Z
N

l/
Y
=
N

I
\/
I\
I

7

\
\\;\\\
=

7]

48 MEZINARODNI

KONFERENCE

KATEDER

DOPRAVNICH,

MANIPULACNICH,

STAVEBNICH

A ZEMEDELSKYCH

STROJU

14.-16.9.2022

CHATA PYRAMIDA - OSADA JIZERKA




Recenzent: doc. Ing. Lubomir Moc, CSc.
© Technicka univerzita v Liberci, 2022
ISBN 978-80-7494-606-6



VEDECKY VYBOR:

prof. Ing. Juraj Bukoveczky, CSc., Slovenska technicka univerzita v Bratislave
prof. Ing. Ladislav Gulan, Ph.D., Slovenska technicka univerzita v Bratislave
prof. Dr. Ing. Juraj Gerlici, Zilinskd univerzita v Ziline

doc. Ing. Dalibor Barta, PhD., Zilinska univerzita v Ziline

prof. Ing. Jozef Kulka, PhD., Technickd univerzita v KoSiciach

prof. Ing. Daniela Marasovad, CSc., Technicka univerzita v KoSiciach

doc. Ing. Janka Saderovd, PhD., Technicka univerzita v KoSiciach

doc. Ing. Ferdinand Bodndr, CSc., Technickd univerzita vo Zvolene

doc. Ing. Jozef Krilek, PhD., Technicka univerzita vo Zvolene

doc. Ing. Maridn Kucera, PhD., Technicka univerzita vo Zvolene

doc. Ing. Ladislav Némec, CSc., Zadpadoceska univerzita v Plzni

doc. Ing. Petr Heller, CSc., Zadpadoceska univerzita v Plzni

prof. Dr. Ing. Pavel Némecek, Technicka univerzita v Liberci

doc. Ing. Miroslav Maly, CSc., Technicka univerzita v Liberci

prof. Ing. Zdenko Tkac, PhD., Slovenska polnohospodarska univerzita v Nitre
doc. Ing. Lubomir Hujo, PhD., Slovenska polnohospodarska univerzita v Nitre
prof. Ing. Ales Sliva, Ph.D., Vysoka skola banska — Technicka univerzita Ostrava
doc. Ing. Robert Brazda, Ph.D., Vysoka skola bariska — Technickd univerzita Ostrava
doc. Ing. Miroslav Skopdn, CSc., Vysoké uéeni technické v Brné

doc. Ing. Petr Portes, Ph.D., Vysoké uceni technické v Brné

doc. Dr. Ing. Gabriela Achtenovd, Ceské vysoké uéeni technické v Praze

doc. Ing. OldFich Vitek, Ph.D., Ceské vysoké u¢eni technické v Praze

PRIPRAVNY A ORGANIZACNY VYBOR KONFERENCE:

Ing. Robert VoZenilek, Ph.D., Technicka univerzita v Liberci
Ing. Pavel Brabec, Ph.D., Technickd univerzita v Liberci
Ing. AlesS Dittrich, Ph.D., Technicka univerzita v Liberci

Ing. Josef Bfousek, Ph.D., Technicka univerzita v Liberci
Ing. Tomas Petr, Technickd univerzita v Liberci

Ing. Radek Prochazka, Technickd univerzita v Liberci

Jitka Baudysova, Technickd univerzita v Liberci



OBSAH

Katefina Andrlova
NUMERICKA SIMULACE VLIVU BOCNIHO VETRU PUSOBICIHO NA ZJEDNODUSENY
MODEL VOZIDLA

Dalibor Barta, Tsvetomir Gechev, Oleksandr Kravchenko, Kateryna Kravchenko, Andrej
Zigo, Jan Dizo

PRACTICAL ASSESSMENT OF THE FRICTION MATERIAL WEAR IN DISC BRAKE PADS

OF HEAVY-DUTY VEHICLES OPERATING IN EUROPE AND ITS ENVIRONMENTAL IMPACT

Marek Bous, Matéj Crhan
ZKUSEBNi STANOVISTE RADICICH SPOJEK

Marek Broulik, Karel Bremek, Martin Dvorak, Robert Brazda
SKIPOVY VYTAH V BETONARCE

Karel Bfemek, Martin Dvorak, Marek Broulik, Robert Brazda
MOBILNi SIKMY VYTAH PRO BREMENA NA STAVBACH

Jan DiZo, Miroslav Blatnicky, Denis Molndr, Vadym Ishchuk
STRUCTURAL ANALYSIS OF A FRAME OF A TRACTOR TRAILER

Martin Dvorak, Karel Bremek, Marek Broulik, Robert Brazda
PROBLEMATIKA TAZNEHO LANA LESNi LANOVKY

Milan Helexa
MERANIE VALIVEHO ODPORU VYBRANEJ PNEUMATIKY V PODNOM SKUSOBNOM
KANALI

Petr Heller, Jan Beno, Jozef Bartko, Jakub Seid|
JEDNONAPRAVOVY OTOCNY PODVOZEK PRO REGIONALNI ZELEZNICNi VOZIDLA

Michal Jasny, Jiti Pakosta
ADDITION OF CLUTCH TO GEARBOX TEST BENCH

Jaroslav Ka$parek, Lukas Zeizinger, Vaclav Mergl, Miroslav Skopan
PASOVE VOZIDLO PRO DOPRAVU PALETIZOVANEHO MATERIALU

Lukas Kazda
NAVRH ROZMERU KOMPOZITNICH ZKUSEBNICH VZORKU

Juraj Gerlici, Kateryna Kravchenko, Julia Fomina, Miroslav Cingel, Katarzyna Topczewska
ANALYZA PROBLEMU PREVADZKY BRZDOVYCH KOTUCOV

Daniela Marasova, Roman H4jicek, Peter Klapko
NAVRH ZNALOSTNEHO INFORMACNEHO SYSTEMU PRE HODNOTENIE KVALITY
UZATVORENYCH GUMOVYCH DOPRAVNYCH PASOV

Jaroslav Matej
STATIC STABILITY OF FIREFIGHTING ADAPTER

14

24

32

39

49

56

65

74

86

95

103

112

118

125



Samnang Sann, Elias Tomeh
DETECTION AND LOCALIZATION THE SOURCES OF VIBRATION AND NOISE ON CAR
GEARBOX BY USING FREQUENCY ANALYSIS

Miroslav Skopdn, Jaroslav Kasparek, Lukds$ Zeizinger
PODMINKY PRO ZVYSOVANI PODILU RECYKLOVANYCH INERTNICH MINERALNiCH
ODPADU VE STAVEBNICTVi

Jifi Stocek, Jakub Sokola, Martin Sedlacek
VYUZITi ROZHODOVACICH TABULEK PRO VYTVARENI PROGRAMOVYCH KODU
SIMULACNiICH MODELU DOPRAVNIKOVE TECHNIKY

Janka Saderova, Lubomir Ambrisko
HODNOTENIE VNUTROPODNIKOVEJ DOPRAVY V TAZOBNOM PRIEMYSLE

Michal Urbének, Jaroslav Kadpdrek, Lukas Zeizinger, Miroslav Skopan
VYUZITi CHYTRYCH PARKOVACICH SYSTEMU KE ZVYSENi BEZPECNOSTI NAKLADNI
DOPRAVY

Lukas Zeizinger, Pfemysl Pokorny
VYPOCTOVA NAHRADA LICOVANEHO SROUBOVEHO SPOJE

Dong Nguyen Phu, Ales Dittrich, Radek Prochazka, Josef Laurin, Pavel Brabec
EVALUATION OF OPERATING PARAMETERS OF DUAL-FUEL ENGINES WHEN USING
DIESEL, CNG/DIESEL, AND LPG/DIESEL

134

143

149

153

160

167

174



TECHNICKA UNIVERZITA V LIBERCI

l/
2

\l
N

e

\\\
A\

S
N

\\\
=2
71

48. mezinarodni konference kateder dopravnich,
manipulacnich, stavebnich a zemédélskych stroju

zafi 14.- 16., 2022 — osada Jizerka, Ceska republika
Technicka univerzita v Liberci
Fakulta strojni, Katedra vozidel a motort

NUMERICKA SIMULACE VLIVU
BOCNIHO VETRU PUSOBICIHO NA
ZJEDNODUSENY MODEL VOZIDLA

Katefina Andrlovat

Abstract

Stabilita vozidel pri pusobeni boéniho vétru ma zasadni vyznam pro bezpecnost
silnicniho provozu. V praci je zkouman vliv uhlu nabéhu na velikost vyslednych
aerodynamickych sil pasobicich na zjednoduSeny model automobilu, tzv. Ahmedovo
téleso. Hodnoty jednotlivych aerodynamickych parametri jsou urCovany numericky
pomoci programu Ansys Fluent. Rychlost vétru je 40 m/s a velkost uhlu nabihajiciho
proudu se pohybuje mezi 0-90° s rozestupy po péti stupnich.

1. UVOD

V souCasné dobé je aerodynamika vozidel jednim ze zakladnich pilifa pfi koncepci
nového automobilu, a to zejména z hlediska aerodynamického odporu, ktery pfimo
ovliviuje spotfebu paliva a tim i dnes tolik diskutované emise CO.. Vliv
aerodynamickych sil na vozidlo je vSak dulezity i z pohledu komfortu posadky
a zejména pak bezpecnosti provozu. Pfi pusobeni bo¢nich a vztlakovych sil, napfiklad
pfi zataCeni, boCnim vétru nebo brzdéni, dochazi k odlehCovani nebo naopak

1 Katefina Andrlova, Technickd univerzita v Liberci, Studentskd 1402/2, 461 17 Liberec,
katerina.andrlova@tul.cz
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pfitézovani nékteré napravy (nebo celé strany) vozidla a tim zméné trakCnich
schopnosti. Pfi minimalizaci aerodynamického odporu a hmotnosti vozidla, které jsou
klicové pro velikost spotfeby paliva, se méni citlivost vozidla vici pusobeni bo¢niho
vétru. Tedy pozadavky na aerodynamické vlastnosti vozidla byvaji ¢asto protichudné
a je nutné najit kompromis, mezi spotifebou paliva a stabilitou vozidla.

Pokud je obtékano prostorové symetrické téleso, jako je koule, vypada situace
nasledovné, viz Obr. 1, [1]. JelikoZ koule je dokonale symetrické téleso, je zfejmé, Ze
velikost vysledné aerodynamické sily Fa neni zavisla na orientaci télesa. Vyslednice
aerodynamickych sil Fa tedy lezi na stejné pfimce jako rychlost nabihajiciho proudu va
a cela problematika obtékani se redukuje na jedinou silu, a to silu odporovou Fq (ktera
je v daném pfipadé totozna s vyslednou aerodynamickou silou, tedy Fa=Fq).

N

£

Obr. 1 Pdsobeni aerodynamickych sil na obtékanou kouli

Pokud bychom vyslednou aerodynamickou silu rozkladali do sméru soufadnych os
X,¥,Z, byla by sloZzka Fy nulova (koule neprodukuje vztlak, pokud smérnice rychlosti
prochazi jejim stfedem) a aerodynamicka (odporova) sila by tak méla jen slozky Fx
a Fz. Pokud by rychlost ,pusobila“ v ose x, byla by sila Fz nulova. Naopak, pokud by
pusobila rychlost ve sméru osy z, byla by slozka Fx vysledné odporové sily Fa nulova,
Obr. 2. Velikost sil Fx a Fz |ze v pfipadé obtékani koule popsat pomoci goniometrickych
funkci, a to: Fx=Fdcosp, F:=Fgsing, kde g znaci uhel odklonu nabihajiciho proudu
od osy x koule v horizontalni roviné.

1,20

1,00
0,80 \

0,60

Fx

Fo F2 [N]

0,40 Fz
0,20

0,00
0 10 20 30 40 50 60 70 80 90 100

Uhel nab&hu B [°]

Obr. 2 Zavislost sil Fx a Fz pro Fd=1 na velikosti thlu nabéhu



Pokud je vSak obtékano téleso, které je nesymetrické, je zfejmé, Ze vysledna
aerodynamicka sila musi pusobit na jiné pfimce, tedy pod uhlem k nabihajicimu
proudu. V praci bylo pro simulaci pouzito Ahmedovo téleso. Jedna se o zjednoduseny
model osobniho automobilu a diky jednoduchosti svého tvaru miize byt snadno pouzito
pro simulace v oblasti aerodynamiky, viz dalSi kapitola.

PFi obtékani Ahmedova télesa musi nutné s narlstajicim uhlem nabéhu dochazet
k poklesu osové sily Fx a narustu sily Fz, analogicky s obtékanim koule. Nicméné je
ziejmé, Ze vlivem asymetrie by nulova hodnota sily Fx neméla odpovidat uhlu
nabéhu 90°, viz napf. [2]. Stejné tak by pak velikost sil neméla byt goniometrickou
funkci uhlu nabéhu, jako v pfipadé obtékani koule.

Jelikoz jsou v dnesni dobé numerické simulace stale Castéji pouzivanym nastrojem,
ktery je levny, rychly a umoznuje ziskat dostatec¢né kvalifikovany ,odhad” zakladnich
parametru, vyuziva i tato studie numerickou simulaci v programu Ansys Fluent. V praci
je provedena simulace chovani Ahmedova télesa v zavislosti na velikosti uhlu nabéhu.
Rychlost proudéni je konstantni, a to 40 m/s, uhel nabihajiciho proudu se méni
z hodnoty 0° az po hodnotu 90°.

2. METODOLOGIE

2.1 Ahmedovo téleso

PFfi obecnych simulacich externi aerodynamiky vozidel je mozné pouzivat rizné
zjednodusené modely automobilll, vice ¢i méné realné. Jednim z nejjednodussich
a nejvice rozsifenych takovych modelu je pak tzv. Ahmedovo téleso [3], jehoz
geometricka charakteristika je na Obr. 3.
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Obr. 3 Ahmedovo téleso



Pfedni ¢ast Ahmedova télesa ma zaoblené hrany a jeji proudové pole se podoba
proudovému poli u kapoty osobniho automobilu. PodstatnéjSi je vSak zadni Cast
Ahmedova télesa, ktera svym seSikmenim simuluje zadni ¢ast automobilu, kde vznika
rozsahla oblast uplavu, ktera se podili nejvy§S§i mérou na generovani
aerodynamického odporu,

Obr. 4. Uhel sklonu zadni &asti pak mGze mit rdzné hodnoty, od 0° aZ po 40°. V této
praci je uvazovan sklon 30°, jak je naznaceno na Obr. 3.

_ Celni separacni bublina

Stredni linie
prilnuti proudu

Celni boéni
separacni bublina

Odtokova separacni
bublina

Zadni pricné

zpétné viry

Boc¢ni podélny vir

Podélny vir
C-sloupku

Obr. 4 Porovnani proudového pole zadni ¢asti Ahmedova télesa a osobniho automobilu [4]

Vyhodou takovéhoto zjednoduSeného modelu je snadna tvorba at uz fyzického
modelu pro praktické experimenty, tak tvorba modelu numerického. Dale pak je
snadné ruznym zplsobem adaptovat geometrii a zkoumat vliv jednotlivych zmén na
velikost aerodynamickych charakteristik.



2.2 Usporadani oblasti pro numerickou simulaci

Pfi numerickych simulacich externiho proudéni se zkoumany objekt umistuje do
virtualni oblasti, ktera je vyplnéna konecné-objemovou nebo kone¢né-prvkovou siti.
Virtualni oblast pak zpravidla simuluje méfici prostor aerodynamického tunelu. Jelikoz
vSak ve zkoumaném pfipadé uhly nabihajiciho proudu nabyvaji hodnot mezi 0-90°, je
nutné provést upravy tvaru vypoctove oblasti. V dané simulaci byla pouZita oblast dle
prace [5], viz Obr. 5.

Obr. 5 Vypoctova oblast pro numerickou simulaci

V bezprostfednim okoli samotného Ahmedova télesa je umisténa oblast se zjemnénou
siti o rozmérech (x, y, z) = (2350, 500, 1150), ktera slouzi k ziskani presnéjSich
vysledku v oblasti uplavu.

2.3 Numericka simulace
Pro numerickou simulaci bylo nutné zvazit urcita zjednodusSeni. Proudéni bylo
povazovano za nestlacitelné, vzhledem Kk relativné nizkym rychlostem, a zaroven
stacionarni turbulentni. Numericka simulace je zaloZzena na RANS modelu (Reynolds-
Averaged Navier-Stokes Equations), ve kterém jsou Navier-Stokesovy rovnice
pouzivany k ur€ovani parametrl proudéni a vyuzivaji Casové prumeérovani hodnot,
napfiklad [6]. Zakladnim konceptem je tedy Reynoldsova dekompozice spoijitych
hodnot na jejich asové praméry a fluktuujici slozky. V praci byl pouzit k-¢ Realizable
turbulentni model s Nonequilibrium wall function.
k-¢ turbulentni model je jeden z nejznaméjSich turbulentnich modelt. Jedna se
0 dvourovnicovy model se dvéma transportnimi rovnicemi pro turbulentni energii
k a pro rychlost disipace €. Nicméné, standardni k-€¢ model neni vhodny pro oblasti
obraceneého tlakového gradientu (zjednodusené v mistech odtrhavani proudéni).
Realizable k-¢ model vyrovnava nedostatky klasického k-& modelu za pouziti:

e Nové formulace turbulentni viskozity.

e Nova transportni rovnice pro miru disipace ¢, ktera je odvozena z presné

rovnice pro transport stfedni hodnoty kvadratu fluktuace vifivosti.



Nonequilibrium wall function (NWF): Pro proudéni pfi vysokych Reynoldsovych
Cislech, jako je napfiklad externi proudéni okolo vozidel, bézné feSeni selhava
v oblastech blizkych k obtékané sténé. Aby se tomu predeslo, pouzivaji se tzv. wall
functions. NWF berou v potaz efekty lokalni variace v tloustce viskézni podvrstvy,
pfiCemz urcuji celkovy rozpocet turbulentni kinetické energie v burikach pfiléhajicich k
obtékané sténé. Navic jsou NWF citlivé na obracené tlakové gradienty, které jsou u
proudéni okolo vozidel obvyklé. V porovnani s tradicnimi wall functions, NWF poskytuji
proudéni, a to bez vyznamného navySeni vypocltového Casu nebo narokd na
dynamickou pamét.

Pro numerickou simulaci byl pouzit k-¢ Realizable turbulentni model, ktery pro uhel
nabéhu 0°vykazoval dobrou shodu s experimentalnimi daty, viz [3], a ukazal se byt
dostatecné presny a zaroven ne pfrili§ naroény na vypoctovy ¢as. Pocet prvkl sité je
4,6x106°.

2.4 Vysledky a diskuze

Vliv ahlt nabéhu na velikost sil a momentl pasobicich na Ahmedovo téleso je v praci
uréen pomoci bezrozmérnych aerodynamickych soucinitell, které umoznuji vzajemné
porovnavani aerodynamickych vlastnosti riznych téles bez ohledu na jejich velikost,
rychlost proudéni, hustotu proudiciho média apod. Vztah pro odpovidajici silu je dan
rovnici:

_F
T 1/2pAU?

(1)

Cr

kde F je velikost pfislusné aerodynamicke sily, p hustota vzduchu, U rychlost proudéni
a A velikost Celni plochy obtékaného télesa.

Vysledné aerodynamickeé sily plusobi v jednom bodé télesa (center of pressure), jehoz
poloha se s uhlem nabéhu méni. Pro mechanické vypocty je vSak vhodné umistit si
pusobisté sil do znamého (konstantné polozeného) bodu, €imz vznikne skupina
aerodynamickych momentu, plsobicich okolo daného bodu. Pro velikost soucinitele
momentu tedy plati:

M
Cm = 1/2pAhU? (2)
pficemz M znaci velikost aerodynamického momentu kolem pfislusné osy a h délkovy
parametr. Ruzni autofi pouzivaji rizné hodnoty parametru h, mize se jednat o vySku
tézisté od zemé, délku vozidla apod. Nicméné v této praci se jedna o prumét
vzdalenosti mista plsobisté aerodynamickych sil k dané ose od primétu tézisté ke
stejné ose.

Vysledné momenty a sily jsou oznaceny indexem, ktery ur€uje osu, ve které plasobi a
poté znaménkem, které znaci smysl| plsobeni, tedy sila muze pusobit ve sméru nebo
proti sméru soufadné osy, jak jsou definovany na Obr. 5. cx je soucinitel odporové sily,
cy vztlakové a c; bocni. Soucinitelé momentu klonivého, klopivého a zatacivého jsou
pak popofadé Cmx, Cmy & Cmz V levotoCivém souradném systému.

Na nasledujicich grafech jsou zobrazeny zavislosti bezrozmérnych aerodynamickych
koeficientll na velikosti Uhlu nabéhu.
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Obr. 6 Soucinitele aerodynamickych sil v zavislosti na thlu nabihajiciho proudu
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Obr. 7 Soucinitele aerodynamickych moment( v zavislosti na thlu nabihajiciho proudu

Z vysledkd numerické simulace vyplyva, Zze nulové hodnoty soucinitele osové sily cx
dosahne Ahmedovo téleso pfi uhlu nabihajiciho proudu cca 45°. Pfi dal§im narustu
uhlu nabéhu by pak, dle simulaci, méla vysledna osova sila mit obraceny smér, to
znamena, ze namisto zpomalovani vozidla by pfi plsobeni proudu pod timto uhlem
dochazelo k jeho urychlovani. Tento jev je zfejmé zpUsoben urychlenim proudu okolo
prfedniho levého rohu, kde dochazi ke snizeni tlaku, a tedy zvySeni sily pasobici ve
sméru pohybu vozidla, obdobné jako u plachty plachetnice.

Velikost vztlakové sily se zvySujicim se uhlem nabéhu narasta, poté vSak okolo
hodnoty 25°za¢ne opét klesat. V oblasti svého maxima tedy zhorSuje trakéni vlastnosti
vozidla vlivem sniZeni vysledné sily, kterou je kolo schopno pfenést.
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Soucinitel klonivého cmx a klopivého cmz: momentu narlstaji s uhlem nabéhu, ¢imz opét
pusobi destabilizujicim zplsobem na vozidlo béhem plsobeni bo¢niho vétru.

Z hlediska stability vozidla jsou nejdulezitéjsi dvé hodnoty, soucinitel bo¢ni sily c: a
soucinitel zata€ivého momentu cmy, viz [4]. Z grafu je zfejmé, Ze velikost bocni sily se
zvySujicim se uhlem nabéhu boc¢niho vétru narlsta, dle prfedpokladu, viz napfiklad [2].
To je dano zvysujici se velikosti plochy, na kterou bo¢ni vitr pusobi, a tedy i velikost
bocni sily (kolmé k podélné ose vozidla) musi narustat.

Obdobneé jako soucinitel bo¢ni sily, i soucinitel zataciveho momentu zpoc€atku narusta
témér linearné, poté se jeho rast zpomaluje a okolo hodnoty 45°pak dosahne svého
maxima. Poté opét jeho velikost klesa, coz odpovida pfedpokladu, viz [4].

VSechny hodnoty jsou vSak pouze teoretické a nejsou ovéfeny experimentalné.
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Obr. 8 Rychlostni pole Ahmedova télesa: bocni pohled
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Obr. 9 Rychlostni pole Ahmedova télesa: pohled shora v fezu ve vySce poloviny Ahmedova
télesa
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Na Obr. 9 a Obr. 9 je zobrazeno rychlostni pole Ahmedova télesa pro Ctyfi
reprezentativni uhly nab&hu. Na obrazcich je jasné viditelny narust oblasti uplavu
a jeho posun smérem na odtokovy bok télesa a narust turbulence nad Ahmedovym
télesem.

3. ZAVER

V praci byl analyzovan vliv uhlu nabéhu boéniho vétru na velikost aerodynamickych sil
a momentu. Vzhledem ke zna&nému narUstu velikosti nékterych parametri je ziejmé,
Ze z hlediska fiditelnosti a bezpecnosti provozu je nutné vliv bo¢niho vétru zkoumat
podrobnéji, a to i pfi rdznych rezimech jizdy.

Lze tedy Fici, Ze oproti idealnimu pfipadu obtékani koule doS$lo k predpokladanému
posunu uhlu, ve kterém bude velikost vysledného soucinitele osové sily cx nulova, a to
smérem do nizSich hodnot uhlu nabéhu. Za touto hodnotou uhlu nabéhu ziskava osova
sila opacny smysl a plsobi naopak, tedy urychluje Ahmedovo téleso. Velikost bo¢ni
sily dle predpokladi narlsta a tim zvySuje miru nestability vozidla. Napfiklad pro uhel
55° by byla velikost vysledné boéni sily prakticky dvounasobna oproti velikosti pro uhel
nabéhu 20°. Je tedy zifejmé, Ze bocni vitr sehrava dualezitou roli z hlediska bezpecnosti
provozu.

Pro bliz§i prozkoumani tohoto jevu by bylo vhodné provést verifikaci numerické
simulace v aerodynamickém tunelu.
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PRACTICAL ASSESSMENT OF THE
FRICTION MATERIAL WEAR IN DISC
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Abstract

The article focuses on practical assessment of disc brake pads in semi-trailer trucks
operating on European roads. Data processing is carried out according to the practical
data of a transport enterprise from Bulgaria. The presented results are on the amount
of produced friction material per millimeter of worn-out brake pad friction layer and per
km mileage of the pad. Additionally, the factors affecting the wear of the friction pair
“brake disc-brake pad” are described and a simplified expert assessment and ranking
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of these factors is carried out. The impact on the environment and the human health
by the friction material wear and its production of PM is considered.

1. INTRODUCTION

Non-exhaust (airborne) particulate matter PM10 and PM2.5 (with references to their
sizes — smaller than 10 and 2.5 microns in diameter respectively), account to almost a
halve of the overall PM emissions in Europe. [1] Mostly generated from braking
elements and tyres in vehicles, as well as the road decomposition, non-exhaust PM
are significantly hazardous not only for the human health, but also for the well-being of
other species and the soil. The European Commission has adopted a plan for
transitioning to zero on-board emissions for a large amount of the future vehicle fleet
[2], yet there is no concrete plan for the dealing with the emissions of airborne PM,
which gradually grow with the increase of the vehicle fleet in use and amount to as
much as 30mg/km, depending on the vehicle type (light-duty, heavy-duty), the road
type (urban, rural, highway) and many other factors.

Many laboratory studies have analysed the chemical composition of friction layers on
brake pads in regards to the PM, in order to create a methodology for lowering of their
emittance [3-7]. Most of them, however, have revealed that inclusion of metallic
elements in the friction material affects beneficially the performing properties of the
braking element. Simultaneously, these same metallic elements (Cu, Fe, Zn, Ca, Pb,
Al, oxides and others) act for the most serious threat to human health and the
environment when considering airborne PM. Moreover, many factors affect the
generation rates and the physicochemical nature of these particles in real conditions,
making it very hard to study them affectively. Even though many sampling
methodologies with different speeds and accelerations have been proposed, the
results are hardly comparable.

The different means of transport and more particularly the different types of vehicles in
road transport account for a different amount of airborne PM generated. Although
heavy-duty vehicles represent a smaller part of the European vehicle fleet in use, it is
very important to study their regard to the topic as well, as the statistics show they have
a significantly higher emission factor than light-duty vehicles [8]. This is mainly due to
the abundance of additional factors, influencing the intensity and the amount of braking
during the operation of such vehicles. Very little practical research has been conducted
in regards of the actual PM generation from braking elements of high-duty vehicles
operating in Europe, as most of the studies focus on chemical compositions of the
braking material, or on emittance of PM by usage of laboratory samplings from testing
on brake dynamometers or light-duty vehicles.

Furthermore, analysis that are based on practical statistical data of two Ukrainian
transport enterprises — LAA TRANS and TRANSPELE taken for the period 1999-2005
on all kinds of routes around Europe, show that the truck brake system is most likely
to malfunction or failure averagely every 188 thousand km. [9] This malfunction or
failure could be due to various technical reasons, one of which is the clogging of the
brake mechanism resulting from the excessive amount of road dirt, moisture and
friction material dust, generated by the friction pair “brake disc-brake pad” during the
process of braking. During the operation of the high-duty vehicle, the technical
condition of the brake system significantly affects not only the environmental safety,
but also the operational properties and the road safety of the vehicle. A failure of the
elements in the brake system during operation can cause dangerous consequences:
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lower road safety, decrease of functionality, low operational quality and others.
According to [10] for example, there is a very strong positive correlation between failure
of the vehicle braking system and the road accident rate.

Considering everything mentioned above the paper focuses on a practical evaluation
of the missing brake material on standard disc brake pads that are measured during
different stages of their exploitation and were used on trucks, trailers and semi-trailers,
operation in Europe. Additionally, a simplified expert assessment of the factors
influencing the brake pad wear and innovative solutions for collection of the resultant
PM are presented.

2. PRACTICAL ASSESSMENT OF THE DISC BRAKE PAD
WEAR AMOUNT

The value of brake pad wear for the truck, trailer and semi-trailer vehicle fleet of the
enterprise “EMG TRANS” (Bulgaria) was estimated. The main route of the vehicles
started from Bulgaria (the fleet operated on various roads with all types of profiles)
through Romania (mainly Calafat-Turnu Severin-Timisoara-Arad-Nadlak or Calafat-
Turnu Severin-Timisoara-Arad-Oradea), and through Hungary (Nagylak-Szeged-
Budapest-Gyor-Rajka or Nagylak-Szeged-Budapest-Sahy, or Artand-Debrecen-
Miskolc-Sena) and finished in Slovakia or Czech Republic (again circulating in the
country on various roads with all types of profiles) with different nuances in terms of
mileage depending on the places of loading or unloading of goods (see figure 2). The
route was travelled in both directions. The workload of the vehicles varied, but was
always within 25-38 tons total weight for the whole truck tractor — semi-trailer or truck
— trailer composition.

The data was gathered in 2018-2019 from brake pads that were removed from service
during different stages of their period of exploitation, but mostly at its end. According
to the scheduled and unscheduled replacements of disc brake pads of the enterprise’s
vehicle fleet for the period 2018-2019, most frequently the change occurs at about 150
- 200 thousand km mileage of the pads.

It is important to mention there are few cases in which all two pads on a certain wheel
or all four pads on a certain axle are changed prematurely during a scheduled
preventive vehicle technical inspection, without reaching their maximal average
mileage count. This change is caused by the necessity of having approximately evenly
worn-out pads for both sides of each axle for the axle alone. Such approximate
evenness guarantees better braking functionality and quality, as well as better vehicle
controllability and a lower chance for a loss of controllability during the process of
braking.

Another case in which pads are prematurely changed is when their residual resource
at the time of the scheduled technical inspection does not financially justify their
eventual future change, which would occur unscheduled during a period that is
normally used for exploitation of the vehicle.

In parallel, when the operating conditions are very favourable, pads could reach their
maximal resource after up to 600 thousand km. It has also been observed that such
infrequent changes are more common when a new semi-trailers or truck is in service
for the first time, as well as when vehicles transport light-weighted cargos on highways
with easy road profiles, or when the vehicles is supplied with an additional brake
system (retarder/intarder).
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It should be taken into account that the recommended minimum residual thickness of
the pad friction material is 5 mm, hence at 5mm thickness of the friction material left,
the pad is considered to be 100% used. Therefore, the theoretical operation period of
a brake pad with a standard thickness of 30 mm (the metal part is 9,5 mm thick) ends
at friction material wear of 15,5 mm.
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Figure 1. Operational route of the vehicle fleet of EMG TRANS

The measuring of each sample brake pad was done by estimating with a calliper the
existing friction material amount and also by measuring the weight of the pad with an
electronic scale. The weight and thickness of the used friction material were then
calculated by subtracting the measured values from the standard values of a new pad.
The measured braked pads are of two sizes — for discs with diameter ¢370mm, used
in trailers, and for discs with diameter ¢430mm, used in trucks and semi-trailers. The
pads are produced from a few different companies, which all use different chemical
compositions of the friction material and a slightly different geometry of their pads, the
pads could easily be distinguished by their form, weight and wear properties, which is
also visible from the results. Nevertheless, a standard new brake pad has a thickness
of 30mm, 20.5 of which - friction material thickness.

On figures 2 and 3 is shown the measured data of 10 brake pads used for ¢370mm
discs in trailers and of 10 pads with 430mm used in trucks and semi-trailers. The
figures represent missing friction material in grams per missing friction material layer
worn-out from the pad in milometers. At the left bottom corner of each graph is
positioned a point representing an unused new pad with Omm missing friction layer
thickness and 0g missing friction material mass. Additionally, in each of the figures are
shown images of a new and a used brake pad for each of the discs. A trendline is
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projected in order to show the average tendency g/mm of friction material wear. The
bubble indicates the highest density in terms of measured braking pads, showing that
most of them were measured at the theoretical end of their operational period.
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Figure 2: Missing friction material mass to worn-out friction material layer, g/mm for
@370mm disc.

The results show that brake pads of ¢370mm discs produce about 38.42-44.34 g of
particles per each mm of friction material used, while the larger brake pads with
@430mm discs produce 74.14-96.67 g of particles per each mm of friction material.
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The values of brake pads wear in g/mm could easily be calculated in mg/km. However,
it is very important to properly set the average mileage of the pads as it depends on
many factors, such as the route of the vehicle fleet, the average gross mass of the
goods transported, and many others. According to the statistical data of the enterprise
which supplied us with pads, the average pad mileage of their fleet is about 150-200
thousand km. In this case, the pads generate about 3.37-3.90 mg/km of PM for the
¢370mm discs, while the values of the larger brake pads correspond to 6.56- 8.56 mg
of particles per km.

Such wide ranges of g/mm are due to the different chemical composition of the friction
material on the pad, since the pads are produced by various companies.

2.1 Expert evaluation of factors influencing wear of friction material on
brake pads.

The amount and evenness of brake pad wear depends on many factors. To evaluate
them, an expert assessment was carried out in which experts and workers from
University of Zilina (Slovakia), ZOS (Slovakia), the Zhytomyr Polytechnic State
University (Ukraine) and a transport enterprise from Bulgaria took part.

The experts were asked to rate in a questionnaire the main factors affecting the amount
of disc brake pad wear in order in %, as the 5 factor options were given. The sum of
all factor ratings is 100%. The factor options are:

. gross vehicle weight;

. the expertise level of the driver;

. road type (urban, rural, highway) and road profile;

. the presence of an additional brake system — retarder/intarder;
. weather.

As a result of processing the data, a diagram was obtained (see figure 4), according to
which the brake pad wear depends most significantly on the gross vehicle weight, while
the weather is rated as the least significant factor.

Figure 4. Main factors’ influence on brake pad wear in %.

The additional brake system — retarder/intarder lowers the brake pad wear at expense
of its high cost and additional energy usage. Nevertheless, this topic is not part of our
study.
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Figure 4: Main factors’ influence on brake pad wear in %.
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As a result of processing the data, a diagram was obtained (see figure 4), according to
which the brake pad wear depends most significantly on the gross vehicle weight, while
the weather is rated as the least significant factor.

The additional brake system — retarder/intarder lowers the brake pad wear at expense
of its high cost and additional energy usage. Nevertheless, this topic is not part of our
study.

It is very important to note that there are many other factors that rarely are being taken
into account, yet sometimes they heavily influence the quality and amount of braking,
as well as the production of PM:

. the distribution and types of goods as well as their possible relocation in the
trailer/semi-trailer when braking;

. the technical specification of the whole heavy-duty vehicle, most notably the
wheelbase;

. the level of emergency of the delivery;

. the presence of overloading and its amount;

. the running-in time of new pads;

. others.

The operation time of a braking pad (the mileage it could run) and therefore the amount
of PM it would emit depends on all the above-mentioned factors.

2.2 On-board vehicle solutions for lowering of the amount of PM from
brake pad wear

As elaborated above, the wear of the brake pads and thus the production of PM is
directly or indirectly affected by a number of factors. In order to somewhat eliminate
the problem of pollution from PM and also lower the significance of their generation
process, various active and passive solutions for decreasing of the amount of PM, have
been developed.

Typical passive solutions are the electric and hybrid drives, retarders, intarders and
motor brakes. They help in facilitation of the work of the main brake system and so
reduce the amount of formed solid particles to the lowest possible level. Hybrid and
electric drives allow for regenerative braking, while retarders, intarders and motor
brakes aid the braking process by means of fluid circulation. Active solutions, on the
other hand, are focused on the direct capture of PM which is normally released during
braking into the atmosphere. They are not commonly used yet, but there are several
prototypes being developed by some automotive suppliers.

Figure 5: Prototype of a vacuum cleaner installed on the brake disc for collection of PM.
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The French manufacturer “Tallano Technologies” has designed a vacuum cleaner
which sucks out the dust produced from the brakes (see figure 5) [11]. The PM are
captured in a filter installed in the vacuum cleaner. This device can be fixed directly on
the discs of an existing car. According to the company creator, the device evacuates
65 to 80 % of the total amount of PM produced by the brakes. The device is currently
undergoing final tests on a car in Paris.

The German manufacturer of filters “Mann + Hummel” has designed a filter which is
installed as a continuation to the brake calliper (see figure 6). It is possible to be fitted
on any of the existing brake discs and is adaptable to different brake sizes and
concepts [12].

Figure 5: Prototype of a filter installed as a continuation of the brake calliper for
collection of PM.

3. CONCLUSION

The impact of PM emitted by vehicles on the environment, on the technical condition
of vehicles as well as on the health of the population living near roads is considerable.
Many studies have shown that not only internal combustion engines produce PM, but
that in certain conditions much higher amounts are actually emitted by the brake pads
friction materials. There are many factors affecting the amount of PM from brake pads,
especially in the case of heavy-duty vehicles. According to the assessment in the
study, the gross vehicle weight plays the biggest role in PM generation from braking in
heavy-duty vehicles. The results estimated from vehicles operating on standard routes
in Europe with an abundance of different road types and road profiles, that on average
3.37-3.90 mg/km of PM from braked pads with brake disc diameter ¢370mm and 6.56-
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8.56 mg/km with brake disc diameter @430mm, is produced. These values are
significantly lower than the publicly presented data of up 30 mg / km and show how
significant is the influence of the already mention factors on production of PM from disc
brake pads.
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ZKUSEBNI STANOVISTE RADICICH
SPOJEK

Marek Bous?, Mat&j Crhan?

Abstrakt

Nové zkusebni stanovisté v laboratofich CVUT v Praze na Julisce je uréeno ke
zkouSkam fadicich spojek. Jedna se o specialné navrZzenou prevodovku s letmo
uloZenymi konci hrideld, na néz Ize nasadit libovolny rFadici mechanismus. Mezi hlavni
prednosti stanoviste patfi snadna vyména zkouSeného mechanismu za jiny pfi
zachovani porovnatelnosti méfeni, moznost nastaveni otacek na pocatku razeni diky
dvéma elektromotorum na vstupu i vystupu prevodovky, pfesné méreni Fadici sily,
posuvu fadici vidlicky i momentu diky snimacum umisténym v tésné blizkosti
zkouSeného radiciho mechanismu. DalSi vyhodou je také pruhledny kryt umoZriujici
rychlou vizualni kontrolu. Prispévek je zaméren na reseni pneumatickeho radiciho
mechanismu, olejového okruhu a automaticky fridici systém v programu LabView.

1. UVOD

V laboratofich CVUT na Julisce je stanovisté, které umozfiuje testovat prevodové
skfiné Ffazené s prerusenim toku vykonu z osobnich automobill. Pfevodova skfin je
namontovana v celku; se zablokovanym diferencialem. Na pfevodovou skfif je pomoci
hnaci hfidele napojen setrvacnik, ktery je pohanén elektromotorem. Ten zajiStuje
pohon zkouSené skfiné a nasledné je mozné fadit jednotlivé prevodové stupné. Na

11ng. Marek Bous, Ceské vysoké ugeni technické v Praze, Fakulta strojni, Ustav automovil(i spalovacich
motoru a kolejovych vozidel, Technicka 4 Praha 6 Dejvice 160 00, Marek.Bous@fs.cvut.cz
2 Bc. Mat&j Crhan, Ceské vysoké udeni technické v Praze, Fakulta strojni, Ustav automovild spalovacich
motor( a kolejovych vozidel, Technicka 4 Praha 6 Dejvice 160 00, Matej.Crhan@fs.cvut.cz
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tomto stanovisti Ize v kratkém Case provést velké mnozstvi cykll, takZe je mozné ovéfit
Zivotnost soucastek v fadicim mechanismu [1]. Z naméfenych hodnot ale nelze
detailnéji vyhodnotit parametry jednotlivych soucasti, pfedevSim Fadicich spojek.
Implementace pfisluSnych snimaca pfimo do skiiné se ukazala jako témeér nemozna.
Proto se pfistoupilo k navrhu upravy stavajiciho stanovisté, aby bylo mozné zkousSet
fadici spojky samostatné, a lépe tak sletovat jejich parametry.

2. KONSTRUKCE STANOVISTE

Aby bylo zkouseni samotnych fadicich spojek mozné, vznikla v laboratofich na Julisce
experimentalni prfevodovka pro zkousSeni Fadicich spojek. Ta muze nahradit
automobilovou pfevodovku na zkusebnim stavu fazeni.

Schéma setrvacnikového stavu s experimentalni pfevodovkou vcetné vnéjsi
synchronizace je na obrazkuObrazek 1.[2]
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Obrazek 1: Schéma zkuSebniho stavu fazeni s experimentalni prfevodovkou a vnéjsi
synchronizaci

2.1 Konstrukce experimentalni prevodovky

Pfevodovka je na vystupu vybavena soukolim stalého prevodu, které zastava stejnou
funkci jako soukoli stalého prevodu v sériové prevodovce. Oproti sériové prevodovce
ma tato zkuSebni jednostupnova prevodovka vyrazné nizSi moment setrvacnosti
primarnich hmot (moment setrvacnosti vSech €asti, jejichz otaceni je pevné svazano
s vstupnim hfidelem pfevodovky). To je zapfiinéno tim, Ze hfidele ve zkuSebni
pfevodovce nesou pouze jeden prevodovy stupen a jsou tak mensi, zaroven zde chybi
talif rozjezdové spojky a soukoli dalSich pfevodovych stuprit. Aby se setrvaéné sily,
které fadici spojka musi prekonavat, pfibliZili ttm v sériovych prevodovkach, bylo
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potfeba vstupni hfidel zkuSebni pfevodovky dovybavit setrvacnikem, ktery by tento
rozdil vyrovnal.

Pfevodovka ma pouze jeden rychlostni stupen, uloZzeny na letmych koncich
predlohového a vstupniho hfidele, které jsou zakryty prihlednym plastovym krytem.
Vstupni hfidel je také vybaven fadici spojkou a snimacem axialni sily. Axialni sila,
kterou ma za ukol méfit, je na néj pfenasena z volné oto¢ného kola pfes axialni loZisko.
Jelikoz je soukoli s Fadici spojkou umisténo na volném konci hfideld, vyZzaduje jeho
demontaz pouze povoleni jednoho Sroubu na kazdé z hfideli. Ve srovnani s vyménou
fadici spojky v sériové prevodovce jde o vyrazné jednodussi ukon. Hlavni vyhodou
zkuSebni prevodovky je vySe zminéna implementace snimace sily pfimo na hfidel
prevodovky.

Na rozdil od sériové prevodovky, kde se soukoli brodi v oleji, je ve zkuSebni
prevodovce soukoli mazano ostfikem tryskou. Vzhledem k rozdilnému zpusobu
lubrikace soukoli a fadici spojky bude zapotiebi vhodné nadefinovat parametry ostfiku.
O dopravu a upravu teploty oleje rozpraSovaného pomoci trysky v pfevodovce, se
stara olejovy agregat, jehoz schéma je zobrazeno na Obrazek 2.[2][3]
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Obrazek 2: Schéma olejového agregatu pro experimentalni pfevodovku

2.2 Ol