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ABSTRACT: The global beer production industry has seen a rise in demand for craft beers in recent 
years, necessitating their production in microbreweries, which represent a significant manufacturing 
segment. Beer production is a complex process requiring sophisticated equipment. To achieve opti-
mal production outcomes, it is crucial for microbreweries to maintain a well-managed quality cont-
rol of the production equipment. Downtimes due to mechanical failures not only lead to production 
losses but can also adversely affect the final product. In this context, the application of the Failure 
Mode and Effects Analysis (FMEA) method proves particularly useful, helping to identify potential 
failures in the production equipment. This allows brewery staff to proactively address issues that 
could negatively impact the performance and lifespan of the equipment. This article examines the 
implementation of the FMEA method in the microbrewery setting to address concerns not only 
about the reliability of the production equipment but also about the safety and quality of the final 
product. After conducting a literature review on the application of the FMEA method in other food 
industries, a case study was carried out in a microbrewery operation. Specifically, the FMEA method 
was applied to the mash copper, which, from a long-term perspective, represents the weakest link in 
terms of reliability in the studied operation. The evaluation of critical points in the mash copper led 
to the calculation of the Risk Priority Number (RPN). The inability to expel brewing vapors through 
the chimney during the mashing and wort boiling process was identified as the most severe failure 
with the highest RPN, particularly threatening the qualitative parameters of the final product. The 
failure of isolated steam conduits to transfer heat to the mash copper was deemed the most severe 
failure in terms of executing the brewing process with the most significant impact on the operation's 
economy. Preventive, predictive, and proactive maintenance emerged as the effective measures. 
Thanks to these approaches, it is ensured that there will be a minimization of major failures that will 
result in the outage of the entire technology.

Key words: food safety and quality; machine dependability; mash copper; risk priority number
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ABSTRAKT: Výroba piva je globálně rozšířená. V posledních letech roste poptávka po řemeslném 
pivu, což souvisí s nutností jeho výroby v minipivovarech, které představují významný výrobní 
segment. Výroba piva je složitý proces, pro jehož realizaci je nutné využít sofistikované výrobní 
zařízení. Pro dosažení co nejlepších výrobních výsledků je podstatné, aby minipivovary měly dobře 
nastaven management jakosti výrobního zařízení. Prostoje způsobené mechanickými poruchami 
vedou nejen ke ztrátám ve výrobě, ale mohou také negativně ovlivnit finální produkt výroby. V 
tomto kontextu je zvláště užitečná aplikace metody FMEA (Failure Mode and Effects Analysis), 
která pomáhá identifikovat potenciální poruchy na výrobním zařízením. Zaměstnanci pivovaru tedy 
mohou preventivně řešit problémy, které by mohly negativně ovlivnit výkon a životnost výrobního 
zařízení. Tento článek zkoumá implementaci metody FMEA v prostředí minipivovarů s cílem řešit 
nejen obavy o spolehlivost výrobního zařízení, ale také obavy o bezpečnost a kvalitu finálního 
produktu. Po provedení literární rešerše o aplikaci metody FMEA v jiných potravinářských od-
větví byla provedena případová studie v provozu minipivovaru. Konkrétně byla metoda FMEA 
aplikována na rmutomladinovou pánev, která z dlouhodobé perspektivy představuje ve zkoumaném 
provozu z hlediska spolehlivosti nejslabší místo. Na základě popsání a posouzení kritických míst 
ve rmutomladinové pánvi bylo vypočítáno rizikové číslo RPN (Risk Priority Number). Jako nejzá-
važnější porucha s nejvyšším RPN byla vyhodnocena neschopnost odvodu brýdových par komínem 
během rmutování a chmelovaru. Tato porucha ohrožuje zejména kvalitativní parametry výsledného 
produktu. Neschopnost izolovaného parního vedení přenášet teplo do rmutomladinové pánve byla 
vyhodnocena jako nejzávažnější porucha z hlediska realizace samotného varného procesu s nejzá-
sadnějším dopadem na ekonomiku provozu. Jako účinné opatření se zdá být preventivní, prediktivní 
a proaktivní údržba. Díky těmto přístupům je zajištěno, že dojde k minimalizaci havarijních poruch, 
které budou mít za následek výpadek celé technologie.

Klíčová slova: bezpečnost a kvalita potravin; spolehlivost strojů; rmutomladinová pánev; 	
                          rizikové číslo

INTRODUCTION

Beer is among the most widespread alcoholic beverages worldwide (Kunze, 2010). 
For example, in the European Union, according to European Beer Trends Statistics Re-
port (2023), 358,230,000 hl of beer was produced in 9,684 breweries in 2022. Of this, 
20,550,000 hectoliters were produced in the Czech Republic, where the consumption of 
this beverage per person in the world has long been the highest. In 2022, it was 136 liters. 
Not only in the Czech Republic the demand for craft beer has been growing in recent 
years. This is related to the necessity of producing such beer by microbreweries, which 
thus represent a non-negligible production segment. For instance, in 2016 there were more 
than 19,000 breweries worldwide, with 94% of them considered microbreweries. As of 
2018, there were more than 400 microbreweries in the Czech Republic, whose share in the 
total beer production in the country was 2% (Baiano, 2021). Beer production is a complex 
food technology (Briggs et al., 2004). This is logically related to the necessity of using 
sophisticated technical equipment in its production, and thus also the knowledge and ap-
plication of reliability tools.

Reliability of machines and equipment is essential for ensuring consistent production 
quality and operational efficiency in all companies. Downtime due to mechanical failures 
not only leads to production losses but can also affect the quality of the brew. Therefore, 
implementing rigorous maintenance strategies and ensuring the life span of machinery are 
critical considerations. The application of Failure Modes and Effects Analysis (FMEA) is 
particularly useful in this context. FMEA helps identify potential failures in the machin-
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ery and equipment. By analyzing failure modes, their causes, and their potential effects, 
FMEA allows brewery employees to preemptively address issues that could impact ma-
chine performance and lifespan (Sharma and Srivastava, 2018). This proactive approach 
logically not only helps in optimizing the operational life of the equipment but also en-
sures the consistent quality and taste of the beer produced.

One of the authors examines the use of the FMEA method in a small and medium-
sized enterprise in the food industry. FMEA is used to identify potential risks in the bread 
production process that could endanger worker safety. The method assesses risks based on 
three criteria: severity, occurrence probability, and detection capability. Data was collected 
through questionnaires filled out by three bakery workers, based on which Risk Priority 
Number (RPN) was calculated. The highest RPN was obtained for the risk of overheating 
and dehydration of workers due to high temperatures in the production area. The results 
showed that seven risk factors exceeded the critical value and require priority interven-
tion. This case study article highlights the importance of implementing safety and health 
measures in the workplace to ensure safety and increase worker productivity (Fithri et al., 
2021).

Application FMEA and cause and effect analysis can be applied on processing of ready 
to eat vegetables. Focus is aimed on enhancing the safety protocols in the manufacturing 
of ready-to-eat vegetables through the systematic application of FMEA. It identifies criti-
cal control points in the processes such as receiving, storage, distribution, packaging, and 
cooling, where the initial Risk Priority Numbers indicated high risks. Implementing cor-
rective actions significantly reduced these RPN values, demonstrating the effectiveness of 
the interventions. Additionally, the study by Varzakas and Arvanitoyannis (2009) utilized 
Ishikawa diagrams to support the FMEA findings, reinforcing the reliability of the risk as-
sessments. The research underscores the importance of integrating FMEA and cause and 
effect analysis within the ISO22000 standards to ensure comprehensive risk management 
in food processing. This integration not only helps in identifying potential failures proac-
tively but also ensures that the manufacturing process adheres to safety standards, thereby 
safeguarding consumer health. The reduction in RPN post-correction highlights the neces-
sity of such structured analyses in maintaining the integrity and safety of food production 
processes. Result of research strongly recommends the mandatory inclusion of FMEA in 
the ISO22000 system for systematic risk identification and mitigation in the production of 
ready-to-eat vegetables (Varzakas and Arvanitoyannis, 2009).

The results of other study showed that the highest RPN were recorded during the 
stages of cold smoking, drying-ripening, reception, shredding, and raw material storage, 
as well as during leakage and strengthening of meat. These findings led to the formulation 
of recommendations for improving and expanding the application of the FMEA method 
within food safety management systems. The study effectively demonstrated how inte-
grating FMEA with HACCP principles allows for a more accurate quantitative assessment 
and prioritization of risks, thereby enhancing the control measures and corrective actions 
in the food safety management of raw-dried salami production (Pop et al., 2019). The 
search for problem areas in food production in small enterprises was also dealt with by 
Liong et al. (2016), who identified the last stage of production, i.e. filling into packaging, 
as the most critical point in terms of time consumption.

It follows that applying the FMEA method in microbreweries might significantly help 
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in identifying and mitigating potential risks associated with equipment failures, incon-
sistencies in brewing processes, and maintenance issues, thereby ensuring equipment re-
liability and consistent product quality. The presented article aims to apply the FMEA 
method within the environment of microbrewery technology.

MATERIAL AND METHODS

When assessing individual microbreweries, it can be stated that the technological pro-
cess and technical equipment are similar across microbreweries. However, it may vary 
slightly across individual operations, for example depending on the level of automation or 
the type of product range produced.

The following text describes the general and basic process of beer production (as evi-
denced by the relevant citations), however, it is identical to the process of beer production 
in the Research and Training Microbrewery – Suchdolský Jeník (RTM), which is the sub-
ject of this article. It is a brewery that belongs to Department of Technological Equipment 
of Buildings (Faculty of Engineering, Czech University of Life Sciences Prague) and has 
been in operation since 2006. In addition to research and training purposes, it is also used 
for commercial beer production. The volume of one batch is 10 hl of wort, while the an-
nual production is around 150 hl. A diagram of the main technical equipment of the RTM 
is shown in Fig. 1. This equipment is almost identical to microbreweries of a similar size 
and focus.

Fig. 1 Diagram of the main technical equipment in microbreweries 
Obr. 1 Schéma hlavního technického vybavení minipivovarů

First, the malt is ground using a malt mill. The resulting malt grist is poured into the 
water prepared in the mash copper. The resulting mash is heated here to the given tech-
nological temperatures, at which enzymatic splitting of the stored malt substances takes 
place (Kunze, 2010). The mash is then pumped into a lauter tun, where the sweet wort 
(hydrolyzed malt liquor) is separated from the spent grains (malt coating layers). The 
sweet wort is pumped back into the mash copper, where it is brought to a boil and boiled 
with hops to form the production intermediate, which is wort (Basařová et al., 2010). The 

brewhouse

identification and mitigation in the production of ready-to-eat vegetables (Varzakas and 
Arvanitoyannis, 2009). 

The results of other study showed that the highest RPN were recorded during the stages 
of cold smoking, drying-ripening, reception, shredding, and raw material storage, as well as 
during leakage and strengthening of meat. These findings led to the formulation of 
recommendations for improving and expanding the application of the FMEA method within 
food safety management systems. The study effectively demonstrated how integrating FMEA 
with HACCP principles allows for a more accurate quantitative assessment and prioritization 
of risks, thereby enhancing the control measures and corrective actions in the food safety 
management of raw-dried salami production (Pop et al., 2019). The search for problem areas in 
food production in small enterprises was also dealt with by Liong et al. (2016), who identified 
the last stage of production, i.e. filling into packaging, as the most critical point in terms of time 
consumption. 

It follows that applying the FMEA method in microbreweries might significantly help 
in identifying and mitigating potential risks associated with equipment failures, inconsistencies 
in brewing processes, and maintenance issues, thereby ensuring equipment reliability and 
consistent product quality. The presented article aims to apply the FMEA method within the 
environment of microbrewery technology. 
 
MATERIAL AND METHODS 

When assessing individual microbreweries, it can be stated that the technological 
process and technical equipment are similar across microbreweries. However, it may vary 
slightly across individual operations, for example depending on the level of automation or the 
type of product range produced. 

The following text describes the general and basic process of beer production (as 
evidenced by the relevant citations), however, it is identical to the process of beer production 
in the Research and Training Microbrewery – Suchdolský Jeník (RTM), which is the subject of 
this article. It is a brewery that belongs to Department of Technological Equipment of Buildings 
(Faculty of Engineering, Czech University of Life Sciences Prague) and has been in operation 
since 2006. In addition to research and training purposes, it is also used for commercial beer 
production. The volume of one batch is 10 hl of wort, while the annual production is around 
150 hl. A diagram of the main technical equipment of the RTM is shown in Fig. 1. This 
equipment is almost identical to microbreweries of a similar size and focus. 
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in identifying and mitigating potential risks associated with equipment failures, incon-
sistencies in brewing processes, and maintenance issues, thereby ensuring equipment re-
liability and consistent product quality. The presented article aims to apply the FMEA 
method within the environment of microbrewery technology.

MATERIAL AND METHODS

When assessing individual microbreweries, it can be stated that the technological pro-
cess and technical equipment are similar across microbreweries. However, it may vary 
slightly across individual operations, for example depending on the level of automation or 
the type of product range produced.

The following text describes the general and basic process of beer production (as evi-
denced by the relevant citations), however, it is identical to the process of beer production 
in the Research and Training Microbrewery – Suchdolský Jeník (RTM), which is the sub-
ject of this article. It is a brewery that belongs to Department of Technological Equipment 
of Buildings (Faculty of Engineering, Czech University of Life Sciences Prague) and has 
been in operation since 2006. In addition to research and training purposes, it is also used 
for commercial beer production. The volume of one batch is 10 hl of wort, while the an-
nual production is around 150 hl. A diagram of the main technical equipment of the RTM 
is shown in Fig. 1. This equipment is almost identical to microbreweries of a similar size 
and focus.

Fig. 1 Diagram of the main technical equipment in microbreweries 
Obr. 1 Schéma hlavního technického vybavení minipivovarů

First, the malt is ground using a malt mill. The resulting malt grist is poured into the 
water prepared in the mash copper. The resulting mash is heated here to the given tech-
nological temperatures, at which enzymatic splitting of the stored malt substances takes 
place (Kunze, 2010). The mash is then pumped into a lauter tun, where the sweet wort 
(hydrolyzed malt liquor) is separated from the spent grains (malt coating layers). The 
sweet wort is pumped back into the mash copper, where it is brought to a boil and boiled 
with hops to form the production intermediate, which is wort (Basařová et al., 2010). The 

brewhouse

wort contains coarse hop sludge, which must be removed using a whirlpool. The hot wort, 
freed from coarse hop sludge, is further cooled using a plate cooler to the fermentation 
temperature (Kosař and Procházka, 2000).

The cooled wort without coarse hop sludge is pumped into the cylindroconical tank 
(CCT) through an aeration candle located in a stainless-steel pipe, which ensures satura-
tion of the wort with oxygen. In CCT, the wort is mixed with yeast, which starts the main 
fermentation process (Bamforth, 2006). During the main fermentation, which lasts about 
a week, the yeast metabolizes fermentable sugars into ethanol, carbon dioxide and other 
products. During the main fermentation, it is necessary to regulate the temperature of the 
fermenting wort. The resulting intermediate product is young beer, which is then maturated 
at low temperature and overpressure for several weeks (Hardwick, 1995). Maturation can 
take place either in the same CCT as the main fermentation or in a separate storage tank. 
After maturation, we get fresh beer, which is already intended for consumption. However, 
some breweries further filter and pasteurize the beer to increase shelf life. Subsequently, 
the beer is filled into consumer packaging and stored (Briggs et al., 2004).

It follows from the previous text that FMEA might be principally useful in microbrew-
eries, where process reliability and product quality are crucial. Applying FMEA within 
this context helps identify potential failures in the brewing process, filling and packaging 
systems, which can impact product quality, safety, and production efficiency. The scope 
of FMEA in a microbrewery can include the entire brewing, from raw material intake to 
final product distribution. 

The FMEA begins with the identification of the scope, concentrating on these key 
areas. Subsequently, it is important to define the functional requirements for each process 
component, such as ensuring accurate temperature control during fermentation or main-
taining high purity levels during filtration. Once the framework is established, potential 
failure modes for each component are listed. The next step involves a failure effects analy-
sis, where the impact of each failure mode is assessed. Each identified effect is then rated 
for severity on a scale from 1 to 10, with 10 indicating a catastrophic impact on safety 
or product quality. For each cause of failure is assigned a likelihood of occurrence, rated 
from 1 - unlikely to 10 - highly likely. The effectiveness of failure detection is subse-
quently rated on a scale from 1 -highly effective to 10 – ineffective (ČSN EN IEC 60812).

Calculation of Risk Priority Number (RPN) for each failure mode is according to for-
mula (1)

					   
(1)

Where	 S - Severity - measures the seriousness of the consequences of a failure,
 	 O - Occurrence - estimates the frequency at which the failure is likely to occur,
 	 D - Detection - assesses the likelihood that the failure will be detected before it 

affects the customer or the final product (ČSN EN IEC 60812).
In the framework of this article, we focused on the part of production that is carried out 

in the mash copper (Fig. 2), specifically, it involves mashiving in, mashing and wort boil-
ing, i.e. operations that lead to the creation of the intermediate product of beer production, 
which is wort. Based on long-term experience, this technological section seems to be the 
most problematic in the entire production.

First, the malt is ground using a malt mill. The resulting malt grist is poured into the 
water prepared in the mash copper. The resulting mash is heated here to the given technological 
temperatures, at which enzymatic splitting of the stored malt substances takes place (Kunze, 
2010). The mash is then pumped into a lauter tun, where the sweet wort (hydrolyzed malt liquor) 
is separated from the spent grains (malt coating layers). The sweet wort is pumped back into 
the mash copper, where it is brought to a boil and boiled with hops to form the production 
intermediate, which is wort (Basařová et al., 2010). The wort contains coarse hop sludge, which 
must be removed using a whirlpool. The hot wort, freed from coarse hop sludge, is further 
cooled using a plate cooler to the fermentation temperature (Kosař and Procházka, 2000). 

The cooled wort without coarse hop sludge is pumped into the cylindroconical tank 
(CCT) through an aeration candle located in a stainless-steel pipe, which ensures saturation of 
the wort with oxygen. In CCT, the wort is mixed with yeast, which starts the main fermentation 
process (Bamforth, 2006). During the main fermentation, which lasts about a week, the yeast 
metabolizes fermentable sugars into ethanol, carbon dioxide and other products. During the 
main fermentation, it is necessary to regulate the temperature of the fermenting wort. The 
resulting intermediate product is young beer, which is then maturated at low temperature and 
overpressure for several weeks (Hardwick, 1995). Maturation can take place either in the same 
CCT as the main fermentation or in a separate storage tank. After maturation, we get fresh beer, 
which is already intended for consumption. However, some breweries further filter and 
pasteurize the beer to increase shelf life. Subsequently, the beer is filled into consumer 
packaging and stored (Briggs et al., 2004). 

It follows from the previous text that FMEA might be principally useful in 
microbreweries, where process reliability and product quality are crucial. Applying FMEA 
within this context helps identify potential failures in the brewing process, filling and packaging 
systems, which can impact product quality, safety, and production efficiency. The scope of 
FMEA in a microbrewery can include the entire brewing, from raw material intake to final 
product distribution.  

The FMEA begins with the identification of the scope, concentrating on these key areas. 
Subsequently, it is important to define the functional requirements for each process component, 
such as ensuring accurate temperature control during fermentation or maintaining high purity 
levels during filtration. Once the framework is established, potential failure modes for each 
component are listed. The next step involves a failure effects analysis, where the impact of each 
failure mode is assessed. Each identified effect is then rated for severity on a scale from 1 to 
10, with 10 indicating a catastrophic impact on safety or product quality. For each cause of 
failure is assigned a likelihood of occurrence, rated from 1 - unlikely to 10 - highly likely. The 
effectiveness of failure detection is subsequently rated on a scale from 1 -highly effective to 10 
– ineffective (ČSN EN IEC 60812). 

Calculation of Risk Priority Number (RPN) for each failure mode is according to 
formula (1) 

𝑅𝑅𝑅𝑅𝑅𝑅 = 𝑆𝑆 ∙ 𝑂𝑂 ∙ 𝐷𝐷     (1) 
Where  S - Severity - measures the seriousness of the consequences of a failure, 
     O - Occurrence - estimates the frequency at which the failure is likely to occur, 
     D - Detection - assesses the likelihood that the failure will be detected before it affects 
the customer or the final product (ČSN EN IEC 60812). 

In the framework of this article, we focused on the part of production that is carried out 
in the mash copper (Fig. 2), specifically, it involves mashiving in, mashing and wort boiling, 
i.e. operations that lead to the creation of the intermediate product of beer production, which is 
wort. Based on long-term experience, this technological section seems to be the most 
problematic in the entire production. 
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a) – engine of stirrer, b) – chimney valve, c) – light source, d) – shower head, e) – control 
panel, f) – lauter tap, g) – steam heating, h) – temperature sensor, i) – mash pump, j) – valve,  

k) – valve, l) – stainless-steel pipe, m) – ball valve (water source)

Fig. 2 Schematic drawing of the rated mash copper 
Obr. 2 Schématický nákres hodnocené rmutomladinové pánve

RESULTS

When applying the FMEA method to the RTM mash copper, a total of 8 main failures 
were identified (see Table 1), which manifested themselves during the 18 years of beer 
production at this workplace.
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Table 1 Application of the FMEA method to the mash copper

Description of 
Failure

Potential Failure 
Effects

SE
V

E
R

IT
Y

 

Potential Failure 
Causes (Mecha-

nisms)

O
C

C
U

R
R

E
N

C
E

 

Current Preven-
tion Measures

D
E

T
E

C
TA

B
IL

IT
Y

R
PN

1
the stirrer cannot 

be turned on
necessity of 

manual mixing; 
final product nearly 

unchanged

5 engine failure 4
without preven-
tive measures 2 40

2
the chimney 

does not remove 
vapour

the vapour con-
denses back into 
the mash/wort; 

negative impact on 
the final product

8 deposits, clogged 
valve

5
without preven-
tive measures 8 320

Description of 
Failure

Potential Failure 
Effects

SE
V
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Potential Failure 
Causes (Mecha-

nisms)
O
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C
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R
E

N
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E
 

Current Preven-
tion Measures

D
E

T
E

C
TA

B
IL

IT
Y

R
PN

3 malfunctioning 
light source

necessity to use a 
replacement light 
source; final prod-

uct unchanged

1 broken bulb filament 7
without preven-
tive measures 1 7

4
the insulated 

steam line does 
not transfer heat 
to the mash cop-

per

production cannot 
be carried out

10 wear of control 
valves

5
without preven-
tive measures 5 250

5
the control panel 
displays an er-
ror message of 
the temperature 

sensor

necessity to use a 
mobile thermom-
eter; final product 

unchanged

6
mechanical damage 
to the temperature 

sensor itself
7

without preven-
tive measures 5 210

6
the mash pump 
does not pump

need to use a mo-
bile pump; time 
consuming, final 

product unchanged

7 engine failure 6
without preven-
tive measures 4 168

7

flowing threaded 
flaps of stainless-
steel pipes ensur-
ing the movement 

of the mash

replacement of the 
seal, tightening of 
the thread; time 
consuming, final 

product unchanged

3
damaged seal, loose 

thread 8
without preven-
tive measures 3 72

8
torn control lever 
of the ball valve 
ensuring water 

supply

need to replace the 
ball valve; time 
consuming, final 

product unchanged

5
corrosion of the con-

trol mechanism 4
without preven-
tive measures 4 80
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In terms of severity, the inability of the insulated steam line to transfer heat to the mash 
copper was evaluated as the most critical failure. On the contrary, the lowest severity was 
assigned to the malfunctioning mash copper lighting. When assessing the occurrence of 
the failure, the flowing threaded flaps of stainless-steel pipes ensuring the movement of 
the mash can be considered the most critical. On the contrary, the least common failure is 
the inability to turn on the stirrer and the broken control lever of the ball valve ensuring the 
water supply. In the detectability rating, the biggest risk is non-functioning lighting, while 
the best detectable failure is the chimney‘s inability to vent vapour.

However, considering the severity, occurrence and detectability of individual failures 
and simultaneously calculating their RPN, the 4 most risky failures with RPN above the 
threshold value of 100 were identified. According to the rising value of RPN, the follow-
ing failures are involved: “the mash pump does not pump” (168), “the control panel dis-
plays an error message of the temperature sensor” (210), “the insulated steam line does not 
transfer heat to the mash copper” (250), and “the chimney does not remove vapour” (320).

DISCUSSION

From a practical point of view, it is important to be prepared for a potential failure 
during the production process, i.e. to have alternative solutions available, the application 
of which will allow the technological process of production to be completed as soon as 
possible and with as few deficiencies as possible. Under this assumption, the severity of 
the failures was evaluated in this research. Otherwise, the severity of the selected failures 
would be assessed more critically, and therefore the RPN would also reach higher values.

This case concerns the first mentioned failure (see Table 1). In a situation where the 
stirrer cannot be turned on, manual stirring is necessary. If the mash was not stirred during 
the decoction mashing (when the mash must be boiled), the husks of the malt would burn 
on the wall of the mash copper, and thus the transfer of unwanted aromatic substances 
into the wort. At the same time, the demand for sanitation of the mash copper would be 
increased, as the fired husks would create a substrate for microbial contamination (Kunze, 
2010). When a manual stirrer is available, it is possible to minimize these consequences, 
although not completely, because manual stirring usually cannot homogenize the mash as 
intensively as with an automatic stirrer. In the case of boiling the sweet wort with hops 
(wort boiling), this problem no longer exists, as the hop mash is not prone to burning and 
in practice, there is often no stirring during the wort boiling, for example for reasons of 
energy saving. Several possible causes of agitator failure can be encountered in the wort 
production process. From the simple, such as a tripped circuit breaker, to irreparable fail-
ures in the operation of microbreweries, such as engine burnout.

From the point of view of the negative impact on the quality parameters of the final 
product, the second examined failure seems to be very serious. In the course of tech-
nological operations during the production of wort, such as boiling the mash and wort 
boiling, the formation of vapours. This is water vapor, which can contain substances that 
are technologically desirable, but also undesirable. Among the technologically desirable 
substances, hop essential oils can be mentioned, which give the beer the desired aroma 
and which partially release the vapours through the chimney into the atmosphere during 
the wort boiling. For this reason, hops with a high content of essential oils are added only 
at the end of the wort boiling. Unwanted dimethyl sulfide also escapes through steam 
vapors. It is a compound that arises from the thermal decomposition of precursors that are 
already present in the malt. If the dimethyl sulfide does not escape through the chimney 
into the atmosphere during the hop process, it causes undesirable sensory sensations in the 
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beer, specifically the aroma of “cooked vegetables” (Basařová et al., 2010). The advantage 
is that this failure is relatively easy to detect and can be partially solved acutely during 
operation, for instance by opening the top of the mash copper or activating the safety fan 
in the brewhouse.

On the contrary, the lowest risk for the implementation of the production process is 
a frequent failure, which is a malfunctioning light source of the mash copper. Here, the 
cause is almost always a broken bulb filament. In the event of a defect occurring during 
the production of wort, the problem can be provisionally easily solved with a mobile light 
source. Indeed, it is necessary to observe the mash in the mash copper during the produc-
tion of wort, for example in order to evaluate the performance of the pump during mash 
transfer.

The most fundamental impact on the actual implementation of beer production is 
a failure in which heat is not transferred to the mash copper through an insulated steam 
line. If the steam generator generates heat as standard and transfers it through an insulated 
steam line to the control valve, where the heat transfer is stopped due to wear of the valve, 
it is possible to solve the problem in operating conditions at least partially by reactive 
maintenance. In case of more complicated failures, it is not possible to implement the 
production process, which results in negative effects on the economy of operation. In case 
of manifestation of the failure only during the brewing process, for instance at the begin-
ning of the wort boiling, significant negative impacts on the quality parameters of the final 
product can be expected. We can mention, for example, insufficient isomerization of hop 
alpha bitter acids resulting in low sensory bitterness, non-precipitation of malt proteins 
with hop tannins resulting in turbidity and insufficient sterilization of the wort with the 
subsequent risk of microbial contamination (Briggs et al., 2004). For instance, some spe-
cies of Enterobacterales bacteria are involved not only in the production of sensory unde-
sirable substances in beer, but also in the production of toxic N-nitrosamines (Matoulková 
et al., 2018).

During the production of wort, it is necessary to carefully control the temperature of 
the batch, especially during mashing. Malt enzymes are activated at defined temperatures, 
which break down complex malt storage substances into simpler ones. For example, at 
72°C, the enzyme alpha amylase, which breaks down starch into fermentable sugars, is 
best used, and therefore it is necessary to keep the mash at this temperature for a  few 
minutes. If this temperature is exceeded, even if only by 4 °C, the alpha amylase will be 
denatured, so that the starch will not be split into fermentable sugars, thereby limiting the 
fermentation process (Kosař and Procházka, 2000). In the event of a failure of the tem-
perature sensor, it is therefore absolutely necessary to use a replacement thermometer. The 
failure can also consist in a distortion of the actual temperature, which worsens the detect-
ability and thus increases the RPN of the failure, and therefore it is advisable to check the 
temperature of the mash with two thermometers.

During the production of wort in RTM, the mash is transferred from the mash cop-
per to the lauter tun and the resulting wort from the mash copper to the whirlpool using 
a mash pump. The mash pump thus pumps a thick suspension with temperatures of 50 to 
100 °C and a volume of at least 12 hl within one batch, which puts it under considerable 
stress. The mash pump must also withstand acids and alkalis during its sanitation. The 
probability of a pump failure is therefore high. If the pump is destroyed during the batch, 
for instance due to a burned-out engine, it is necessary to have a mobile pump and the 
appropriate hoses available. Otherwise, the batch cannot be completed. A repair of such 
a scale is time-consuming and spoilage of the intermediate product of production would 
be inevitable.
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Leaking threads of stainless-steel pipe flaps due to a damaged seal or loose threads due 
to shocks are a problem that can be solved easily. In most cases, it is sufficient to manually 
tighten the threads. Otherwise, production losses would be very small anyway. A slightly 
more serious failure occurs when the control lever of the ball valve, which ensures the wa-
ter supply, breaks off. Here, it depends in which position the tear out occurs and whether 
it is possible to manipulate the valve at least to a limited extent, for example with pliers. 
In the most serious case, the ball valve must be replaced, which is a relatively simple and 
time-saving repair.

RTM is controlled manually, like most current microbreweries in the Czech Republic. 
However, the use of automation and other modern technologies such as augmented real-
ity is becoming more and more important. Peciar (2024) presents the application of these 
technical solutions to a smart microbrewery (PCT – WO2022144763A1), which enables 
a remotely controlled automatic beer production process and the optimization of several 
production parameters. The constant collection of diagnostic data is absolutely essential 
here, which can facilitate and improve the application of FMEA for failure analysis in 
microbrewery production technology.

A combination of predictive, proactive, but especially preventive maintenance seems 
to be a suitable strategy for eliminating the occurrence of production failures and increas-
ing the reliability of production equipment (Gackowiec, 2019). However, it is necessary 
to consider the economic aspect of the application of these measures, especially for small 
enterprises. Failures showing low severity, which are also easy to repair, should not be the 
subject of sophisticated maintenance. The combined approach of maintenance should be 
applied especially to failures that, due to their severity, make it impossible to implement 
the production process and thus cause large financial losses.

To ensure the highest possible product quality, as well as employee and consumer 
safety, it is advisable to combine the implementation of FMEA with other quality control 
methods such as Hazard Analysis and Critical Control Points (HACCP). As stated by 
(Hulebak and Schlosser, 2002), this system increases product safety by monitoring bio-
logical, chemical and physical risks during food production and at the same time imple-
menting preventive measures. This would bring an integrated approach to risk manage-
ment, which would include both the prevention of technical failures and the prevention of 
the occurrence of contaminants affecting the safety of the product and thus the health of 
the consumer. However, it is necessary to take into account the high administrative and 
logistical requirements or the difficulty of staff training, which, especially in the operation 
of microbreweries with limited resources, can represent a significant burden.

CONCLUSION

When applying the FMEA method to the RTM mash copper, out of a total of 8 failures 
that were observed during the 18 years of beer production in this operation, a total of 4 
failures were identified with an RPN above the critical value of 100. The failure with the 
greatest impact on the quality parameters of the final product was identified as the inability 
to remove vapours through the chimney during mashing and wort boiling. However, the 
biggest impact on the implementation of the production process itself, or the safety of the 
final product, is the inability of the insulated steam line to transfer heat to the mash copper. 
An appropriate measure is the use of preventive, predictive and proactive maintenance. 
These methods have not yet been applied due to the focus of RTM. As part of further re-
search, it is desirable to evaluate in detail the impact on the safety and quality parameters 
of the product.



ACTA FACULTATIS TECHNICAE, XXIX, 2024 (2): 7–17 17

ACKNOWLEDGMENT

The paper was created with the grant support – CZU: 31190/1414|1633/4134; TAČR 
FW – TREND: FW06010124 - Predictive maintenance of machinery using statistical and 
operational data in Industry 4.0.

REFERENCES

BAIANO, A., 2021. Craft beer: An overview. Comprehensive Reviews in Food Science and Food 
Safety. vol. 20, p. 1829-1856.

BAMFORTH, C.W., 2006. Brewing: new technologies. Boca Raton: CRC Press.
BASAŘOVÁ, G.; ŠAVEL, J.; BASAŘ, P. and LEJSEK, T., 2010. Pivovarství: teorie a praxe výroby 

piva. Praha: VŠCHT.
BRIGGS, D.E.; BOULTON, Ch.A.; BROOKES, P.A. and STEVENS, R., 2004. Brewing: science 

and practice. Boca Raton: CRC Press.
FITHRI, P.; RAFI, M.; PAWENARY and PRABUWONO, A.S., 2021. Risk analysis of production 

process for food SMEs using FMEA method: a case study. In: E3S Web of Conferences. 331, 
02010. Available at: https://doi.org/https://doi.org/10.1051/e3sconf/202133102010.

GACKOWIEC, P., 2019. General overview of maintenance strategies – concepts and approaches. 
Multidisciplinary Aspects of Production Engineering. vol. 2, p. 126-139.

HARDWICK, W.A., 1995. Handbook of Brewing. New York: Dekker.
HULEBAK, Karen L and SCHLOSSER, Wayne, 2002. Hazard Analysis and Critical Control Point 

(HACCP) History and Conceptual Overview. Risk Analysis. Roč. 22, pp. 547-552.
INTERNATIONAL ELECTROTECHNICAL COMMISSION, 2019. ČSN EN IEC 60812, Failure 

modes and effects analysis (FMEA and FMECA). Ed. 2.
KOSAŘ, K. and PROCHÁZKA, S., 2000. Technologie výroby sladu a  piva. Praha: Výzkumný 

ústav pivovarský a sladařský.
KUNZE, W., 2010. Technology Brewing & Malting. Berlin: VLB.
LIONG, Ch.-Y.; HAMID, S.H. Ab and IBRAHIM, I.M., 2016. Improving the Performance of Chili 

Sauce Manufacturing Process using Simulation Approach. In: AIP Conference Proceedings. 
American Institute of Physics, 1750, 030026. Available at: https://doi.org/10.1063/1.4954562.

MATOULKOVÁ, D.; VONTROBOVÁ, E.; BROŽOVÁ, M. and KUBIZNIAKOVÁ, P., 2018. Mi-
crobiology of brewery production – bacteria of the order Enterobacterales. Kvasný Průmysl. 
vol. 64, p. 161-166.

PECIAR, Peter, 2024. Využitie rozšírenej reality pri prevádzke unikátneho smart pivovaru. ATP 
Journal. Pp. 14-15. ISSN 1335-2237.

POP, C.; FRUNZĂ, G. and CIOBANU, M.M., 2019. Study regarding application of the FMEA 
method within a food safety management system. Scientific Papers-Animal Science Series. vol. 
71, p. 189-196.

SHARMA, K.D. and SRIVASTAVA, S., 2018. Failure Mode and Effect Analysis (FMEA) Imple-
mentation: A Literature Review. Journal of Advance Research in Aeronautics and Space Sci-
ence. vol. 5, p. 1-17.

THE BREWERS OF EUROPE, 2023. European Beer Trends Statistics Report 2023 Edition. On-
line. Brussels: The Brewers of Europe. Available at: https://brewersofeurope.eu/wp-content/up-
loads/2023/11/european-beer-trends-2023-web.pdf.

VARZAKAS, T.H. and ARVANITOYANNIS, I.S., 2009. Application of failure mode and effect 
analysis and cause and effect analysis on processing of ready to eat vegetables – part II. Interna-
tional Journal of Food Science and Technology. vol. 44, p. 932-939.

Corresponding author:
Tomáš Vaško, +420 736 691 503, vaskot@tf.czu.cz



ACTA FACULTATIS TECHNICAE, XXIX, 2024 (2): 18–3018

ACTA  FACULTATIS  TECHNICAE 		   XXIX
ZVOLEN – SLOVAKIA	 2024

MODIFICATION OF EXPOSED SURFACES 
OF TOOLS FOR CRUSHING UNWANTED 
GROWTHS TO INCREASE THEIR LIFETIME
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PRE ZVÝŠENIE ICH ŽIVOTNOSTI
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ABSTRACT: Tools for crushing unwanted growths operate in a strongly heterogeneous environ-
ment. After a short time, the tungsten carbide (WC) tip is lost due to the heterogeneity of the envi-
ronment and the tool body wears further. The article deals with the possibilities of increasing the 
lifetime of tools for crushing unwanted growths by grooving with subsequent welding of additional 
materials. To preserve the shape and weight of the tool, the grooves were prepared by grinding on the 
face and back surfaces. For hardfacing by welding into these grooves, two types of electrodes were 
chosen, namely OK 84.58 and UTP 690. Subsequently, the tool was cut, and samples were taken for 
light microscopy. Subsequently, the Rockwell hardness test was performed. Furthermore, an abrasi-
on resistance test was performed according to GOST 23.208-79. The best results were achieved by 
UTP 690 compared to the base material 16MnCr5. Based on the results, we can conclude that the 
appropriate choice of pre-treatment of tools with subsequent hardfacing by welding is the premise 
of increasing their service life while maintaining their original shape and weight.

Key words: unwanted growth crusher, grooving, hardfacing by welding, abrasive resistance

ABSTRAKT: Nástroje na drvenie nežiaducich nárastov pracujú v silne heterogénnom prostredí. Po 
krátkom čase dôjde vplyvom heterogenity prostredia k strate volfrám-karbidovej (WC) špičky a telo 
nástroja sa ďalej opotrebúva. Článok sa zaoberá možnosťami zvyšovania životnosti nástrojov na 
drvenie nežiaducich nárastov drážkovaním s následným naváraním prídavných materiálov. Pre za-
chovanie tvaru a hmotnosti nástroja, boli drážky pripravené brúsením na čelnej a chrbtovej ploche. 
Pre naváranie do týchto drážok, boli zvolené dva druhy elektród, a to OK 84.58 a UTP 690. Násled-
ne bol nástroj rozpílený, a boli odobraté vzorky pre svetelnú mikroskopiu. Následne bola vykonaná 
Rockwellova skúška tvrdosti. Ďalej bola vykonaná skúška oteruvzdornosti podľa GOST 23.208-79. 
Najlepšie výsledky dosiahol návar UTP 690 v porovnaní so základným materiálom 16MnCr5. Na 
základe výsledkov môžeme konštatovať, že vhodnou voľbou predúpravy nástrojov s následným 
naváraním, je predpoklad zvýšenia ich životnosti pri zachovaní ich pôvodného tvaru a hmotnosti.
  
Kľúčové slová: drvič nežiaducich nárastov, drážkovanie, naváranie, abrazívna odolnosť 



ACTA FACULTATIS TECHNICAE, XXIX, 2024 (2): 18–30 19

INTRODUCTION

A significant role in forestry is related to the regular removal of unwanted woody 
growth, e.g. in landscape areas intended for planting new forests, in areas near forest roads 
and especially in areas under overhead power lines.

The tools involved in removing unwanted growths operate in a heterogeneous envi-
ronment. This environment is made up not only of wood, but also of soil, which contains 
rocks and minerals of varying sizes and irregular shapes. They are subject to rapid wear 
as a result of this working environment. This leads to frequent tool changes, which causes 
technical and economic problems for companies working in the forestry sector. The per-
manent requirement to extend the lifetime of working tools working in forestry represents 
a strong impetus for the search for economical and effective material-technological so-
lutions aimed at significantly suppressing the mechanical degradation of the functional 
surfaces of tools (Kalincová et al. 2016). 

Abrasive wear is one of the dominant and commonly occurring tribological wear pro-
cesses, leading to significant costs for repairing worn mechanisms and replacing parts 
(Doluk et al. 2021, Jankauskas et al. 2020, Singh et al. 2020, Stawicki et al. 2018). Abra-
sive wear is characterised by the separation of particles and damage to the functional sur-
face of the worn body by gouging and cutting by these particles or by the hard and rough 
surface of the other body, which occurs when the relative motion of the two bodies intro-
duces irregularities of the surface of the harder body into the surface of the softer body. 
The material from the grooves is usually removed in the form of free particles (Ťavodová 
et al. 2020a, Javaheri et al. 2018, Petrů et al. 2015).  

There are several methods for increasing tool life. Among the very effective measure 
for increasing tool life is to cover their functional surfaces with a suitable additive material 
by hardfacing by welding (Müller & Hrabě 2013). Hardfacing by welding is a commonly 
used method to improve the surface properties of agricultural tools, mining components, 
land preparation equipment and other (Buchely et al. 2005). The alloy is homogeneously 
applied to the surface of the base material (usually low-carbon or medium-carbon steels) 
by welding in order to increase hardness and wear resistance without significant loss of 
ductility and toughness of the base material (Müller & Hrabě 2013, Buchely et al. 2005). 

Particle size, shape and intensity are factors that determine resistance to abrasive wear. 
These also include hardness, shape, size and number of hard phases and their distribution 
in the parent metal. Wear resistance increases with the hardness of the hard structural com-
ponents (carbides, borides, etc.) and with increasing proportion in the structure (Ťavodová 
et al. 2020a; Balla et al. 2003).

Iron-based hardfacing alloys are the most cost-effective group of hardfacing alloys. 
They are mostly used for applications where resistance to abrasive wear, impact and ther-
mal fatigue is required (Okechukwu et al. 2017). Transverse surface cracks may form in 
iron-based alloys containing Cr carbides. Despite these cracks, these hardfacing materials 
are suitable for use in the mining and earthmoving industries (Tandon et al. 2023). Wang 
et al. studied the microstructure and wear resistance of Fe-based alloys by adding the 
elements ferrotitanium (Fe–Ti), ferromolybdenum (Fe–Mo), ferrovanadium (Fe–V) and 
graphite deposited by the SMAW process. The results showed good resistance to wear and 
cracking when the amount of Fe–Ti, Fe–Mo, Fe–V was in the range of 12–15%, 2–4%, 
10–12% and 8–10% (Wang, X. et al. 2008; Wang, Z. H. et al. 2008).
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Cobalt-based hardfacing alloys are used for applications where high resistance to wear, 
oxidation, corrosion and heat combined with high hot hardness is required. The primary 
compositional elements of these weld alloys are Co (typically 60%) and Cr (typically 
30%). A high Cr content ensures resistance to corrosion and high temperatures, Ni ensures 
good ductility, and W, Mo and C provide higher strength and wear resistance (Tandon et 
al. 2023; Ahn 2013).

Nickel-based hardfacing alloys are mainly used where resistance to wear and corrosion 
at high temperatures is required (Digambar & Choudhary 2014). Studies indicate that W 
and Mo elements in nickel-based weld alloys improve hardness and strength at high tem-
peratures, C, B and Nb elements provide excellent resistance to abrasive wear, and Cr and 
Al elements provide better corrosion resistance (Tandon et al. 2023; Ahn 2013).

Tungsten-based hardfacing alloys are used where extreme resistance to abrasive wear 
is required. Tungsten carbide is one of the hardest materials used in industry, but it is also 
brittle. In order to create a uniform distribution of tungsten carbides in weld deposits, it is 
necessary to use lower heat inputs, as higher heat inputs can lead to the decrease of these 
carbides towards the build-up zone (Tandon et al. 2023).

By selecting a suitable additive material whose structure is better able to withstand 
the effects of the working environment, the lifetime of the tools for crushing unwanted 
growths can be increased.

MATERIAL AND METHODS

Tool modification and hardsurfacing by welding
Based on the research so far, it has been found that the body of the tool for crushing un-

wanted growth is made of chromium-manganese steel 16MnCr5. It has a tungsten carbide 
(WC) tip soldered with silver solder (Ťavodová et al. 2018). The chemical composition of 
this steel is in Tab. 1. Two surfaces were identified on these tools that are most exposed to 
wear during their work. These surfaces are the back and face of the tool (Fig. 1). However, 
after hardfacing by welding the additional material on the exposed surfaces of the func-
tional parts of the tools, without their prior treatment, the total weight will increase, and 
the shape of the tool will change. This will also change the load dynamics of the rotor on 
which the tools are attached. Such a change is then one of the causes that contributes to 
faster tool wear. One way to prevent such a change is to pre-prepare the exposed surfaces 
of the tools by removing material from the body of the tool.

The original tool has only one surface modified (strengthened), namely the WC tip. 
A tool modified by hardfacing by welding will, while preserving the original shape and 
composition (body and tip), have other surfaces reinforced with such welding that will 
increase their lifetime.

The surfaces were prepared on the face and back of the tool by grinding. On these pre-
-prepared surfaces the additional material OK 84.58 and UTP 690 was welded. 

The electrode OK 84.58 is an electrode for hardfacing by welding wear-resistant func-
tional surfaces under simultaneous impact stresses with the necessary partial corrosion 
resistance. Machining of the deposit is possible by grinding. After hardfacing by welding, 
it forms a martensitic structure. The chemical composition of this electrode is in Tab. 1. 
It is used as a coating for parts of agricultural and forestry machinery, mixers, transport 
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equipment, etc. The hardness of the deposit in the second layer is 52-59 HRC (HBT-weld, 
2024, Rapidwelding, 2024).

Fig. 1 Tool for crushing unwanted growths
Obr. 1 Nástroj na drvenie nežiaducich nárastov

UTP 690 is used for repair and production of cutting tools, particularly for building-up 
cutting edges and working surfaces. The deposit is highly resistant to friction, compres-
sion and impact, also at elevated temperatures up to 550°C. The production of new tools 
by welding on non-alloy and lowalloy base metals is also possible (cladding of cutting 
edges). The chemical composition of this electrode is in Tab. 1. It is used for repair and 
production of cutting tools, particularly for building-up cutting edges and working sur-
faces. The hardness of the deposit in the second layer is (Valtec, 2024).

Tab. 1 Chemical composition of base material 16MnCr5 and weld deposit OK 84.58 and UTP 690 
(HBT-weld 2024, Valtec 2024)
Tab. 1 Chemické zloženie základného materiálu 16MnCr5 a návarov OK 84.58 a UTP 690 (HBT-
-weld 2024, Valtec 2024) 

Element wt. 
[%]1 C Si Mn Cr Mo V W P S Fe

16MnCr5 0.14-
0.19

0.17-
0.37

1.10-
1.40

0.80-
1.10 - - - max. 

0.035
max. 
0.035 balance

OK 84.58 0.7 0.6 0.7 10 - - - - - balance
UTP 690 0.9 0.8 0.5 4.5 8.0 1.2 2.0 - - balance

1Prvok hm [%]

Experimental methods of light microscopy
Specimens for microscopic analysis were prepared in dentacryl, ground on 240, 400, 

600 and 800 grit sandpaper, moistened with water, polished with 1/0 grit diamond paste 
on satin, moistened with kerosene, washed and rinsed with petroleum alcohol. To induce 
the microstructure for observation of the build zone, 2% Nital etchant (2 ml HNO3, 98 ml 
ethyl alcohol) was used.

For light microscopy, an OLYMPUS GX71 light microscope with an OLYMPUS 
DP12 camera was used. The microscope used accessories for observation in polarized 
light and using differential interference contrast.
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Fig. 1 Tool for crushing unwanted growths 

Obr. 1 Nástroj na drvenie nežiaducich nárastov 

The surfaces were prepared on the face and back of the tool by grinding. On these pre-
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2024). 
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Testing methods
The Rockwell hardness was measured according to ISO 6508-1 (ISO 6508-1:2016) 

and the Universal Hardness Gauge UH250 was used, with a loading force of F=1 471 N.
The test of resistance to abrasive wear was performed according to GOST 23.208-79. 

The essence of this test is a comparison of the weight loss of the tested material and the 
weight loss of the reference material under the same test conditions. Electrocorundum 
with a grain size of 16-P according to GOST 3647-80 with a relative moisture content of 
no more than 0.15% is used as an abrasive material. Its hardness corresponds to the 9th 
degree according to the Mohs scale. When assessing wear resistance under specific wear 
conditions, it is allowed to use abrasive material corresponding to the material that acts 
during operation, but with a grain size of no more than 1.0 mm.

The TESTER T-07, ITE PIB device was used for the test together with the BT-16 Con-
troller, ITE PIB cycle recording device (Fig. 2).

Fig. 2 Device for testing according to GOST 23.208-79 with detail
Obr. 1 Prístroj pre skúšku podľa GOST 23.208-79 s detailom

	
Prior to the test, the sample was weighed 3 times on a Kern ABS analytical balance 

with a sensitivity of e=0.1 mg. The arithmetic mean was then calculated and entered in a 
table. After the initial weighing of the sample, the sample was placed firmly in the instru-
ment between the sample holder and the rubber disc. The abrasive supply was then started, 
and the instrument started. The test parameters are given in Tab. 2.

Tab. 2 Test parameters according to GOST 23.208-79
Tab. 2 Parametre skúšky podľa GOST 23.208-79

Parameters of the device1

Number of cycles2 11
Length of friction path in one cycle R3 153.6 m
Rubber disc diameter D4 48.9 mm
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Pressing force F5 15.68 N
Disc speed in one cycle6 1 000 RPM

Abrasives7
silica sand OTTAWA

with a grain size of 0.1 to 0.2 mm
Parameters of the test sample8

Dimensions of the sample9 30 x 30 x 5 mm
1Parametre skúšobného stroja, 2Počet cyklov, 3Dĺžka trecej dráhy v jednom cykle R, 4Priemer 
gumeného kotúča, 5Prítlačná sila F, 6Otáčky kotúča v jednom cycle, 7Abrazívum, 8Parametre 
skúšobnej vzorky, 9Rozmery vzorky

After each cycle, the sample was removed and weighed 3 times to determine the weight 
loss of the material. Subsequently, the arithmetic mean was calculated, and this data was 
entered in the table. After the end of the last cycle and the weighing of the sample, the av-
erage weight loss was calculated from the measured values  After calculating the average 
weight loss for each sample - base material and deposits, the relative resistance to abrasive 
wear  was calculated according to formula (1) (GOST 23.208-79:1981):

			   (1)

where: WhE - weight loss of the comparative test body - standard [g],
WhV - weight loss of test body - samples [g].

RESULTS AND DISCUSSION

Grinding wheels with a thickness of 1 mm, 2 mm, 4 mm and 8 mm were used to adjust 
the tool by grinding. A disc with a thickness of 1 mm was used to define the size of the 
groove and to grind several grooves, which further served to grind the required surface 
with a gradual increase in the thickness of the wheel. In Fig. 3a we can see the grooves that 
were sanded successively with sanding discs with a thickness of 1 mm, 2 mm and 4 mm. 

An area of ​​20 x 30 mm (Fig. 3b) was ground on the face of the tool, and two areas of  
20 x 15 mm (Fig. 3c) were ground on the back surface to preserve the shape of the tool. It 
was ground to a depth of 5 mm. Additional materials were subsequently welded onto the 
surfaces prepared in this way.

Electrodes with a diameter of 2.5 mm were used for the OK 84.58 deposit. The weld-
ing surfaces were cleaned by hand using a wire brush and were degreased with an indus-
trial solvent. Subsequently, the electrodes had to be dried at a temperature of 200°C for 
2 hours in a Zepacomp drying oven. The tool was preheated to a temperature of 200°C. 
Before the hardfacing by welding, the welding parameters were set on the welding device. 
The set welding current was  and voltage . During hardfacing by welding, it was important 
to minimize the heat input of welding. After every 20 mm section, it was necessary to 
measure the interpass temperature using a touch thermometer. The interpass temperature 
is prescribed by the manufacturer at 200°C.  If the tool exceeded this temperature, it was 
necessary to wait until the temperature of the tool fell below the specified interpass tem-
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where: WhE - weight loss of the comparative test body - standard [g], 
WhV - weight loss of test body - samples [g]. 

RESULTS AND DISCUSSION 
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perature in order to continue with the hardfacing by welding. After hardfacing by welding, 
the tools were allowed to cool freely in air to ambient temperature and were subsequently 
cleaned (Fig. 4a).

Fig. 3 Tool prepared by grinding
a – primary grinding phase, b – front surface, c - back surface

Obr. 3 Nástroj upravený brúsením
a – primárna fáza brúsenia, b – čelná plocha, c – chrbtová plocha

Electrodes with a diameter of 2.5 mm were used for the UTP 690 deposit. The welding 
surfaces were cleaned by hand using a wire brush and were degreased with an industrial 
solvent. Subsequently, the electrodes had to be dried at a temperature of 300°C for 2 hours 
in a Zepacomp drying oven. The tool was preheated to a temperature of 250°C. Before the 
hardfacing by welding, the welding parameters were set on the welding device. The set 
welding current was  and voltage . 

The hardfacing by welding procedure was identical to the hardfacing by welding pro-
cedure with the OK 84.58 electrode. In Fig. 4b we can see a tool with a OK 84.58 with a 
UTP 690 weld deposit.

Fig. 4 Modified tools
a – tool with OK 84.58 weld deposit, b – tool with UTP 690 weld deposit

Obr. 4 Upravený nástroj
a – nástroj s návarok OK 84.58, b – nástroj s návarom UTP 690

After cooling, the tools were weighed to determine if the weight of the tool, after 
pre-modifying the exposed surfaces by removing the tool material and then hardfacing 

Grinding wheels with a thickness of 1 mm, 2 mm, 4 mm and 8 mm were used to adjust 
the tool by grinding. A disc with a thickness of 1 mm was used to define the size of the groove 
and to grind several grooves, which further served to grind the required surface with a gradual 
increase in the thickness of the wheel. In Fig. 3a we can see the grooves that were sanded 
successively with sanding discs with a thickness of 1 mm, 2 mm and 4 mm.  

An area of 20 x 30 mm (Fig. 3b) was ground on the face of the tool, and two areas of  
20 x 15 mm (Fig. 3c) were ground on the back surface to preserve the shape of the tool. It was 
ground to a depth of 5 mm. Additional materials were subsequently welded onto the surfaces 
prepared in this way. 
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Fig. 3 Tool prepared by grinding 
a – primary grinding phase, b – front surface, c - back surface 

Obr. 3 Nástroj upravený brúsením 
a – primárna fáza brúsenia, b – čelná plocha, c – chrbtová plocha 

Electrodes with a diameter of 2.5 mm were used for the OK 84.58 deposit. The welding 
surfaces were cleaned by hand using a wire brush and were degreased with an industrial solvent. 
Subsequently, the electrodes had to be dried at a temperature of 200°C for 2 hours in a 
Zepacomp drying oven. The tool was preheated to a temperature of 200°C. Before the 
hardfacing by welding, the welding parameters were set on the welding device. The set welding 
current was 𝐼𝐼 = 90 𝐴𝐴 and voltage 𝑈𝑈 = 24.5 𝑉𝑉. During hardfacing by welding, it was important 
to minimize the heat input of welding. After every 20 mm section, it was necessary to measure 
the interpass temperature using a touch thermometer. The interpass temperature is prescribed 
by the manufacturer at 200°C.  If the tool exceeded this temperature, it was necessary to wait 
until the temperature of the tool fell below the specified interpass temperature in order to 
continue with the hardfacing by welding. After hardfacing by welding, the tools were allowed 
to cool freely in air to ambient temperature and were subsequently cleaned (Fig. 4a). 

Electrodes with a diameter of 2.5 mm were used for the UTP 690 deposit. The welding 
surfaces were cleaned by hand using a wire brush and were degreased with an industrial solvent. 
Subsequently, the electrodes had to be dried at a temperature of 300°C for 2 hours in a 
Zepacomp drying oven. The tool was preheated to a temperature of 250°C. Before the 
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by welding the additional material, was the same as the weight of the new tool. A digital 
weighing balance AG2000C with a weighing range of 0.5 to 2 000 g was used for weight 
determination. Table 3 summarises the results from the tool weight measurements. 

Tab. 3 Weight values of the original tool and of the tools with OK 84.58 and UTP 690 weld deposit
Tab. 3 Hodnoty hmotnosti pôvodného nástroja a nástrojov s návarom OK 84.58 a UTP 690

Unmodified tool1 A tool with a ground 
groove2

OK 84.58 1 730 1 709
UTP 690 1 730 1 733

 1Neupravený nástroj, 2Nástroj s vybrúsenou drážkou

On the basis of the data obtained, we can conclude that the pre- modified of the ex-
posed surfaces of the tool and the subsequent hardfacing by welding of the additional 
material did not lead to a significant change in weight. The difference in weight of the new 
unmodified tool compared to the modified tool with OK 84.58 is approximately 21 g and 
with UTP 690 is approximately 3 g.

Subsequently, the tools were cut and the samples taken were subjected to microscopic 
analysis, testing of hardness and abrasion resistance.

Microscopic analysis was performed for the purpose of detecting the mixing of the 
base material (BM)with the deposit and also to detect the presence of possible defects in 
the melting zone. In Fig. 5a we can see the ferritic-pearlitic structure of the base material, 
the melting zone - the connection of the base material and the deposit, and the unetched 
deposit OK 84.58 on a sample that was taken from a pre-modified tool by grinding. Suf-
ficient diffusional mixing between individual materials is present. There are no defects, 
cracks or pores that would reduce the quality of mixing base material with the deposit.

The ferritic-pearlitic structure of base material, the melting zone and the unetched 
deposit of UTP 690 on the sample, which was taken from the pre-modified tool by grind-
ing, can be seen in Fig. 5b.  We can conclude that there was a sufficient diffusion mixing 
of both materials. There are also no visible defects that could affect the cohesion of both 
materials.

Studies devoted to the resistance of materials to wear differ in their opinions on the 
suitability of the microstructure that would best withstand the effects of the working en-
vironment (Tandon et al. 2023; Rojacz et al. 2022; Nagentrau et al. 2019; Badisch et al. 
2009; Coronado et al. 2009). Therefore, it was necessary to carry out further tests that 
would confirm or ruled out the suitability of using selected depositing materials.

Next, a Rockwell hardness test was performed. The comparison of the measured hard-
nesses can be seen in Fig. 6. We can state that both coatings reached a higher hardness than 
the hardness of the base material. The UTP 690 weld reached the highest hardness, namely 
62 HRC. The OK 84.58 coating reached a hardness of 52 HRC.
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Fig. 5 Microstructure interface base material – weld deposit
a – BM – melting zone – deposit OK 84.58, b - BM – melting zone – deposit UTP 690

Obr. 5 Mikroštruktúra rozhranie základný materiál – návar
a – ZM – zóna stavenia – návar OK 84.58, b – ZM – zóna stavenia – návar UTP 690

Fig. 6 Comparison of Rockwell hardness
Obr. 6 Porovnanie tvrdostí podľa Rockwella

Some authors report that hardness is strongly correlated with resistance to abrasive 
wear (Kováč et al. 2022, Slota et al. 2022). Based on the hardness measurement results, 
we can therefore predict that coatings with the highest hardness will best resist the effects 
of an abrasive environment. However, other authors state in their studies that hardness has 
no effect on wear resistance (Falat et al. 2019, Balla et al. 2003, Brziak et al. 2003). There-
fore, it was necessary to perform an abrasive wear test for base material and for individual 
deposit materials. The results from the abrasion resistance test are summarized in Tab. 4. 

Tab. 4 Summary of abrasion resistance test results
Tab. 4 Zhrnutie výsledkov zo skúšky oteruvzdornosti

16MnCr5 OK 84.58 UTP 690
 [g] 0.0343 0.0066 0.0014
 [-] 1 5.20 24.5

In Fig. 7 we can see a comparison of the results from the abrasion resistance test. We 

 

 
a 

 

 
b 

Fig. 5 Microstructure interface base material – weld deposit 
a – BM – melting zone – deposit OK 84.58, b - BM – melting zone – deposit UTP 690 

Obr. 5 Mikroštruktúra rozhranie základný materiál – návar 
a – ZM – zóna stavenia – návar OK 84.58, b – ZM – zóna stavenia – návar UTP 690 

 Studies devoted to the resistance of materials to wear differ in their opinions on 
the suitability of the microstructure that would best withstand the effects of the working 
environment (Tandon et al. 2023; Rojacz et al. 2022; Nagentrau et al. 2019; Badisch et al. 2009; 
Coronado et al. 2009). Therefore, it was necessary to carry out further tests that would confirm 
or ruled out the suitability of using selected depositing materials. 

Next, a Rockwell hardness test was performed. The comparison of the measured 
hardnesses can be seen in Fig. 6. We can state that both coatings reached a higher hardness than 
the hardness of the base material. The UTP 690 weld reached the highest hardness, namely 62 
HRC. The OK 84.58 coating reached a hardness of 52 HRC. 

 

Fig. 6 Comparison of Rockwell hardness 
Obr. 6 Porovnanie tvrdostí podľa Rockwella 

Some authors report that hardness is strongly correlated with resistance to abrasive wear 
(Kováč et al. 2022, Slota et al. 2022). Based on the hardness measurement results, we can 
therefore predict that coatings with the highest hardness will best resist the effects of an abrasive 
environment. However, other authors state in their studies that hardness has no effect on wear 
resistance (Falat et al. 2019, Balla et al. 2003, Brziak et al. 2003). Therefore, it was necessary 
to perform an abrasive wear test for base material and for individual deposit materials. The 
results from the abrasion resistance test are summarized in Tab. 4.  

18

52
62

0
10
20
30
40
50
60
70

16MnCr5 OK 84.58 UTP 690R
oc

kw
el

l h
ar

dn
es

s [
H

R
C

]

Tested materials

deposit deposit 

BM BM 

melting 
zone 

melting  
zone 

 

 
a 

 

 
b 

Fig. 5 Microstructure interface base material – weld deposit 
a – BM – melting zone – deposit OK 84.58, b - BM – melting zone – deposit UTP 690 

Obr. 5 Mikroštruktúra rozhranie základný materiál – návar 
a – ZM – zóna stavenia – návar OK 84.58, b – ZM – zóna stavenia – návar UTP 690 

 Studies devoted to the resistance of materials to wear differ in their opinions on 
the suitability of the microstructure that would best withstand the effects of the working 
environment (Tandon et al. 2023; Rojacz et al. 2022; Nagentrau et al. 2019; Badisch et al. 2009; 
Coronado et al. 2009). Therefore, it was necessary to carry out further tests that would confirm 
or ruled out the suitability of using selected depositing materials. 

Next, a Rockwell hardness test was performed. The comparison of the measured 
hardnesses can be seen in Fig. 6. We can state that both coatings reached a higher hardness than 
the hardness of the base material. The UTP 690 weld reached the highest hardness, namely 62 
HRC. The OK 84.58 coating reached a hardness of 52 HRC. 

 

Fig. 6 Comparison of Rockwell hardness 
Obr. 6 Porovnanie tvrdostí podľa Rockwella 

Some authors report that hardness is strongly correlated with resistance to abrasive wear 
(Kováč et al. 2022, Slota et al. 2022). Based on the hardness measurement results, we can 
therefore predict that coatings with the highest hardness will best resist the effects of an abrasive 
environment. However, other authors state in their studies that hardness has no effect on wear 
resistance (Falat et al. 2019, Balla et al. 2003, Brziak et al. 2003). Therefore, it was necessary 
to perform an abrasive wear test for base material and for individual deposit materials. The 
results from the abrasion resistance test are summarized in Tab. 4.  

18

52
62

0
10
20
30
40
50
60
70

16MnCr5 OK 84.58 UTP 690R
oc

kw
el

l h
ar

dn
es

s [
H

R
C

]

Tested materials

deposit deposit 

BM BM 

melting 
zone 

melting  
zone 



ACTA FACULTATIS TECHNICAE, XXIX, 2024 (2): 18–30 27

can conclude that both coatings achieved a higher value of relative resistance to abrasive 
wear. The OK 84.58 coating achieved five times better results than the base material tool. 
The UTP 690 coating achieved up to a 24.5-fold increase in relative resistance to abrasive 
wear Ψabr. 

Fig. 7 Comparison of results from the abrasion resistance test
Obr. 7 Porovnanie výsledkov zo skúšky oteruvzdornosti

Based on the obtained results, we can conclude that both weld deposits should better 
withstand the effects of an abrasive environment than the base material of the tool.

However, it is also necessary to consider the disadvantages of tool modification by 
manual arc-hardfacing by welding. The main disadvantages include the large heat-affected 
area and the possible introduction of human fail. Fails created in this way can result in 
various defects such as cracks. These can further affect not only the wear resistance of the 
weld deposit but can also cause parts of the material to break off due to the impact load 
(Ťavodová et al. 2020b).

For the correct evaluation of the performed laboratory tests, it is necessary to carry out 
operational tests in further research. This will determine the appropriateness of the adjust-
ments made in real working conditions.

CONCLUSION

Tools for crushing unwanted growths operate in a heterogeneous environment. Due to 
this environment, the WC of the tip is lost after a short time and the tool body is further 
worn out. By selecting a suitable pre-preparation of the tool, followed by the hardfacing 
by welding of additive materials that are better able to withstand the effects of the working 
environment, the tool’s lifetime can be increased.

The article analyses two ways to modify crusher for unwanted growth. Based on the 
results, it is possible to state the following:
a)	 The weld deposit OK 84.58 achieved better results compared to the base material 

16MnCr5. Its Rockwell hardness was almost three times higher and the relative resis-
tance to abrasive wear Ψabr. was 5.2 times higher compared to base material 16MnCr5.
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b)	 The UTP 690 weld deposit reached 3.4 times higher Rockwell hardness than the base 
material of tool 16MnCr5 and its relative resistance to abrasive wear Ψabr was 24.5 
times higher.
At the same time, we can state that with both weld deposits there was sufficient diffusi-

on mixing of base material with the weld deposit. Also, no defects were visible that would 
affect the quality of the coating. The original shape of the tool was also preserved.

In further research it would be advisable to carry out field tests to determine the behav-
iour of the tool so modified also under real working conditions. 
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ABSTRACT: The paper presents an approach to compute the Nusselt number in a channel flow 
on the basis of the CFD computation and mesh sensitivity test. A rectangular duct and a circular 
tube are chosen as a channel type since the exact values of the Nusselt number can be analytically 
reached. Overall, five various mesh distributions are used for the simulation while a dependence of 
the Nusselt number on the mesh size is shown. On the basis of the data extrapolation using a power 
function, the value is calculated for infinite number of elements that has a negligible discrepancy 
from the exact one. Concerning the approach, a possibility to estimate the Nusselt number without 
using a large number of elements is given while a time-consuming calculation is eliminated.

Key words: Nusselt number, CFD, heat transfer, extrapolation, mesh sensitivity test

ABSTRAKT: Článok popisuje postup výpočtu Nusseltovho čísla pre prúdenie v kanáli na základe 
CFD simulácie a testu citlivosti siete. Pre tvar kanála bol zvolený obdĺžnikový a kruhový prierez z 
dôvodu možnosti analytického výpočtu exaktnej hodnoty Nusseltovho čísla. Celkovo bolo pre vý-
počet použitých päť rôznych veľkostí siete, pričom sa zisťovala závislosť medzi hodnotou Nussel-
tovho čísla a počtom elementov. Na základe extrapolácie hodnôt bola prostredníctvom mocninovej 
funkcie vypočítaná jeho hodnota pre teoreticky nekonečný počet elementov, ktorá má zanedbateľnú 
odchýlku od exaktnej hodnoty. Pomocou tohto postupu je možné odhadnúť hodnotu Nusseltovho 
čísla bez použitia veľkého počtu elementov, čo prináša šetrenie výpočtového času. 

Kľúčové slová: Nusseltovo číslo, CFD, prenos tepla, extrapolácia, test citlivosti siete
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INTRODUCTION

When performing the CFD simulation to obtain the heat transfer parameters, the 
volume element method is used where the computational domain has to be divided into 
elements. Besides the element aspect ratio, angle, skew, warpage, or chordal deviation, the 
element size has a significant effect on the computed values as well [1]. Therefore, a mesh 
sensitivity test is usually carried out where a dependence of any heat transfer parameter 
on the mesh size is investigated. The main goal of the analysis is to bring an optimal mesh 
size so that the result accuracy is appropriate and simultaneously the computational time is 
not so high. When the number of elements approaches infinity, a theoretically exact value 
is achieved when remaining the mesh quality. Obviously, it cannot be reached due to lack 
of time and round-off errors.

The presented paper offers a way to compute the value of a heat transfer parameter 
for the infinite number of elements using the values obtained at finite element size with 
subsequent data extrapolation. As an analysed heat transfer parameter, the Nusselt number 
is considered since it describes the ratio of total heat transfer to conductive heat transfer 
across a boundary. As a channel type, a rectangular duct of infinite width and a circular 
tube are chosen since the exact values of the Nusselt number can be analytically reached. 
As it is shown, the values of the Nusselt number obtained for a small number of elements 
can be modelled by a power function with a negative exponent. Considering the variable 
approached infinity, the absolute term determines a theoretically exact value of the Nusselt 
number. The approach can prevent the time-consuming computation not only for presented 
cases, but also for other computational domains, heat transfer parameters, and heat loads.

MATERIAL AND METHODS

To perform the CFD computation, a straight channel of a rectangular duct and circular 
tube shape with the height (diameter) of 50 mm and the length of 2 000 mm were conside-
red as a domain. Since the rectangular duct is of infinite width, the domain is considered 
as a planar two-dimensional while the circular tube is defined as an axisymmetric. As an 
element type, the quadrilateral elements, structured into the orthogonal mesh with a defi-
ned wall-normal bias, were used where five different numbers of elements (4, 8, 12, 16, 
and 20) were applied on the half-vertical edge (Fig. 1). For all domains, the element lon-
gitudinal size remained the same.
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Fig. 1 The mesh distribution

a) 4 elements, b) 8 elements, c) 12 elements, d) 16 elements, e) 20 elements
Obr. 1 Rozloženie výpočtovej siete

a) 4 elementy, b) 8 elementov, c) 12 elementov, d) 16 elementov, e) 20 elementov

The channel flow is considered as a steady with constant parameters of the air since 
the exact values of the Nusselt number are calculated for such conditions. The governing 
equations of mass, momentum, and energy conservation were solved by the Ansys Fluent 
software in the following forms [2]:
– continuity equation:

– momentum equation:

– energy equation:

where ρ is the fluid density (ρ = 1.225 kg·m-3),
	 η is the fluid dynamic viscosity (η = 1.7894·10-5 kg·m-1·s-1),
	 cp is the fluid specific heat capacity (cp = 1006.43 J·kg-1·K-1),
	 λ is the fluid thermal conductivity (λ = 0.0242 W·m-1·K-1),
	 p is the fluid pressure (Pa),
	 T is the fluid temperature (K),
	 v is the fluid velocity vector,
	 I is the identity tensor.

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled 
scheme with the pseudo transient formulation. For the steady pressure-based analyses, the 
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QUICK schemes were used as a spatial discretization. The solution was considered to be 
fully converged when the residuals of continuity, x-velocity, y-velocity, and energy param-
eters met the convergence criterion 10−6. From the wall boundary condition point of view, 
the constant heat flux and constant temperature values were defined. For the rectangular 
duct and circular tube, 2D planar and axisymmetric analysis were performed respectively 
where the domain boundary conditions are described as follows:

- velocity inlet – left side:

- pressure outlet – right side:

- wall – upper side:

- symmetry, axis – lower side:

where	 vx is the velocity in x direction (m·s-1),
	 vy is the velocity in y direction (m·s-1),
	 vr is the velocity in radial direction (m·s-1),
	 T∞ is the outside temperature (K),
	 Tw is the wall temperature (K),
	 qw is the heat flux (W·m-2).

On the basis of the Fourier and Newton law, the local Nusselt numbers based on the lo-
cal heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]:

where	 n is the normal direction to the wall (-),
	 H is the channel height (H = 0.05 m),
	 D is the channel diameter (D = 0.05 m).
	
The bulk temperature is defined as:

The local Nusselt number for the rectangular duct is defined as:

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 

ℎ𝑥𝑥 = −𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑|𝑦𝑦=𝐻𝐻2=
𝐷𝐷
2

1
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏

 (8) 

where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴
∫ 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴

 (9) 

The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
𝜆𝜆  (11) 

(4)

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 

ℎ𝑥𝑥 = −𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑|𝑦𝑦=𝐻𝐻2=
𝐷𝐷
2

1
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏

 (8) 

where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴
∫ 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴

 (9) 

The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
𝜆𝜆  (11) 

(5)

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 

ℎ𝑥𝑥 = −𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑|𝑦𝑦=𝐻𝐻2=
𝐷𝐷
2

1
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏

 (8) 

where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴
∫ 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴

 (9) 

The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
𝜆𝜆  (11) 

(6)

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 

ℎ𝑥𝑥 = −𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑|𝑦𝑦=𝐻𝐻2=
𝐷𝐷
2

1
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏

 (8) 

where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴
∫ 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴

 (9) 

The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
𝜆𝜆  (11) 

(7)

(8)

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 

ℎ𝑥𝑥 = −𝜆𝜆𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑|𝑦𝑦=𝐻𝐻2=
𝐷𝐷
2

1
𝑇𝑇𝑤𝑤 − 𝑇𝑇𝑏𝑏

 (8) 

where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴
∫ 𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑

 
𝐴𝐴

 (9) 

The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
𝜆𝜆  (11) 

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
conditions are described as follows: 
- velocity inlet – left side: 
𝑣𝑣𝑥𝑥 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. ,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇∞ = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. (4) 

- pressure outlet – right side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 =

𝜕𝜕𝑣𝑣𝑦𝑦
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑟𝑟

𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (5) 

- wall – upper side: 
𝑣𝑣𝑥𝑥 = 𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝑇𝑇 = 𝑇𝑇𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.   ⋁   𝑞𝑞 = 𝑞𝑞𝑤𝑤 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐.  (6) 

- symmetry, axis – lower side: 
𝜕𝜕𝑣𝑣𝑥𝑥
𝜕𝜕𝜕𝜕 = 𝜕𝜕𝑣𝑣𝑥𝑥

𝜕𝜕𝜕𝜕 = 0,   𝑣𝑣𝑦𝑦 = 𝑣𝑣𝑟𝑟 = 0,   𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 = 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 = 0 (7) 

where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 
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To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
with the pseudo transient formulation. For the steady pressure-based analyses, the QUICK 
schemes were used as a spatial discretization. The solution was considered to be fully converged 
when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
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qw is the heat flux (W·m-2). 
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QUICK schemes were used as a spatial discretization. The solution was considered to be 
fully converged when the residuals of continuity, x-velocity, y-velocity, and energy param-
eters met the convergence criterion 10−6. From the wall boundary condition point of view, 
the constant heat flux and constant temperature values were defined. For the rectangular 
duct and circular tube, 2D planar and axisymmetric analysis were performed respectively 
where the domain boundary conditions are described as follows:

- velocity inlet – left side:

- pressure outlet – right side:

- wall – upper side:

- symmetry, axis – lower side:

where	 vx is the velocity in x direction (m·s-1),
	 vy is the velocity in y direction (m·s-1),
	 vr is the velocity in radial direction (m·s-1),
	 T∞ is the outside temperature (K),
	 Tw is the wall temperature (K),
	 qw is the heat flux (W·m-2).

On the basis of the Fourier and Newton law, the local Nusselt numbers based on the lo-
cal heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]:

where	 n is the normal direction to the wall (-),
	 H is the channel height (H = 0.05 m),
	 D is the channel diameter (D = 0.05 m).
	
The bulk temperature is defined as:

The local Nusselt number for the rectangular duct is defined as:

The local Nusselt number for the circular tube is defined as:

For each simulation, the representative value of the local Nusselt number is taken 
from the area where a fully developed flow is reached and subsequently compared with 
the exact one that can be achieved when solving equations (1) – (3) analytically. Accord-
ing to Han [4] and Erdogan and Imrak [5], the Nusselt number for the rectangular duct 
with infinite width and circular tube under the constant wall heat flux and temperature are 
shown in Table 1.

Table 1 The exact Nusselt number for investigated channels
Tabuľka 1 Exaktné hodnoty Nusseltovho čísla pre vyšetrované kanály

Rectangular Duct (parallel 
plates) Circular Tube

Wall Heat Flux 140/17 48/11

Wall Temperature 7.541 3.658

Since the Nusselt number depends on the mesh distribution, 5 different values for each 
channel and load combination were achieved and subsequently approximated by a power 
function in the form:

where	 r is the number of elements (-),
	 a, b, c are unknown coefficients to be determined.
Considering the asymptotical function, it is possible to calculate the exact Nusselt 

number when the variable equals infinity. Hence, the coefficient c determines a theoreti-
cally exact value. The unknown coefficients are searched for by the least square method.

RESULTS AND DISCUSSION

When performing the computations, the temperature fields are evaluated to obtain the 
temperature distribution alongside the vertical lines and calculate the bulk temperature. 
A part of the temperature field in a developed flow area is shown in Fig. 2.

A dependence of the Nusselt number on the number of the half-vertical edge elements 
is shown in Fig. 3. Undoubtedly, all values increase with the number of elements and get 
closer to a certain value that might be the exact one for infinite number of elements. The 
most suitable approximation of the points is achieved by Eq. 12 where the coefficients 
were determined by the least square method. Subsequently, the Nusselt number at infinite 
number of edge elements is calculated that is represented by the coefficient c. Discrepan-
cies between the coefficient c and exact values are 0.02% and 0.03% for the rectangular 
duct at constant wall heat flux and rectangular duct at constant wall temperature respec-
tively. For the circular tube at constant wall heat flux and circular tube at constant wall 
temperature, discrepancies were achieved as 0.05% and 0.08% respectively. 

To perform the numerical analyses, the Direct Numerical Simulation solver was used 
for the laminar flow where the pressure-velocity coupling was handled by the coupled scheme 
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when the residuals of continuity, x-velocity, y-velocity, and energy parameters met the 
convergence criterion 10−6. From the wall boundary condition point of view, the constant heat 
flux and constant temperature values were defined. For the rectangular duct and circular tube, 
2D planar and axisymmetric analysis were performed respectively where the domain boundary 
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- wall – upper side: 
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where vx is the velocity in x direction (m·s-1), 
vy is the velocity in y direction (m·s-1), 
vr is the velocity in radial direction (m·s-1), 
T∞ is the outside temperature (K), 
Tw is the wall temperature (K), 
qw is the heat flux (W·m-2). 
On the basis of the Fourier and Newton law, the local Nusselt numbers based on the 

local heat transfer coefficients were being evaluated alongside the channel length. The local 
heat transfer coefficient is defined as [3]: 
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where n is the normal direction to the wall (-), 
H is the channel height (H = 0.05 m), 
D is the channel diameter (D = 0.05 m). 

The bulk temperature is defined as: 

𝑇𝑇𝑏𝑏 =
∫ 𝑇𝑇𝑣𝑣𝑥𝑥𝑑𝑑𝑑𝑑
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The local Nusselt number for the rectangular duct is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝑅𝑅 = 2ℎ𝑥𝑥𝐻𝐻
𝜆𝜆  (10) 

The local Nusselt number for the circular tube is defined as: 

𝑁𝑁𝑁𝑁𝑥𝑥𝐶𝐶 = ℎ𝑥𝑥𝐷𝐷
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For each simulation, the representative value of the local Nusselt number is taken from 
the area where a fully developed flow is reached and subsequently compared with the exact one 
that can be achieved when solving equations (1) – (3) analytically. According to Han [4] and 
Erdogan and Imrak [5], the Nusselt number for the rectangular duct with infinite width and 
circular tube under the constant wall heat flux and temperature are shown in Table 1. 

Table 1 The exact Nusselt number for investigated channels 
Tabuľka 1 Exaktné hodnoty Nusseltovho čísla pre vyšetrované kanály 

 Rectangular Duct 
(parallel plates) 

Circular Tube 

Wall Heat Flux 140/17 48/11 

Wall Temperature 7.541 3.658 

Since the Nusselt number depends on the mesh distribution, 5 different values for each 
channel and load combination were achieved and subsequently approximated by a power 
function in the form: 

𝑁𝑁𝑁𝑁 = 𝑎𝑎𝑟𝑟𝑏𝑏 + 𝑐𝑐 (12) 

where r is the number of elements (-), 
 a, b, c are unknown coefficients to be determined. 
Considering the asymptotical function, it is possible to calculate the exact Nusselt number when 
the variable equals infinity. Hence, the coefficient c determines a theoretically exact value. The 
unknown coefficients are searched for by the least square method. 

RESULTS AND DISCUSSION 
When performing the computations, the temperature fields are evaluated to obtain the 

temperature distribution alongside the vertical lines and calculate the bulk temperature. A part 
of the temperature field in a developed flow area is shown in Fig. 2. 

 
 Fig. 2 Temperature field in the domain 

Obr. 2 Teplotné pole v kanáli 
A dependence of the Nusselt number on the number of the half-vertical edge elements 

is shown in Fig. 3. Undoubtedly, all values increase with the number of elements and get closer 
to a certain value that might be the exact one for infinite number of elements. The most suitable 
approximation of the points is achieved by Eq. 12 where the coefficients were determined by 
the least square method. Subsequently, the Nusselt number at infinite number of edge elements 
is calculated that is represented by the coefficient c. Discrepancies between the coefficient c 
and exact values are 0.02% and 0.03% for the rectangular duct at constant wall heat flux and 
rectangular duct at constant wall temperature respectively. For the circular tube at constant wall 
heat flux and circular tube at constant wall temperature, discrepancies were achieved as 0.05% 
and 0.08% respectively.  
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Fig. 3 Dependence of the Nusselt number on the mesh size
Obr. 3 Závislosť hodnoty Nusseltovho čísla na veľkosti siete

Using the least square method, the power functions were created that describe the data 
from the CFD computations as follows:
- rectangular duct with constant wall heat flux

(13)
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Obr. 3 Závislosť hodnoty Nusseltovho čísla na veľkosti siete 
Using the least square method, the power functions were created that describe the data 

from the CFD computations as follows: 
- rectangular duct with constant wall heat flux 
𝑁𝑁𝑁𝑁 = −2.152𝑟𝑟−1.834 + 8.236 (13) 

- rectangular duct with constant wall temperature 
𝑁𝑁𝑁𝑁 = −2.467𝑟𝑟−1.862 + 7.543 (14) 

- circular tube with constant wall heat flux 
𝑁𝑁𝑁𝑁 = −1.199𝑟𝑟−1.899 + 4.366 (15) 

- circular tube with constant wall temperature 
𝑁𝑁𝑁𝑁 = −2.149𝑟𝑟−1.998 + 3.661 (16) 

The power function according to Eq. 12 might be uniquely defined by three points. Let 
us consider three mesh distributions with the smallest number of elements and determine the 
coefficient c that achieves the following values: 
- rectangular duct with constant wall heat flux c = 8.239 
- rectangular duct with constant wall temperature c = 7.544 
- circular tube with constant wall heat flux  c = 4.367 
- circular tube with constant wall temperature c = 3.661 
The maximum discrepancy of the coefficient c between the approximation with five points and 
the approximation with three points is 0.02%, which can be considered as negligible. 
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Using the least square method, the power functions were created that describe the data 
from the CFD computations as follows:
- rectangular duct with constant wall heat flux

(13)

- rectangular duct with constant wall temperature

- circular tube with constant wall heat flux

- circular tube with constant wall temperature

The power function according to Eq. 12 might be uniquely defined by three points. Let us 
consider three mesh distributions with the smallest number of elements and determine the 
coefficient c that achieves the following values:
- rectangular duct with constant wall heat flux	 c = 8.239
- rectangular duct with constant wall temperature	 c = 7.544
- circular tube with constant wall heat flux		  c = 4.367
- circular tube with constant wall temperature	 c = 3.661

The maximum discrepancy of the coefficient c between the approximation with five 
points and the approximation with three points is 0.02%, which can be considered as 
negligible.

CONCLUSION

The effect of element mesh size on the Nusselt number in a channel flow was studied 
in the paper where a  significance of the edge element distribution on the heat transfer 
parameter was proved. When performing the CFD computations, two different channel 
shapes and two different heat loads were considered while five different mesh distributions 
were used for each combination. The dependence of the Nusselt number on the number of 
vertical edge elements was approximated by a power function that allows the calculation 
of the Nusselt number for theoretically infinite number of elements. Since three points are 
necessary to create the function only, three mesh distributions with the smallest number 
of elements were used. The discrepancies between the exact value of the Nusselt number 
and the coefficient that represents the Nusselt number for theoretically infinite number of 
elements were achieved in the range of 0.04% to 0.09%, which is considered as negligible. 
It is important information from the computational time point of view, since the less 
number of elements the lower computational time is required. The mentioned approach 
can be conducted for different domains and heat transfer conditions where similar behavior 
can be noticed.
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EFFECT OF RAM-AIR ON THE COOLING PROCESS 
OF HEAT TRANSFER FLUID IN THE COOLING 
CIRCUIT OF AN AUTOMOBILE ENGINE
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ABSTRACT: The paper deals with the investigation of the influence of the ram-air on the cooling 
process of the heated coolant circulating in the cooling circuit of the automobile engine. The axial 
drum fan located upstream of the heat exchanger is used to simulate the flow of the impingement 
air at average velocities 6, 8 and 10 m/s. Simultaneously, a manufacturer’s fan is mounted on the 
cooler in order to compare the time required to dissipate excess heat using only ram-air and forced 
cooling using the fan on the cooler. The coolant mixture consists of ethylene glycol and water in 
a 1:1 ratio. To record the coolant temperatures in the circuit and the temperature distribution on the 
cooler, thermistors and thermal imaging technology are used. The shortest cooling time of the hot 
coolant was recorded at a ram-air velocity of 10 m/s, when the thermostatic valve released the hot 
coolant into the long circuit for 20 seconds. Heat transfer from the coolant to the ambient increases 
with increasing volume and airflow through the cooler core, which positively affects the efficiency 
of engine operation.

Key words: engine cooler, coolant, fan, ram-air, temperature

ABSTRAKT: Príspevok sa zaoberá skúmaním vplyvu náporového vzduchu na proces chladenia 
ohriatej chladiacej kvapaliny cirkulujúcej chladiacim okruhom motora automobilu. Axiálny bubno-
vý ventilátor umiestnený pred výmenníkom tepla slúži pre simuláciu prúdu náporového vzduchu 
pri stredných rýchlostiach 6, 8 a  10 m/s. Zároveň, na  chladiči je osadený továrenský ventilátor 
za  účelom porovnania času potrebného pre odvod prebytočného tepla len pomocou náporového 
vzduchu a núteným chladením pomocou ventilátora na chladiči. Zmes chladiacej kvapaliny pozostá-
va z etylénglykolu a vody v pomere 1:1. Pre záznam teplôt chladiacej kvapaliny na vstupe a výstupe 
chladiča a  rozloženia teplôt na  chladiči sú použité termistory a  termovízna technika. Najkratšia 
doba chladenia horúcej chladiacej kvapaliny bola zaznamenaná pri rýchlosti náporového vzduchu  
10 m/s, kedy termostatický ventil prepúšťal horúcu chladiacu kvapalinu do veľkého okruhu po dobu 
20 sekúnd. Prenos tepla z chladiacej kvapaliny do okolia stúpa spolu s narastajúcim objemom a prie- 
tokom prúdiaceho vzduchu jadrom chladiča, čo pozitívne ovplyvňuje efektivitu prevádzky motora.

Kľúčové slová: chladič motora, chladiaca kvapalina, ventilátor, náporový vzduch, teplota
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INTRODUCTION

Today’s automobiles are equipped with highly efficient and powerful engines (Dwive-
di & Rai 2015). It also affects the life of engine components (Thantla et al. 2023). Engine 
performance and efficiency are affected by various systems such as the air intake system, 
fuel system, lubrication system, cooling system, etc. (Channankaiah & Arunpandiyan 
2016). The cooling system is one of the most important systems within the car. It plays 
an important role in maintaining the operating temperature of the engine (Chastain et al. 
2010; Pang et al. 2012). It removes the waste heat produced during engine operation to 
ensure optimum combustion in the cylinder (Wang et al. 2014; Amrutkar & Patil 2013). 
Waste heat is dissipated through the engine cooler (heat exchanger), which ensures the 
transfer of heat from the engine components to the surrounding environment (Mounika 
et al. 2016). Typically, it is a cross heat exchanger transferring heat from the hot coolant 
coming out of the engine to the air flowing through it, either naturally (air rush when the 
car is moving) or forced (cooler fan) (Shah & Gaurvadkar 2023). The coolant flows through  
the cooler when its temperature exceeds its operating value and the heat needs to be trans-
ferred to cooler air (Fatigati et al. 2021). During this process, cooled coolant is circulated 
in the engine to reduce its temperature (Muller et al. 2023). The performance of the coo-
ling system is influenced by 2 factors. One is the mass flow through the cooler and the 
other is the air distribution at the inlet surface of the cooler (Zhang et al. 2018). Authors 
(Salehi et al. 2023) stated in their paper that increasing the mass flow of air passing over 
the surface of the cooler increases heat transfer, which results in an increase in cooling 
performance. Mass flow and flow distribution depend on ambient air velocity, vehicle 
movement speed, radiator fan performance and geometric parameters. 

Ambient air at a  lower temperature is an important part of the heat transfer pro-
cess as it removes excess heat from the heat exchange surfaces of coolers and engine 
component surfaces. The air in the hot core cooler environment is heated in a  relati-
vely short time. In order for the cooler to efficiently dissipate heat back into the am-
bient air, the continuously heated air must be replaced with cool air to ensure that the 
heat exchange process continues. Coolers are therefore predominantly placed at the 
front of the vehicle, where the heat is continuously extracted by the ram-air. Ram-air 
is the flow of air through and around the bodywork caused by movement between the 
vehicle and the air surrounding the vehicle. Ram-air can also be applied to a  stationa-
ry vehicle (idling) when the heat exchange surfaces of the radiators are cooled by the 
ambient wind. The amount and velocity of the ram-air passing to the cores of vehicle 
coolers are influenced by the size of the openings in the front end, the design of the body 
elements, the elements used to direct the airflow, and the radiator support wall. Up to  
95 % of the cooling of the coolant inside the cooling circuit takes place by means of ram-
-air. At the moment when a sufficient flow of charge air through the coolers is not ensured, 
an additional device is put into operation. The volume of air passing through the cooler 
core is increased in modern vehicles by an electric fan or a pair of electric fans. These are 
axial fans, installed to the heat exchange surface of the cooler on the air side (Hussein et 
al. 2014). They blow air between the fins and tubes of the heat exchange surface which 
provides temperature control of the engine and also prevents it from overheating (Razak 
et al. 2017).
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Authors (Manat et al. 2022) investigated the effect of three types of coolants and charge 
air on radiator performance. The fan generating the air pressure was fitted to the front of the 
cooler. As part of the experimental tests, the cooler temperature was monitored at different 
air velocities. The results showed that an increase in fan velocity (increase in air flow) in 
front of the cooler will improve heat dissipation from the heat exchange surface. Authors 
(Gemicioglu & Demircan 2021) investigated the effect of using different ethylene glycol/
water mixture ratios on the performance of the engine cooler. A fan mounted in front of the 
heat exchange surface generated a cooling air stream with a velocity of 1 ÷ 4 m/s. The best 
cooling effect was achieved using pure water only, with a coolant inlet temperature of 80 ℃, 
a flow rate of 22 l/min and an airflow velocity of 4 m/s. Again, the increase in cooling air 
flow and velocity has been shown to provide more efficient heat transfer.

In the present study is investigated the effect of ram-air on the cooling time of the heated 
coolant and the temperature drop of the automotive cooling circuit. The cooling process 
was accomplished by a factory cooler fan mounted to the heat exchange surface and an 
axial drum industrial fan used to simulate the vehicle‘s ride. The coolant temperature was 
sensed using thermistors in the inlet and outlet pipes of the vehicle cooler. The distribution 
of temperature fields on the heat exchange surface, inlet and outlet pipes of the cooler was 
captured by the FLIR E5-XT thermal imaging camera. 

MATERIAL AND METHODS

Experimental setup of the automobile engine cooling circuit inspired by Ali et al. 2015; 
Cuevas et al. 2011; Goudarzi et al. 2017; Heris et al. 2014; Vasudevan et al. 2015; Wang et 
al. 2017; Yadav & Singh 2011 is shown in Fig. 1, with the principle of operation. The size 
of the experimental cooling circuit and the volume of coolant contained plays a key role in 
simulating the heating and cooling process (Singh et al. 2017). In the experimental cool-
ing circuits used so far, the volume of coolant contained exceeded the standard volume of 
coolant contained in a real car engine cooling circuit. The increase in coolant volume can 
negatively affect the duration of the heating and cooling process, leading to a distortion 
of the acquired data from the experimental tests. For this reason, an experimental cooling 
circuit was constructed according to a real car cooling circuit with a total cooling charge 
volume of 6 liters. 

Even though there is no combustion process in the cylinder block (5), the coolant 
temperature reaches 80 ℃, which represents the optimum operating temperature of a real 
engine. The necessary heat required to monitor changes in the thermal parameters of the 
cooling circuit is generated by a heating coil (11) with an output of 1.5 kW located in the 
heating element (12). The heater (12) is connected in the cooling circuit to a pipe which 
originally served for the supply and discharge of heated coolant into the cabin (interior) 
of the vehicle.
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Fig. 1 The scheme of experimental set-up
1 – inlet cooler pipe, 2 – outlet cooler pipe, 3 – heat exchange surface (cooler core), 4 – water 

pump, 5 – cylinder block, 6 – cylinder head, 7 – thermostatic valve, 8 – thermostatic valve body,  
9 – expansion tank, 10 – overpressure plug, 11 – heating spiral, 12 – heating spiral body,  
13 – datalogger, a – hot coolant (up 80 ℃), b – cooled coolant (below 80 ℃), c – coolant 

operating temperature (80 ℃)
Obr. 1 Schéma experimentálneho zariadenia

1 – vstupné potrubie chladiča, 2 – výstupné potrubie chladiča, 3 – teplovýmenná plocha (jadro 
chladiča), 4 – vodné čerpadlo, 5 – blok valcov, 6 – hlava valcov, 7 – termostatický ventil,  

8 – teleso termostatického ventilu, 9 – expanzná nádobka, 10 – pretlaková zátka, 11 – ohrevná 
špirála, 12 – teleso ohrevnej špirály, 13 – záznamník hodnôt, a – horúca chladiaca kvapalina 

(nad 80 ℃), b – ochladená chladiaca kvapalina (pod 80 ℃), c – prevádzková teplota chladiacej  
kvapaliny (80 ℃)

The cooling system is flooded with coolant through the expansion vessel (9). By start-
ing the electric motor using the frequency converter, start the water pump (4). The electric 
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motor is connected to the water pump by a V-belt, which is tensioned by a mechanism. 
The experimental cooling system assembly has two cooling circuits (small and large). the 
cooling medium flows in a small cooling circuit at a temperature of up to 80 °C. It consists 
of a water pump (4) which drives the coolant through the cylinder block (5), the cylinder 
head (6) and subsequently into the thermostat body (8). From there, the coolant is driven 
to the inlet of the heater. In the heating spiral body (12), the coolant is heated by a heat-
ing spiral (11). In the case of aeration or flooding of the heating element (12), a return 
pipe (d) is led from its upper part to the expansion vessel (9). The outlet of the heating 
element is connected by a pipe to a water pump. The coolant flows in a small circuit until 
the temperature rises above 80 °C. Subsequently, the thermostatic valve housed in the 
thermostat body (8) starts to open and the hot refrigerant flows to the inlet of the cooler 
(1). In the event that the hot liquid cannot flow under pressure through the cooler (3), a part 
of it flows through the return pipe (d) into the expansion vessel. Through the cooler outlet 
pipe (2), the cooled medium flows back to the water pump and from there back to a small 
circuit until the coolant temperature drops below 80 °C. If the coolant cannot be cooled 
by the engine cooler itself, the fan is activated, which more intensively removes heat from 
the pipes and fins of the cooler.

The distribution and circulation of the cooling air volume to the heated cooler core was 
provided by a Master DF 20 P fan placed in front of the cooler. An axial fan takes in and 
blows out air parallel to the axis of the drive (increasing the pressure of the air flowing 
through it). This type of fan provides an airflow of 6,600 m3/h and has an ideal outer diameter  
(ø 500 mm), which is identical in size to the built-up engine cooler from the Skoda Fabia 
1.4 (Fig. 2). Outlet airflow can be set in three stages (stage 1: 6 m/s, stage 2: 8 m/s, stage 
3: 10 m/s). The fan can be rotated both horizontally and vertically to simulate side airflow. 

a) b)
Fig. 2 Skoda Fabia 1.4 cooler used in the research, a) direction of coolant flow, (b) basic dimen-

sions
Obr. 2 Chladič Škoda Fabia 1.4 použitý pri výskume, a) smer toku chladiacej kvapaliny,  

b) základné rozmery
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The arrangement of the tubes in this type of cooler is consecutive, the fluid flow is 
transverse, and the tubes are divided by a dividing chamber into an upper and a lower part  
(two-way cooler). The radiator from the Skoda Fabia 1.4 engine consists of 44 tubes, 
which are arranged in two rows of 22 pieces in each row. The spacing between each ø 5 mm 
diameter pipe is 20 mm and the spacing between the first and second rows is 10 mm. Along 
the entire length of the cooler tubes 430 mm, fins are fitted on the tubes for intensive heat 
dissipation.

The experimental measurements were carried out while the coolant in the large engine 
coolant circuit was cooling down until the thermostat was closed (below 80 °C). Cool-
ing process of the G12 coolant lasted experimentally for 180 seconds after the fans were 
started. During heating and cooling, the temperatures of the coolant in the pipes at the inlet 
(Fig. 3a) and outlet (Fig. 3b) of the cooler, were recorded by means of two NTC ZA 9040-
FS thermistors (accuracy ±0.01 °C). Temperature values from the course of measurements 
were recorded by the ALMEMO 2590-4S datalogger. The temperature distribution on the 
surface of the cooler was non-contactless recorded by a thermal imaging camera FLIR E5-
XT (accuracy ±2% of the recorded value, detector resolution 160×120 points, measured 
temperature range from -20 °C to +250 °C, field of view 45°×34°), (Fig. 3c).

a) b) c)
Fig. 3 Sensors and instruments for recording temperatures, (a) thermistor in the inlet pipe of the 

cooler, (b) thermistor in the outlet pipe of the cooler, (c) thermal imaging camera
Obr. 3 Snímače a prístroje pre záznam teplôt, a) termistor vo vstupnom potrubí chladiča,  

b) termistor vo výstupnom potrubí chladiča, c) termovízna kamera

RESULTS AND DISCUSSION

Coolant inlet temperatures (Fig. 4) and coolant outlet temperatures (Fig. 5) were re-
corded while monitoring the cooling process. To determine the difference in cooling effi-
ciency, a measurement was first made using the engine cooler fan. Subsequently, an indus-
trial fan was mounted in front of the cooler and after heating the coolant in the circuit to 
the operating temperature (80 ℃), the industrial fan was started with an initial air velocity 
of 26.6 km/h (6 m/s). This was followed by an increase in air velocity to 28.8 km/h (8 m/s) 
and the highest possible velocity that the fan can generate to 36 km/h (10 m/s). 

Within the inlet manifold of the cooler, the industrial fan with all tested airflow ve-
locity initially achieved better temperature values by time 0:01:30. This is because the 
ram-air does not have to first suck the hot air through the heat exchange surface (causing 
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the heat exchange to slow down) and divert it towards the engine compartment, as is the 
case with a fan. The ram-air passes directly through the heat exchange surface at ambient 
temperature, which is usually a few tens of degrees lower (in this case 20 ℃). The rever-
sal occurred at time 0:02:00, when the engine cooler fan achieved better heat dissipation 
compared to the intake air by 0.5 ℃ on average, with this value rising to 1.5 ℃ at the end 
of the measurements (time 0:03:00). This is because the ram-air passing through the heat 
exchange surface of the cooler hits the plastic cover of the cooler fan, which prevents the 
ram-air from cooling individual hoses or components of the cooling system or engine. The 
only possible path of the ram-air passing through the heat exchange surface is between 
the individual fan blades, thus the heat dissipation from the components located behind 
the cooler is relatively limited. However, this problem does not occur when the cooler fan 
is running as it initially draws in hot air from in front of the cooler and discharges it into 
the engine compartment, which at the same time lowers the temperature of the engine. In 
real engine operation, however, the measured difference in fan and charge air efficiency is 
negligible because the temperature drop during the cooling process is usually below the 
operating temperature and cooling lasts only a few seconds.

Fig. 4 Comparison of cooling times at the cooler inlet when using a cooler fan and an 
external fan (ram-air)

Obr. 4 Porovnanie časov ochladzovania na vstupe do chladiča pri použití ventilátora 
chladiča a externého ventilátora (nápor vzduchu)

For efficient operation of an internal combustion engine, it is essential to maintain its 
temperature within the optimum temperature range (coolant 80 ÷ 90 ℃, lubricating oil 80 
÷ 120 ℃). If the engine does not achieve it, this leads to increased wear of components 
(moving parts), increased exhaust gas pressure, degradation of the operating cartridges, 
increased fuel consumption and loss of power. 
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Table 1 Coolant inlet temperatures drop during the cooling process by the cooler fan and the exter-
nal fan (ram-air)
Tabuľka 1 Pokles teplôt chladiacej kvapaliny na vstupe do chladiča pri procese chladenia ventilá-
torom chladiča a externým ventilátorom (nápor vzduchu)

Cooling 
time t

(h:min:s)

Cooler fan
External fan

v = 6 m/s  
(26,6 km/h)

External fan

v = 8 m/s 
(28,8 km/h)

External fan

v = 10 m/s 
(36 km/h)

Tin (°C) Tin (°C) Tin (°C) Tin (°C)

0:00:00

0:00:05

0:00:10

0:00:15

0:00:20

0:00:25

0:00:30

0:01:00

0:02:00

0:03:00

80.1

80.2

80.2

80.3

80.3

80.4

80.4

79.1

73.1

66.7

81.0

80.9

80.8

80.5

80.2

80.0

79.7

78.0

73.8

68.8

80.1

80.1

80.1

80.2

80.1

79.9

79.6

78.2

74.1

69.7

80.3

80.3

80.4

80.3

80.1

79.8

79.5

78.2

73.3

68.1

For the engine to operate in optimum condition, it is essential to ensure that the cooled 
coolant is transported from the cooler outlet to the thermostatic valve in the shortest time. 
The comparison of the coolant temperatures during the cooling process flowing from the 
thermostatic valve into the cooler inlet pipe and the subsequent break in coolant flow 
through the cooler core (thermostatic valve closure due to temperature drop below 80 ℃) 
is shown in the Table 1.

The forced cooling process in the small cooling circuit of the car engine does not usu-
ally exceed 30 seconds. When the engine and its components function properly during 
this time, the large cooling circuit will be closed by the thermostatic valve. The faster the 
coolant temperature drops slightly below the operating temperature, the faster the engine 
runs efficiently. From the curve plot of Fig. 4, during the cooling process by the cooler 
fan, the coolant temperature did not drop below 80 ℃ within 30 seconds of start-up. The 
thermostatic valve closed the coolant supply to the cooler at 0:00:40 when the tempera-
ture reached Tin = 79.9 ℃. In the process of cooling the coolant with an external fan, the 
temperature dropped below the operating value of 80 ℃ at the same time (0:00:25) for all 
3 airflow rates tested. The lowest inlet coolant temperature Tin = 79.5 ℃ was recorded at 
0:00:30 from the start of the fan with an airflow velocity of 10 m/s.
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Fig. 5 Comparison of cooling times at the cooler outlet when using the cooler fan and the exter-
nal fan (ram-air)

Obr. 5 Porovnanie časov ochladzovania na výstupe z chladiča pri použití ventilátora chladiča 
a externého ventilátora (nápor vzduchu)

The curve plot of Fig. 5 for the cooler fan cooling process shows that after 30 seconds, 
the coolant temperature value dropped to Tout = 66.2 ℃. In the process of cooling the 
cooler core with ram-air (external fan), lower coolant temperatures were recorded for the 
same time compared to the cooler fan for all tested air velocities.

A comparison of the coolant temperature drops in the cooler during the cooling process 
by the factory fan and the external fan (ram-air) is shown in Table 2. The temperature drop 
ΔT represents the difference between the inlet temperature Tin and the outlet temperature 
Tout of the coolant. The maximum temperature drop reaches during the first 30 seconds 
from the start of the cooling process by the cooler fan was ΔT = 14.2 °C. As the volume 
of air passing through the core of the cooler increases in a shorter time, the temperature 
difference between the inlet and outlet temperature of the coolant increases - making the 
cooling process more efficient. This also applies in the case of the external fan cooling 
process where the largest temperature drops (ΔT = 22.5 °C) was within 30 seconds of the 
fan start at a forced air velocity of 10 m/s. 
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Table 2 Outlet coolant temperature at the cooler outlet during the cooling process by the cooler fan 
and the external fan (ram-air)
Tabuľka 2 Teploty chladiacej kvapaliny na výstupe z chladiča pri procese chladenia ventilátorom 
chladiča a externým ventilátorom (nápor vzduchu)

Cooling 
time t

(h:min:s)

Cooler fan
External fan

v = 6 m/s  
(26,6 km/h)

External fan

v = 8 m/s  
(28,8 km/h)

External fan

v = 10 m/s  
(36 km/h)

Tout (°C) ΔT (°C) Tout (°C) ΔT (°C) Tout (°C) ΔT (°C) Tout (°C) ΔT (°C)
0:00:00

0:00:05

0:00:10

0:00:15

0:00:20

0:00:25

0:00:30

0:01:00

0:02:00

0:03:00

75.1

73.8

72.5

71.2

69.6

68.1

66.2

48.9

40.4

39.3

5.0

6.4

7.8

9.2

10.7

12.2

14.2

30.3

32.7

27.4

74.4

74.3

72.4

66.5

62.0

60.1

58.5

52.8

48.7

40.4

6.5

6.7

8.4

14.1

18.2

19.8

21.2

25.2

25.2

28.5

74.6

74.7

73.7

70.3

65.9

61.9

58.4

49.5

46.0

38.0

5.5

5.4

6.4

9.9

14.2

18.1

21.2

28.7

28.1

31.7

75.6

75.7

74.3

69.7

63.2

60.1

57.1

47.7

44.6

36.8

4.6

4.6

6.2

10.6

16.8

19.7

22.5

30.5

28.7

31.2

Thermal images of the temperature fields during the cooling process by the cooler fan 
(Fig. 6) and the external fan (Fig. 7) were recorded at a time interval of 30 seconds.

Fig. 6 Thermal images during the cooling process by the cooler fan (fan 
located behind the cooler)

Obr. 6 Termovízne snímky počas procesu chladenia ventilátorom chladiča 
(ventilátor za chladičom)

flows directly onto the individual surfaces of the engine components, thus cooling them at the 
same time. 
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Fig. 7 Thermal images during the external fan cooling process  
(ram-air: fan located in front of the cooler) 

Obr. 7 Termovízne snímky počas procesu chladenia externým ventilátorom  
(náporový vzduch: ventilátor umiestnený pred chladičom) 

However, more meaningful than the surface temperature of the components is the 
temperature inside the engine. Compared to the cooler fan, the external fan provided a higher 
coolant temperature drop (from an operating value of 80 ℃) at the cooler outlet of 9.1 ℃. In 
the case of correct operation of the engine and its groups, the ram-air (driving of the vehicle) 
reliably ensures intensive dissipation of excess heat and maintenance of the optimum 
temperature. The cooler fan is started only rarely and for a short period of time (15 ÷ 30 seconds 
on average) when there is insufficient flow of ambient air at a lower temperature through the 
heat exchange surface. 

CONCLUSION 
For the efficient operation of an internal combustion engine, it is necessary to maintain 

it within the optimum operating temperature range. In a real car engine cooling circuit, excess 
heat from the coolant is removed from the 95 % during operation by the forward movement of 
the vehicle (ram-air) or by the airflow from the cooling fan. In the vehicle driving simulation 
of the experimental tests, the process of cooling the G12 coolant with 10 m/s ram-air achieved 
a higher temperature drop of 0.8 ℃ at the cooler inlet pipe after 30 seconds. At this point, the 
inlet temperature was Tin = 79.5 ℃, indicating a break in the coolant flow from the small circuit. 
During the cooling process by the cooler fan, the inlet coolant temperature did not drop below 
80 ℃ (Tin = 80.4 ℃) and the hot liquid inflow from the small circle continued. The faster the 
flow of coolant is break (a slight drop in temperature below the operating value of  
80 ℃ − thermostatic valve closure), the faster the engine will be able to work more efficiently. 

The cooling process with an external fan (ram-air) achieved a higher temperature drop 
even within the monitored outlet pipe of the cooler. After 30 seconds, the G12 coolant reached 
a temperature of Tout = 57.1 ℃ at the outlet, which is an improvement of 9.1 ℃ compared to 
the cooler fan.  

Based on the measured data, the fact was confirmed that the larger the volume and flow 
rate of the air flowing through the heat exchanger surface of the cooler, the more efficient the 
dissipation of excess heat, resulting in an increase in the efficiency of engine operation. 
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Among the most heat-exposed components in an internal combustion engine during 
operation are the cylinder head and cylinder block, where high temperatures are generated 
because of the combustion process of the mixture in the cylinder. During the experimental 
tests, the thermal imaging camera imaged the surface of the cylinder block where, as in the 
real engine, the greatest heat accumulation occurred.

From the comparison of the sensed surface temperatures, the temperature drop of the 
cylinder block surface during the external fan cooling process (air velocity of 10 m/s) for  
30 seconds was 4.2 ℃. In the process of cooling by the cooler fan, the surface temperature 
of the cylinder block dropped by 11.5 ℃ in 30 seconds. The three-fold reduction in surface 
temperature by the cooler fan is due to its location. The cooler fan is attached to the heat 
exchange surface by means of a wreath. This shroud is full except for the cut-out for the 
fan mounting and allows the distribution of the ram-air further to the engine only between 
the fan blades. In contrast, the airflow generated by the cooler fan blades has no obstacle 
in its path, it flows directly onto the individual surfaces of the engine components, thus 
cooling them at the same time.

Fig. 7 Thermal images during the external fan cooling process  
(ram-air: fan located in front of the cooler)

Obr. 7 Termovízne snímky počas procesu chladenia externým ventilátorom  
(náporový vzduch: ventilátor umiestnený pred chladičom)

However, more meaningful than the surface temperature of the components is the tem-
perature inside the engine. Compared to the cooler fan, the external fan provided a higher 
coolant temperature drop (from an operating value of 80 ℃) at the cooler outlet of 9.1 ℃.  
In the case of correct operation of the engine and its groups, the ram-air (driving of the 
vehicle) reliably ensures intensive dissipation of excess heat and maintenance of the opti-
mum temperature. The cooler fan is started only rarely and for a short period of time (15 ÷ 30 
seconds on average) when there is insufficient flow of ambient air at a lower temperature 
through the heat exchange surface.
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However, more meaningful than the surface temperature of the components is the 
temperature inside the engine. Compared to the cooler fan, the external fan provided a higher 
coolant temperature drop (from an operating value of 80 ℃) at the cooler outlet of 9.1 ℃. In 
the case of correct operation of the engine and its groups, the ram-air (driving of the vehicle) 
reliably ensures intensive dissipation of excess heat and maintenance of the optimum 
temperature. The cooler fan is started only rarely and for a short period of time (15 ÷ 30 seconds 
on average) when there is insufficient flow of ambient air at a lower temperature through the 
heat exchange surface. 

CONCLUSION 
For the efficient operation of an internal combustion engine, it is necessary to maintain 

it within the optimum operating temperature range. In a real car engine cooling circuit, excess 
heat from the coolant is removed from the 95 % during operation by the forward movement of 
the vehicle (ram-air) or by the airflow from the cooling fan. In the vehicle driving simulation 
of the experimental tests, the process of cooling the G12 coolant with 10 m/s ram-air achieved 
a higher temperature drop of 0.8 ℃ at the cooler inlet pipe after 30 seconds. At this point, the 
inlet temperature was Tin = 79.5 ℃, indicating a break in the coolant flow from the small circuit. 
During the cooling process by the cooler fan, the inlet coolant temperature did not drop below 
80 ℃ (Tin = 80.4 ℃) and the hot liquid inflow from the small circle continued. The faster the 
flow of coolant is break (a slight drop in temperature below the operating value of  
80 ℃ − thermostatic valve closure), the faster the engine will be able to work more efficiently. 

The cooling process with an external fan (ram-air) achieved a higher temperature drop 
even within the monitored outlet pipe of the cooler. After 30 seconds, the G12 coolant reached 
a temperature of Tout = 57.1 ℃ at the outlet, which is an improvement of 9.1 ℃ compared to 
the cooler fan.  

Based on the measured data, the fact was confirmed that the larger the volume and flow 
rate of the air flowing through the heat exchanger surface of the cooler, the more efficient the 
dissipation of excess heat, resulting in an increase in the efficiency of engine operation. 
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CONCLUSION

For the efficient operation of an internal combustion engine, it is necessary to main-
tain it within the optimum operating temperature range. In a  real car engine cooling  
circuit, excess heat from the coolant is removed from the 95 % during operation by the 
forward movement of the vehicle (ram-air) or by the airflow from the cooling fan. In 
the vehicle driving simulation of the experimental tests, the process of cooling the G12 
coolant with 10 m/s ram-air achieved a higher temperature drop of 0.8 ℃ at the cooler  
inlet pipe after 30 seconds. At this point, the inlet temperature was Tin = 79.5 ℃, in-
dicating a  break in the coolant flow from the small circuit. During the cooling pro-
cess by the cooler fan, the inlet coolant temperature did not drop below 80 ℃ (Tin = 
80.4 ℃) and the hot liquid inflow from the small circle continued. The faster the 
flow of coolant is break (a  slight drop in temperature below the operating value of  
80 ℃ − thermostatic valve closure), the faster the engine will be able to work more effi-
ciently.

The cooling process with an external fan (ram-air) achieved a higher temperature drop 
even within the monitored outlet pipe of the cooler. After 30 seconds, the G12 coolant 
reached a temperature of Tout = 57.1 ℃ at the outlet, which is an improvement of 9.1 ℃ 
compared to the cooler fan. 

Based on the measured data, the fact was confirmed that the larger the volume and flow 
rate of the air flowing through the heat exchanger surface of the cooler, the more efficient 
the dissipation of excess heat, resulting in an increase in the efficiency of engine operation.
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ABSTRACT: The main objective of this research is to test the adhesion properties of motorcycle 
tires and brakes with Nankang Sportiac WF-2 tires using deceleration. Nowadays, the probability of 
a traffic accident is increased with the ever-increasing number of vehicles on our roads, while most 
accidents can be prevented by improving the condition and driving characteristics of the vehicle 
and training the driver in critical situations. It is also necessary to improve the driving characteris-
tics of the motorcycle with the ever-increasing power of motorcycles. Our measured motorcycle is 
equipped with a sports exhaust and on the front pair of brakes it is equipped with Brembo brake pads 
with a sintered compound. At the time of measurement, the front tire had approximately 3,000 km 
and the rear approximately 1,000 km. We used the device XL MeterTM Pro Alfa designed to mea-
sure the acceleration or deceleration of the vehicle needed to calculate tire adhesion while the device 
must be positioned such way that its attachment is perpendicular to the road and the axis of the 
measuring device is parallel to the axis of the vehicle. Another device was a digital rollmeter used to 
measure ground distances and to check the results of the braking distance. Before the measurements 
themselves, it was necessary to fix the measuring device and to perform test rides to evaluate the 
road quality and warm up the test motorcycle. Measurements on the said motorcycle were carried 
out at three different speeds of 50, 70 and 100 km.h-1, while at each speed braking was measured 
either with only the front brake, the rear brake or both brakes together. In all measurements with 
only the rear brake, the rear wheel skidded, while when braking with the rear brake from speeds of 
75 and 98 km.h-1 and when braking from speeds of 67 and 102 km.h-1, the rear wheel lifted into the 
air. The highest deceleration was achieved at a speed of 79 km.h-1 at a value of 9.77 m.s-2 when brak-
ing with only the front brake, which corresponds to an adhesion of 0.99, while the lowest adhesion 
values were achieved at braking with the rear brake only in the value of 0.34 due to the low load on 
the rear wheel and dynamic load transfer. During limit braking with the front brake, the entire gravi-
tational force is dynamically transferred to the front wheel, which makes it possible to use the entire 
weight for braking power, thus this phenomenon has a great influence on the resulting deceleration. 
The given method of determining the limit adhesion can be considered technically acceptable and 
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correct. From the resulting measurement values, it follows that braking with the rear brake is very 
difficult due to the rapid occurrence of wheel locking and the subsequent threat of loss of stability. 

Key words: motorcycle, tires, deceleration, adhesion, 

ABSTRAKT: Hlavným cieľom tohto výskumu je testovanie adhéznych vlastností a bŕzd pomocou 
spomalenia na motocykle s pneumatikami Nankang Sportiac WF-2. V dnešnej dobe s neustále sa 
zvyšujúcim počtom vozidiel na našich cestách je zvýšená pravdepodobnosť dopravnej nehody, pri-
čom väčšine nehôd sa dá predísť zlepšením stavu a jazdných vlastností vozidla a školením vodiča 
v kritických situáciách. S neustále sa zvyšujúcim výkonom motocyklov je potrebné zlepšovať aj 
jazdné vlastnosti motocykla. Náš meraný motocykel je vybavený športovým výfukom a na pred-
nom páre bŕzd je vybavený brzdovými doštičkami Brembo so sintrovanou zmesou. V čase merania 
mala predná pneumatika najazdených približne 3000 km a zadná približne 1000 km. Pri meraniach 
sme použili prístroj XL MeterTM Pro Alfa určený na meranie zrýchlenia alebo spomalenia vozidla 
potrebného na výpočet adhézie pneumatík pričom zariadenie musí byť umiestnené tak, aby jeho 
upevnenie bolo kolmé na vozovku a os meracieho zariadenia bola rovnobežná s osou vozidla. Ďalší 
použitý prístroj bol digitálny rollmeter určený na meranie vzdialeností od zeme a na kontrolu vý-
sledkov brzdnej dráhy. Pred samotnými meraniami bola potrebné upevnenie meracieho zariadenia 
a vykonanie testovacích jázd na vyhodnotenie kvality vozovky a zahriatie testovaného motocykla. 
Merania na uvedenom motocykli boli realizované pri troch rôznych rýchlostiach 50, 70 a 100 km.h-

1, pričom pri každej rýchlosti bolo merané brzdenie buď len prednou brzdou, zadnou brzdou alebo 
oboma brzdami spolu. Pri všetkých meraniach len so zadnou brzdou došlo k šmyku zadného kolesa 
pričom pri brzdení zadnou brzdou z rýchlosti 75 a 98 km.h-1 a pri brzdení z rýchlosti 67 a 102 km.h-1 
sa zadné koleso zdvihlo do vzduchu. Najvyššie spomalenie bolo dosiahnuté pri rýchlosti 79 km.h-1 
pri hodnote 9,77 m.s-2 pri brzdení len prednou brzdou, čo zodpovedá adhézii 0,99, pričom najnižšie 
hodnoty adhézie boli dosiahnuté pri brzdení so zadnou brzdou len v hodnote 0,34 z dôvodu nízkej 
záťaže zadného kolesa a dynamického prenosu záťaže. Pri limitnom brzdení prednou brzdou sa celá 
gravitačná sila dynamicky prenáša na predné koleso, čo umožňuje využiť celú hmotnosť na brzdnú 
silu, tým pádom tento jav má veľký vplyv na výsledné dosiahnuté spomalenie. Daný spôsob stano-
venia limitnej adhézie možno považovať za technicky prijateľný a správny. Z výsledných hodnôt 
merania vyplýva, že brzdenie zadnou brzdou je veľmi náročné z dôvodu rýchleho vzniku zabloko-
vania kolies a následnej hrozby straty stability.

Kľúčové slová: motocykel, pneumatiky, spomalenie, adhézia

INTRODUCTION

Nowadays, with the ever-increasing number of vehicles on our roads, there is an in-
creased chance of a traffic accident, while most accidents can be prevented by improving 
the condition and driving characteristics of the vehicle and by training the driver in critical 
situations. With the ever-increasing performance of motorcycles, it is also necessary to 
improve the driving characteristics of the motorcycle. The tire has several important func-
tions, mainly ensuring the transmission of driving forces and braking forces, indicating 
the direction of the vehicle and also providing the initial suspension of the vehicle. The 
gas in the tire can be filled either directly between the tire and the wheel rim in the case 
of tubeless tires or into the tube of the tire, while the gas is mostly air or pure nitrogen 
used mainly in sports vehicles. Tires are made of several materials, the main ones being 
rubber and steel. The tire is fixed on the rim. Disks can be of different types. The most 
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commonly used are metal or light alloy, with older vehicles or motorcycles, spoked wheels 
are also used. The main requirements for wheel discs are low weight, mechanical and 
chemical resistance, flexibility and strength. In the case of motorcycles as well as in other 
vehicles, it is necessary that their brakes are sufficiently dimensioned for the use of the 
given vehicle (Hugo, 1994; Dočkal et al., 1998). Different types of brake systems are used 
in motorcycles. There are drum and disc brakes. Drum brakes were often used in the past 
on all types of motorcycles, nowadays they are used on cheap vehicles and exclusively on 
the rear wheel. Their main disadvantage is insufficient cooling compared to modern disc 
brakes. Disc brakes system is more modern than drum brakes. Its main advantage is better 
heat dissipation and smaller size with the same braking effect. Disc brakes consist of three 
basic parts namely brake shoes, brake discs and brake segment. Just as cars are equipped 
with various auxiliary systems for the protection of the driver and the vehicle‘s crew, so 
are motorcycles (Vernanec, 2006; Kolektív autorov, 2008; Sloboda, 2008). The most used 
such device for braking is ABS. Another auxiliary system is traction control, the task of 
which is to compare the speed of the wheels, and if the system evaluates a discrepancy, 
the power transmitted to the driven axle is reduced. In the case of powerful machines, the 
anti-wheelie system prevents the front wheel from lifting during sharp acceleration. In 
this work, we will focus on testing the adhesion properties and brake system of the Honda 
CB600S motorcycle at different speeds on the selected surface (Kulhánek, 1997; Liščák, 
2004; Hudák, Vrábeľ, 2010). 

MATERIAL AND METHODS

Characteristic of used material 
For the measurement, we used a Honda motorcycle with year of manufacture 2003 and 

type designation CB600S. The motorcycle is equipped with a sports exhaust pipe and on 
the front pair of brakes it is equipped with Brembo brake pads with sintered compound. 
The mentioned motorcycle does not contain any auxiliary elements either for braking or 
acceleration. The motorcycle was measured with Nankang Sportiac WF-2 tires. At the 
time of measurement, the front tire had travelled approximately 3000 km and the rear ap-
proximately 1000 km. Other characteristics and parameters of the motorcycle are shown 
in Tab. 1. 

Tab. 1 Parameters and properties of motorcycle 
Tabuľka 1 Parametre a vlastnosti motocykla Honda CB600S 2003

Motorcycle Honda CB600S 2003
Brand1) Honda
Type2) motorcycle

Category3) L3e
Engine capacity4) [cm3] 599

Motor (type)5) PC34/4/1
Maximum engine power [kW] / revolutions 

[min-1]6)
70 / 12 000
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Maximum torque [Nm] / revolutions [min-

1]7)
67 / 10 000

Operational weight8) [kg] 197
The size of front tire9) 120/70ZR 17 (58W)
The size of rear tire10) 180/55ZR 17 (73W)

1)Značka, 2)Typ, 3)Kategória, 4)Objem motora, 5)Motor, 6)Maximálny výkon /otáčky, 7)Maximálny kr-
útiaci moment / otáčky,  8)Prevádzková hmotnosť, 9)Rozmer prednej pneumatiky, 10)Rozmer zadnej 
pneumatiky

Fig. 1 Tested motorcycle Honda CB600S 2003
Obr. 1 Testovaný motocykel Honda CB600S 2003

Characteristic of used devices
The first used device was the XL MeterTM Pro Alfa designed to measure the accelera-

tion or deceleration of the vehicle needed to calculate tire adhesion. The device displays 
data such as maximum speed or the deceleration achieved during the measurement, the 
length of the braking distance and the braking time. The device must be placed in such a 
way that its attachment is perpendicular to the road and the axis of the measuring device 
must be parallel to the axis of the vehicle. Next, we used a digital rollmeter to measure 
ground distances and to check the results of the braking distance. The measuring range of 
this device is in the range from 0 to 9999 meters with an accuracy of 0.10 meters. 
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Fig. 2 Digital rollmeter
Obr. 2 Digitálny rollmeter

Characteristics of work procedures
– 	 Production of a handle for attaching the measuring device to the vehicle and fixing the 

measuring device to the holder, recording the parameters of the measured vehicle, tires 
and measurement conditions

– 	 During the measurement the ambient temperature was 27 °C and the road temperature 
30.2 °C.

– 	 Carrying out test rides to evaluate the quality of the road and warm up the tested mo-
torcycle

– 	 Performing measurement nine times at speeds of 50, 80, 100 km.h-1. and using differ-
ent combinations of braking with either the front brake only, the rear brake or both at 
the same time

– 	 Recording and evaluation of measured values with the XL MeterTM Pro device and 
measuring the length of the braking distance with a rollmeter

– 	 Based on the measured deceleration values, it is possible to calculate the tire adhesion 
values.

The adhesion coefficient calculation:

                                                                             (1)

where   a is measured deceleration [m.s-2],
       g is gravitational deceleration [m.s-2]

 
Fig. 2 Digital rollmeter 

Obr. 2 Digitálny rollmeter 
Characteristics of work procedures 
- Production of a handle for attaching the measuring device to the vehicle and fixing the 
measuring device to the holder, recording the parameters of the measured vehicle, tires and 
measurement conditions 
- During the measurement the ambient temperature was 27 °C and the road temperature 30.2 
°C. 
- Carrying out test rides to evaluate the quality of the road and warm up the tested motorcycle 
- Performing measurement nine times at speeds of 50, 80, 100 km.h-1. and using different 
combinations of braking with either the front brake only, the rear brake or both at the same time 
- Recording and evaluation of measured values with the XL MeterTM Pro device and measuring 
the length of the braking distance with a rollmeter 
- Based on the measured deceleration values, it is possible to calculate the tire adhesion values. 
The adhesion coefficient calculation: 

 μ = 𝑎𝑎𝑔𝑔                                                                              (1) 

where   a is measured deceleration [m.s-2], 
 g is gravitational deceleration [m.s-2] 

 
RESULTS 
 
In all measurements with the rear brake only, the rear wheel skidded, while the rear wheel lifted 
into the air when braking from speeds of 75 and 98 km.h-1. Tab. 2 shows the results of measuring 
the braking distance when braking with the rear brake only, and Fig. 3 shows the characteristics 
of the deceleration of the motorcycle using the rear brake only. When braking from speeds of 
67 and 102 km.h-1, the rear wheel rose again into the air. Tab. 3 shows the results of measuring 
the braking distance when braking only with the front brake, and Fig. 4 shows the characteristics 
of motorcycle deceleration using only the front brake. 
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RESULTS

In all measurements with the rear brake only, the rear wheel skidded, while the rear 
wheel lifted into the air when braking from speeds of 75 and 98 km.h-1. Tab. 2 shows the 
results of measuring the braking distance when braking with the rear brake only, and Fig. 
3 shows the characteristics of the deceleration of the motorcycle using the rear brake only. 
When braking from speeds of 67 and 102 km.h-1, the rear wheel rose again into the air. 
Tab. 3 shows the results of measuring the braking distance when braking only with the 
front brake, and Fig. 4 shows the characteristics of motorcycle deceleration using only the 
front brake.

Table 2 Measurement the braking distance when braking with the rear brake only
Tabuľka 2 Meranie brzdnej dráhy pri brzdení len zadnou brzdou

Measurement 1. 2. 3.
Speed1) [km.h-1] 49 65 79

Values measured by rollmeter
Beginning of the braking track2) 

[m] 57,5 44,7 118,5

End of the braking track3) [m] 71,4 77,4 164,5
The length of the braking track4) 

[m] 27,5 32,7 44

Values obtained from the XL-meter
Length of braking distance5) [m] 27,7 47,52 60,2

Braking time6) [s] 4,26 5,34 7,13
Deceleration value7) [m.s-2] 3,4 3,2 3,3

1) Rýchlosť, 2)Začiatok brzdnej stopy, 3)Koniec brzdnej stopy, 4)Dĺžka brzdnej stopy, 5)

Dĺžka brzdnej dráhy, 6)Čas brzdenia, 7)Hodnota spomalenia
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Fig. 3 Characteristics of deceleration of the Honda CB600S using the rear brake, on dry asphalt at 
a speed of 49 km.h-1, braking time 4,26 s and braking deceleration 3,44 m.s-2

Obr. 3 Charakteristika spomalenia Hondy CB600S zadnou brzdou, na suchom asfalte pri rýchlosti 
49 km.h-1, brzdný čas 4,26 s a brzdné spomalenie 3,44 m.s-2

Tab. 3 Measurement of the braking distance when braking with the front brake only
Tabuľka 3 Meranie brzdnej dráhy pri brzdení len prednou brzdou

Measurement 4. 5. 6.
Speed1) [km.h-1] 55,6 79,57 102,2

Values measured by rollmeter
Beginning of the braking track2) [m] 36,7 79,0 111,9

End of the braking track3) [m] 49,5 104,0 157,1
The length of the braking track4) [m] 12,7 25,0 47,1

Values obtained from the XL-meter
Length of braking distance5) [m] 19,5 39,68 57,60

Braking time6) [s] 2,12 2,96 3,56
Deceleration value7) [m.s-2] 8,8 9,77 9,2

1) Rýchlosť, 2)Začiatok brzdnej stopy, 3)Koniec brzdnej stopy, 4)Dĺžka brzdnej stopy, 5)Dĺžka brzdnej 
dráhy, 6)Čas brzdenia, 7)Hodnota spomalenia
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Fig. 4 Characteristics of deceleration of the Honda CB600S using the front brake, on dry asphalt at 
a speed of 50 km.h-1, braking time 1,93 s and braking deceleration 8,40 m.s-2

Obr. 4 Charakteristika spomalenia Hondy CB600S pomocou prednej brzdy, na suchom asfalte pri 
rýchlosti 50 km.h-1, brzdný čas 1,93 s a brzdné spomalenie 8,40 m.s-2

Tab. 4 Measurement of the braking distance when braking with both brakes
Tabuľka 4  Meranie brzdnej dráhy pri brzdení oboma brzdami

Measurement 7. 8. 9.
Speed [km.h-1] 50,6 67,1 102,2

Values measured by rollmeter
Beginning of the braking track [m] 21,0 50,7 122,2

End of the braking track [m] 34,4 67,7 155,9
The length of the braking track [m] 13,4 17,0 33,7

Values obtained from the XL-meter
Length of braking distance [m] 14,9 28,5 50,8

Braking time [s] 1,93 2,52 3,35
Deceleration value [m.s-2] 8,3 9,6 9,4

1)Rýchlosť, 2)Začiatok brzdnej stopy, 3)Koniec brzdnej stopy, 4)Dĺžka brzdnej stopy, 5)Dĺžka brzdnej 
dráhy, 6)Čas brzdenia, 7)Hodnota spomalenia
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Fig. 5 Characteristics of deceleration of the Honda CB600S using the both brakes, on dry asphalt 
at a speed of 50,6 km.h-1, braking time 2,13 s and braking deceleration 8,89 m.s-2

Obr. 5 Charakteristika spomalenia Hondy CB600S pomocou obidvoch bŕzd, na suchom asfalte pri 
rýchlosti 50,6 km.h-1, brzdný čas 2,13 s a brzdné spomalenie 8,89 m.s-2

In Tab. 4 are shown the results of measuring the braking distance when braking with both brakes, 
and Fig. 5 shows the characteristics of motorcycle deceleration using both brakes. For each measure-
ment, we calculated the adhesion coefficient values, which can be seen in Tab. 5 together with the 
corresponding deceleration value for the individual speeds and used motorcycle brakes. 

Tab. 5 Results of measurements
Tabuľka 5 Výsledky meraní 

Speed [km.h-1] Brakes Deceleration 
value [m.s-2]

Gravitational 
acceleration 

[m.s-2]

Coefficient of 
adhesion

Average coef-
ficient of adhe-

sion
49

Rear
3,4

9,81

0,35
0,3465 3,2 0,33

57 3,3 0,34
55.6

Front
8,8 0,90

0,9479,57 9,77 0,99
102,2 9,2 0,94
50,6

Both
8,3 0,85

0,9367,1 9,6 0,98
102,2 9,4 0,96

Tab. 4 Measurement of the braking distance when braking with both brakes 
Tabuľka 5  Meranie brzdnej dráhy pri brzdení oboma brzdami 

Measurement 7. 8. 9. 
Speed [km.h-1] 50,6 67,1 102,2 

Values measured by rollmeter 
Beginning of the 
braking track [m] 21,0 50,7 122,2 

End of the braking 
track [m] 34,4 67,7 155,9 

The length of the 
braking track [m] 13,4 17,0 33,7 

Values obtained from the XL-meter 
Length of braking 

distance [m] 14,9 28,5 50,8 

Braking time [s] 1,93 2,52 3,35 
Deceleration value 

[m.s-2] 8,3 9,6 9,4 
1)Rýchlosť, 2)Začiatok brzdnej stopy, 3)Koniec brzdnej stopy, 4)Dĺžka brzdnej stopy, 5)Dĺžka 
brzdnej dráhy, 6)Čas brzdenia, 7)Hodnota spomalenia 
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When braking with the front brake only and with both brakes, the detected values are al-
most the same, while the highest deceleration was achieved at a speed of 79 km.h-1 at a value of  
9.77 m.s-2 when braking with the front brake only, which corresponds to an adhesion of 
0.99, while the lowest adhesion values were achieved at braking with the rear brake only 
in the value of 0.34. This value cannot be considered the maximum, because when brak-
ing with the rear brake only, the weight is transferred to the front wheel and according to 
relation (1), the entire weight falling on the rear wheel is not used for deceleration, which 
significantly reduces the braking force from the pad. When braking at the limit with the 
front brake, the entire gravity force is dynamically transferred to the front wheel, which 
makes it possible to use the entire weight for braking force, which means that this phe-
nomenon has a great influence on the resulting deceleration achieved. The given method 
of determining limit adhesion can be considered technically acceptable and correct. 

If a cruiser type vehicle or a touring motorcycle were measured, it can be assumed that 
the adhesion values would be greater on the rear wheel. From the resulting measurement 
values, it follows that braking with the rear brake is very difficult due to the rapid occur-
rence of wheel locking and the subsequent threat of loss of stability. Therefore, braking 
with the rear brake requires greater experience and better dosing of the braking force by 
the rider himself.

DISCUSSION

Similar measurements and results were achieved by the author Kotek (2017), who also 
dealt with the evaluation of the adhesion properties of tires they noticed that the braking 
distance increases with increasing speed and also brake deceleration results increased with 
increasing speed. They found a braking distance of 31 m at an initial speed of 100 km.h-1 
with a braking deceleration of 9.8 m.s-2. In his work, the author Novosad (2017) similarly 
focused on the adhesion properties of road vehicle tires and after evaluating the results he 
came to similar conclusions. The author found that at an initial speed of 100 km.h-1, the 
braking distance was 46.3 m with a braking deceleration of 8.9 m.s-2 and coefficient of an 
adhesion 0,907. An author which confirmed the claim of the manufacturers and experts, 
which speaks of better adhesion properties of summer tires at a temperature higher than 
7 °C. Author Očovay (2013) carried out a similar measurement where he observed and 
tested selected tires on different surfaces and found that winter tires have higher braking 
deceleration values ​​than summer tires, which is due to the softer winter tire compound 
used. This was also reflected in the shorter braking distance. The measured braking decel-
eration values ​​were different, which was caused by different road characteristics and dif-
ferent temperature in each measurement. The author measured the highest value at a speed 
of 46 km.h-1 and found out that the braking deceleration increases with increasing speed 
due to the greater effect of the ABS system. Similar research was carried out by author 
Zálešák (2016) who dealt with the issue of investigating summer and winter properties of 
tires. When measuring summer tires, an author found that at an initial speed of 94.53 km.h-

1, the braking distance was 39 m with a braking deceleration of 9.26 m.s-2 and an adhesion 
coefficient of 0.94.
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CONCLUSION

This research was focused on measuring the adhesion properties of tires on a test mo-
torcycle of the brand and type Honda CB600S. Within the motorcycle, we used Nankang 
tires of the Sportiac WF-2 type with size 120/60 R17 on the front wheel and size 180/55 
R17 on the rear wheel. We achieved the highest deceleration when braking with the front 
brake only in the value of 9.77 m.s-2 at a speed of 79 km.h-1 and with an achieved adhesion 
of 0.99, on the contrary, we achieved the lowest deceleration values when braking with the 
rear brake only due to the low load on the rear wheel and dynamic load transfer. From the 
resulting measurement values, it follows that braking with the rear brake is very difficult 
due to the rapid occurrence of wheel locking and the subsequent threat of loss of stability. 
Therefore, braking with the rear brake requires greater experience and better dosing of the 
braking force by the rider himself. After comparing the results with other authors, we can 
conclude that our measurement was correct and we fulfilled the research objective and the 
given method of determining limit adhesion can be considered technically acceptable and 
correct.
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ABSTRACT: The use of artificial intelligence algorithms and their properties makes it easier to 
analyse data and then, based on it, find out the factors that affect it the most. This paper summarizes 
basics of the algorithm, inner principes of algorithms with examples and usage in terms of problem 
solving. In this overview several algorithms are mentioned such as: genetic algorithm, decision tree, 
artificial neural network etc. Each algorithm is suitable for a different type of problem, the article 
briefly presents their uses for manufacturing and automation. In the conclusion, general recommen-
dations for choosing a suitable algorithm are summarized.
Artificial neural network algorithms and their modifications are used in the modelling of production 
and machining processes based on the amount of real measured data of these processes. Such models 
then enable the prediction and trend of monitored variables in real time, e.g. prediction of tool wear 
and the related quality of the created surface.
Optimization algorithms such as particle swarm or ant colony optimisation, and other genetic algo-
rithms are used in the search for the optimal solution as the shortest sizes (distances) between manu-
facturing systems. This optimization does not have to be only in terms of time, but e.g. also the costs 
necessary for the implementation of material flows, energy consumption. When choosing a specific 
algorithm, the type of measured quantity (e.g. acoustic emission, vibration, power consumption, 
cutting force) and thus the nature of the output signal of a specific sensor must be considered. It is 
also necessary to consider the computational complexity and accuracy of the algorithm within the 
requirements of a specific application, where e.g. algorithms such as decision trees are relatively 
fast, but not as accurate as algorithms using artificial neural networks.

Key words: artificial intelligence, machine learning, manufacturing technology

ABSTRAKT: Využívanie algoritmov umelej inteligencie a  ich vlastností zjednodušuje ana-
lyzovanie dát a potom na základe nich zistenie faktorov, ktoré ich najviac ovplyvňujú. Tento článok 
sumarizuje základné algoritmy umelej inteligencie, ich vnútorné princípy s príkladmi na ich využitie 
v oblasti výrobnej techniky a obrábania. V  tomto prehľade je spomenutých niekoľko algoritmov 
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ako: genetický algoritmus, rozhodovací strom, umelá neurónová sieť a ďalšie. Každý algoritmus je 
vhodný pre iný typ problému, v článku sú stručne uvádzané ich použitia pre výrobu a automatizáciu. 
V závere sú sumarizované všeobecné odporúčania pre výber vhodného algoritmu.
Algoritmy na  princípe umelej neurónovej siete a  ich modifikácie sa využívajú pri modelovaní 
výrobných a obrábacích procesov na základe množstva reálnych nameraných údajov týchto pro-
cesov. Takéto modely potom umožňujú predikciu a trend sledovaných premenných v reálnom čase, 
napr. predikcia opotrebovania nástroja a s tým súvisiacej kvality vytvoreného povrchu.
Pri hľadaní optimálneho riešenia ako najkratšie veľkosti (vzdialenosti) medzi výrobnými systémami 
sa využívajú optimalizačné algoritmy ako optimalizácie zhlukom častíc alebo kolóniou mravcov 
a  ďalšie genetické algoritmy. Táto optimalizácia nemusí byť len z  časového hľadiska, ale napr. 
aj náklady potrebné na  realizáciu materiálových tokov, spotrebu energie. Pri výbere konkrétne-
ho algoritmu treba brať do úvahy typ meranej veličiny (napr. akustická emisia, vibrácie, príkon, 
rezná sila) a tým aj charakter výstupného signálu konkrétneho snímača. Taktiež je potrebné zvážiť 
výpočtovú náročnosť a presnosť algoritmu v rámci požiadaviek konkrétnej aplikácie, kde napr. al-
goritmy ako rozhodovacie stromy sú relatívne rýchle, ale nie také presné ako algoritmy využívajúce 
umelú neurónovú sieť.

Kľúčové slová: umelá inteligencia, strojové učenie, výrobná technika

INTRODUCTION

Finding suitable solution to a problem arising in technical practice is not always an 
easy task. In order to find a solution to a problem is imperative that we know all factors 
that relate to and affect it. After rigorous analysis we can determine the appropriate solu-
tion. Not always we have resources necessary to analyse and solve the issue, while using 
algorithms can save time and resources. Machine learning and algorithms of machine 
learning are tools that are most suitable for finding optimal solution not only for manu-
facturing process. This article describes some algorithms used to solve problems aimed at 
technical practice, with a particular focus on manufacturing technology. Coming forth are 
indirect methods of measuring machining parameters. Measured data can be used to create 
models. These algorithmic models offer subsequent advantage in adaptive and predictive 
control.

The purpose of this article is to describe the basic principles and method of artificial 
intelligence algorithms used for purpose in manufacturing sector. Selection of algorithms 
is made on the basis of their spread especially for machining and related control and au-
tomation.

Article is divided into two main sections Machine learning and Neural network. In the 
conclusion section, recommendations for choosing a suitable algorithm are summarized.

MACHINE LEARNING

Machine learning (ML) is a branch of artificial intelligence (AI) that focuses on the 
using data and algorithms to enable AI to imitate the way that humans learn without being 
programmed explicitly (Pimenov et al. 2023), gradually improving its overall accuracy. 
Machine learning can be divided into three main parts such as decision process, an error 
function and model optimization process. 
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·	 Decision Process: Overall machine learning algorithms are used to make a prediction 
or classification. Based on some of input data, algorithm will produce an estimate 
about a pattern in the data.

·	 Error Function: Function that evaluates the prediction of the model. If there are known 
examples, an error function can make a comparison to assess the accuracy of the mo-
del.

·	 Model Optimization Process: In case that model can fit better to the data points in the 
training set, then weights are adjusted to reduce the discrepancy between the known 
examples and the model estimates. The algorithm will repeat this iterative “evaluate 
and optimize” process, updating weights autonomously until a threshold of set accura-
cy has been met (IBM 2021).
Machine learning can be also divided to fall to categories according to supervision of 

learning.
·	 Supervised machine learning – defined by its use of labelled datasets to train algorithms 

to classify data or predict outcomes accurately. As input data is put into the model, the 
model adjusts its weights until it has been fitted appropriately. This occurs as part of 
the cross-validation process to ensure that the model avoids overfitting (resulting in 
a model that cannot make accurate predictions or conclusions) or underfitting (unable 
to capture the relationship between the input and output variables accurately) Supervi-
sed learning helps organizations solve a variety of real-world problems at scale.

·	 Unsupervised machine learning uses machine learning algorithms to analyse and clus-
ter unlabelled datasets (subsets called clusters). These algorithms discover hidden pa-
tterns or data groupings without the need for human intervention. This method’s ability 
to discover similarities and differences in information make it ideal for exploratory 
data analysis, cross-selling strategies, customer segmentation, and image and pattern 
recognition. Two common approaches for this are principal component analysis (PCA) 
and singular value decomposition (SVD).

·	 Semi-supervised learning offers a medium between supervised and unsupervised lear-
ning. During training, it uses a smaller labelled data set to guide classification and fe-
ature extraction from a larger, unlabelled data set. Semi-supervised learning can solve 
the problem of not having enough labelled data for a supervised learning algorithm 
(Zhang et al. 2010).

In order to utilize algorithms for problem solving we need to know about all availa-
ble information about data in order to predict adequate solution as written by Hastie et 
al. (2011). Machine learning offers advantages in manufacturing sector. From predictive 
maintenance, quality control, customer personalization, supply and demand gives compe-
titive advantage to company. Implementation purpose of machine learning and its advan-
tages are shown in Fig 1.
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Fig. 1 Advantage of machine learning in manufacturing (Sanapala 2023)
Obr. 1 Výhody strojového učenia vo výrobe

1)prediktívna údržba, 2)Kontrola kvality, 3)Optimalizácia dodávateľov, 4)Predpoveď požiadaviek, 5)

Prispôsobenie

Practical examples of machine learning can already be found in our daily life whene-
ver it’s a facial recognition of security systems, product recommendation or automated 
filtering of spam. As machine learning gets better so does its incorporation in everyday 
life. Same thing can be said about manufacturing sector. For every manufacturing process 
that can be automated, shortened or improved leads to increase in productivity or quality.

DEEP LEARNING

The way in which deep learning and machine learning differ is in how each algorithm 
learns. “Deep” machine learning can use labelled datasets, also known as supervised lear-
ning, to inform its algorithm, but it does not necessarily require a labelled dataset. The 
deep learning process can ingest unstructured data in its raw form, and it can automatically 
determine the set of features which distinguish various categories of data from one another 
(IBM, 2024). Figure 2 shows scope of deep learning. 

Fig. 2 Scope of Deep learning (Introduction to Deep learning, 2024)
Obr. 2 Obsah hlbokého učenia
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Modern monitoring, diagnostic and prediction procedures are based on the collection 
of a large amount of data from various sensors. Their processing uses the methods of deep 
learning, especially in the form of artificial neural networks, also due to the penetration of 
Industry 4.0 into all production sectors (Serin et al. 2020). 

As mentioned by Hosain at al. deep learning has led to notable progress in enhancing 
the interpretability of AI systems enabling users to understand the decision-making proce-
sses of complex models (Hosain at al. 2024).

Deep learning can practically learn everything given time and data. Range of learning 
is enormous it can generate translation of language in real time to complex decision ma-
king in manufacturing processes. As working with machines precision on two machines of 
same product can be achieved with slightly different manufacturing parameters. In order 
to utilize machine to its fullest potential its needed to learn about every machine indivi-
dually, time required to boost production of these machine is not worth the investment 
with parameters changing over time. With integration of deep learning into manufacturing 
we can let machine to decide production parameters. It cost little in terms of time which 
would person investigating issue take.

REINFORCEMENT MACHINE LEARNING

Reinforcement machine learning is a machine learning model that is like supervised 
learning, but the algorithm isn’t trained using sample data. This model learns as it goes 
by using trial and error. A sequence of successful outcomes will be reinforced to develop 
the best recommendation or policy for a given problem. Simplified example can be seen 
in the fig. 3 where robot is trying to find diamond and avoid fires while finding shortest 
route. If the robot finds a path, the value of the fields through which the path leads to the 
destination is increased. Otherwise, this value is reduced. The result is a sequence of fields 
with the highest values.

Fig. 3 Graphical explanation of reinforcement machine learning (Reinforcement learning, 2023)
Obr. 3 Grafické vysvetlenie spätnoväzobného strojového učenia
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Reinforcement learning can optimize production scheduling, predictive maintenance, 
defect detection, inventory levels, quality forecasting, and automated process control - all 
leading to improved manufacturing efficiency. 

Reinforcement learning systems learn optimal policies over time by analysing produc-
tion data. They adapt dynamically to minimize bottlenecks, downtime, waste, and costs 
while maximizing throughput and quality. The key benefit is continuous self-improve-
ment. As reinforcement learning experience more data, they get smarter at boosting effici-
ency across the whole manufacturing system.

Mentioned by Mahesh (2020) reinforcement learning is one of three basic machine 
learning paradigms and best choice is determined by amount of data in dataset. The rein-
forcement learning method is modelled as a Markov decision process, what means that the 
most important feature is to work with a reward and penalty system (Sutton et al. 2018).
Trial and error is sometime one of the best ways to achieve results. As humans the more 
we fail more we learn same thing can be said about algorithms. Practical examples are in 
automotive industry. Driving assistants interacts with an environment, receives feedback 
and, based on that, adjusts its decision-making strategy. Sensor on parking camera detects 
something in back and driver is trying to back up, computer makes decision, so it does not 
allow car backup.

GLOBAL MACHINING PREDICTION AND OPTIMIZATION 

Finding solutions that maximize or decrease certain criteria is called optimalization. 
Important in optimalization is decreasing expenses with production of a thing or a servi-
ce, while maximizing profits and decreasing number of materials needed to create goods 
or services. Optimization is today commonly used in many various fields ranging from 
engineering applications such as program optimalization, coding, software to manage-
ment in stores used for logistics. In short optimalization is making processes or part of 
process more efficiently or consume less resources. There are many ways to make manu-
facturing processes more efficient. Use of algorithms to analyse process is fundamental. 
Most used algorithms nowadays are artificial neural network (ANN), adaptive neuro-fuz-
zy logic (ANFL), genetic algorithms (GA), whale optimization algorithm (WAO), ant 
lion optimization algorithm (ALOA), grasshopper optimization algorithm (GOA). Global 
optimalization techniques are applied to optimize manufacturing process of mechanical 
components by optimalization of production parameters. Current trend in optimization is 
hybrid formulation and application. (Okokpujie 2023)

ARTIFICIAL NEURAL NETWORKS (ANN) AS GLOBAL PREDIC-
TION TECHNIQUE

Artificial neural network is a biological inspired nonlinear algorithm-based model that 
compresses artificial neurons linked to brain cells. This neural system can be taught and 
learn to execute tasks such as classification, decision making and prediction. In short, an 
artificial neuron network is a computational model that mimics the way nerve cells work 
in the human brain. In principle neural network is given input information and output in-
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formation than network tries to establish connection between input and output parameters. 
Neural network has three layers: input layer, hidden layer and output layer (Fig. 4). Input 
layer receives input data from outside and sends it to hidden layer. This data is at hidden 
layer where it interacts with assigned weight of each hidden layer. After computing in 
neural network data is transferred to output layer.

There are several types of neural networks used for prediction analysis they are as 
follows:
·	 Radiant basis function Neural Network,
·	 Recurrent Neural Network (RNN),
·	 Convolutional Neural Network,
·	 Kohonen Self Organizing Neural Network,
·	 Long/Short term Memory,
·	 Modular Neural Network,
·	 Feedforward Neural Network- Artificial neuron.

Seven steps to train model using Artificial Neural Network according to (Aravindpai 2024):
·	 Model approximate solution,
·	 Set up data,
·	 Decide on network architecture,
·	 Neural network training,
·	 Boost generalization abilities of neural network,
·	 Test outcome of neural network,
·	 Create functional model.

Models of neural network depends on number of factors, including training proce-
dures, network architecture and activation function. Performance of neural network also 
depends on these factors. Image bellows shows factors and training process of neural 
networks.

Fig. 4 Sample artificial neural network architecture (Jinia et al. 2021)
Obr. 4 Vzorka architektúry umelej neurónovej siete

1)výstupné hodnoty, 2)váhové prepojenia, 3)voliteľné neuróny, 4)spracúvajúce neuróny, 5)vstupné hodnoty
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ARTIFICIAL NEURAL NETWORKS

Artificial neural network can be used for data analysis in applications such as pa-
ttern recognition, prediction, system identification and control as written by Dongare et 
al. (2012).

Practical examples of neural network can be seen in autonomous cars detecting traffic 
sighs and lanes and driving within the lanes with adequate speed limit with safe breaking 
distance. Many works in the field of manufacturing are focused on the prediction of tool 
wear with various ANN modifications (Sun et al. 2020, Cai et al. 2020). Huang et al. 
(2019) used convolutional neural network to process the vibration and cutting force data 
for tool prediction during milling.

NEURAL NETWORK 

Neural network is revolutionizing computing with their ability to “think”. Capability 
of interpreting data and accounting are some of smart solutions. Four steps that neural 
network uses to operate effectively are:
·	 Associating or training enables neural networks to ‘remember’ patterns. If the compu-

ter is shown an unfamiliar pattern, it will associate the pattern with the closest match 
present in its memory.

·	 Classification or organizing data or patterns into predefined classes.
·	 Clustering or the identification of a unique aspect of each data instance to classify it 

even without any other context present.
·	 Prediction, or the production of expected results using a relevant input, even when all 

context is not provided upfront.
Neural networks require high throughput to carry out these functions accurately in near 

real-time. This is achieved by deploying numerous processors to operate parallel to each 
other, which are arranged in tiers.

The neural networking process begins with the first tier receiving the raw input data. 
After that, each consecutive tier gets the results from the preceding one. This goes on until 
the final tier has processed the information and produced the output. Every individual 
processing node contains its database, including all its past learnings and the rules that it 
was either programmed with originally or developed over time. These nodes and tiers are 
all highly interconnected.

Neural network application areas are quite wide as written by Abiodun Oludare et 
al.(2018). AI but undoubtedly will be extremely important in the future. Benardos and 
Vosniakos (2002) proposed a NN modelling approach for face milling operations to pre-
dict surface roughness (Ra) (Benardos, Vosniakos, 2002). Shrivastava and Singh (2018) 
used the ANN model for cutting zone prediction in CNC machining.

ADAPTIVE NEURO-FUZZY INTERFERENCE SYSTEM

Adaptive neuro-fuzzy interference system (ANFIS) is framework that combines bene-
fits of fuzzy logic (FL) and artificial neural networks (ANNs). Fuzzy logic is a heuristic 
approach that allows for more advanced decision-tree processing and better integration 
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with rules-based programming. Models ANFIS offer rapid learning capacity and adaptive 
interpretation skills in order to fulfil needs of complicated patterns and comprehend non-
linear interactions. Adaptive neuro-fuzzy interference system was created in 1993 by J. S. 
Roger Jang and is commonly recognized as universal estimator. In system final output is 
weighted average of the output of all logic rules, and rule outputs are linear combination 
of input variables and constants.(Jang 1993)

As mentioned by Salleh et al. (2017) various structural and parameters optimization 
techniques have been proposed, however, there is enough room of improvement in ANFIS 
architecture. ANFIS can easily handle nonlinear functions and predict with great accuracy 
(Jang, 1993). Many researchers specially in machining field reported the application of 
ANFIS.

Veluchamy et al. (2021) predict the surface roughness values with ANFIS model du-
ring turning Al7075. Sharma et al. (2020) studied wet turning of AISI D3 steel and measu-
red and influence of machining parameters. Mohd et al. (2017) stated that to reduce com-
putational complexity by architectural modifications as well as effizrning ofcient training 
procedures need improvement.

GENETIC ALGORITHM

Principe of genetic algorithm (GA) is based on natural selection, meaning that the 
mechanism propel biological evolution is adapt to environment. Search technique known 
as GA is used to address optimalization issues in machine learning. Methods of algori-
thms are crucial because it resolves challenging issues that would otherwise take lot of 
time. These algorithms have lot of real-world application such as data centres, electronic 
circuits design, code breaking picture processing and artificial creativity. As mentioned by 
Gill and Kaur fuzzy genetic approach in which the system log files are analysed to detect 
the user behaviour of the system. (Gill & Kaur 2013). The generational genetic algorithm 
(GGA), steady state genetic algorithm (SSGA), steady-generational genetic algorithm 
(SGGA) are different forms of GA . GA belongs to the larger class of evolutionary algori-
thms (EA) (Albadr et al. 2020).

Manufacturing processes show the capabilities of GA to work on different kind of 
neural networks. Kumar et al. (2020) applied the GA during hard turning of EN 24 steel . 
They studied various parameters like as material removal rate, surface roughness, tempe-
rature and forces. Finally, they performed optimized using GA. Durairaj and Gowri (2013) 
optimized the tool life and surface roughness with the application of genetic algorithm.

Genetic algorithms can be used in production scheduling to optimize the allocation of 
resources and minimize production costs. Genetic algorithms choose current best popula-
tion and uses them as parents for next generation this process is looping till adequate so-
lution is found. Graphical example of principle of genetic algorithm can be seen in Fig. 5.
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Fig. 5 Principle of genetic algorithm (Matlab 2024)
Obr. 5 Princíp genetického algoritmu

PARTICLE SWARM OPTIMIZATION

Particle Swarm Optimization (PSO) was proposed by Kennedy and Eberhart in 1995. 
Sociobiologists believe a school of fish or a flock of birds that moves in a group “can profit 
from the experience of all other members”.

Suppose there is a swarm (a group of birds). Now, all the birds are hungry and are 
searching for food. These hungry birds can be correlated with the tasks in a computation 
system which are hungry for resources. Now, in the locality of these birds, there is only 
one food particle. This food particle can be correlated with a resource. As we know, tasks 
are many, resources are limited. So this has become a similar condition as in a certain 
computation environment. Now, the birds don’t know where the food particle is hidden or 
located. In such a scenario, how the algorithm to find the food particle should be designed. 
If every bird will try to find the food on its own, it may cause havoc and may consume 
a large amount of time. Thus on careful observation of this swarm, it was realized that 
though the birds don’t know where the food particle is located, they do know their distance 
from it. Thus the best approach to finding that food particle is to follow the birds which are 
nearest to the food particle.

In other words, while a bird flying and searching randomly for food, for instance, all 
birds in the flock can share their discovery and help the entire flock get the best food. 
While we can simulate the movement of a flock of birds, we can also imagine each bird 
is to help us find the optimal solution in a high-dimensional solution space and the best 
solution found by the flock is the best solution in the space. Particle swarm optimalization 
is bio-inspired algorithm; its purpose is search for best solution in problem area. It differs 
from other optimization techniques. Its difference is that it does not have dependence on 
gradient or any differential form of objective it simply requires objective to function. This 
is a heuristic solution because proving that optimal overall position is in some cases impo-
ssible to reach. However, solution found by Particle Swarm Optimization is quite close to 
the optimal parameters. Another property of Particle Swarm Optimization is that it can be 
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parallelized easily. As manipulating multiple parameters to find the optimal solution, each 
parameter can be updated in parallel (Liu et al. 2022).

Lim and Isa (2015) put forward a hybrid PSO algorithm which introduced the fuzzy 
reasoning and a weighted particle to construct a new search behavior model to increase the 
search ability of the conventional PSO algorithm. Besides the information of the global 
best and individual best particles, Shin and Kita (2014) took advantage of the information 
of the second global best and second individual best particles to promote the search per-
formance of the original PSO.

The PSO algorithm is often used as an improved or in combination with other algori-
thms. Xu et al. (2020) proposed a reasoning system for milling process, where they also 
used the vibration particle swarm optimization algorithm, where input parameters were 
tool wear and cutting condition and output power consumption and cutting vibration.

WHALE OPTIMIZATION ALGORITHM

The Whale Optimization Algorithm (WOA) is a novel intelligent optimization algo-
rithm proposed by Australian researchers in 2016. It is inspired by the collective hunting 
behaviour of whales in the natural world (Nadimi-Shahraki et al. 2023).

 This algorithm offers advantages such as simplicity in principles, fewer parameters, 
and ease of implementation. It has successfully been applied to solve a variety of problems 
in fields such as image retrieval, image segmentation, medicine, energy, neural networks, 
feature selection, wind speed prediction, key recognition, and sentiment analysis, among 
others. However, WOA still faces challenges when applied to nonlinear, high-dimensi-
onal, and complex optimization problems, including issues related to low optimization 
precision, slow convergence, and susceptibility to local convergence. To address these 
challenges, researchers have proposed various strategies to enhance WOA. Improvements 
to WOA primarily fall into two categories: enhancing WOA through improvements in ini-
tialization, parameter settings, and algorithm structure; and leveraging the complementary 
strengths of WOA with other algorithms. Chart of whale optimization algorithm can be 
seen in Fig. 6. It shows steps by step of algorithm from start to finish.
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Fig. 6 Whale optimization algorithm chart
Obr. 6 Graf algoritmu optimalizácie veľrýb

Direct inspiration for a Whale Optimisation Algorithm was special hunting method 
of humpback whales which is called bubble-net feeding method. It is a hunting method 
unique for this species written by Mirjalili and Lewis (2016). An extensive study was 
conducted on 29 mathematical benchmark functions to analyse exploration, exploitation, 
local optima avoidance, and convergence behaviour of the algorithm. WOA is most com-
monly used with allocation of resources.
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ANT COLONY OPTIMIZATION ALGORITHM

Ant colony optimization (ACO) is inspired by the foraging behaviour of ants. At core 
is communication between parameters to find shortest path. ACO algorithm has strong 
robustness as well as good dispersed calculative mechanism. ACO can be combined easi-
ly with other methods, it shows well performance in resolving the complex optimization 
problem. ACO optimizes a problem by having an updated pheromone trail and moving 
these ants around in the search space according to simple mathematical formulae over the 
transition probability and total pheromone in the region. At each iteration, ACO generates 
global ants and calculates their fitness. Update pheromone and edge of weak regions. If 
fitness is improved, then move local ants to better regions, otherwise select new random 
search direction. Update ant pheromone and evaporate ant pheromone. The continuous 
ACO is based on both local and global search. Local ants have the capability to move 
toward latent region with best solution with respect to transition probability of region 
(Dorigo 2004). Graphical explanation of Ant colony optimization can be seen in Fig. 7. 
ACO searched for best available parameters in manufacturing in order to find suitable 
parameters for production.

As study of combination effective strategies, a  multi-strategy adaptable ant colony 
optimization algorithm was proposed to improve the deficiencies of Ant colony optimiza-
tion by Cui at al. (2024). Zhang et al. (2020) proposed multi-role adaptive collaborative 
mechanism with two communication strategies: elite attribute learning strategy and phero-
mone balancing strategy. ACOs are applied to many combinatorial optimization problems 
for finding the shortest distances of configurable elements. Maniraj et al. (2017) used this 
algorithm for minimizing the capital cost of the reconfigurable manufacturing systems.
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Fig. 7 Graphical explanation of Ant colony optimization
Obr. 7 Grafické vysvetlenie optimalizácie kolóniou mravcov

DECISION TREE

Decision tree has a hierarchical tree structure consisting of a root node, branches, inter-
nal nodes, and leaf nodes. Decision trees are used for classification and regression tasks, 
providing easy-to-understand models. A decision tree is one of the most powerful tools of 
supervised learning algorithms. It builds a flowchart-like tree structure where each internal 
node denotes a test on a factor of criteria, each branch represents an outcome of the test, 
and each leaf node (terminal node) holds a class label. It is constructed by recursively 
splitting the training data into subsets based on the values of the attributes until a stopping 
criterion is met, such as the maximum depth of the tree or the minimum number of samp-
les required to split a node (Saini 2024).
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During training, the Decision Tree algorithm selects the best criteria to split the data 
based on a metric such as entropy or “Gini impurity”, which measures the level of impu-
rity or randomness in the subsets. The goal is to find the criteria that maximizes the infor-
mation gain or the reduction in impurity after the split. Graphical illustration of nodes is 
shown in figure bellow. Fig. 8 shows each node as parent that has to choose between nodes 
bellow them. Child is selected based on criteria defined in parent node.

Fig. 8 Nodes in Decision tree (Decision Tree 2024)
Obr. 8 Uzly v rozhodovacom strome

As parameters for splitting decision trees are crucial it’s important to choose most 
optimal parameters as mentioned by Rokach and Maimon (2005).

Both categorical and numerical data can be handled easily by Decision trees. Sofuoglu 
et al. (2019) optimized the different turning processes using ANN, classification and re-
gression tree (CART) and SVM. They optimized surface roughness depth of cut and tool 
temperature with these methods. The results depicted that the CART method gave better 
results as compared with other methods.

Decision trees are highly flexible and suitable for a wide array of problems such as de-
cision making, quality control or predicting customer behaviour. According to Kuncheva 
random forest and boosting trees are the most common ensemble models applied to tool’s 
monitoring. Random Forest makes use of variation of Decision Trees called Random Tree, 
whereas Boosting allows the use of an extensive sort of base models (Kuncheva, 2014).

CONCLUSION

Choice of most suitable algorithms depends on the initial inputs and overall accuracy 
of the objective. Each algorithm suited for different conditions and manufacturing proce-
sses Elements of AI are mainly used in the prediction, modeling and monitoring of various 
machining processes, especially milling, turning, grinding, and to a lesser extent others. 

However, there are few available works that would be devoted to the machining of 
wood-based materials in this way and scope.

ANN algorithms and their modifications are used in the modelling of production and 
machining processes based on the amount of real measured data of these processes. Such 
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models then enable the prediction and trend of monitored variables in real time, e.g. pre-
diction of tool wear and the related quality of the created surface.

Optimization algorithms such as PSO or ACO and other genetic algorithms are used in 
the search for the optimal solution as the shortest sizes (distances) between manufacturing 
systems. This optimization does not have to be only in terms of time, but e.g. also the costs 
necessary for the implementation of material flows, energy consumption. When choos-
ing a specific algorithm, the type of measured quantity (e.g. acoustic emission, vibration, 
power consumption, cutting force) and thus the nature of the output signal of a specific 
sensor must be taken into account. It is also necessary to consider the computational com-
plexity and accuracy of the algorithm within the requirements of a specific application, 
where e.g. Algorithms such as decision trees are relatively fast, but not as accurate as 
algorithms using ANNs.
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