

Figure 20 - All models plotted in the same graph 

The following results are related to the test carried out to know the real baking time and 

what coefficient can be used to recalibrate the sensor. In the table below one can see 

the values of the speed that were measured. 

 

Table 12 - The speed of the belt (vb) measured 

18.6  18.4  16.1  15.3  14.4  13.8  13.2  12.8  11.8  11.2  8.1 

 

With the expected values of the speed in table 7 and the measured values in table 11, 

it is possible to calculate a relation between them 
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Table 13- Relation between expected speed (v'b) and measured speed (vb)  

1.23   1.21  1.24  1.21 1.23 1.21    1.21    1.24 1.23     1.19  1.24 

 

This relation can also be seen in the figure below 

 

Figure 21 - Relation between expected speed (v'b) and measured speed (vb) 

After fitting the data using the least square root method, it was possible to see that the 

correction factor the company must use to change all the parameters depending on the 

baking time is Cs = 1.222. The goodness of fit is in this case0.82, which means that this 

model can predict about 82% of the values. The model can be seen in the figure below 

 

 

Figure 22 - Fitted correction factor values (Cs) 

  

                                                

2 Correction factor Cs = [ 1.21 , 1.23 ] @ 95% confidence level 

 



29 
 

Discussion and conclusions 

Analyzing the figures and tables of the previous section, we can conclude that: 

 During an interruption, the temperature increases very quickly (𝜏 = 40 seconds) 

more than  30°C. 

 Any of the solutions studied causes the temperature to increase slower and 

less. This means that any solution can theoretically solve the problem. 

 All solutions involving the oven being switched off, reduce the temperature rise 

rate by more than 33% and the maximum temperature reached is reduced by 

at least 15 ° C  

 The solution that was thought to be the most effective in reducing the maximum 

temperature reached by the belt was the one with the worst results. It was 

assumed that by spraying the belt with water at room temperature, the 

maximum temperature reached should be drastically reduced, but the 

experiments involving spraying with water, the maximum temperature did not 

drop more than 13°C. As has already been said, this poor performance of this 

solution depends very much on the nozzle. After all the tests were done, I was 

informed by one of the collaborators that some nozzles were clogged and would 

need maintenance. This may have greatly affected the results and this solution 

may be more efficient than it appears to be. 

 The best way to make the temperature to rise slower is to increase the belt 

speed and then turn off the oven. In this case, the rate at which the temperature 

rises has decreased by about 80%.  
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Future work 

There are several ways to approach this problem. In this thesis we intended to study 

the problem in the perspective of the consequences, that is, to understand how the belt 

temperature varies during an interruption and in what way we can control it. For this 

reason, the differential equation of temperature variation was used as shown in 

equation 20. Instead of considering only the consequences, one could have considered 

the causes of the problem. Rewriting this same equation according to this perspective, 

one obtains 

  
𝑑𝑇

𝑑𝑡
= 𝑘 (𝑇∞ − 𝑇) ⟺ 𝑇 = 𝑇∞ − 𝑎 𝑒

𝑏𝑡  ( 24 ) 

This means that the ambient temperature would be taken into account. 

Based on this new perspective, one could use the PID regulators to regulate the 

ambient temperature instead of shutting down the oven.  

I think also that more experiments should be done from a long-term perspective. 

Because the production may not be disrupted, the number of tests done is very small, 

that is why it so important to have a long-time panning for tests. 

Another reason is the number of parameter combinations tested. There is a lot of 

possible combinations to explore in the future. 

In the begging of this project, one of the goals was to do a statistical analysis of that 

could show if the solutions tested were good or not. Unfortunately, it was not possible 

to do this analysis because the control system of the company is not prepared to give 

this kind of information. I would advise the company to modify this system in order to 

be able to assign a specific cause to each of the quality problems that may exist. In a 

Lean perspective, it is important to signal the occurrence of all and any problems so 

that they can be solved in the immediate (ANDON). With the quality system as it is, this 

is not possible. Based on this same perspective, it is not only important to know the 

amount of waste produced by the company, but also the attitude of the company to this 

waste.  
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Appendix 

 

In this section will be included the technical data of the sensors used in the 

measurements. 
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Optris® CX - Datasheet 
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Shimpo DT-105A 
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