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OZET
Yiiksek Lisans Tezi

Evolvent Profil Yapisinda Rijit Harmonik Rediiktor Tasarim ve
Sonlu Elemanlar Analizi
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Damsman: Doc. Dr. Can CIVI

Gii¢ ve hareket iletim mekanizmalarinin en yaygin kullanim alani bulan kolu
olan rediiktorler, bircok temel makine sisteminin Oonemli bir bilesenidir. Makine
sistemlerinin bir diger temel bileseni olan motor tarafindan iletilen momenti arttirmak
ya da acisal hiz1 dolayisiyla déonme devrini azaltmak amaciyla bir¢ok endiistriyel
uygulamada yaygin olarak kullanilirlar.

Klasik digli mekanizmalarina goére istlinliikleri olan harmonik rediiktorler,
piyasada Sikloid (Cyclo) rediiktér olarak bilinmekte ve kapladiklari hacme oranla
olusturabildikleri yiiksek tahvil oranlari, darbesiz c¢alismasi, g¢aligma Omiirleri
bakimindan ele alindiginda ekonomik olmast ve kompakt tasarima sahip olmalari
nedeniyle robotik uygulamalar da dahil olmak lizere imalat sanayinde, yaygin bir
sekilde kullanim alanina sahiptir.

Bu tez caligmasi kapsaminda evolvent profil yapisina sahip bilinen klasik
iiretim yontemleri ile liretilebilen bir harmonik rediiktor tasarimai iizerinde ¢alisilmistir.
Tezin ilk boliimiinde disli mekanizmalar1 hakkinda bilgiler verilmistir. Diger
boliimlerde ise disli tasariminda en yaygin bilgisayar uygulamasi olarak kabul edilen
KISSsoft programi yardimiyla disli tasarimlar1 yapilmis ve (contact) disli temas
analizleri ve sonlu eleman analizleri yapilmistir. KISSsoft programindan elde edilen
disli formlar1 SolidWorks CAD programina aktarilarak harmonik rediiktoriin tasarimi
tamamlanmuistir.

Yapilan analizler sonucunda, optimum iiretim parametreleri ortaya ¢ikarilan
evolvent profil yapisindaki rijit harmonik rediiktoriin, 3D eklemeli imalat yontemiyle
imalat1 yapilmis ve bu sayede tasarlanan nihai rediiktoriin illiistrasyonu olusturularak,
nihai liretim 6ncesinde olusabilecek sorunlar 6nceden tespit edilmeye caligilmistir.

Anahtar Kelimeler: Evolvent profil, Rediiktér, Harmonik Rediiktér, Sonlu Eleman
Analizi, Gerilme Analizi
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ABSTRACT

M.Sc. Thesis

Design of Rigid Harmonic Gearbox in Evolvent Profile Structure and
Finite Element Analysis
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Gearboxes, the most widely used branch of power and motion transmission
mechanisms, are an important component of many basic machine systems. They are
widely used in many industrial applications to increase the torque transmitted by the
motor, another basic component of machine systems, or to reduce the angular velocity
and therefore the rotational speed.

Harmonic gearboxes, which have advantages over classical gear mechanisms,
are known as Cycloid gearboxes in the market and are widely used in the
manufacturing industry, including robotic applications, due to their high bond ratios
that they can create compared to the volume they occupy, shock-free operation,
economical when considered in terms of working life, and compact design.

Within the scope of this thesis, a harmonic gearbox design with an evolvent
profile structure that can be produced by conventional production methods has been
studied. In the first part of the thesis, information about gear mechanisms is given. In
the other chapters, gear designs were made with the help of KISSsoft program, which
is accepted as the most common computer application in gear design, and (contact)
gear contact analysis and finite element analysis were performed. The gear forms
obtained from Kissoft program were transferred to SolidWorks CAD program and the
design of the harmonic gearbox was completed.

As a result of the analyses, the rigid harmonic gearbox in the evolvent profile
structure, whose optimum production parameters were revealed, was manufactured by
3D additive manufacturing method, and in this way, an illustration of the designed
final gearbox was created and the problems that may occur before the final production
were tried to be identified in advance.

Keywords: Evolvent profile, Gearbox, Harmonic Gearbox, Finite Element Analysis,
Stress Analysis

2024, 163 pages
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ONZOZ VE TESEKKUR

Bu tez ¢alismasinda evolvent profil yapisinda rijit harmonik rediiktor tasarimi
lizerinde galistlmustir. {1k bdliimde evolvent profil yapisindaki harmonik rediiktorler
ve sikloidal profil yapisindaki rediiktorler ile ilgili literatiir caligmalar1 incelenmistir.
Ikinci boliimde ise rediiktor sistemleri hakkinda genel bilgiler verilmistir. Ugiincii
boliimde ise harmonik rediiktériin hesaplamalari ve KISSsoft programi yardimiyla
disli tasarimlari olusturuldu ve ardindan SolidWorks programi kullanilarak rediiktoriin
tasarim1  yapilmustir. Uretimine karar evolvent profil yapisindaki rijit harmonik
rediiktoriin, 3D eklemeli imalat yontemiyle imalati yapilmis ve bu sayede tasarlanan
nihai rediiktoriin illiistrasyonu olusturularak, nihai liretim Oncesinde olusabilecek
sorunlar 6nceden tespit edilmeye calisilmistir.

Calismamin her asamasinda bana destek olan, bilgi ve deneyimleri ile yol
gosteren, kendisini tanimaktan biiylik onur duydugum danigman hocam Sayin Dog.
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Miihendisi Sayin Fatma CICEK Hanim’a tesekkiir ederim, Rediiktdriin tasarim
asamasinda verdigi degerli fikirlerinden dolayr Ege Rediiktor A.S. firma sahibi
Makine Miihendisi Saym Ismail ULCAY Bey’e tesekkiir ederim ve grenim hayatim
boyunca beni maddi ve manevi olarak destekleyen ve hep yanimda olan aileme
tesekkiirlerimi sunarim.

Recep KARAMAN
Manisa, 2024

I



SIMGELER VE KISALTMALAR DiZiNi

AGMA American Gear Manufacturers Association

CAD Computer Aided Design

CNC Computer Numerical Control

DIN Deutsche Industrie Norm

SEM Sonlu Elemanlar Metodu

ISO International Organization for Standardization

VDI Verein Deutscher Ingenieure

PLA Polylactic Acid

Oro 30° teget temas noktasindaki dis kokii gerilmesi
Or30 30° teget temas noktasindaki dis kokii gerilmesi

O Max En yiiksek strese sahip noktadaki dis kokii gerilmesi
OMin En diisiik stresin oldugu yerdeki dis kokii gerilmesi (basing tarafi)
Ocsilme Egilme gerilmesi

Obasma Basma gerilmesi

Cem Emniyetli gerilme
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1. GIRIS VE LITERATUR TARAMASI
1.1. Giris

Insanlar, tarih boyunca farkli metotlarla hareket enerjisi iiretmeye ve bu
enerjiyi belirli amaglar i¢in kullanma cabas1 iginde olmustur. Gegmisten giiniimiize
kadar olan bu siirece baktigimizda, hareket enerjisinin biiyiik bir kismi1 genel itibariyle
donme hareketine dayanmaktadir. Bu kapsamda, tlirbinler, riizgar degirmenleri,
motorlar ve su degirmenleri gibi 6rnekler vermek miimkiindiir.

Bu donme hareketinin makinelerde etkili bir sekilde kullanilabilmesi igin,
enerjinin iletilmesini saglayan disli mekanizmalar1 gelistirilmistir. Bu ihtiyagtan
dolayi, gecmiste binlerce farkli amag i¢in ¢esitli disli mekanizmalar1 ortaya ¢ikmaistir.

18. yiizyilda Euler'm evolvent profilini kesfi ve sonrasinda teknolojideki
ilerlemelerle birlikte, 19. yiizyilin sonlarinda dislilerin iiretilmesinde kullanilmig ve
giiniimiizde de disli sistemleri imalatinda kullanim1 devam etmektedir [1].

Teknolojideki gelismelerle birlikte, kiigiik hacme sahip ve fonksiyonel olarak
daha istlin 6zellikte makinelerin ihtiyaci giin gectikce dnem kazanmistir. Hacmin
kiigiilmesi demek, makinenin daha kompakt ve daha islevsel hale getirilmesi anlamina
gelmektedir. Bu baglamda hacmi kiiciiltiilmiis ve agirligl azaltilmis, yiiksek tork
degerlerinde, verimi arttirilmis ve Ozellikle yiiksek ¢evrim oranina sahip bir disli
mekanizmas1 olan dalgali disli mekanizmasi, 1959°da Amerikali Dr. C. Walton
Musser kesfedilmistir ve 3 temel bileseni vardir; Rijit cark, esnek cark ve dalga
jeneratorii.

Sekil 1.1. Dalgali Disli Mekanizmasi [2]



Sekil 1.2. Dalgali Disli Mekanizmas1 Elemanlari [2]

Esnek disli sistemlerinin {iretim esnasindaki yasanan problemler nedeniyle
endiistride ¢ok fazla kullanim alan1 bulunamamuistir. Bu da endiistriyi rijit disli yapisina
sahip sikloid formdaki harmonik dislilere yoneltmistir. Farkli bir ¢aligma olarak Prof.
Dr. Koz1 Kazihan rijit disli sistemli evolvent profilli rediiktor lizerinde calismalar
yapmustir ve 1995 yilinda rijit digli mekanizmasi olan Selguk Rediiktor isimli
calismasiyla faydali model alarak literatiire gegtigi bilinmektedir. Prof. Dr. Koz1
Kazihan tarafindan yapilan ¢alismada ¢evrim oranin yiiksek oldugu ayni1 zamanda tork
oranin da yiiksek oldugu goriisii savunulmaktadir. Bu c¢alisma yapildiginda iiretim
metotlarinin ve deneylerin belirli imkanlarda olusundan kaynakli ¢caligsma sadece tez
calismasinda sinirlt kalabilmistir. Digli profil yapilariyla ilgili, profil kaydirma
oranlariyla ilgili ve optimum disli tasarimiyla ilgili hesaplamalar tam anlamiyla
gerceklestirilemediginden, bahsedilen rediiktdr basariyla tiretime aktarilamamistir.

Bu tez ¢aligmasi1 kapsaminda; harmonik rediiktoriin klasik imalat yontemleriyle
tiretilebilmesi amaciyla rijit disli yapisinda ve giiniimiiz disli teknolojisi ile uyum
saglamasi agisindan da evolvent profil yapisinda olmasi1 6n goriilmiistiir. Harmonik
rediiktoriin modiili 1,5 mm olarak kabul edilmis ve i¢ disli sayis1 ve dis disli sayis1
sirastyla 60-58 ve 60-57 olarak kabul edilmistir. Calismanin birinci asamasinda, profil
kavrama agilarint 15°, 20°, 25° ve 30° olacak sekilde degisimlerine bakilarak agilarin
degisimiyle rediiktoriin dis profilleri iizerindeki temaslar1 incelenmistir. Bu sekilde
yapilan tasarimlarda dis profillerinin basindan kesme yapilmistir.

Tasarimin ikinci agsamasinda ise modiil yine 1,5 mm olarak kabul edilmistir ve
dis sayilari sirasiyla 60-58 ve 60-57 dis olarak kabul edilmistir. Profil kavrama agilar
yine 15°, 20°, 25° ve 30° olacak sekilde 4 farkli agida, agilarin degisimiyle rediiktoriin
dis profilleri iizerinde degisimleri incelenmistir. Diger calismalardan farkli olarak dis
baslarindan kesme yapilmadan profil kaydirma yontemiyle diglilerin dis temaslar1
incelenmistir. Sonug olarak dis profil yapis1 optimize edilerek, bilinen klasik yontem
disli talasli imalat metotlariyla tiretimi miimkiin olabilecek harmonik rediiktor tasarim
ve imalat1 hedeflenmistir.



1.2. Tezin Amaci

Harmonik rediiktorler, yliksek hassasiyet, yiiksek tork iletimi ve kompakt
tasarim gibi avantajlara sahiptirler. Bu ylizden hassas hareket kontrolii gerektiren
uygulamalarda tercih edilirler. Ancak ayn1 zamanda bu rediiktorler, dalga jeneratorii
denen, harmonik hareketin saglandig1 yapi sebebiyle dnemli bir tasarim kisitina da
sahiptirler. Bu kisit esnek digli sistemleri veya evolvent yerine sikloid formda disli
yapisinin kullanilmasi ile ¢oziilebilmektedir. Bu ¢alismada ise her iki yapinin diginda
bir tasarim yapilarak, dis profil yapisinin geleneksel takimlarla olusturulabilecegi bir
tasarim iizerinde ¢alisilmistir. Bu gaye ile, farkli kavrama acgilarinda (15°, 20°, 25° ve
30°) ve farkli profil kaydirma oranlari ile farkli dis modifikasyonlarinda tasarimlar
gerceklestirilmistir. Tasarlanan rediiktoriin Sonlu Elemanlar Metodu (SEM) ile analizi
yapilarak digliler iizerindeki gerilmelerin bu farkli tasarim parametrelerine gore
degisimleri incelenmistir. Rediiktor imalata hazir hale getirilmis ve illlistrasyon
amactyla PLA malzeme kullanilarak 3D eklemeli imalat yontemiyle basarili sekilde
imal edilmistir.

1.3. Literatiir Taramasi

Seber, M. yaptig1 calismada Sel¢uk Rediiktor ismi verilen evolvent rijit
dislilerden olusan harmonik rediiktore ait 3 farkli model belirlemis ve sectigi 1.
modelde; Dis disli sayis1 60, i¢ disli sayis1 59 olan dolayisiyla ¢gevrim oranin 60 oldugu,
2. modelde ise dis disli sayis1 60, i¢ disli sayis1 58 olan ¢evrim oranin 30 oldugu, 3.
modelde ise dis disli sayist 60, i¢ disli sayis1 58 olan dolayisiyla ¢cevrim oranin 20
oldugu rediiktor modellerini secip hesaplamalar yaparak buldugu parametreleri
yazdig1r 6zel program sayesinde AutoCAD programina aktarip teknik resimlerini
olusturmus ve bu ii¢ farkli rediiktor modelini incelemis ve bu modellerin sorunsuz
caligsabilecegini beyan etmistir [2].

Dimitoka, K. yaptig1 calismada evolvent profil yapisina sahip i¢ disli ve dis
disli carka ait olan Selguk Rediiktoriin Sonlu Elemanlar Yontemiyle ANSYS
programinda ¢6ziim yapmustir. Normal klasik evolvent profilli digli ¢arklarda meydana
gelen i¢ disli mekanizmalarda teorik olarak en fazla 2 ¢ift dis ayn1 anda temas halinde
iken Selcuk Rediiktorde ¢arklarin dislerinin yaklasik %10'nun yiik aktardigi Sonlu
Elemanlar Metoduyla (SEM) kanitlamistir. Disliler arasinda meydana gelen yiiksek
kavragma nedeniyle diger i¢ disli kavragsmalara gore daha fazla tork iletme kapasitesine
sahip oldugunu tespit etmistir [1].

Kasap, M. yaptig1 calismada, Selcuk rediiktoriin kinematik &zelliklerini
arastirmis ve bu tip mekanizmalarda evolvent dis profilinin kullanilmasi daha avantajli
oldugu belirtmistir. Geometrik aragtirmalar sonucu bilgisayar ortaminda bu rediiktor
mekanizmasint modellenmis ve bu modellenen yeni tip mekanizmanin tiim geometrik
ve kinematik 6zellikleri agiklanmistir [3].



Glines, H. ve Dilipak, H. yaptig1 calismada sikloid disli kutusunda birbirleri ile
stirekli temas halinde bulunan bilesenler arasindaki siirtinmenin, verim {izerindeki
etkisini hareket analizi yardimiyla incelemislerdir. Calisma kapsaminda bir sikloid
disli kutusunun tasarimi yapilmis ve daha sonra Solid Edge parametrik katt modelleme
yazilimiyla hareket analiz modiiliinde sistemin hareket analizi yapilmis siirtiinme
katsayisinin verim {izerindeki etkisini yorumlamislardir. Calismanin neticesinde
siirtinme katsayisindaki artisin disli kutusunun veriminde 6nemli bir kayba neden
oldugu anlasilmis ve temas bolgelerinde olusan tepki kuvvetlerinin arttigi tespit
edilmistir [4].

Shin ve Kwon yaptig1 ¢alismada, sikloid rediiktdriin ana pargasi olan sikloid
plakali dislinin lob profil tasarimi i¢in genel temas mekanizmasindaki anlik hiz
merkezi prensibi ve homojen koordinat doniisiimii ile basit ve kesin bir yaklasim
onerilmistir. Calismada sikloid rediiktorlerin dort tipi ele alinmistir; sabit gember disli
tipi episikloit rediiktor, doner gember disli tipi episikloit rediiktor, sabit cember disli
tipi hiposikloit rediiktor ve donen halka disli tipi hiposikloit rediiktér. Dort tip sikloid
rediiktor i¢in tasarim Ornekleri verilmis, islemi simiile etmek ve bu yaklagimin C++
dilinde gelistirilmis bilgisayar destekli bir program kullanarak uygulanabilirligini
gosterilmistir [5].

Malhotra ve Parameswaran yaptiklar1 ¢alismada, sikloid rediiktoriin gesitli
elemanlar1 lizerindeki kuvvetlerin yani sira teorik verimliligi hesaplamak i¢in bir
prosediir sunmuslardir. Ayrica, bu tiir rediiktoriin optimum tasarimina yardimcei olacak
tasarim parametrelerinin, kuvvetlerin ve temas gerilmelerinin etkilerini de
incelemislerdir [6].

Blagojevic ve arkadaglari, iki kademeli bir sikloidal rediiktériin yeni bir
tasarimin1 yapmigslardir. Yapilan tasarimda iki kademeli sikloid rediiktor, her kademe
i¢in bir sikloid disliye, yani toplamda iki sikloid disliye sahiptir. Disli hareketinin en
kritik durumlar i¢in (temas halinde olan bir, iki veya ii¢ ¢ift dis) SEM kullanilarak
sikloidal hiz diisiiriicii elemanlarin gerilme durumu analizi de gerceklestirilmistir.
Sonuglar, sikloid dislilerin burada sunulan tasarim ¢6ziimiinii hakli ¢ikaracak sekilde
oldukca diizgiin bir sekilde yiiklendigini gosterdi. Sikloid disliler igin gerilme
durumunun deneysel analizi gerinim 6l¢er yontemi kullanilarak gergeklestirilmistir.
Elde edilen sonuglara dayanarak, en kritik durum i¢in bile (bir ¢ift disin temas halinde
olmasi) sikloid disliler lizerindeki gerilmelerin izin verilen sinirlar i¢inde oldugu ve
rediiktoriin  beklenen Omrii boyunca normal c¢aligmasini sagladigi sonucuna
varmiglardir [7].

Lin ve arkadaslari, sikloid disli rediiktorlerin kinematik hata analizi ve tolerans
tasarimi i¢in bir yontem sunmuslardir. Sikloidal disli rediiktor icin geometri, imalat ve
hassas performans ile ilgili parametreler arasindaki iliskiler tanitmis ve ardindan disli
teorisi araciliryla arastirmuslardir. i1k olarak, sikloidal disli rediiktdriiniin dis temas
analizini ger¢eklestirmek i¢in sikloidal dis profilinin ayriklastirilmasina dayali bir



algoritma gelistirmislerdir. Ardindan, geometrik ve imalat parametrelerinin tolerans
dagilimlar bilindikten sonra kinematik hatanin dagilimini analiz etmek i¢in Monte
Carlo yontemini kullanan bilgisayar destekli bir program hazirlamiglardir. Son olarak,
imalat maliyetini en aza indirmek amaciyla parametrelerin toleranslari optimize
etmislerdir. Optimizasyon sonuclarinin giivenilirligi, 6nceden gelistirilmis bilgisayar
destekli algoritma kullanilarak 6rneklerin analiz edilmesiyle de dogrulamislardir. Bu
calismanin bulgulariin uygulamalarinda kullanilan tasarim prosediiriinii géstermek
icin iki adet uygulama yapmislardir [8].

Litvin ve arkadaglari, Wankel motorunda, Root'un iifleyicilerinde ve
pompalarinda uygulama bulan sikloidal (trokoidal) diglilerin {iretimi ve tasarimi ele
almiglardir. Yaptiklar1 ¢alisma kapsaminda; (i) vidali Root'un iifleyicilerinin
diizlemsel sikloid dislilerinin ve rotorlarinin {iretimi ve geometrisi (ii) profil ve yiizey
tekilliklerinden ka¢inmaya izin veren gelistirilmis tasarim {izerine calismalar
yapmuslardir. Onerilen analitik ¢oziimleri destekleyen bilgisayar programlar
gelistirilmistir. Gelistirilen teoriyi gdsteren sayisal uygulamalarla drnekler verilmistir

[9].

Xu ve arkadaglar yaptiklart ¢calismada, donen kollu silindirik makarali yatagin
etkileri dikkate alinarak, bir sikloidal pimli disli transmisyonunda ¢ok disli birbirine
geemenin temas dinamiklerini analiz etmek i¢in bir yontem Onerilmistir. Sikloidal
pimli disli transmisyonunun dinamik modeli, ¢ok govdeli sistemin dinamik teorisi
cergevesinde olusturulmustur. Sikloidal pimli disli transmisyonundaki ¢ok disli
kavramanin temas modeli, sikloid dislinin dis profili egrisi ilk 6nce bir dizi nokta
olarak dagitilmistir. Daha sonra bu noktalarin ve her pim disinin temas kosulunu
saglayip saglamadigi dongiisel olarak degerlendirilerek sirasiyla temas bdlgesi,
maksimum temas derinligi ve temas yiikii hesaplanmistir. Ek olarak, ¢cok noktali
temasa sahip doner kollu silindirik makarali rulman, rulmanin kinetik 6zelliklerinin
etkisi dikkate alinarak dogrusal olmayan bir temas kuvveti sistemi kullanilarak
modellenmistir. Calismanin sonucunda, kinematik yanittaki dalgalanmalarin, sikloidal
pim dis temas kuvvetlerinin ve rulman makarasi-yuvarlanma yolu temas kuvvetlerinin,
esas olarak sikloid pimli tekerlek transmisyon sisteminin ¢ok disli birbirine gegcme
ozelliklerinden etkilendigini belirtmislerdir. Teorik model ve analitik sonuglar, sayisal
ornek ve ¢ok govdeli dinamik teorisine dayali bir sanal prototip simiilasyonuyla
dogrulamislardir [10].

Tran ve arkadaslar yaptiklar1 calismada, sikloid rediiktorlerin geleneksel
rediiktor mekanizmalarina kiyasla yiiksek rediiksiyon oranina, yiliksek verimlilige,
yiiksek sertlige sahiptir ve kompakt bir boyuta sahip oldugunu belirtmislerdir. Calisma
kapsaminda, sonlu elemanlar ve kinematik analizleri birlestiren bir sikloid rediiktoriin
kayip hareketini arastirmuslardir. Ik olarak, sikloid rediiktorii ve histerezis egrisini
tanitmislardir. Ardindan, tolerans dikkate alinarak sikloid rediiktoriin kinematik
analizi yapmiglardir. Ardindan, kinematik analizin sonuglar birlestirilerek sikloid
indirgeyicinin kayip hareketinin yinelemeli bir sonlu elemanlar yontemi ile analizi



yapmuslardir. Sikloid rediiktoriin kayip hareketinin sadece burulma sertligine degil
ayni zamanda toleransina da bagli oldugu sonucuna varmislardir [11].

Taesu ve arkadaslari, harmonik bir rediiktor tasarlamak i¢in kullanilan
degistirilmis bir harmonik kam 6nermislerdir. Siniizoidal kam tipi kullanan geleneksel
harmonik rediiktor, elastik gévde konseptine aittir ve bu nedenle tasarlanmasi ve
degerlendirilmesi zordur. Geleneksel siniizoidal kamin aksine, onerilen harmonik
kam, dort arkin bir kombinasyonunu igerir. Bu tiir kamlar rijit bir gdévde konseptine
gore tasarlanabilir ve boylece dis profili, yerlesik disli teorisi kullanilarak tasarlanabilir
ve analiz edilebilir. Yeni harmonik kam, dort yay kombinasyonlarindan yararlanilarak
tasarlanmig ve sarmal ve sikloid agil1 dislere sahip harmonik siiriiciilerin tasarlanmasi
icin kilavuzlar sunulmustur. Dairesel spline ve esnek spline arasinda iki dig fark: olan
bir harmonik rediiktor tasarlanmistir. Islem, dis baglantis1 ve girisim, bir 3D yazic1 ve
disli simiilasyon programi kullanilarak bir maket tiretimi yoluyla dogrulanmistir [12].

Masoumi ve arkadaslar1 yaptig1 c¢alismada, kabuk teorisini kullanarak
harmonik tahrikli rediiktor sistemlerinin bir titresim analizini yapmislardir. Sistemin
flexspline ve dairesel spline'1 igin titresim denklemleri tiiretmisler ve her iki par¢anin
dogal frekanslarin1 bulmuslardir ve ayrica sistemin ¢aligma kosulu altindaki titregim
tepkisi hesaplamislardir. Ayrica, esnek dislinin geometrisi ve i¢ dislinin, eksantriklik
ve dengesizlik gibi ilgili farkli parametrelerin sistemin titresim davranisi lizerindeki
etkilerini incelemislerdir [13].

Timofeev ve arkadaslar1 yaptig1 calismada, harmonik disli rediiktorler i¢in bir
model 6nermislerdir. Model, harmonik baglantinin birden ¢ok cifti ve birden ¢ok
bolgeyi icerdigini hesaba katar ve ayrica imalat ve montaj hatalarini, tahrik
bilesenlerinin deformasyonunu ve yiik altinda baglantidaki bosluklarin ayarlanmasini

......

tahrikleri tasarlanabildigini belirtmislerdir [14].

Sahoo ve arkadaslari yaptigi calismada, harmonik rediiktorlerde mevcut
incelemede i¢ disli ve dis dislinin dis sertligi tiiretmislerdir. Temas halindeki ¢oklu dis
ciftleri tarafindan paylasilan yiikii tahmin etmek i¢in bir yontem Onermislerdir. Dis
deformasyonu ile orantili olarak yiik dagilim modeli dikkate almislardir. Temas eden
dis ciftleri tarafindan paylasilan yiik tahmin edilmistir ve dis dislideki gerilmeler SEM
kullanilarak ~ bulmuslardir. Bulduklar sonuglari deneysel degerlerle
karsilagtirmislardir [15].

Kayabas1 ve Erzincanli yaptiklari ¢aligmada, harmonik Rediiktorlerde esnek
dislinin sonlu elemanlar yontemine dayanan hesaplamali bir gerilim-gerinim analizi
bir alternatif olarak arastirilmiglardir, flexspline disler iizerindeki gerilimi hesaplamak
ve yorulma Omriinii en st diizeye ¢ikarmak icin optimum dis seklini bulmaya
calismiglardir. Harmonik siiriicii flexspline'in sonlu eleman analizi, sayisal analizin



maksimum stres i¢in deneysel prosediirlerden daha iyi tahmin sagladigini
gostermislerdir [16].

Kosse yaptig1 caligmada, bir dalga iireteci ile yiiksek torklu mekanik harmonik
rediiktoriin birbirine gegme bolgesi arasindaki agisal kaymanin analitik incelemesini
gerceklestirmistir.  Sert  disli/esnek disli/dalga {ireteci sistemindeki temas
deformasyonlarmin analizine dayanarak bir denklem sistemi olusturmus. Analitik
inceleme, ylirliyen bir ekskavatoriin benzersiz siiriisii icin sayisal hesaplamalarla
desteklemistir. Teorik aragtirmanin dogrulanmasi i¢in deneysel ¢alismanin sonuglarini
kullanmustir [17].

2. GUC VE HAREKET iLETIM MEKANIZMALARI

2.1. Giic ve Hareket iletim Mekanizmalarina Giris

En genel prensipte bir makine; motor, is yapan is makinesi ve bu iki bilesen
arasinda moment, giic ve hareket iletim elemanlari olmak {izere ii¢c ana bilesenden
olusur (Sekil 2.1). Bu makine pargalart arasindaki baglantilar ise kaplin veya kavrama
ad1 verilen elemanlar araciligiyla gergeklestirilmektedir [18].

~~.. GUC VE HAREKET
ILETIM ELEMANI

f IS MAKINASI

Sekil 2.1. Bir Makine Sisteminin Temel Bilesenleri

Gli¢ ve hareket iletim mekanizmalarinin ana kullanim nedenine baktigimizda,
makine sisteminde kullanilan motordaki en yiiksek giicti, tirettikleri devir araliginda
olusturduklart momenti karsilamaktadir [18].



Bu ifadeden yola ¢ikarak formiil 2.1°e gore;

P Px30 P(kW)

M,[N.m] = — = = 9550 % ———— (2.1)
w TT*n dev)
" \dak

Burada gii¢ olarak ifade ettigimiz ifade sisteme bagladigimiz elektrik motoru
oldugu icin sabit oldugu i¢cin moment ile devir arasinda ters oranti oldugu
goriilmektedir. Motor giiciinii aktarirken; devri azaltan momenti arttiran veya tam tersi
olarak devri attiran momenti azaltabilen elemanlara giic ve hareket iletim
mekanizmalar1 denir [18].

Cevrim orani ise formiil 2.2’de ifade edilmistir;

: wq nq
lp=t—=%2— (2.2)
w3 n;

+ ve — igaretlerinden kasit donme yoniinii ifade etmek i¢in kullanilmistir. Farkli
yonlerde doniiyorsa -, ayni yonde doniiyorsa + olarak ifade edilir.

Giig ve hareket iletim mekanizmalarinda bilinmesi gereken parametre ise verim
olarak ifade edilen ¢ikis giiciiniin giris giicline oranidir. Makine elemanlar1 birbiri ile
stirtiinmeli olarak ¢alistig1 i¢in sistemde verim kayb1 s6z konusudur ve bu ifade formdil
2.3’te belirtilir.

_ Cikig Guca é &

=7 @ -2 2.3
M= Giris Gica P, Pg (23)
P,=nx*P (2.4)
My, = i12 ¥ * My, (2.5)

Bu formiillerden su ifadeyi sdylemek miimkiindiir;

1. i, ( 1oldugu durumda n,({n, olur hiz arttirict mekanizma denir.
2. i, =1oldugu durumda n, = n, olur sadece hareket yonii degisir.
3. i, y1loldugu durumda n, ) n, olur hiz diisiiriicii mekanizma denir.

2.2. Disli Cark Mekanizmalari

Disli ¢ark mekanizmalari, gii¢ ve hareketi ileten elemanlar arasinda en yaygin
kullanilanlaridir. Ustiinliikleri, tiim giic ve hiz degerlerinde giivenilir bir sekilde



kullanilabilir olmalar1 ve yiiksek verime sahip olmalaridir. En biiyiik dezavantajlari ise
diger mekanizmalara kiyasla maliyetinin fazla olmasidir. Disli ¢ark mekanizmasi en
az iki disliden olusur; kiigiik disliye pinyon disli (dondiiren disli), digerine ise ¢ark
(donen disli) denir [19].

Sekil 2.2. Disli Cark Mekanizmasi [20]



2.2.1. Disli Cark Mekanizmalarinda Cevrim Orani ve Verim Hesabi

Sekil 2.3’te belirtilen pinyon disli ve c¢arktan olusan bir ikili disli
mekanizmasinda ¢evrim orani ve verim formiilleri, formiil 2.6 ve 2.7’de ifade edilebilir
[18].

Sekil 2.3. Cevrim Orani

Z, =Pinyon disli
Z, = Dondurtlen disli

n, = Pinyondislinin devir say1s1 (dﬂj
dak

n, = Dondurulendislinin devir sayisi (gi:j
a

: . N
Cevrim orani i, = n_l (2.6)

2
P, =Z, Dislisin e giren gii¢c [kW]
P, =Z, Dislisinden ¢ikangiic[kW]
P, = Kayip Gii¢ [kW]

P
mzzp—l; P, =P, +P; P, =P —Py;
2
P-P P
My = lP K = _FK“(%IOO) (2.7)
1 1

Verim, kullanilan disliye bagli olarak degigsmektedir. Pratikte kullanilan baz1
disli carklar i¢in verimler Tablo 2.1°de gosterildigi gibidir [18].
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Tablo 2.1. Disli Carklarin Verimleri

Disli Cark Tipi Verim
Silindirik Disli Carklar 0,97 -0,99
Konik Disli Carklar 0,96 — 0,98
Sonsuz Vida Mekanizmalar1 | 0,30 — 0,85

2.2.2. Disli Cark Profilleri ve imalat Metotlar1

2.2.2.1. Disli Cark Profilleri

Dis yan yiizey egrisine profil denilmektedir. Giiniimiizde en yaygin olarak
evolvent profil tercih edilmektedir. Evolvent, bir daire lizerinde kaymadan yuvarlanan
dogru tizerinde isaretlenen noktalarin meydana getirdigi egriyi ifade eder ve bu egri,
temel daire olarak adlandirilan bir daire tizerinde olusur [18].

12345‘5

Sekil 2.4. Evolvent Egrisi [2]
Disli ¢arklarda kullanilan diger disli profilleri ise sekil 2.5, sekil 2.6 ve sekil 2.7°deki
gibidir;

I. Sikloid egri: dairenin bir dogru iizerinde hareket ettirilmesi ile elde edilmistir.
II. Episikoid egri: dairenin baska daire iizerinde hareket ettirilmesi ile elde edilmistir.
II1. Hiposikloid egri: dairenin bagka daire i¢inde yuvarlanmasi sonucu elde edilmistir.
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Sekil 2.5. Sikloid Egri [2]
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Form frezeleme ve yuvarlanma teknigi ile imalatlar1 yapilan disli ¢arklarin
sekildedir; broslama, dokiim, dovme ya da pres ile
uretilmektedirler. Form freze metodunda divizér yardimiyla parcanin tezgiha
baglanarak her bir dis i¢in disli adimi kadar kendi ekseni etrafinda dénerek imalati
tamamlanir. Kiigiik isletmelerde yaygin kullanilan bir yontemdir. Yuvarlanma metodu
ise; par¢a hem takim yoniinde ileri-geri hareket ederek hem de kendi ekseni etrafinda
. Bu imalat tlirlinde azdirma teknigi, kramayer teknigi

diger imalat teknikleri de su

donmesiyle disler agilmaktadir

T 6 % 8 9 !

Sekil 2.7. Hiposikloid Egri [2]

2.2.2.2. Disli iImalat Metotlar
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(MAAG), disli takim teknigi olarak bilinen ii¢ yontemle yapilmaktadir. Giiniimiizde
hemen hemen tiim disliler bu yontemle agilir [18].

Form
 frezeleme

takinm
Takim
déntisi

—— jlerleme yonu

&

“ Merkez

Helis

.‘/ e 2

is

pargast \
dontgti

(vavas)

Is —

\
\ .
pargasi _J \  Helis
~ ¥ agas

Sekil 2.8. Form Frezeleme Yontemi

itici mil

£ }\T“A kesici gark
(7 — /Y kesiten parc
l! f "l Py “\\ kesilen parga
LA - baslangig
Ay o
- i J £
harcket |
W B
kesm J ‘H,’( | ‘
ayrilma L \ I

Sekil 2.9. Yuvarlanma Metodu Y ontemi
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2.2.2.3. Diiz Disli Cark Boyutlar:

Disli ¢arklarin boyutlandirilmasinda formiil 2.8, 2.9, 2.10, 2.11, 2.12, 2.13 faydalanilir
[21]

Es ¢alisan diglinin

o —"bas yuksekligi

yuksekligi -
alisma
¢ yiiksekligi

T Dis
yuksekligi

Bas yuksekligi \-

Taksimat
dairesinin—

X \ capt . ¢Yay kirisi
dx dg Pl i1 CHEG
+ —Temel /
Taban— iresinin Bas —~ Bas I = o -
dairesinin dalre; daireSInln// yiiksekligi by |hg- Yay kirisi
aapt \\ cap! / ‘ |y yiksekligi
Dis —
! # kalinhg: P

b

Sekil 2.10. Evolvent Disli Carkin Boyutlar1 [21]

Adim (Hatve) :t

Dis Sayisi:z

Taksimat Dairesi Capi:d,
Dis Ustii Cap1:d,

Dis Dibi Cap1: d,

Dis Ustii Yiiksekligi: h,
Dis Dibi Yiiksekligi: h,
Dis Yiiksekligi: h

Dis Kalinhigi : s,

Disler ArasiBosluk : e,
Yay Kirisi:s,

Dis Genisligi:b

Dis Tabaninda Yu var latma: p

n*d,=z*t — d, :B*z

I
m:B:d—O - dy=m*z
I V4
d, =d, +2*h, (2.8)
d,=d,-2*h, (2.9)
h=h,+h, (2.10)

Iki dislinin birlikte ¢alismas1 durumunda ise;
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Yuvarlanma dairesi 1

Yuvarlanma
dairesi 2

Sekil 2.11. Disli Mekanizmasinda Yuvarlanma Daireleri [21]

vy, V, :1. ve 2. dislinin ¢evresel hizlart

V=V,

V,=hL*o, =2%n**n, ve v,=1,%*w,=2%n"*r,*n,
d,=m*z, ved, =m?*z,

n_o _t_d _do 2z,

1

el =i
12

n, o, n d d,; z

d,+d, m
a:—l2 ZZE*(Zl"'Zz)

Profil kaydirmal1 diglilerde hesaplar formiil 2.14, 2.15 ve 2.16 ile yapilabilir;

+x profil kaydirma
0 profil kaydirma

-x profil kaydirma

Sekil 2.12. Profil Kaydirma

(2.11)

(2.12)

(2.13)



» 0 profil kaydirma durumunda;

Taksimat Dairesi Cap1:d, =m*z

Dis Ustii Cap1:d, =d, +2*m

Dis Dibi Cap1:d, =d, —2,4*m

n*m

2

Taksimat Dairesi Dis Kalinlig1 :s, = g = (2.14)

» +x profil kaydirma durumunda;

Taksimat Dairesi Cap1:d, =m*z
Dis Ustii Cap1:d, =d, +2*m*(1+x)
Dis Dibi Cap1:d, =d, —2*m*(1,2-x)

*

Taksimat Dairesi Dis Kalinhigi :s, = T o 2%x*m*tan 0, (2.15)

» -x profil kaydirma durumunda;
Taksimat Dairesi Cap1:d, =m*z

Dis Ustii Cap1:d, =d, +2*m*(1-x)
Dis Dibi Cap1:d, =d, —2*m™*(1,2+x)

%

Taksimat Dairesi Dis Kalinhigi :s, = T 2%x*m*tan 0, (2.16)

2.2.2.3.1. I¢ Diiz Disli Boyutlar

I¢ dislide de dis disli formiilleri kullanilmaktadir fakat dislide dis yiizeyleri
iceride oldugu i¢in formiillerde bazi degisiklikler olmaktadir. Formiiller (2.17, 2.18,
2.19, 2.20) ifade edilmistir [21]

16



Kavramanin

Kavramanin
baglangica

Sekil 2.13. I¢ Diiz Disli Mekanizmas1 [21]

» X=0 olmasi1 durumu;

Pinyon disli;

Taksimat dairesid,, =m*z,

Dis Ustii Capi:d,, =d,, +2=m*(z, +2)

Dis Dibi Cap1:d, =d,, —2,5=m*(z, -2,95) (2.17)

I¢ disli;

Taksimat dairesid, =m*z,

Dis Ustii Cap1:d,, =dg, —2*m=(z, —2)
Dis Dibi Cap1:d,, =d, +2,5=m*(z, +2,5)
doz _d01 m

=—"(2,-2,)

Eksenler arasi mesafe a, = > >

. L - 5 t w*m
Taksimat dairesin deki dis kalinligi sy, =s,, = =3 (2.18)
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» Kaydirmah Disli Durumu;

Pinyon disli;

Taksimat dairesid,, =m*z,

Dis Ustii Cap1:d,, =dy, +2*m*(1+x,)
Dis Dibi Cap1:d,, =d,, —2*m*(1,25-x,)

*
Taksimat dairesin deki dis kalinligi s, = IO ox X, *m*tana,
2

I¢ disli;

Taksimat dairesid, =m*z,

Dis Ustii Cap1:d,, =dg, +2*m*(1+X,)
Dis Dibi Cap1:d,, =d,, —2*m*(1,25-x,)
dp,—dy, M

:_*(Zz _Zl)

Eksenler arasi mesafe a,, = 5 5

*

Taksimat dairesin deki dis kalinhgi s, = LML NPE X, *m*tana,

. X, —X .
Kavrama agist invo = 2 * (=X tan o, +inva,
(Zz iy 21)
2 2 2 2 o
JUE —12) = J(i —13) +a*sina
Kavrama Orani ¢ = : :
n*m*cosa,

2.3. Silindirik Diiz Disli Carklar

(2.19)

(2.20)

Basit, silindirik ve diiz dislere sahip, paralel safta monte edilmis
mekanizmalardir. Kullanim amaci tork diisiirmek ya da yiikseltmek maksadiyla

kullanilmaktadirlar. Genellikle iki paralel mil arasinda hareketi iletirler. En bilinen

kullanim yeri olarak araglarimizin sanzimanlarindir [22].

Baslica avantalari su sekildedir;

%95- %99 oraninda verimlidirler.
Kompakt yapiya sahiptirler.

Hiz oran1 sabittir.

Diiz dislide kayma olmaz.

Son derece giivenilirler.

Imalat: kolaydur.

Tasarimlar1 basittir.

Mukavemet degerleri yiiksektir.

VVVYYVYVVYY
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Sekil 2.14. Diiz Disli Cark Goriiniimii

2.4. Silindirik Helis Disli Carklar

Helis disli uygulamalarina baktigimizda genel itibariyle, kuvvetin biiyiik
oldugu ve hizinda yiiksek oldugu durumlarda tercih edildigi goriilmektedir. Diiz
digliler ile kiyaslandiginda daha sessiz ve mukavemet agisindan daha ytiksek
ozelliklerde oldugu goriilmektedir. Sekil 2.15°deki gibi (sag helis disliyi) baktigimizda
helis saga dogru bakiyor ise sag helis, sola dogru bakiyor ise sol helis disli olarak
adlandirilmaktadir [23].

Sekil 2.15. Helis Disli Cark Gorliniimii [23]
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2.5. Kramayer Disliler

Sekil 2.16’da gorseli paylasilan kramayer disliler, diiz disli veya helis disli
olarak imal edildigi i¢in diiz disli olarak bilinirler. Dogrusal hareketi dairesel harekete
cevirebilecegi gibi bunun tam tersi hareketinde olusturmak maksadiyla
kullanilmaktadirlar. Freze tezgahinda talep edilen boylarda imalati yapilmaktadir. En
bilinen uygulamalar1 iiniversal torna tezgahlarinin araba kisimlarinda kullanilirlar [24]

Sekil 2.16. Helis Kramayer Diiz Disli [25]

Sekil 2.17. Kramayer Diiz Disli [26]
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2.6. Konik Disli Carklar

Genel olarak 90 ° olabilecegi gibi 90 ° den biiylik ya da kiiglik agilarda da
uygulamalarinin olabildigi, gii¢c ve hareket iletilmesi istenilen durumlarda kullanimi
karsimiza ¢ikmaktadir [18] Sekil 2.18’de sirastyla belirtildigi gibi diiz konik disli,
helisel konik disli, egrisel konik disli olarak gdrselleri verilmistir.

Sekil 2.18. Diiz Konik Disli, Helisel Konik Disli, Egrisel Konik Disli [27]

2.7. Spiral Disli Carklar

Gilig ve hareket iletiminin sadece 90 ° oldugu uygulamalarda tercih
edilmektedirler. Birbirine temas halinde dis sayis1 fazla oldugu i¢in siirtiinme olusumu
meydana geldiginden verimleri diigiik olmaktadir. Piyasada karsimiza genelde sonsuz
vida mekanizmalari olarak kargimiza ¢ikmaktadir ve dis temasi fazla oldugu i¢in yiik
tagima kapasitesi de yiiksektir en fazla asansorlerde ve sanayide ise rediiktorlii elektrik
motorlarinda kullanilmaktadir. Verimleri genelde n=0,30 — 0,85 deger araligindadir
[18].
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Sekil 2.19. Sonsuz Vidali Disli Gortiniimii

2.8. Disli Cark Sistemleri

Kiigiik hacimde biiyiik ¢evrim orani olusturmak ya da ddnme yoniinii ve hizin
degistirmek maksadiyla benzer veya farkli tiirlerdeki dislilerden meydana gelen
sistemlerdir. Endiistride kullanildig1 yerler; rediiktor, vites kutulari, planet disliler,
diferansiyel mekanizmasi, harmonik ya da sikloid tip Ozel rediiktorler olarak
uygulamalari mevcuttur [18].

2.8.1. Rediiktorler

Uzerindeki  disliler yardimiyla, devir ve torkun istenilen oranda
degistirilebildigi disli mekanizmasidir. (Sekil 2.20) Devir arttirilarak tork
azaltilabilecegi gibi devir diistiriilerek torkun arttirildigi rediiktorlerde mevcuttur.
Konstriiksiyonel olarak bir genelde ikili gdvde haznesinde disli, mil, rulman, yatak
gibi elemanlardan meydana gelir [28]

Havalandirma Tapast

Disli Z6
(16MnCrs)

PAM Flans (GG 22)

........

Ara Baglant Mili  Motor Govdesi
(G1050)

\ Disli 22
Mili Disli 5 (16MnCrS)
(16MnGrs) Mahruti Digli 23

Tapa (16MnCr5)

Ayna Disli Z4

Ki
C (16MnCrS)

Sekil 2.20. Rediiktor I¢ Yapisi [29]
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2.8.2. Vites Kutulari

Kademeli bir sekilde ¢evrim oranmin degistirildigi disli kutularidir. iki sekilde
hiz degistirilebilir, ilk olarak disli grubunun mil {izerinde hareketi sonucu dislilerin
kavramasiyla olur. Diger yontemde ise; dislinin tizerindeki milden bagimsiz bir sekilde
donmesi sonucu disli arasindaki kavramalar yardimiyla mil istenilen disliye
baglanmasi gerceklestirilir [18].

2.8.3. Planet Mekanizmalari

Yoriinge disli, giines disli, planet dis ve tasiyici koldan meydana gelen disli
sistemleridir. Endiistride motorlarin devrini diisiirerek momentin arttirilmasi amaciyla
tercih edilirler. Konstriiksiyon bakimindan kiigiik boyutlu olmalar1 yiiksek hizlarda
etkili performansta ¢alisirlar. Hassas pozisyonlama ve dis bosluklarinin diisiik olmas1
baslica avantajlar1 arasindadir. [30] Planet dis say1s1 tasarima gore degismekle birlikte
en yaygin kullanilan1 3’lidiir. [18] Biiyiik hizlarda ¢alistiklarinda yatak tasarimlari
diizgiin olmalidir, 1stnma problemleri ile karsilasilabilir, imalat siireci hassas olmalidir.
[2] CNC Tezgahlarda eksen yonii kontdrliinde, riizgar tiirbinlerinde doniis hizini
arttirmak maksadiyla kullanilmaktadirlar. [31]

planet dish

planet taswyc \\

yiriinge dislisi ~_
giines dislisi

Sekil 2.21. Planet Mekanizmasi [30]
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2.8.4. Diferansiyel Mekanizmalar

Diferansiyel disliler planet sistemlerinin 6zel bir tasarimidir, tasitlarda
kullanimi s6z konusudur. Bir giris ve iki ¢ikisi vardir ve ¢ikis milleri farkli hizlarda
donebilmektedir. Bunu da uygulamada araglarin virajlarda tekerlerin birinin digerine
gore farkli hizda donmesi ve yine camur, kar vb. durumlarda tekerlerin farkli hizlarda
donerler. [18]

Sekil 2.22. Diferansiyel Mekanizmasi [32]

2.8.5. Harmonik ve Sikloid Rediiktorler
2.8.5.1. Harmonik Rediiktorler

Harmonik rediiktorler bosluksuz sistemler olarak bilinmektedir. Yiiksek hiz ve
tork durum istenilen yerlerde kullanilmaktadirlar. Bu rediiktorler Sekil 2.23°de
belirtildigi lizere sabit halka, esnek disli ve kam olarak isimlendirilen parcadan olusur.
Giris milinden tahrik edilerek parcalar sabit olan ringin etrafinda doénerek c¢aligir [31].
Uretim maliyetleri yiiksek olmasina karsin verimliligi ve performanslari da yiiksektir.
Bosluk oranlar diistiktiir [33].

24



1. Giris mili

2. Oval kam

3. Esnek dish
=— 4. Halka dislisi
5. Taspia
6. Cikis mili

Sekil 2.23. Harmonik Disli Mekanizmasi [31]

2.8.5.2. Sikloid Rediiktorler

Rediiktor dislisinin dis profili sikloid egrisi seklinde oldugu i¢in bu sekilde
tamimlanir. 1931'de miihendis Lozen Braren buluscusudur. ilk ticari uygulamas: 2.
Diinya savasinda Heinkel ugaklarinin bomba kapak tahrik tinitelerinde kullanilmaya
baglanmistir. 1953'de Braren'in vefatindan sonra Sumitomo firmasi tiretim hakkini
almasiyla birlikte giiniimiize kadar bu alanda en popiiler treticilerinden birisi olarak
piyasada bilinmektedir. Yiiksek pozisyonlama ve hiz ve torkun doniisiimii nedeniyle
kullanilmaktadir. Yapist itibariyle kompakt olmasi, planet rediiktorler ile
kiyaslandiginda ¢evrim oranlarinin yiliksek olmasi nedeniyle kullanilmaktadirlar [34].

......

= e u://h%a///; \\*

Sekil 2.24. Lorenz Braren’in cycloid rediiktor patent’inden bir detay resmi [34]
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3. DENEYSEL (ANALI{Z) KISMI

3.1. Tezde kullanmilan Programlar ve Kullanim Alanlari

Bu tez caligmasinda harmonik rediiktdriin dislilerinin olusturulmasinda
KISSsoft programi kullanilmistir. KISSoft’ta disliler olusturulduktan sonra kontak
analizleri ve dislilerin sonlu eleman analizleri de yine ayni program vasitasi ile
yapilmistir. KISSoft’ta dislilerin tasarimi yapildiktan sonra 3 boyutlu modeli step
formatinda SolidWorks CAD programina aktarilarak rediiktoriin tasarimi yapilmustir.
Bu boéliimde kullanilan programlarin teknik o6zellikleri hakkinda kisaca bilgi
verilmigtir.

3.1.1. KISSsoft Program Teknik Ozellikleri ve Kullanim Alanlari

KISSoft programi, disli, rulman, vb. makine parcalarinin performansini
optimize etmek amaciyla kullanilan modiiler bir hesaplama sistemidir. Programin
icerigi ¢ok cesitlidir, bir komponentten biitiin sisteme kadar tasarimi1 ve analizi
yapilabilmektedir. Bu sayede makine parcalarin se¢imi ve sistemin olusturulmasina
kadar genis bir kullanimi1 s6z konudur [35].

KISSoft programi Ziirih’te disli tireten L. Kissling & Co. AG firmasi igin
gelistirilmistir, 1980’li yillardan sonra sektorde taniirliginin artmasiyla birlikte
KISSsoft AG tarafindan yazilimin devaminin saglanmasi amaciyla 1998 yilinda
Isvigre’de kurulmus bir firmadir [35].

KISSsys programi KISSsoft ile entegre calisan bir programdir, tiim sistemin
tasariminin yapilabilecegi bir yazilimdir. Sistemin i¢indeki rulman, saft, disli vb. tiim
parcalar1 tasarim esnasinda analizleri yapilip detayli rapor alinabilmektedir. [35].

KISSsoft yaziliminda mukavemet dayanim hesaplamalari i¢in ISO, DIN, VDI
ve AGMA standartlarinin altyapisini kullanmaktadir. Dis dibi kirilmasi, yanak basing
dayanimlar1 ve asinmalar1 tanimlanan giivenlik katsayisi ve gii¢, calisma Omri
hesaplanabilmektedir [35].

KISSsoft modiiler bir yapida oldugu i¢in kullaniglt bir programdir. Bu yiizden
bircok sektorde kullanim alan1 vardir. Bu alanlar kisaca su sekildedir; endiistriyel disli
kutulari, digli sanayisi, hassas mekanizmalar, plastik diglilerin imalati, turbo disli
mekanizmasi, riizgar tiirbinleri, gemi sanayisi ve 6zel alanlarda yaygin bir kullanima
sahiptir [35].
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3.1.2. SolidWorks Program ve Kullamim Alanlar:

Ug boyutlu ve iki boyutlu tasarim programlarinin miihendislikte yaygin bir
alan1 kullanim alanmi bulmaktadir. SolidWorks programiyla teknik resimleri ve 3
boyutlu modelleri ve bunun yaninda miihendislik hesaplamalar1 tasarim
ortamindayken yapilabilmektedir. Programin bilinen en biiylik avantajlarindan birisi
arayiizii sadedir. Tasarim ile birlikte parcalarin birlestirilmesi (montaj), calisma
analizleri, gercekci gorlintil (render) alma gibi 6zellikleri bulunmasindan dolay1 ¢cok
genis bir kullanici kitlesine sahiptir [36].

Programin temel yetkinliklerine deginecek olursak kisaca su sekilde
aciklayabiliriz; 2 boyutlu ¢izimler, parca tasarimlari, montajlar, imalat 6ncesi hazirlik
islemleri (teknik resim hazirlama, CNC tezgahlar i¢in takim yollarinin olusturulmasi),
analiz, simiilasyon islemleri yapilabilmektedir [36].

3.2. KISSoft Programu ile Dislerinin Tasarlanmasi

Harmonik rediiktériin ¢evrim orani basit bir planet disli mekanizmasina
benzetilebilir. Asagida bir i¢ disli, bir dis digli ve iizerinde kol olan bir planet
mekanizmanin ¢evrim orani hesabi verilmistir,

__—kol

Sekil 3.1. Basit Planet Digli Mekanizmasi

n,*r.=n*r—n,*r, (3.
Denklem 2.19 'daverilen esitlik ile ifade edilebilir.
r,=r,—r, olarak yazilabilir. (3.2)

Denklem 2.19'u diizenlersek;

Ny *(rl - rz) =N, % —-n,*n

Burada Z, dislisi durdugu igin; n, *1, = 0'a esitolur.

n,*r,=n*(r,—r,) denklemi elde edilir. (3.3
r2

: .n z ..
11=—= = enKkiemi 11€ nesaplanir. .
evrim oran k 2 denklemi ile hesapl 3.4
n, n-r z,-1,
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Harmonik rediiktériin mekanizmasi: Sekil 3.2’de verilmistir. Bu ¢alismada
temelde 2 farkli tipte 16 model {izerinde ¢alisilmistir. I1k grupta ic dislideki dis say1s1
71=60, dis dislideki dis sayis1 Z>=58 disli se¢ilmis ve bu grupta dislilerde profil
kaydirma yapilmadan tasarim yapilmistir. Bu disli ¢iftin ¢evrim oran1 denklem 2.22’
den hesapladigimizda 29 olur.

. z, 58
=7 7 T 60_58
17 42 -

= 29 olarak hesaplanmustir.

Ikinci grupta i¢ dislideki dis say1s1 Z1=60, dis dislideki dis say1s1 Z,=57 disli secilmis
ve bu grupta da profil kaydirma yapilmadan tasarim yapilmistir. Bu disli ¢iftinin
¢evrim orani ise su sekilde hesaplanir;

Z, 57

I, = = =19 olarak hesaplanmustir.
Z-7Z, 60-57

Uciincii ve dérdiincii gruptaki disli ciftlerde dis sayilar ayn1 olup sadece profil
kaydirma yapilarak tasarim yapilmistir. Digli sayilar1 1. ve 2. gruptaki disli sayisi ile
ayni oldugu i¢in ¢evrim oranlar1 degismemektedir.

GOVDE
I¢ DISLI(Z,)

GIRI$ MILI ny

\ /Dls DISLI (Z,)

TKI$ MiLing

J|E
J|C

J|C

Sekil 3.2. Harmonik Rediiktor Mekanizmasi

Dislilerdeki kavrama agisinin degisimiyle dis formundaki olusan degisim Sekil
3.3.’te verilmistir. Z58, M=1,5 olan bir dislideki 15°, 20°, 25° ve 30°’lik kavrama
acilart ile dis formlarindaki degisim.
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Sekil 3.3. Z58, M=1,5, Kavrama Acilar1 15 °, 20 °, 25 °, 30 ° dis formlar

KISSsoft’ta girilen parametreler ve hesaplatilan digli hesaplart Sekil 3.4°deki
gibidir. Burada model 1 ic¢in programa girilen parametreleri belirtilmistir diger
modeller i¢in girilen parametreler Tablo 3.1°de verilmistir.

PBABAAL
o U

Renses basc cocdaton)

13631

Comerts Sewdh  Exanples Tt Renits bosc cauloton)  Readts (pecl caadeton)  Mesmsages  Infomaton  Graghca it

Sekil 3.4. Disli Bilgilerinin KISSsoft Programina Girilmesi

Sekil 3.4.’te 1 nu’l1 belirtilen yerden disli modiilii se¢ilir, bu ¢calismada disliler
silindirik diiz disli olacagindan “Cyhndrical gear pair” modiilii secilmistir. 2 nu’lh
yerden modiil m=1,5 mm ve kavrama agis1 (a=15 °) segilir. 3 nu’l1 belirtilen yerden
digliler arasi eksen mesafesi tanimlanir, burada eksen mesafesi programa
hesaplatilmistir. 5 nu’li belirtilen yerden pinyon disli (Z1) e ait dis sayis1 ve (Z2)
dislisine ait dis sayilar1 58 ve 60 olarak, disli genislikleri (Z1) icin 9 mm ve (Z2) i¢in
26 mm olarak tanimlanmistir. Digli malzemeleri olarak sementasyon celigi olan, AISI
4820 olarak bilinen 18CrniMo7-6 malzemesi secilmistir.
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Sekil 3.5. Disli Bilgilerinin KISSsoft Programina Girilmesi 2

Reference profil kismindan 7 nu’l1 belirtilen yerden (Z1) ve (Z2) i¢in -1 mm ug
degisikligi tanimlanmstir.
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Sekil 3.6. Disli Bilgilerinin KISSsoft Programina Girilmesi 3
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Modifications kismindan 8 nu’li belirtilen yerden (Z1) ve (Z2) i¢in dis uglarina
0,370 mm’lik raidus tanimlanmistir.

[C3 K1SSs0ft - Student version - Cylindrical gear pair - M1.5_Z58_260_15_DERECEZ12
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Sekil 3.7. Disli Bilgilerinin KISSsoft Programina Girilmesi 4

Strength kismindan 9 nu’li belirtilen yerden (Z;) pinyon disliye 1400 dev/dak

ve 3 kW’lik devir ve gii¢ tanimlanmustir.

G Gowh Goamver Tt

e B candatr]  onis o oo Mesages lemat Gt

coeen

Sekil 3.8. Disli Geometrilerinin Elde Edilmesi

Sekil 3.8.’te belirtilen Run Calculation komutu ile disliler ile ilgili parametreler
hesaplatilir ve Graphic kismindan elde edilen 3d modelin step dosyas1 SolidWorks

programina aktarilir.
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Bu tez kapsaminda tasarimi yapilan diger disli ciftlerine ait sayisal veriler
Tablo 3.1°de verilmistir. Buna gore ilk grupta profil kaydirma yapilmadan durum
incelenmistir. Profil kaydirma yapilmadigi i¢in dig {isti caplarindan kesme
uygulanmistir. Kesme miktar1 Tablo 3.1°de belirtilmistir. Ikinci grupta ise profil
kaydirma yapilarak durum incelenmistir. Yapilan profil kaydirma miktar1 Tablo 3.1°de
belirtilmistir.

Tablo 3.1. Harmonik Rediiktdr Tasarim Bilgileri

S S o2 _
£ = = = = 2 = E 7~ E =
o — o N a E £ %0 E ET E g
z S Elit = i = = Ao~ <=z S
S 3 ¥ Z % z =4 =4 [a 5E 3 =
2 S o ~ [a) < < 238 =
5} E < A o M M 228 5
o < 1A = = AW S
& e 5 (Z1) (Z2)
(=% (=%
Model 1 15 60 58 0 0 -1 -1 15 29
Model 2 20 60 58 0 0 -0,75 -0,75 15 29
Model 3 25 60 58 0 0 -0,70 -0,70 15 29
5 Model 4 30 60 58 0 0 -0,60 -0,60 15 29
o
- Model 5 15 60 57 0 0 -0,75 -0,75 2,25 19
Model 6 20 60 57 0 0 -0,58 -0,58 2,25 19
Model 7 25 60 57 0 0 -0,40 -0,40 2,25 19
Model 8 30 60 57 0 0 -0,1250 | -0,1250 2,25 19
Model 9 15 60 58 0,528 -1,2 0 0 1,99 29
Model 10 20 60 58 0 -0,5578 0 0 2 29
Model 11 25 60 58 0 -0,4324 0 0 1,955 29
3 Model 12 30 60 58 -0,093 -0,2073 0 0 1,86 29
o
N Model 13 15 60 57 0 -0,5515 0 0 2,71 19
Model 14 20 60 57 0 -0,3923 0 0 2,6555 19
Model 15 25 60 57 0 -0,2471 0 0 2,55 19
Model 16 30 60 57 0,05 -0,05 0 0 2,25 19

3.3. KISSoft Programu ile Dislilerin Sonlu Eleman Analizlerinin Yapilmasi

Disli carklarin analizlerini klasik metotlar yoluyla yapmak zor ve zahmetli bir
stirectir. Giiniimiiz teknoloji ¢aginda insanlarin en degerli hazineleri vakitleridir o
ylizden klasik metotlar ile disli carklar1 uzun siireler boyunca hesaplamak yerine
halihazirda kullanilan paket programlar vasitasiyla hesaplama siireleri oldukca
kisalmistir. Analizler vasitasiyla iiretim Oncesi olusabilecek senaryolart CAD
ortaminda kurgulayip maliyet ve zaman tasarrufu saglanmis olur [37].
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Disli ¢arklar, yiik tasima kapasitelerini etkileyen ve hasar gérmelerine sebep
olan bazi durumlarla karsilasabilirler. Bunlar arasinda dislilerin alt kisimlarmin
catlamasi, dis yan ylizeylerinin yorulma nedeniyle pitting olugsmasi, dis yan
ylzeylerinin adezyon nedeniyle asinmasi veya daha siddetli bir sekilde yenilmesi
sayilabilir. Dislilerde ayrica, yenmenin daha hafif bir tiirii olan soyulma (scuffing) adi
verilen bir hasar tiirii de goriilebilir. Tozlu bir ortamda ¢alisan disli ¢arklarda ise
abrazyon nedeniyle asinma olusabilir [21].

Kirilma, yorulma asinmasi ve yenme gibi olaylar disli ¢arklarin
hesaplanmasinda temel alinan durumlardir. Bu olaylara gore yapilan hesaplara
sirastyla mukavemet, ylizey basing ve yenme hesabi adi verilir. Giinlimiizde
mukavemet ve yiizey basing hesaplari uygulanabilir hale gelmistir. Fakat yenme
hesabu i¢in heniiz kesin bir yontem ve yeterli veriler bulunmamaktadir [21].

1
2

|
|
|
18
|
|
|
|

Sekil 3.9. Dis Profiline Etkiyen Kuvvet [21]

Sekil 3.9’da dis etkiyen kuvvet, kavrama dogrusu boyunca dis profilinde
kuvvet dagilimi olusturur. Bu kuvvetin yatay bileseni, disi egerek en kritik kesit olan
dis dibinde kirilma riski yaratir. Diisey bileseni ise, dis lizerinde basing etkisi yaparak
disi sikistirir (Sekil 3.10, Sekil 3.11). Dis dibinde kesme kuvveti de vardir ama diger
kuvvetlere gore ¢ok kiiciiktlir ve thmal edilebilir. Egme ve basma gerilmelerinin
toplami, disi en ¢cok zorlayan bilesik gerilme degerini verir. Dislilerin mukavemeti i¢in
formiil 3.5’te verilen iligki saglanmalidir [37].

0max=Gegilme + Gbasma< Gem 3.5)
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Sekil 3.10. Diste Olusan Gerilmeler [37]
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Sekil 3.11. Dis Kuvveti [37]

Sekil 3.11'e gére moment T, , taksimat dairesi ¢ap1d,,d,

T,=Ft,*(d,,/2) (3.6)
Cevresel kuvvet : Ft,, = Fb,, *cosa (3.7)
Radyal kuvvet :Fr, =F, *tana (3.8)

Disli c¢arklarda kavramanin 30 ° oldugu anda dis formundaki A ve B
noktalarinda maksimum c¢ekme ve basma gerilmelerinin oldugu kabul edilir. Dis
dibine gore dayanim hesaplamalari i¢in giinlimiizde DIN, ISO, AGMA, TGL, EN gibi
birgok standartlar mevcuttur. En yaygin olan DIN ve ISO standartlarina gore sadece
dis dibi kirilmalarinda egilmeye gore hesaplamalar yapilmaktadir. [18].

Sekil 3.12. Disteki Maksimum Kuvvet ve Gerilmeler [18]
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Bu kapsamda harmonik rediiktore ait Sonlu Eleman Analizleri KISSsoft
programinda tahrik edilen disliye gore hesaplama yaptirilmistir  ve

G..,,0 ve 6,0ldugu yani ISO 6336:2019 normuna gore gerilme Von Misses

300 2~ max O

min

gerilmeleri kiyaslanmistir. Analizlerde dislilere 18CrNiMo7-6 sementasyon celigi
olarak tanimlanmistir. Malzemenin mekanik 6zellikleri Tablo 3.2°de paylasilmistir.

Tablo 3.2. 18CrNiMo7-6 Malzeme Ozellikleri

Yiizey Sertligi HRC 61
Dis kokii gerilmesi icin sonsuz 6miir dayanim (N/mm?) |430
Hertz basinci i¢in yorulma dayanim (N/mm?) 1500
Young Modiilii (N/mm?) 206000
Poisson Orani 0,3
Cekme Dayanim (N/mm?) 1200
Akma Dayanim (N/mm?) 850

Belirtilen kosullar altinda yapilan analizlerde mesh tipi olarak Quadratic mesh
kullanilmistir. Ornek bir analiz modeli icin; Model 1 15° kavrama agis1 icin ii¢ kalitede
mesh yapilmis ve sonuclar asagida paylagilmistir.

Tablo 3.3. Diisiik Kalite Mesh Bilgileri

Mesh Kalitesi | Diisiik
Diigiim Sayis1 | 5037
Eleman Sayis1 | 2376
Eleman Tipi | Quadratic

Tablo 3.4. Model 1 Diisiik Kalite FEM Analiz Sonuglar1

30° teget temas noktasindaki dis kokii gerilmesi (ogq) (MPa) 108,56
30° teget temas noktasindaki dis kokii gerilmesi. ( gp3q) (MPa) 107,07
En yiiksek strese sahip noktadaki dis kokii gerilmesi ( gpy,,) (MPa) 109,28
En diisiik stresin oldugu yerdeki dis kokii gerilmesi (basing tarafi) ( oy, ) (MPa) -124,05
Standarda gore nominal dis kokil gerilmesi (ISO 6336:2019) ( ggg) (MPa) 111,38

Tablo 3.5. Orta Kalite Mesh Bilgileri

Mesh Kalitesi |Orta
Diigiim Sayis1 | 5229
Eleman Sayis1 | 2468
Eleman Tipi | Quadratic
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Tablo 3.6. Model 1 Orta Kalite FEM Analiz Sonuglar1

30° teget temas noktasindaki dis kokii gerilmesi (ogq) (MPa) 108,75
30° teget temas noktasindaki dis kokii gerilmesi ( 0p39) (MPa) 107,07
En yiiksek strese sahip noktadaki dis kokii gerilmesi ( gy, ) (MPa) 109,43
En diisiik stresin oldugu yerdeki dis kokii gerilmesi (basing taraft) ( oy, ) (MPa) -124,73
Standarda gére nominal dis kokii gerilmesi (ISO 6336:2019) ( gpg) (MPa) 111,38

Tablo 3.7. Yiiksek Kalite Mesh Bilgileri

Mesh Kalitesi | Yiiksek
Diigiim Sayis1 | 5409
Eleman Sayis1 | 2554
Eleman Tipi | Quadratic

Tablo 3.8. Model 1 Yiiksek Kalite FEM Analiz Sonuglar1

30° teget temas noktasindaki dis kokii gerilmesi (ogq) (MPa) 108,51
30° teget temas noktasindaki dis kokii gerilmesi ( ggrzq) (MPa) 107,08
En yiiksek strese sahip noktadaki dis kokii gerilmesi ( gpy4,) (MPa) 109,06
En diisiik stresin oldugu yerdeki dis koki gerilmesi (basing tarafi) ( o, ) (MPa) -124,14
Standarda goére nominal dis kokil gerilmesi (ISO 6336:2019) ( ggg) (MPa) 111,38

FEM analiz sonuglari incelendiginde 3 farkli tipteki mesh sonuglart i¢inde
sonuclar olduk¢a yakin ¢ikmistir. Bu analiz sonuglar1 Tablo 3.9-3.12 de ve Sekil 3.13-
3.16’da verilmistir.

Tablo 3.9. 30° Teget Temas Noktasindaki Dis Kokii Gerilmesi (oro) Analiz
Sonuglar1 Yakinsamasi

Mesh Sayilar Oro
2376 108,56
2468 108,75
2544 108,51
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Sekil 3.13. 30° Teget Temas Noktasindaki Dis Kokii Gerilmesi (or0) Mesh Yakinsama Grafigi

Tablo 3.10. 30° Teget Temas Noktasindaki Dis Kokii Gerilmesi (or30)

Mesh Sayilan OF30
2376 107,07
2468 107,07
2544 107,08
120 107 07 107 07 10708
100 ° 2 °
g &0
=
= 60
Pcf 40
20
0

2300 2350 2400 2450 2500 2550 2600
Mesh Sayilari

Sekil 3.14. En Yiiksek Gerilmeye Sahip Noktadaki Dis Kokii Gerilmesi (omax) Yakinsama
Grafigi

Tablo 3.11. En Yiiksek Gerilmeye Sahip Noktadaki Dis Kokii Gerilmesi (Gmax)

Mesh Sayilan OMax
2376 109,28
2468 109,43
2544 109,06
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Sekil 3.15. En Yiiksek Gerilmeye Sahip Noktadaki Dig Kokii Gerilmesi (omax) Yakinsama

Grafigi

Tablo 3.12. En Diisiik Gerilmenin Oldugu Yerdeki Dis Kokii Gerilmesi (Basing Tarafi) (omin)

2600

Mesh Sayilari Org
2376 -124,05
2468 -124,73
2544 -124,14
0
L7350 2400 2450 2500 2550
— -40
o
S 60
" -80
5
= -100
-124,05 -124,73 -124,14
120 - . =
-140

Mesh Sayilari

Sekil 3.16. En Diisiik Gerilmenin Oldugu Yerdeki Dis Kokii Gerilmesi (Basing Tarafi) (omin)
Yakinsama Grafigi

Yakinsama grafiklerinde mesh sayilari ile analiz sonuglar1 kiyaslandiginda
sonuglarin ¢ok fazla sapmadigi tespit edilmistir. Bu yiizden diger modellerin analiz
sonuglar1 yiiksek kalitede hesaplatilmistir. Calisma kapsamindaki tiim analiz sonuglari
arastirma bulgular1 ve tartisma boliimiinde verilmistir.
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4. ARASTIRMA BULGULARI VE TARTISMA
4.1 Solu Eleman Analiz Sonuclan

Tablo 4.4) paylasilmistir.

Tablo 4.1. FEM Analiz Sonuglar1 1

Sonlu elemanlar analiz sonuglarinin ISO 6336:2019 ( ory) a gore hesaplatilan
analiz sonuglarindan daha diisiik ¢iktig1 gozlemlenmistir. Bunun nedeni ise su sekilde
aciklanabilir, sonlu eleman analizinin yapisi nedeniyle deplasman ve yer degistirmeler
olmas1 gereken degerden daha diisiik degerlerde hesaplanmaktadir bu yiizden de ISO
6336:2019 normuna gore daha diisiik sonuclar ¢ikmistir. Bu c¢aligma kapsaminda
yapilan sonlu elemanlar analiz sonuglar1 asagida (Tablo 4.1, Tablo 4.2, Tablo 4.3,

760 - 758 Profil Kaydirmasiz

Model 1 (15°) Model 2 (20°) | Model 3 (25°) | Model 4 (30 ©)

OFo 108,51 94,75 165,25 119,31

OF30 107,08 93,5 165,25 107,08
Tpf s 109,06 96,84 176,36 130,99

Tarin -124,14 -118 -151,65 -181,15

Tro 111,38 102,42 96,19 166,98

Tablo 4.2. FEM Analiz Sonuglar1 2
760 - Z57 Profil Kaydirmasiz
Model 5 (15°) Model 6 (20°) Model 7 (25°) Model 8 (30°)

9Fo 121,4 106,95 94,36 121,91

IF3o 120,75 105,74 95,43 106,99
Iuazx 121,81 108,04 101,37 137,01
Tutin -140,18 -131,84 -130,9 -189,24

Trg 125,93 115,61 107,71 171,57

Tablo 4.3. FEM Analiz Sonuclar1 3
Z60 - Z58 Profil Kaydirmah
Model 9 (15°) Model 10 (20°) | Model 11 (25°) | Model 12 (30°)

TFo 118,76 97,78 82,69 95,61

IF30 117,7 96,46 84,31 88,78
Tpf s 119,09 99,84 90,6 102,68
Ttin -142,48 -121,69 -117,38 -143,21

Tro 128,22 105,94 95,11 99,73
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Tablo 4.4. FEM Analiz Sonugclar 4

760 - 757 Profil Kaydirmah
Model 13 (15°) | Model 14 (20°) | Model 15 (25°) | Model 16 (30°)
“Fo 53,59 89,85 75,25 0
IF30 52,86 88,17 76,47 171,31
IMax 54,08 92,6 85,79 156,09
B 61,31 112 112,15 275,57
Tro 76,89 96,47 87,78 90,81

programinda hesaplatilan kavrama oranlar1 Tablo 4.5 ‘te verilmistir. Program sadece
temas noktasinin oldugu yerleri hesapladigi i¢in hesaplamalar diisiik ¢itkmaktadir fakat
bu rediiktoriin ¢calisma yapisi geregince kavrama aninda 18 dislinin kavradigi Sekil
4.1°de goriilmektedir. Dolayisiyla rediiktérde gercekte olusan kavrama orani 18 kat

daha fazla olugmaktadir.

Disli kavrama orani, bir disli ¢iftinde dislerin birbirleriyle temas ettikleri siireyi
gosteren bir parametredir. Disli ¢arklarin ¢alisma performansi, giiriiltiisii, aginmasi ve
mukavemeti iizerinde etkilidir. Dis sayisi, dis profili, dis modiilii, basing acis1, helis
acis1 ve disli ¢arklarin merkez mesafesi gibi faktorlere bagli olarak degisir. KISSsoft

Tablo 4.5. Harmonik Rediktor Kavrama Orani Tablosu

KISSsoft' Kavrama Oram | Gerc¢ekte Olan Kavrama Oram
Model 1 (15°) 0,383 6,894
Model 2 (20°) 0,556 10,008
Model 3 (25°) 0,695 12,51
Model 4 (30°) 0,736 13,248
Model 5 (15°) 0,864 15,552
Model 6 (20°) 0,932 16,776
Model 7 (25°) 1,01 18,18
Model 8 (30°) 1,189 21,402
Model 9 (15°) 1,579 28,422
Model 10 (20°) 1,641 29,538
Model 11 (25°) 1,523 27,414
Model 12 (30°) 1,39 25,02
Model 13 (15°) 2,031 36,558
Model 14 (20°) 1,816 32,688
Model 15 (25°) 1,613 29,034
Model 16 (30°) 1,076 19,368
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Sekil 4.1. Rediiktorde Temas Eden Disli Sayisi

Disli ¢arklarda kirilma dis dibinden olusmaktadir. Bu bakimdan disli ¢arklarin
kritik kesitlerdeki gerilmeleri hesaplamak 6nemlidir. Kritik kesit disli ¢arkin en ¢ok
zorlandig1, kirilma ihtimalinin en fazla oldugu kesittir. Kok giivenligi kritik kesitteki
egilme gerilmesinin, disli ¢arkin malzemesinin egilme dayanimina orani olarak ifade
edilir. KISSsoft programina gore ISO/DIN normlar1 geregince ve AGMA normlari
geregince metal malzemeler i¢in kabul edilen emniyetli degerler Tablo 4.6 ve Tablo

4.7°de paylasilmistir.

Tablo 4.6. ISO/DIN Standardina Gére Emniyetler

m<=0,5 |m=1|m>=2
Root Safety (Kok Giivenligi) 0,6 1,2 1,4
Flank Safety (Yanak Giivenligi) 0,6 0,9 1
Siirtiinmeye Kars1 Giivenlik (Entegre Sicaklik) 0,9 18] 18
Siirtiinmeye Karsi Giivenlik Parlama Sicakhigi) 1 2 2
Micropittinge Karsi Giivenlik 2 2 2
Dis Kanadi Kirilmasina Karsi Giivenlik 1,2 1,2 1,2

Tablo 4.7. AGMA Standardina Gére Emniyetler

m<=0,5 [m=1 |m>=2
Root Safety (Kok Giivenligi) 0,43 0,85 1
Flank Safety (Yanak Giivenligi) 0,6 0,9 1

Tasarlanan dislilere ait kok gilivenligi emniyet degerleri Tablo 4.8’de
verilmistir. ISO/DIN standartlarina gore kiyaslandiginda yiiksek emniyetli ¢iktigi

goriilmektedir.
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Tablo 4.8. Tasarlanan Dislilere Ait Kok Giivenligi Degerleri

Model Adi Root Safety (Kok G.iivenligi)
D1s Disli I¢ Disli
o = |Modell 3,567 2,68
% E £ x [Model 2 3.7 4,362
Ba 2> |Model 3 3,853 3,724
% | Model 4 2,304 2,736
- = |Model5 3,107 3,805
% E £ x [Model 6 3,318 3,947
& 2> |Model 7 3,486 3,447
% [Model 8 2,243 2,643
_ = |Model9 2,773 2,56
% E £ 5 [Model 10 2,99 3,014
%5 =~ | Model 11 3,49 2,795
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Sekil 4.2. 58-60 Disli Ciftine Ait, Profil Kaydirmasiz, Root Safety Degerlerinin
Kavrama Acisina Gore Degisim Grafigi

Sekil 4.2 incelendiginde 58-60 disli ¢iftinde dis dislide en yiiksek root safety
degeri 25 © kavrama agisina gore 3,853 olarak bulunmustur, ISO/DIN standartlarina
gore kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en yiiksek root
safety degeri 20 ° kavrama acisina gore 4,362 olarak bulunmustur, bu degerde
ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit edilmistir. En
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diisiik degerler 30 ° kavrama acilarinda oldugu goriilmektedir. Bu degerler de ISO/DIN
standartlari ile kiyaslandiginda emniyetli oldugu goriilmektedir.

57-60 Profil Kaydirmasiz
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Sekil 4.3. 57-60 Disli Ciftine Ait, Profil Kaydirmasiz, Root Safety Degerlerinin
Kavrama Agisina Gore Degisim Grafigi

Sekil 4.3 incelendiginde ise 57-60 disli ciftinde dis dislide en yiiksek root safety
degeri 25 ° kavrama agisina gore 3,447 olarak bulunmustur, ISO/DIN standartlarina
gore kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en yiiksek root
safety degeri 20 ° kavrama agisma gore 3,947 olarak bulunmustur, bu degerde
ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit edilmistir. En
diisiik degerler 30 © kavrama agilarinda oldugu goriilmektedir. Bu degerler de ISO/DIN
standartlari ile kiyaslandiginda emniyetli oldugu goriilmektedir.
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58-60 Profil Kaydirmali
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Sekil 4.4. 58-60 Disli Ciftine Ait, Profil Kaydirmali, Root Safety Degerlerinin
Kavrama Ag¢isina Gore Degisim Grafigi

Sekil 4.4 incelendiginde ise 58-60 disli ciftinde dis dislide en yliksek root safety
degeri 30 ° kavrama acisina gore 3,616 olarak bulunmustur, ISO/DIN standartlarina
gore kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en yiiksek root
safety degeri 30 ° kavrama acisina gore 4,207 olarak bulunmustur, bu degerde
ISO/DIN standartlarma gore kiyaslandiginda emniyetli oldugu tespit edilmistir. En
diisiik degerler 15 © kavrama agilarinda oldugu goriilmektedir. Bu degerler de ISO/DIN
standartlari ile kiyaslandiginda emniyetli oldugu goriilmektedir.

57-60 Profil Kaydirmal

>
w

3,327 2,87 < 3,514 - 3,408 - @

¢ g L
3,465 » )
4,088

N w
N w v A

2,892
2,971 ®— Dis Disli

I¢ Disli

Root Safety

o =
o v~ U

0 5 10 15 20 25 30 35

Kavrama Agisi

Sekil 4.5. 57-60 Disli Ciftine Ait, Profil Kaydirmali, Root Safety Degerlerinin
Kavrama Ag¢isina Gore Degisim Grafigi
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Sekil 4.5 incelendiginde ise 57-60 disli ciftinde dis dislide en yiiksek root safety
degeri 30 ° kavrama agisina gore 3,408 olarak bulunmustur, ISO/DIN standartlarina
gore kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en yiiksek root
safety degeri 30 ° kavrama agisina gore 4,088 olarak bulunmustur, bu degerde
ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit edilmistir. En
diisiik deger i¢ dislide 25 ° kavrama ag¢isinda 2,892 oldugu tespit edilmistir. En diisiik
deger dis dislide 15 © kavrama agisinda 3,327 oldugu tespit edilmistir. Bu degerler de
ISO/DIN standartlari ile kiyaslandiginda emniyetli oldugu goriilmektedir.

Tablo 4.9. Tasarlanan Dislilere Ait Yanak Giivenligi Degerleri

Model Adi lj"la.nk Safety (Yanak' Giiffeflligi)
D1s Disli I¢ Disli
e Model 1 12,567 13,631
g ETS Model 2 13,872 15,134
NNg3g Model 3 15,025 16,367
Model 4 16,013 17,217
Ly Model 5 8,746 10,721
rQETS Model 6 10,316 12,063
NNg 3o Model 7 115 13,06
Model 8 12,883 14,01
s Model 9 8,159 27,26
$QETS Model 10 7,867 26,161
NNggs Model 11 9,945 25,486
Model 12 12,039 24,469
o Model 13 17,8331 17,861
rgESS Model 14 6,431 17,323
NNggg Model 15 8,614 16,741
Model 16 12,664 13,831

Tasarlanan dislilere ait yanak giivenligi emniyet degerleri Tablo 4.9’ da
verilmistir. ISO/DIN standartlarina gore kiyaslandiginda yiiksek emniyetli ¢iktig
goriilmektedir.

58-60 Profil Kaydirmasiz
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Sekil 4.6. 58-60 Disli Ciftine Ait, Profil Kaydirmasiz, Flank Safety Degerlerinin
Kavrama Acisina Gore Degisim Grafigi

Sekil 4.6 incelendiginde ise 58-60 disli ciftinde dis dislide en yiiksek flank
safety degeri 30 ° kavrama agisimna gore 16,013 olarak bulunmustur, ISO/DIN
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standartlarina gére kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en
yiiksek root safety degeri 30 © kavrama agisina gore 17,217 olarak bulunmustur, bu
degerde ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit
edilmistir. En diisiik deger i¢ dislide 15 ° kavrama acisinda 13,631 oldugu tespit
edilmistir. En diisiik deger dis dislide 15 ° kavrama acisinda 12,567 oldugu tespit
edilmistir. Bu degerler de ISO/DIN standartlari ile kiyaslandiginda emniyetli oldugu
goriilmektedir.

57-60 Profil Kaydirmasiz
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Sekil 4.7. 57-60 Disli Ciftine Ait, Profil Kaydirmasiz, Flank Safety Degerlerinin
Kavrama Acisina Gore Degisim Grafigi

Sekil 4.7 incelendiginde ise 57-60 disli ¢iftinde dis dislide en yiiksek flank
safety degeri 30 ° kavrama acisina gore 12,883 olarak bulunmustur, ISO/DIN
standartlarna gore kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en
yuksek root safety degeri 30 ° kavrama agisina gore 14,01 olarak bulunmustur, bu
degerde ISO/DIN standartlarmma gore kiyaslandiginda emniyetli oldugu tespit
edilmistir. En diisiik deger i¢ dislide 15 ° kavrama acisinda 10,721 oldugu tespit
edilmistir. En diisiik deger dis dislide 15 ° kavrama acisinda 8,746 oldugu tespit
edilmistir. Bu degerler de ISO/DIN standartlari ile kiyaslandiginda emniyetli oldugu
goriilmektedir.
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58-60 Profil Kaydirmali
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Sekil 4.8. 58-60 Disli Ciftine Ait, Profil Kaydirmali, Flank Safety Degerlerinin
Kavrama Agisina Gore Degisim Grafigi

Sekil 4.8 incelendiginde ise 58-60 disli ¢iftinde dis dislide en yiiksek flank
safety degeri 30 ° kavrama acismna gore 12,039 olarak bulunmustur, ISO/DIN
standartlarina gore kiyaslandiginda emniyetli oldugu tespit edilmistir. ¢ dislide ise en
yiiksek root safety degeri 15 © kavrama agisina gore 27,26 olarak bulunmustur, bu
degerde ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit
edilmistir. En diisiik deger i¢ dislide 30 ° kavrama acisinda 24,469 oldugu tespit
edilmistir. En diisiik deger dis dislide 15 ° kavrama acisinda 8,159 oldugu tespit
edilmistir. Bu degerler de ISO/DIN standartlar ile kiyaslandiginda emniyetli oldugu
goriilmektedir.

57-60 Profil Kaydirmal
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Sekil 4.9. 57-60 Disli Ciftine Ait, Profil Kaydirmali, Flank Safety Degerlerinin
Kavrama Ag¢isina Gore Degisim Grafigi
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Sekil 4.9 incelendiginde ise 57-60 disli ¢iftinde dis dislide en yiiksek flank
safety degeri 15 ° kavrama acisina gore 17,8331 olarak bulunmustur, ISO/DIN
standartlarina gére kiyaslandiginda emniyetli oldugu tespit edilmistir. I¢ dislide ise en
ylksek root safety degeri 15 © kavrama agisina gore 17,861 olarak bulunmustur, bu
degerde ISO/DIN standartlarina gore kiyaslandiginda emniyetli oldugu tespit
edilmistir. En diisiik deger i¢ dislide 30 ° kavrama acisinda 13,831 oldugu tespit
edilmistir. En diisiik deger dis dislide 20 ° kavrama agisinda 6,431 oldugu tespit
edilmistir. Bu degerler de ISO/DIN standartlar1 ile kiyaslandiginda emniyetli oldugu
goriilmektedir.

4.2.Rediiktoriin SolidWorks Programi ile Tasarlanmasi

Tasarim prosesi teknolojinin ilerlemesi ve taleplerimize uyum saglamak
amaciyla siirekli evrim gegiren bir siiregtir. Bu fikrin olusum asamasindan baslayip
pazar arastirmasina kadar devam eden genis bir siireci icerir. Bu baglamda bir {irliniin
olusum siireci genel anlamda; tasarim siireci, lirlinlin prototipinin olusturulmasi,
testlerinin yapilmasi ve pazara sunulmasi asamalarini igermektedir.

Bu c¢alismada harmonik rediiktoriin tasarim stireci iretilebilirlik caligmalari
yapildiktan sonra kati model siirecine gec¢ilmistir. Harmonik rediiktériin Sonlu
Elemanlar Analizleri iiriiniin sahada kullanimi1 diistiniilerek yapildigi i¢in disli
malzemeleri AISI 4820 olarak bilinen 18CrniMo7-6 c¢eligi segilmistir. Uriiniin
prototipinin maliyeti diislintildiiglinde 3B yazicidan PLA Filamentten yazdirilmistir.
Harmonik rediiktor tasariminin teknik resimleri ve 3D gorselleri Sekil 4.10, Sekil 4.11,
Sekil 4.12, Sekil 4.13, Sekil 4.14, Sekil 4.15 ve Sekil 4.16’da verilmistir.

Sekil 4.10. D1s Govde 3D Goriintimii
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Sekil 4.13. Rediiktor Kapak 3D Goriintimii
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Sekil 4.14. D1s Disli 3D Goriiniimii

nnnnnn

Sekil 4.15. Cikis Mili 3D Gorliniimii

Harmonik rediiktérde kullanilan rulmanlarin 3D goriiniimleri Sekil 4.8’de
paylasilmistir.

Sekil 4.16. 6002, 61805, 61802 Rulmanlarin 3D Goriintimleri
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Sekil 4.17. Harmonik Rediiktoriin 3D Montaj Goriintimii

i\
-0

Sekil 4.18. Harmonik Rediiktor 3D De-Montaj Goriiniimii

Tez ¢alismas1 kapsaminda tasarimi yapilan ve iiretilen harmonik rediiktoriin
teknik resimleri ekler kisminda paylasilmistir.

4.3.Harmonik Rediiktoriin 3B Yazicida Yazdirilmasi

Bu boliimde bilgisayar ortaminda tasarimi tamamlanan evolvent profil
yapisindaki rijit harmonik rediiktér 3D eklemeli imalat yontemiyle yazdirilmistir. 3D
eklemeli imalat yonteminin se¢ilmesinin en baslica nedeni, tasarimin yapildiktan sonra
baskinin karmasikligina bagli olmakla birlikte genel itibariyle hizli bir sekilde
yazdirilabilmektedir. Geleneksel imalat yontemlerine gore daha ucuz bir teknolojidir.
Yazicida kullanilabilecek filamentler kullanim amaciniza gore degisiklik
gosterebilmektedir. Plastik, metal, seramik, biyolojik dokular vb. gibi alternatif
filamentler piyasada bulunmaktadir. Bu calismada kullanilan filamentler PLA
malzeme kullanilmistir. PLA malzemenin teknik ozellikleri asagida paylasilmisti
[38].
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e ABS ile kiyaslandiginda %30 — 80 daha hizl1 bask1 alinabilir.
e Yiizey kalitesi bakimindan iyi bir 6zellik sunmaktadir.
e Her baskida ayni1 kaliteyi almak miimkiindiir.

Baski i¢in Sekil 4.19°de gorseli paylasilan yazici kullanilmistir. Kullanilan
yazicinin teknik 6zellikleri asagidaki gibidir. [39]

e Dis Cerceve Boyutlari: 495 x 585 x 780 mm

e Baski Hacmi: 330 x 240 x 300 mm

e Baski Sicakhigi: 280'C'ye kadar

e Baski Hizi: Q4 mm?® /s

e  XYZ Coziiniirliigii: 6.9, 6.9, 2.5 mikron

e Baski Kafasi: Coziiniir Destek Malzemeli Cift Ekstriizyon
e Filament Cap1: 2.85 mm

= B
Ultimaker

i
nS

Sekil 4.19. 3D Yazicinin Gorseli

Yapilan tasarimlar ve analizler neticesinde profil kaydirmali versiyon olan
Model 10 versiyonu secilmistir. Ciinkii profil kaydirma olmayan modellerde dis
iistlerinden kesme yapildigi i¢in kavrama oranlar diisiik ¢ikmistir bu da rediiktoriin
performansini etkileyebilecek bir durumdur. Diger bir neden ise ¢evrim orani dislilerin
birbirine yakin olmasi se¢ilmistir ¢linkii bu sayede c¢evrim orami daha yiiksek
cikmaktadir. Diger bir neden ise profil kavrama agisinin 20 derece olmasi dnemlidir
clinkii farkli bir acida olur ise bu rediiktoriin seri iiretimi diisiiniilecek olur ise 6zel bir
takim liretmek anlamina gelir bu da ek bir maliyet ve 6zel bir durumdur bunlar
giiniimiiz imalat sanayisi goz Oniine alinacak olur ise istenmeyen durumlardir. Bu
nedenle kavrama agisinin 20 ° olmasina dikkat edilmistir.
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Bu rediiktor tasariminda 2 farkli tasarim yontemi izlendi ve bu tasarimlar
yazdirilmistir. Tk yontemde rediiktdriin i¢ disli olarak da tabir edilen karsilik dislisinin
serbest oldugu durumdur. Bu durumda serbestlik derecesi 2 oldugu i¢in rediiktoriin
harmonik hareketi yapmadig1 gozlemlenmistir. Bu tasarimin CAD gorseli ve baski
alinmuis hali Sekil 4.20°de verilmistir.

Sekil 4.20. Yontem 1 3D Baski Gorseli

Harmonik hareketin saglikli olabilmesi acisindan i¢ disli c¢arkin sabitlenmesi
gerektigine karar verilmistir ve bu sekilde diger bir yontem ile tasarim yapilmis ve 3D
bask1 alinmistir. Bu metotta diger tasarimdan farkli olmasi agisindan rediiktoriin dig
kisminda gorsel olarak degisiklik yapilmistir. Bu tasarimda ayni zamanda rediiktoriin
¢evrim orani kontrol edilmis ve 29 oldugu tespit edilmistir. Bu tasarimin gorseli Sekil
4.21°de paylasilmistir.

Sekil 4.21. Yontem 2 3D Baki Gorseli
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5. SONUCLAR VE ONERILER KISMI

Bu calismada evolvent profil yapisinda rijit harmonik rediiktor tasarim ve
imalat1 i¢in hesaplama ve analizler gergeklestirilmistir. Bu kapsamda, optimum
tasarim verilerinin elde edilebilmesi i¢in toplamda 16 farklt model iizerinde
calisilmistir. Farkli kavrama agilarinda (15°, 20°, 25° ve 30°) ve farkli profil kaydirma
oranlari ile farkli dis modifikasyonlarinda tasarimlar gergeklestirilmistir. Tasarimlarda
gerceklestirilen optimizasyon g¢aligmalart sonucunda elde edilen farkli rediiktorlerin
Sonlu Elemanlar1 Metodu (SEM) ile analizi yapilarak disliler tizerindeki gerilmelerin
bu farkli tasarim parametrelerine gore degisimleri incelenmistir. Rediiktér imalata
hazir hale getirilmis ve illiistrasyon amaciyla PLA malzeme kullanilarak 3D eklemeli
imalat yontemiyle basarili sekilde imal edilmistir. Yapilan ¢aligmalar sonucunda elde
edilen bulgular su sekildedir;

1. Kiigiik bir hacimde yiiksek c¢evrim oranma sahip, evolvent profil yapili
harmonik harekete sahip bir rediiktoriin tasarimi ve 3D yazic ile iiretimi
basarili sekilde gerceklestirilmistir. Yapilan tasarimlarda tiim modellerde,
dislilerin birbiriyle sorunsuz ¢aligabilmesi hedeflenmistir ve bu hedef basariyla
gerceklestirilmistir.

2. Yapilan g¢alisma  kapsaminda, harmonik  hareketin, dis  profil
modifikasyonlartyla farkli dis sayilarinda saglanabildigi, dolayisiyla farkli
cevrim oranlarinda evolvent profilli rijit harmonik rediiktér yapilabilecegi
belirlenmistir.

3. Ogzel tip takim gerektirmeden, bilinen klasik yontem disli talasl imalat
metotlartyla, harmonik disli mekanizmasi {iretiminin miimkiin olabilecegi bir
tasarim lizerinde detayl sekilde calisilmis ve nihayetinde bu kapsamda seri
tiretim kosullarina uygun imalat parametrelerine sahip bir tasarim elde
edilebilmistir.

4. Tasarim optimizasyon parametrelerinden biri olan profil kaydirma
optimizasyonunun yapilmadigi durumlarda kavrama oraninin daha diisiik
oldugu tespit edilmistir. Digli sistemlerinde eksenler aras1i mesafeyi saglamak
ve dis emniyetini artirmak i¢in yaygin sekilde gerceklestirilen profil kaydirma
islemi, bu tez kapsaminda yapilan ¢alismada evolvent profilin harmonik
hareketi yapabilmesi i¢in en temel ¢6ziim olarak ortaya ¢ikmustir.

5. Yapilan analizler irdelendiginde, dislilerdeki dis kokii emniyet degerleri ele
alindiginda Gzellikle optimum tasarim parametrelerinde, standartlar baz
alindiginda istenen minimum emniyet katsayilarindan g¢ok daha yiiksek
degerler elde edildigi goriilmiistiir. Dislilerdeki yanak emniyet katsayilarinin
da istenen minimum standart degerlerle kiyaslandiginda yiiksek degerlerde
oldugu tespit edilmistir. Bunun temel nedeni, olusturulan profil yapilarinda
yuksek oranda disli temas1 olmasidir. Bu sayede dis kokii ve dis yanaklarinin
emniyet degerlerinin yiiksek oldugu goriilmiistiir.

6. Bu calisma kapsaminda tiim analiz verileri irdelendiginde, nihai olarak Z60 —
758 kavrama agis1 20 ° olan profil kaydirmali disli mekanizmasinin hem dis
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dibi hem yanak giivenlik katsayilar1 hem de seri imalat kosullar1 ¢ercevesinde
en optimum tasarim oldugu tespit edilmistir. Bu tasarimin ¢evrim orani 29°dur.
Tasarim kisitt olarak belirlenen 3 kW giris giiciinii, ¢ok yiliksek emniyet
katsayilariyla tagiyabilmektedir.

Calisma kapsaminda Z60 — Z57 15 ° kavrama agis1 olan profil kaydirmali disli
mekanizmasinin kavrama orani en yiiksek ¢ikmistir. Ancak ¢evrim orant 19
olmast ve kavrama acist 15 ° olmasindan dolayr iiretimi Ozel takim
gerekeceginden dolayi seri imalat kosullar1 baz alindiginda 6nerilmemektedir.
Calisma kapsaminda geleneksel rediiktorlere gére hacim ve tork bakimindan
cok daha iistiin, kii¢iik alanda yliksek tork seviyelerine ¢ikilabilen evolvent
profilli rediiktdr basariyla iiretilmistir. Oneri olarak, takip eden calismalarda
pinyon ve cark dis sayist arttirilarak, ¢coklu pinyon kullanilarak veya modiil
degerleri artirilarak, farkli kombinasyonlarin iiretilmesiyle daha fazla tork ve
kavrama oranina sahip rediiktorler de iiretilebilir. Kavrama oranmin yiiksek
olmasi sebebiyle istenildigi taktirde, rediiktoriin hacmi kiigiiltiilebilir veya
malzeme optimizasyonlari ile daha hafif bir rediiktor tiretimi miimkiin olabilir.
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] 0.137
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 15.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 54.11
Load application diameter (mm) [den] 87.46
Load application angle (%) [aFn) 14.70

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 83.48
Nominal tooth root stress from FEM (N/mm?) [oF0] 108.51

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.55
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

107.08

83.37
109.06

83.37
-124.14

111.38

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for d; () [ydf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5409
Number of elements 2554
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

1.83

123

0.60

0.0008
0.0008
29.52

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.131 41.402 82.914 -38.97
-2.244 41.39% 82.914 -33.90
-2.018 41.408 82.914 -53.66
-1.941 41.417 82.924 -69.85
-1.867 41.434 82.953 -81.53
-1.7%4 41.462 83.001 -96.22
-1.725 41.498 83.067 -103.78
-1.660 41.542 83.151 -117.04
-1.601 41.594 83.250 -118.62
-1.594 41.602 83.265 -123.91
-1.586 41.610 83.280 -122.53
-1.578 41.618 83.296 -124.12
-1.57 41.627 83.313 -123.74
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-1.563 41.636 83.330 -123.89
-1.566 41.645 83.348 -123.58
-1.548 41.655 83.367 -124.14
-1.540 41.664 83.386 -123.80
-1.532 41.675 83.406 -123.92
-1.525 41.685 83.426 -123.89
-1.517 41.696 83.448 -123.84
-1.510 41.707 83.469 -123.29
-1.509 41.709 83.472 -123.38
-1.508 41.710 83.475 -123.17
-1.501 41.721 83.495 -122.94
-1.495 41.731 83.515 -122.36
-1.489 41.741 83.5356 -121.84
-1.483 41.751 83.555 -121.18
-1.482 41.753 83.569 -121.21
-1.481 41.755 83.563 -120.85
-1.474 41.768 83.589 -120.12
-1.467 41.781 83.614 -118.94
-1.460 41.795 83.641 -117.92
-1.454 41.809 83.668 -116.54
-1.447 41.823 83.696 -116.35
-1.441 41.837 83.724 -113.81
-1.435 41.852 83.754 -112.47
-1.429 41.867 83.783 -110.78
-1.423 41.883 83.814 -109.29
-1.417 41.898 83.845 -107.50
-1.412 41.915 83.877 -105.88
-1.407 41.931 83.909 -103.99
-1.401 41.948 83.942 -102.26
-1.396 41.964 83.975 -100.31
-1.391 41.982 84.010 -98.51

-1.387 41.999 84.045 -96.51

-1.382 42.018 84.081 -94.58

-1.378 42.036 84.117 9242

-1.374 42.055 84.154 -90.36

-1.370 42.073 84.191 -88.11

-1.366 42.093 84.230 -86.94

-1.362 42112 84.269 -83.64

-1.359 42.132 84.308 -81.39

-1.356 42.152 84.348 -79.04

-1.353 42173 84.390 -76.71

-1.350 42194 84.431 -74.32

-1.347 42.215 84.473 -71.92

-1.344 42.237 84.516 -69.40

-1.342 42.259 84.560 -66.88

-1.340 42.281 84.604 -64.04
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-1.338 42.303 84.649 -60.92
-1.336 42.326 84.694 -58.29
-1.333 42.349 84.740 -55.65
-1.331 42.373 84.787 -54.12
-1.329 42.397 84.835 52.38
-1.326 42421 84.883 -50.95
-1.323 42.445 84.932 -49.32
-1.320 42.470 84.981 -48.15
-1.317 42.495 85.031 -46.81
-1.314 42.520 85.082 -45.62
-1.311 42.546 85.133 44.33
-1.307 42.572 85.185 -43.30
-1.304 42.599 85.238 -42.09
-1.300 42.626 85.291 41.13
-1.296 42.653 85.345 -40.05
-1.292 42.680 85.400 -39.08
-1.266 42.847 85.732 -32.24
Tension side

2131 41.402 82.914 35.12
2.018 41.408 82.914 48.11

1.942 41.416 82.924 61.85
1.867 41.434 82.953 72.40
1.794 41.462 83.001 84.76
1.725 41.498 83.067 91.52
1.660 41.542 83.151 102.32
1.601 41.594 83.250 104.30
1.594 41.602 83.265 108.37
1.586 41.610 83.280 107.45
1.578 41.618 83.296 108.82
1.571 41.627 83.313 108.53
1.563 41.636 83.330 108.72
1.555 41.645 83.348 108.52
1.548 41.655 83.367 109.06
1.540 41.664 83.386 108.80
1.532 41.675 83.406 108.95
1.525 41.685 83.426 108.98
1517 41.69% 83.448 109.00
1510 41.707 83.469 108.60
1.509 41.709 83.472 108.69
1.508 41.710 83.475 108.51
1.501 41.721 83.495 108.38
1495 41.731 83.515 107.96
1.489 41.741 83.535 107.58
1483 41.751 83.555 107.08
1482 41.753 83.559 107.13
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1.481 41.755 83.563 106.83
1474 41.768 83.589 106.31
1.467 41.781 83.614 105.38
1.460 41.795 83.641 104.62
1.454 41.809 83.668 103.53
1.447 41.823 83.696 102.63
1.441 41.837 83.724 101.42
1.435 41.852 83.754 100.39
1.429 41.867 83.783 99.07
1423 41.883 83.814 97.93
1417 41.898 83.845 96.52
1412 41.915 83.877 95.28
1.407 41,931 83.909 93.80
1.401 41.948 83.942 92.48
1.396 41.964 83.975 90.95
1.391 41.982 84.010 89.58
1.387 41.999 84.045 88.02
1.382 42.018 84.081 86.55
1.378 42.036 84.117 84.87
1.374 42.055 84.154 83.28
1.370 42.073 84.191 81.52
1.366 42.093 84.230 79.86
1.362 42112 84.269 78.05
1.359 42.132 84.308 76.32
1.356 42.152 84.348 74.47
1.353 42173 84.390 72.69
1.350 42.194 84.431 70.78
1.347 42.215 84.473 68.91
1.344 42.237 84.516 66.92
1.342 42.259 84.560 64.94
1.340 42.281 84.604 62.58
1.338 42.303 84.649 60.00
1.336 42.326 84.694 57.79
1.333 42.349 84.740 56.69
1.331 42.373 84.787 54.55
1.329 42.397 84.835 53.28
1.326 42.421 84.883 52.25
1.323 42.445 84.932 51.08
1.320 42.470 84.981 50.34
1.317 42.495 85.031 49.48
1.314 42.520 85.082 48.72
1.311 42.546 85.133 47.93
1.307 42.572 85.185 47.34
1.304 42.599 85.238 46.65
1.300 42.626 85.291 46.17
1.296 42.653 85.345 45.33
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1.292

42.680

85.400

45.34

1.266

42.847

85.731

42.56

Figure: Results

End of report (lines: 234)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] -0.101
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 20.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane strain

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 55.62
Load application diameter (mm) [den] 87.86
Load application angle (%) [aFn) 20.22

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Highest normal stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 83.57
Nominal tooth root stress from FEM (N/mm?) [oF0] 94.75

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.62
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

93.50

83.41
96.84

83.41
-118.00

102.42

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for d; () [ydf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5143
Number of elements 2434
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation, Maximum principal stress

1.58

1.09

0.49

0.0007
0.0006
35.14

X y d (o
(mm) (mm) (mm) (N/mm?)
Compression side
-2.201 41.443 83.003 47.20
-2.247 41.440 83.003 -41.67
-2.155 41.445 83.003 -54.54
-2.057 41.458 83.019 -76.23
-1.963 41.487 83.066 -85.94
-1.873 41.530 83.144 -101.31
-1.791 41.586 83.250 -109.76
-1.782 41.594 83.265 -116.21
-1.772 41.602 83.280 -114.77
-1.763 41.611 83.29% -116.17
-1.754 41.620 83.313 -115.41
-1.744 41.629 83.331 -116.74
-1.734 41.639 83.349 -116.66
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-1.725 41.649 83.369 -117.68
-1.716 41.659 83.389 -117.40
-1.706 41.670 83.410 -118.00
-1.697 41.681 83.431 -117.60
-1.688 41.693 83.453 -117.67
-1.679 41.704 83.476 -117.25
-1.670 44.7117 83.501 -117.31
-1.661 41.729 83.525 -116.51
-1.663 41.742 83.548 -116.12
-1.645 41.754 83.572 -115.27
-1.644 41.755 83.574 -115.30
-1.643 41.756 83.577 -115.12
-1.636 41.768 83.600 -114.51
-1.629 41.781 83.625 -113.62
-1.628 41.782 83.628 -113.60
-1.627 41.784 83.631 -113.16
-1.619 41.799 83.660 -112.33
-1.611 41.814 83.689 -110.86
-1.603 41.829 83.720 -100.73
-1.59 41.845 83.750 -108.02
-1.589 41.861 83.782 -106.67
-1.682 41.877 83.814 -104.71
-1.575 41.8%4 83.848 -103.16
-1.568 41.911 83.882 -100.97
-1.562 41.929 83.917 -99.22

-1.566 41.947 83.952 -96.81

-1.549 41.966 83.988 -94.83

-1.544 41.984 84.025 -92.18

-1.638 42.003 84.063 -89.91

-1.633 42.023 84.102 -86.87

-1.628 42.043 84.141 -83.95

-1.523 42.063 84.181 -80.67

-1.518 42.084 84.222 -77.51

-1.514 42.105 84.264 -74.64

-1.509 42126 84.307 -71.70

-1.505 42.148 84.350 -69.27

-1.500 42170 84.39%4 -66.54

-1.495 42.193 84.438 -64.78

-1.490 42.216 84.484 62.92

-1.485 42.239 84.530 61.90

-1.479 42.263 84.578 -60.63

-1.474 42.287 84.625 -59.68

-1.468 42.312 84.674 -58.51

-1.462 42.336 84.723 -57.62

-1.456 42.362 84.774 -56.58

-1.450 42.388 84.825 -55.71
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-1.444 42414 84.877 54.75
-1.437 42.440 84.929 -53.94
-1.431 42.467 84.983 -53.07
-1.424 42.494 85.036 52.26
-1.417 42.522 85.092 51.41
-1.410 42.550 85.147 -50.64
-1.403 42.579 85.204 -49.82
-1.395 42.607 85.261 -49.04
-1.387 42.637 85.319 48.24
-1.380 42.666 85.377 -47.46
-1.372 42.697 85.437 -46.68
-1.363 42.727 85.497 -45.88
-1.355 42.758 85.558 -45.14
-1.346 42.789 85.620 44.28
-1.297 42.964 85.967 -39.27
Tension side

2.201 41.443 83.003 40.51
2.155 41.445 83.003 46.47
2057 41.458 83.019 64.13
1.963 41.486 83.066 71.68
1.873 41.530 83.144 83.93
1.791 41.586 83.250 90.08
1.782 41.594 83.265 95.46
1.772 41.602 83.280 94.31
1.763 41.611 83.296 95.41
1.754 41.620 83.313 94.76
1.744 41.629 83.331 95.87
1.734 41.639 83.349 95.76
1.725 41.649 83.369 96.57
1.716 41.659 83.389 96.36
1.706 41.670 83.410 96.84
1.697 41.681 83.431 96.53
1.688 41.693 83.453 96.60
1.679 41.704 83.476 96.28
1.670 41.717 83.501 96.33
1.661 41.729 83.525 95.70
1.653 41.742 83.548 95.41
1.645 41.754 83.572 94.75
1.644 41.755 83.574 94.77
1.643 41.756 83.577 94.64
1.636 41.768 83.600 94.19
1.629 41.781 83.625 93.50
1.628 41.782 83.628 93.48
1.627 41.784 83.631 93.13
1.619 41.799 83.660 92.51
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1611 41.814 83.689 91.36
1.603 41.829 83.720 90.53
1.596 41.845 83.750 89.19
1.589 41.861 83.782 88.15
1.582 41.877 83.814 86.67
1.575 41.894 83.848 85.47
1.568 41.911 83.882 83.77
1.562 41.929 83.917 82.44
1.565 41.947 83.952 80.56
1.549 41.966 83.988 79.04
1.544 41.984 84.025 76.98
1.538 42.003 84.063 75.23
1.533 42.023 84.102 72.84
1.528 42.043 84.141 70.55
1.523 42.063 84.181 67.93
1518 42.084 84.222 65.44
1.514 42.105 84.264 63.15
1.509 42126 84.307 60.84
1.505 42.148 84.350 58.93
1.500 42.170 84.394 56.78
1.495 42193 84.438 55.43
1.490 42.216 84.484 53.99
1.485 42.239 84.530 53.28
1.479 42.263 84.578 52.35
1474 42.287 84.625 51.70
1.468 42.312 84.674 50.87
1.462 42.336 84.723 50.27
1.456 42.362 84.774 49.54
1.450 42.388 84.825 48.98
1444 42.414 84.877 48.34
1.437 42.440 84.929 47.83
1431 42.467 84.983 47.28
1.424 42,494 85.036 46.78
1417 42.522 85.092 46.26
1410 42.550 85.147 45.82
1.403 42.579 85.204 45.32
1.395 42.607 85.261 44.89
1.387 42.637 85.319 44.42
1.380 42.666 85.377 43.98
1.372 42.697 85.437 43.65
1.363 42.721 85.497 43.19
1.365 42.758 85.558 42.73
1.346 42.789 85.620 42.65
1.297 42.964 85.966 40.33

End of report (lines: 230)
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Calculation of tooth root stress with 3D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] -0.079
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 25.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 0.000
1.2 FEM settings

FE mesh density high

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v 0.300
1.4 Load application data

The load distribution defined in the contact analysis is used as input for the calculation.
The contact line in the middle of the facewidth that passes through the outer single tooth contact point is selected as the generating point.

Diameter of single tooth contact point, HPSTC (mm) [dioad] 88.27
Diameter of single tooth contact point (force application in FEM) (mm)
[dloadFEM] 88.32

Force distribution: see 3D FEM graphic

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the contact point of the 30° tangent, calculated as specified in the standard
Diameter (mm) [dsFn] 83.63
Nominal stress at tooth root (N/mm?) [oF0] 165.25
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Tooth root stress at the contact point of the 30° tangent, calculated with the tooth form

Diameter (mm)

Position on facewidth (mm)

Nominal stress at tooth root (N/mm?)

Tooth root stress at the point with the highest stress

Diameter (mm)

Position above facewidth (mm)
Nominal stress at tooth root (N/mm?)

Tooth root stress at the point with the lowest stress

Diameter (mm)

Position above facewidth (mm)
Nominal stress at tooth root (N/mm?)

[do307]
[ba30°]

[030°]

[domax]
[bomax]

[omax]

[domin]
[bomin]

[omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal stress in the root rounding (N/mm?)

[oF0]

83.63
3.54
165.25

83.41
1.81
176.36

83.06

4.19
-1561.65

96.19

2.3 Bending of the tooth without Hertzian fiattening. Input in the direction of the normal force F,

Total bending at point of load application (um)

[fbtof]

Bending at point of load application without rotation in the tooth body (um)

[fb=btot-f_tilt_den]

Displacement due to rotation in the tooth body without bending at ., (Um)
[f_tilt_den]
[ydsFn]

Total tooth rotation at d.¢, ()
Tooth body rotation for d; (°)

Singular tooth stiffness (N/mm/pm)

*Fnb=57.67  (Nmm)

2.4 Details about the FE mesh
Number of nodes:

Number of elements:

Element type:

2.5Equivalent stress on tooth

[ydf]

[c'=Fn/b/fbtot]

124983
17084

Quadratic

From FEM calculation: Von Mises equivalent stress in middle section

3.34

3.22

0.12

0.0002

0.0002

1724 *

b3 y z d Om
(mm) (mm) (mm) (N/mm?)
Compression side
-2.230 41.469 -0.122 83.058 -43.71
2.230 41.469 0.122 83.058 -13.31
-2.229 41.469 0.128 83.058 -45.44
2211 41.471 -0.006 83.060 -19.40
-2.211 41.471 0.006 83.060 -24.08
2191 41.474 0.117 83.063 -32.06
2191 41.474 -0.132 83.064 -29.47
-2.191 41.474 0.132 83.064 -19.12
2172 41.478 -0.010 83.069 -45.74
2.155 41.481 0.116 83.074 -49.70
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2.150 41.482 -0.122 83.076 -52.39
2.133 41.487 0.003 83.083 -66.84
2.113 41.493 0.020 83.094 -62.56
2.095 41.499 -0.033 83.104 -67.47
2078 41.506 0.138 83.116 -71.42
2.058 41.514 0.000 83.131 -74.62
2.038 41.524 0.129 83.147 -77.63
2.038 41.524 -0.132 83.147 -80.35
2019 41.534 -0.003 83.166 -86.72
2.001 41.544 0.129 83.184 -81.26
2.001 41.544 -0.131 83.185 -84.57
1.983 41.555 0.001 83.205 -83.24
1.966 41.567 -0.129 83.227 -89.90
1.966 41.567 0.130 83.227 -88.63
1.949 41.579 0.000 83.250 -95.70
1933 41.592 -0.129 83.273 -89.06
1.933 41.592 0.130 83.273 -88.77
1.918 41.605 0.000 83.298 -87.82
1.903 41.619 -0.131 83.324 -89.93
1.903 41.619 0.128 83.324 -95.09
1.889 41.633 -0.003 83.351 -100.26
1.874 41.648 -0.134 83.381 -88.23
1.874 41.648 0.125 83.381 -97.55
1.860 41.664 -0.006 83.412 -83.32
1.846 41.682 0.124 83.446 -84.49
1.846 41.682 -0.138 83.446 -91.16
1.832 41.700 -0.009 83.481 -98.56
1.820 41.718 0.060 83.515 -88.38
1.809 41.736 -0.134 83.550 -87.39
1.808 41.736 0.125 83.561 -105.16
1.796 41.756 -0.067 83.589 -97.71
1.785 4777 -0.000 83.630 -90.63
1.772 41.803 -0.000 83.680 -94.74
1.759 41.829 -0.000 83.732 -92.69
1.746 41.860 0.131 83.792 -89.47
1.746 41.860 -0.131 83.792 -88.83
1.735 41.891 0.000 83.853 -86.29
1.721 41.929 -0.130 83.929 -79.61
1.721 41.929 0.132 83.929 -81.86
1.709 41.968 0.001 84.005 -76.03
1.694 42.013 -0.127 84.095 -71.56
1.694 42.014 0.132 84.097 -72.38
1.679 42.060 0.004 84.187 -69.19
1.662 42.113 -0.125 84.291 -67.18
1.661 42.114 0.135 84.293 -67.18
1.644 42.166 0.006 84.397 -66.08
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1.616 42.247 -0.132 84.555 -64.35
1.616 42.247 0.124 84.555 -64.16
1.588 42.327 -0.014 84.713 -62.02
1.553 42428 0.101 84.913 -61.87
1516 42.529 -0.039 85.111 -61.30
1479 42.630 0.087 85.311 -60.99
1.441 42.731 -0.040 85.510 -60.21
1.398 42.841 0.083 85.728 -60.10
1.355 42.951 -0.048 85.944 -59.11
1.311 43.061 0.075 86.162 -58.40
1.265 43173 -0.061 86.383 -57.68
1.224 43.272 0.065 86.579 -55.13
Tension side

2229 41.469 -0.122 83.058 10.26
-2.191 41.474 0.122 83.063 21.32
-2.172 41478 0.128 83.069 32.60
-2.155 41.481 -0.006 83.074 49.78
-2.150 41.482 0.006 83.076 54.98
-2.133 41.487 0.117 83.083 62.79
-2.113 41.493 -0.132 83.094 76.09
-2.095 41.499 0.132 83.104 85.37
-2.078 41.506 -0.010 83.116 97.04
-2.058 41.514 0.116 83.131 105.06
-2.038 41.524 -0.122 83.147 115.23
-2.038 41.524 0.003 83.148 115.15
-2.019 41.534 0.020 83.166 124.70
-2.001 41.544 -0.033 83.185 131.13
-2.000 41.544 0.138 83.185 129.60
-1.983 41.555 0.000 83.205 117.70
-1.966 41.567 0.129 83.227 124.82
-1.966 41.567 -0.132 83.227 123.45
-1.949 41.579 -0.003 83.250 140.57
-1.933 41.592 0.129 83.273 133.35
-1.933 41.592 -0.131 83.273 123.45
-1.918 41.605 0.001 83.298 117.03
-1.903 41.619 -0.129 83.324 130.19
-1.903 41.619 0.130 83.324 143.08
-1.889 41.633 0.000 83.351 153.62
-1.874 41.648 -0.129 83.381 149.50
-1.874 41.648 0.130 83.381 151.68
-1.860 41.664 0.000 83.412 153.10
-1.846 41.682 -0.131 83.446 150.86
-1.846 41.682 0.128 83.446 150.62
-1.832 41.700 -0.003 83.481 153.34
-1.820 41.718 -0.134 83.515 139.18
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-1.809 41.736 0.125 83.550 139.57
-1.808 41.736 -0.006 83.551 168.73
-1.79% 41.756 0.124 83.589 159.18
-1.785 4777 -0.138 83.630 156.46
-1.772 41.803 -0.009 83.680 154.56
-1.759 41.829 0.060 83.732 136.22
-1.746 41.860 -0.134 83.792 1356.27
-1.746 41.860 0.125 83.792 1356.15
-1.735 41.891 -0.067 83.853 136.78
-1.721 41.929 -0.000 83.929 123.55
-1.721 41.929 -0.000 83.929 126.04
-1.709 41.968 -0.000 84.005 119.83
-1.694 42.013 0.131 84.095 115.18
-1.694 42.014 -0.131 84.097 115.36
-1.679 42.060 0.000 84.187 111.19
-1.662 42.113 -0.130 84.291 107.29
-1.661 42.114 0.132 84.293 106.91
-1.644 42.166 0.001 84.397 103.95
-1.616 42.247 -0.127 84.565 101.86
-1.616 42.247 0.132 84.555 102.01
-1.688 42.327 0.004 84.713 99.13
-1.553 42.428 -0.125 84.913 99.91
-1.516 42.529 0.135 85.111 100.12
-1.509 42.549 0.006 85.152 99.69
-1.501 42.570 -0.132 85.192 101.21
-1.453 42.699 0.124 85.448 101.63
-1.403 42.829 -0.014 86.703 102.30
-1.351 42.962 0.101 85.966 106.80
-1.298 43.094 -0.039 86.227 113.38
-1.250 43.211 0.087 86.458 118.53
-1.205 43.318 -0.040 86.670 123.88

End of report (lines: 218)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] -0.064
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 30.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density medium

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 60.35
Load application diameter (mm) [den] 88.51
Load application angle (%) [aFn) 30.77

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 83.21
Nominal tooth root stress from FEM (N/mm?) [oF0] 119.31

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.25
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Nominal tooth root stress from FEM (N/mm?) [0307] 107.08
Tooth root stress at the point with the highest stress

Diameter (mm) [domax] 83.18

Nominal tooth root stress from FEM (N/mm?) [omax] 130.99
Tooth root stress at the place with the lowest stress (pressure-side)

Diameter (mm) [domin] 83.18

Nominal tooth root stress from FEM (N/mm?) [omin] -181.15

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0] 166.98

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,
Total bending at point of load application (um) [fotot] 1.74

Bending at point of load application without rotation in the tooth body (um)
[fb=fotot-f_tilt_den] 1.23

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den] 0.51
Total tooth rotation at d.¢, () [ydsFn] 0.0005
Tooth body rotation for d; () [ydf] 0.0007
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot] 34.63
2.4 Details about the FE mesh
Number of nodes 7011
Number of elements 3340
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.216 41.488 83.094 -77.63
-2.183 41.490 83.094 -101.65
-2.249 41.486 83.094 68.34
-2.158 41.493 83.098 -132.08
-2.135 41.499 83.108 -146.03
-2.113 41.509 83.126 -169.06
-2.093 41.522 83.149 -169.54
-2.075 41.537 83.177 -181.15
-2.060 41.554 83.210 -166.16
-2.053 41.564 83.230 -166.28
-2.047 41.575 83.250 -148.55
-2.046 41.575 83.252 -153.58
-2.046 41.576 83.253 -149.57
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-2.043 41.583 83.266 -136.27
-2.039 41.590 83.280 -126.92
-2.036 41.599 83.297 -115.40
-2.032 41.608 83.315 -109.35
-2.028 41.618 83.334 -101.46
-2.023 41.628 83.354 97.04
-2.019 41.639 83.376 -90.81
-2.014 41.650 83.398 -87.39
-2.009 41.663 83.423 -82.76
-2.004 41.675 83.447 -80.99
-1.998 41.689 83.474 -78.59
-1.993 41.703 83.500 -76.95
-1.986 41.717 83.529 -74.87
-1.980 41.732 83.559 -73.48
-1.973 41.748 83.590 -71.78
-1.966 41.764 83.621 -70.52
-1.959 41.782 83.655 -69.04
-1.952 41.799 83.689 -68.09
-1.944 41.817 83.725 -66.93
-1.936 41.836 83.761 -66.05
-1.927 41.855 83.800 -65.05
-1.919 41.875 83.838 64.32
-1.910 41.896 83.879 -63.48
-1.901 41.917 83.920 62.84
-1.891 41.939 83.963 62.10
-1.882 41.961 84.006 61.59
-1.871 41.984 84.051 -60.99
-1.861 42.007 84.097 -60.53
-1.850 42.032 84.145 -60.01
-1.840 42.056 84.193 -59.63
-1.828 42.082 84.243 -59.18
-1.817 42.107 84.293 -58.86
-1.805 42134 84.346 -58.48
-1.792 42.161 84.398 -58.21
-1.780 42.189 84.453 -57.88
-1.767 42.217 84.508 -57.65
-1.754 42.246 84.565 -57.38
-1.740 42.275 84.622 -57.18
-1.726 42.306 84.682 -56.95
-1.712 42.336 84.742 -56.79
-1.697 42.368 84.803 -56.59
-1.683 42.399 84.865 -56.45
-1.667 42.432 84.930 -56.29
-1.652 42.465 84.994 -56.15
-1.636 42.499 85.061 -56.00
-1.619 42.533 85.127 -55.88
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-1.603 42.568 85.19 -55.75
-1.586 42.603 85.265 -55.62
-1.568 42.639 85.336 -55.49
-1.550 42.676 85.408 -55.35
-1.532 42.713 85.481 -55.22
-1.514 42.751 85.555 -55.04
-1.494 42.789 85.631 -54.83
-1.475 42.828 85.707 -54.69
-1.385 43.006 86.057 -53.90
-1.293 43.183 86.405 52.50
Tension side

2216 41.488 83.094 59.57
2183 41.490 83.094 76.39
2.158 41.493 83.098 98.31
2.135 41.499 83.109 107.08
2113 41.509 83.126 123.36
2.093 41.522 83.149 122.69
2075 41.537 83.177 130.99
2.060 41.554 83.210 119.31
2.053 41.564 83.230 119.11
2.047 41.575 83.250 106.46
2.046 41.575 83.252 109.93
2.046 41.576 83.253 107.08
2.043 41.583 83.266 97.45
2.039 41.590 83.280 90.02
2.036 41.599 83.297 82.50
2032 41.608 83.315 78.19
2.028 41.618 83.334 7247
2.023 41.628 83.354 69.33
2.019 41.639 83.376 64.86
2014 41.650 83.398 62.42
2.009 41.663 83.423 59.09
2.004 41.675 83.447 57.86
1.998 41.689 83.474 56.17
1.993 41.703 83.500 55.00
1.986 414.717 83.529 53.54
1.980 41.732 83.559 52.55
1.973 41.748 83.590 51.36
1.966 41.764 83.621 50.50
1.959 41.782 83.655 49.47
1.952 41.799 83.689 48.81
1.944 41.817 83.725 48.02
1.936 41.836 83.761 47.42
1.927 41.855 83.800 46.74
1.919 41.875 83.838 46.25
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1.910 41.896 83.879 45.67
1.901 41.917 83.920 45.28
1.891 41,939 83.963 44.79
1.882 41.961 84.006 44.45
1.871 41.984 84.051 44.06
1.861 42.007 84.097 43.76
1.850 42.032 84.145 43.42
1.840 42.056 84.193 43.20
1.828 42.082 84.243 42.93
1817 42.107 84.293 42.73
1.8056 42.134 84.346 42.51
1.792 42.161 84.398 42.36
1.780 42.189 84.453 4217
1.767 42.217 84.508 42.05
1.754 42.246 84.565 41.91
1.740 42.275 84.622 41.81
1.726 42.306 84.682 41.69
1.7112 42.336 84.742 41.63
1.697 42.368 84.803 41.54
1.683 42.399 84.865 41.50
1.667 42.432 84.930 41.44
1.652 42.465 84.994 41.40
1.636 42.499 85.061 41.35
1619 42.533 85.127 41.34
1.603 42.568 85.196 41.31
1.586 42.603 85.265 41.29
1.568 42.639 85.336 41.26
1.550 42.676 85.408 41.24
1.532 42.713 85.481 41.24
1514 42.751 85.565 49.21
1.494 42.789 85.631 41.04
1475 42.828 85.707 41.30
1.385 43.007 86.058 41.25
1.292 43.184 86.408 41.24

End of report (lines: 220)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] 0.137
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 15.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 55.06
Load application diameter (mm) [den] 86.53
Load application angle (%) [aFn) 16.07

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 81.98
Nominal tooth root stress from FEM (N/mm?) [oF0] 12140

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 82.05
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

120.75

81.93
121.81

81.93
-140.18

125.93

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for d; () [ydf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5385
Number of elements 2540
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

2.29

1.67

0.62

0.0008
0.0008
24.01

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2129 40.651 81.414 41.26
-2.016 40.657 81.414 57.15
-1.939 40.666 81.424 -74.54
-1.865 40.684 81.453 -87.21
-1.792 40.711 81.501 -105.46
-1.723 40.747 81.567 -113.06
-1.658 40.792 81.651 -127.34
-1.599 40.844 81.750 -133.63
-1.592 40.851 81.765 -138.49
-1.584 40.859 81.780 -137.85
-1.576 40.868 81.79% -138.52
-1.569 40.876 81.813 -138.21
-1.561 40.886 81.831 -139.31
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-1.553 40.895 81.849 -139.17
-1.545 40.905 81.869 -139.68
-1.637 40.915 81.889 -139.50
-1.529 40.926 81.910 -139.97
-1.521 40.937 81.931 -140.18
-1.513 40.949 81.953 -140.07
-1.506 40.960 81.976 -139.65
-1.498 40.973 82.000 -139.66
-1.490 40.985 82.025 -139.06
-1.487 40.991 82.035 -139.03
-1.484 40.996 82.046 -138.74
-1.479 41.004 82.061 -138.44
-1.475 41.012 82.077 -137.73
-1.468 41.026 82.104 -137.08
-1.461 41.040 82131 -1356.80
-1.454 41.054 82.160 -134.85
-1.447 41.069 82.189 -133.40
-1.440 41.085 82.220 -132.28
-1.433 41.100 82.250 -130.60
-1.421 41.116 82.282 -129.23
-1.421 41.133 82314 -127.41
-1.415 41.150 82.348 -125.86
-1.409 41.167 82.382 -123.90
-1.403 41.184 82.417 -122.18
-1.398 41.202 82.452 -120.10
-1.392 41.221 82.488 -118.23
-1.387 41.239 82.525 -116.05
-1.382 41.258 82.563 -114.04
-1.377 41.278 82.602 -111.76
-1.373 41.298 82.641 -109.63
-1.369 41.318 82.681 -107.25
-1.364 41.339 82722 -106.01
-1.360 41.360 82.764 -102.54
-1.357 41.381 82.807 -100.24
-1.363 41.403 82.850 -97.69
-1.350 41.425 82.894 -95.34
-1.347 41.447 82.938 92.20
-1.344 41.470 82.984 -89.12
-1.341 41.493 83.030 -85.63
-1.339 41.517 83.078 82.27
-1.337 41.541 83.125 -79.03
-1.334 41.566 83.174 -75.78
-1.332 41.590 83.223 -12.94
-1.330 41.616 83.274 -70.05
-1.327 41.641 83.325 68.24
-1.324 41.667 83.377 -66.30
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-1.322 41.694 83.429 64.71
-1.319 41.721 83.483 63.03
-1.315 41.747 83.536 61.68
-1.312 41.775 83.592 -60.30
-1.309 41.803 83.647 -59.09
-1.305 41.832 83.704 57.84
-1.301 41.860 83.761 -56.66
-1.297 41.889 83.819 -55.43
-1.293 41.919 83.877 -54.36
-1.288 41.949 83.937 53.20
-1.284 41.979 83.997 5217
-1.2719 42.010 84.058 51.11
-1.274 42.041 84.120 -50.14
-1.244 42.218 84.473 43.26
-1.211 42.395 84.825 -36.22
Tension side

2129 40.651 81.414 36.95
2016 40.657 81.414 50.65
2.242 40.645 81.414 32.21
1.939 40.666 81.424 66.20
1.865 40.684 81.453 76.48
1.792 40.711 81.501 91.98
1.723 40.747 81.567 98.23
1.658 40.792 81.651 110.69
1.599 40.844 81.750 115.97
1.592 40.851 81.765 120.02
1.584 40.859 81.780 119.58
1.576 40.868 81.79% 120.45
1.569 40.876 81.813 120.44
1.561 40.886 81.831 120.67
1.553 40.895 81.849 120.63
1.545 40.905 81.869 121.25
1.637 40.915 81.889 121.15
1.529 40.926 81.910 121.61
1.521 40.937 81.931 121.81
1513 40.949 81.953 121.74
1.506 40.960 81.976 121.40
1.498 40.973 82.000 121.50
1.490 40.985 82.025 120.97
1487 40.991 82.035 120.98
1484 40.99 82.046 120.75
1479 41.004 82.061 120.53
1475 41.012 82.077 119.94
1.468 41.026 82.104 119.42
1461 41.040 82.131 118.40
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1.454 41.054 82.160 117.69
1.447 41.069 82.189 116.48
1.440 41.085 82.220 116.55
1.433 41.100 82.250 114.21
1.427 41.116 82.282 13.11
1421 41.133 82.314 111.64
1.415 41.150 82.348 110.39
1.409 41.167 82.382 108.79
1.403 41.184 82417 10742
1.398 41.202 82452 105.73
1.392 41.221 82488 104.22
1.387 41.239 82.525 102.46
1.382 41.258 82.563 100.85
1.377 41.278 82.602 99.01
1.373 41.298 82.641 97.30
1.369 41.318 82.681 95.38
1.364 41.339 82.722 93.59
1.360 41.360 82.764 91.60
1.367 41.381 82.807 89.76
1.353 41.403 82.850 87.71
1.350 41.425 82.894 85.84
1.347 41.447 82.938 83.28
1.344 41.470 82.984 80.75
1.341 41.493 83.030 71.86
1.339 41.517 83.078 75.06
1.337 41.541 83.125 72.38
1.334 41.566 83.174 69.68
1.332 41.590 83.223 67.35
1.330 41.616 83.274 64.98
1.327 41.641 83.325 63.57
1.324 41.667 83.377 62.03
1.322 41.694 83.429 60.87
1.319 41.721 83.483 59.61
1.316 41.747 83.536 58.64
1.312 41.775 83.592 57.67
1.309 41.803 83.647 56.86
1.305 41.832 83.704 56.04
1.301 41.860 83.761 56.26
1.297 41.889 83.819 54.48
1.293 41.919 83.877 53.85
1.288 41.949 83.937 53.17
1.284 41.979 83.997 52.64
1.279 42.010 84.058 51.83
1.274 42.041 84.120 51.81
1.244 42.218 84.474 48.44
1.211 42.39%6 84.826 4513
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] -0.101
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 20.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 56.60
Load application diameter (mm) [den] 86.93
Load application angle (%) [aFn) 21.31

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 82.07
Nominal tooth root stress from FEM (N/mm?) [oF0] 106.95

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 82.13
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

105.74

81.91
108.04

81.91
-131.84

115.61

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tiit_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for dy (%) [vaf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5240
Number of elements 2471
Element type Quadratic
2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

2.19

1.61

0.58

0.0008
0.0008
25.88

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.199 40.692 81.503 -49.29
-2.153 40.694 81.503 -58.82
-2.056 40.707 81.519 -79.93
-1.961 40.736 81.566 93.25
-1.871 40.779 81.644 -110.28
-1.789 40.836 81.750 -120.12
-1.780 40.844 81.765 -126.97
-1.771 40.852 81.780 -126.59
-1.761 40.860 81.797 -128.06
-1.751 40.869 81.813 -128.33
-1.742 40.879 81.832 -129.59
-1.732 40.888 81.850 -120.72
-1.722 40.899 81.870 -130.39
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-1.713 40.909 81.891 -130.77
-1.703 40.921 81.912 -131.84
-1.693 40.932 81.934 -131.47
-1.684 40.944 81.958 -131.68
-1.675 40.956 81.981 -131.53
-1.665 40.969 82.006 -131.78
-1.656 40.982 82.032 -131.15
-1.649 40.993 82.052 -131.09
-1.643 41.003 82.073 -130.46
-1.641 41.007 82.079 -130.44
-1.639 41.010 82.086 -130.06
-1.632 41.021 82.106 -129.62
-1.626 41.031 82127 -128.96
-1.624 41.035 82135 -128.82
-1.622 41.040 82.143 -128.28
-1.613 41.055 82173 -127.45
-1.605 41.071 82.204 -125.98
-1.597 41.087 82.236 -124.80
-1.590 41.103 82.268 -123.06
-1.682 41.120 82.302 -121.60
-1.575 41.138 82.336 -119.57
-1.568 41.156 82.371 -117.87
-1.561 41.174 82.407 -115.54
-1.566 41.193 82.444 -113.58
-1.548 41.211 82.481 -110.95
-1.542 41.231 82.520 -108.66
-1.637 41.251 82.559 -105.73
-1.531 41.2711 82.599 -102.98
-1.526 41.292 82.640 -99.35
-1.621 41.313 82.683 -95.80
-1.516 41.335 82725 9222
-1.511 41.357 82.769 -88.77
-1.506 41.379 82813 -85.74
-1.501 41.402 82.859 8248
-1.497 41.425 82.905 -80.08
-1.492 41.449 82.952 -77.53
-1.486 41.473 83.000 -75.98
-1.481 41.498 83.049 -74.37
-1.475 41.523 83.098 -73.43
-1.469 41.548 83.149 -72.18
-1.464 41.574 83.200 -71.23
-1.457 41.601 83.252 -70.12
-1.451 41.627 83.3056 69.24
-1.445 41.655 83.359 68.29
-1.438 41.682 83.414 67.46
-1.431 41.710 83.470 -66.56
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-1.424 41.738 83.526 65.83
-1.417 41.768 83.583 -65.03
-1.410 41.797 83.641 -64.28
-1.402 41.827 83.700 63.51
-1.3%4 41.857 83.760 62.81
-1.386 41.888 83.821 62.08
-1.378 41.918 83.882 61.38
-1.370 41.950 83.945 -60.66
-1.361 41.982 84.008 -59.98
-1.352 42.015 84.073 -59.31
-1.343 42.047 84.137 -58.59
-1.334 42.081 84.203 -57.98
-1.325 42.114 84.270 57.29
-1.267 42.315 84.667 51.93
-1.209 42.515 85.064 -45.45
Tension side

2.199 40.692 81.503 42.57
2.153 40.694 81.503 50.24
2.245 40.689 81.503 38.43
2.056 40.708 81.519 67.43
1.961 40.736 81.566 77.58
1.871 40.779 81.644 91.24
1.789 40.836 81.750 98.90
1.780 40.844 81.765 104.53
1.771 40.852 81.780 104.07
1.761 40.860 81.797 105.23
1.751 40.869 81.813 105.38
1.742 40.879 81.832 106.34
1.732 40.888 81.850 106.49
1.722 40.899 81.870 107.00
1.713 40.909 81.891 107.30
1.703 40.921 81.912 108.04
1.693 40.932 81.934 107.81
1.684 40.944 81.958 107.98
1.675 40.956 81.981 107.82
1.665 40.969 82.006 107.98
1.656 40.982 82.032 107.51
1.649 40.993 82.052 107.45
1.643 41.003 82.073 106.95
1.641 41.007 82.079 106.93
1.639 41.010 82.086 106.62
1.632 41.021 82.106 106.28
1.626 41.031 82.127 105.74
1.624 41.035 82.135 105.64
1.622 41.040 82.143 105.20
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1613 41.055 82173 104.55
1.605 41.071 82.204 103.38
1.597 41.087 82.236 102.46
1.590 41.103 82.268 101.07
1.582 41.120 82.302 99.94
1.575 41.138 82.336 98.33
1.568 41.156 82.371 97.00
1.561 41.174 82.407 95.16
1.565 41.193 82444 93.60
1.548 41.21 82.481 91.55
1.542 41.231 82.520 89.74
1.537 41.251 82.559 87.41
1.531 41.21 82.599 85.23
1.526 41.292 82.640 82.34
1.521 41.313 82.683 79.47
1516 41.335 82.725 76.64
1.511 41.357 82.769 73.85
1.506 41.379 82813 71.46
1.501 41.402 82.859 68.88
1.497 41.425 82.905 66.99
1.492 41.449 82.952 64.85
1.486 41.473 83.000 63.67
1.481 41.498 83.049 62.47
1475 41.523 83.098 61.77
1.469 41.548 83.149 60.85
1.464 41.574 83.200 60.15
1.457 41.601 83.262 59.33
1.451 41.627 83.305 58.71
1.445 41.655 83.359 58.03
1438 41.682 83.414 57.45
1.431 41.710 83.470 56.82
1424 41.738 83.526 56.34
1417 41.768 83.583 56.81
1410 41.797 83.641 56.32
1.402 41.827 83.700 54.82
1.394 41.857 83.760 54.40
1.386 41.888 83.821 53.94
1.378 41.918 83.882 53.53
1.370 41.950 83.945 53.11
1.361 41.982 84.008 52.72
1.362 42.015 84.073 52.38
1.343 42.047 84.137 51.98
1.334 42.081 84.203 51.56
1.325 42.114 84.270 51.56
1.267 42.315 84.668 48.99
1.208 42.515 85.065 45.95
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] -0.079
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 25.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) Wl 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 58.68
Load application diameter (mm) [den] 87.30
Load application angle () [aFn] 26.51

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 82.13
Nominal tooth root stress from FEM (N/mm?) [oF0] 94.36

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 82.11
Nominal tooth root stress from FEM (N/mm?) [0307] 9543
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Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0]

81.87
101.37

81.91
-130.90

107.71

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_fit_den]

Displacement due to rotation in the tooth body without bending at d.¢, (m)

[f_tilt_den]
Total tooth rotation at d.¢, (°) [ydsFn]
Tooth body rotation for dy (%) [ydf)
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5326
Number of elements 2519
Element type Quadratic

2.5 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

220

0.54

0.0008
0.0007
26.62

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.212 40.722 81.564 -74.85
-2.141 40.735 81.583 -89.93
-2.072 40.758 81.621 -100.72
-2.007 40.789 81.676 -116.31
-1.947 40.829 81.750 -120.78
-1.937 40.836 81.765 -129.06
-1.927 40.845 81.780 -127.04
-1.917 40.853 81.797 -129.55
-1.907 40.862 81.814 -129.17
-1.897 40.872 81.832 -130.33
-1.887 40.882 81.851 -130.13
-1.877 40.893 81.872 -130.40
-1.867 40.904 81.893 -130.19
-1.857 40.915 81.915 -130.90
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-1.847 40.927 81.938 -129.86
-1.838 40.940 81.962 -129.73
-1.828 40.952 81.986 -128.81
-1.819 40.966 82.012 -128.45
-1.810 40.980 82.039 -126.96
-1.801 40.994 82.067 -126.04
-1.792 41.008 82.095 -124.27
-1.791 41.012 82.102 -124.12
-1.789 41.015 82.108 -123.68
-1.786 41.021 82.119 -123.07
-1.783 41.026 82.130 -122.26
-1.779 41.033 82.143 -121.59
-1.776 41.039 82.155 -120.52
-1.768 41.055 82.187 -118.62
-1.760 41.072 82.219 -115.97
-1.752 41.089 82.253 -113.57
-1.745 41.106 82.287 -110.35
-1.738 41.124 82.322 -107.04
-1.731 41.143 82.358 -103.13
-1.724 41.162 82.396 -99.18

-1.718 41.181 82433 -95.71

-1.711 41.201 82.473 9210

-1.705 41.221 82512 -89.11

-1.698 41.242 82.563 -85.81

-1.692 41.263 82.595 -83.37

-1.685 41.285 82.638 -80.57

-1.678 41.307 82.681 -78.89

-1.671 41.329 82.726 -77.15

-1.663 41.352 82.71M1 -76.46

-1.655 41.376 82.818 -75.43

-1.647 41.400 82.865 -74.69

-1.639 41.425 82914 -73.81

-1.631 41.449 82.963 -73.12

-1.622 41.475 83.014 -72.35

-1.613 41.501 83.064 -71.80

-1.604 41.527 83.117 -11.17

-1.596 41.554 83.169 -70.68

-1.585 41.582 83.224 -70.14

-1.575 41.609 83.278 69.71

-1.565 41.638 83.335 69.23

-1.5656 41.667 83.391 -68.87

-1.545 41.696 83.449 -68.46

-1.634 41.726 83.508 68.12

-1.623 41.756 83.568 67.75

-1.512 41.787 83.628 67.46

-1.501 41.818 83.690 67.13
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-1.489 41.849 83.752 66.85
-1.477 41.882 83.816 -66.54
-1.465 41.914 83.880 66.26
-1.452 41.948 83.945 -65.96
-1.440 41.981 84.011 65.70
-1.427 42.015 84.079 -65.42
-1.414 42.049 84.146 65.14
-1.400 42.085 84.216 -64.89
-1.386 42120 84.285 64.58
-1.372 42.156 84.357 64.33
-1.358 42.192 84.428 -64.06
-1.270 42.411 84.860 61.52
-1.180 42.628 85.289 -57.69
Tension side

2.195 40.724 81.566 63.12
2124 40.740 81.590 74.71

2.055 40.765 81.633 81.84
1.999 40.7%4 81.685 92.53
1.947 40.829 81.750 95.13
1.937 40.836 81.765 100.44
1.927 40.845 81.780 99.21

1.917 40.853 81.797 100.06
1.907 40.862 81.814 99.73
1.897 40.872 81.832 101.04
1.887 40.882 81.851 100.64
1.877 40.893 81.872 101.37
1.867 40.904 81.893 100.62
1.857 40.915 81.915 100.70
1.847 40.927 81.938 100.41
1.838 40.940 81.962 100.57
1.828 40.952 81.986 99.53
1.819 40.966 82.012 99.03
1.810 40.980 82.039 97.98
1.801 40.994 82.067 97.22
1.792 41.008 82.095 95.91

1.791 41.012 82.102 95.78
1.789 41.015 82.108 95.43
1.786 41.021 82.119 94.99
1.783 41.026 82.130 94.36
1.779 41.033 82.143 93.84
1.776 41.039 82.155 92.99
1.768 41.055 82.187 91.58
1.760 41.072 82.219 89.57
1.752 41.089 82.253 87.74
1.745 41.106 82.287 85.30
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1.738 41.124 82.322 82.79
1.731 41.143 82.358 79.79
1.724 41.162 82.396 76.79
1.718 41.181 82433 74.16
1.1 41.201 82473 71.42
1.7056 41.221 82.512 69.15
1.698 41.242 82.563 66.64
1.692 41.263 82.595 64.79
1.685 41.285 82.638 62.66
1.678 41.307 82.681 61.41
1671 41.329 82.726 60.12
1.663 41.352 82.7M1 59.61
1.655 41.376 82.818 58.85
1.647 41.400 82.865 58.33
1.639 41.425 82914 57.68
1.631 41.449 82.963 57.19
1.622 41.475 83.014 56.63
1.613 41.501 83.064 56.24
1.604 41.527 83.117 56.80
1.595 41.554 83.169 56.45
1.585 41.582 83.224 56.07
1.575 41.609 83.278 54.78
1.565 41.638 83.335 54.45
1.556 41.667 83.391 54.20
1.545 41.696 83.449 53.93
1.534 41.726 83.508 53.71
1.523 41.756 83.568 53.46
1.512 41.787 83.628 53.28
1.501 41.818 83.690 53.06
1.489 41.849 83.752 52.90
1.477 41.882 83.816 52.71
1465 41.914 83.880 52.54
1.452 41.948 83.945 52.35
1.440 41.981 84.011 52.20
1.427 42.015 84.079 52.05
1414 42.049 84.146 51.88
1.400 42.085 84.216 51.79
1.386 42120 84.285 51.59
1.372 42.156 84.357 51.32
1.358 42.192 84.428 51.53
1.272 42.407 84.853 50.26
1.183 42.621 85.276 48.56

End of report (lines: 228)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] -0.064
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 30.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 61.41
Load application diameter (mm) [den] 87.12
Load application angle (%) [aFn) 30.94

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 81.71
Nominal tooth root stress from FEM (N/mm?) [oF0] 121.91

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 81.75
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0]

106.99

81.68
137.01

81.68
-189.24

171.57

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for dy (%) [vaf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 6885
Number of elements 3282
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

1.86

1.34

0.52

0.0006
0.0007
32.99

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.213 40.737 81.594 -79.86
-2.180 40.739 81.594 -104.50
-2.155 40.742 81.598 -136.86
-2.131 40.749 81.609 -150.87
-2.109 40.758 81.626 7717
-2.089 40.771 81.650 -175.25
-2.072 40.786 81.677 -189.24
-2.058 40.803 81.710 -169.05
-2.051 40.813 81.730 -165.09
-2.045 40.824 81.751 -148.89
-2.041 40.832 81.765 -142.84
-2.037 40.839 81.780 -132.58
-2.033 40.848 81.797 -123.26
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-2.029 40.857 81.814 -114.74
-2.025 40.867 81.834 -106.10
-2.021 40.876 81.853 -100.91
-2.017 40.887 81.874 -94.81
-2.012 40.898 81.896 91.92
-2.007 40.910 81.919 -87.80
-2.002 40.922 81.943 -85.66
-1.997 40.936 81.969 -82.92
-1.991 40.949 81.994 -80.97
-1.985 40.963 82.022 -18.77
-1.979 40.977 82.050 -17.24
-1.973 40.992 82.080 -75.38
-1.966 41.008 82.110 -74.14
-1.959 41.024 82.142 -12.67
-1.952 41.041 82174 -71.58
-1.945 41.058 82.208 -70.33
-1.938 41.076 82.243 -69.45
-1.930 41.094 82.279 -68.39
-1.922 41.113 82315 67.64
-1.913 41.133 82.354 66.76
-1.9056 41.152 82.393 66.12
-1.896 41.173 82.433 65.36
-1.887 41.194 82474 -64.82
-1.877 41.216 82.517 64.18
-1.868 41.237 82.560 63.71
-1.858 41.260 82.604 63.17
-1.847 41.283 82.649 62.76
-1.837 41.307 82.697 62.30
-1.826 41.331 82.744 61.97
-1.815 41.357 82.793 61.60
-1.804 41.382 82.842 61.31
-1.792 41.408 82.894 61.00
-1.780 41.434 82.945 60.77
-1.768 41.462 82.998 -60.50
-1.755 41.489 83.052 -60.31
-1.742 41.517 83.108 -60.08
-1.729 41.546 83.163 -59.94
-1.716 41.575 83.221 -59.75
-1.702 41.605 83.279 -59.63
-1.688 41.635 83.339 -59.49
-1.674 41.666 83.399 -59.38
-1.659 41.697 83.461 -59.26
-1.644 41.729 83.523 -59.19
-1.628 41.762 83.587 -59.10
-1.613 41.795 83.651 -59.03
-1.596 41.828 83.718 -58.95
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-1.580 41.862 83.784 -58.91
-1.563 41.897 83.853 -58.83
-1.546 41.932 83.921 -58.78
-1.529 41.968 83.992 -58.70
-1.511 42.004 84.062 -58.66
-1.493 42.041 84.135 -58.58
-1.474 42.078 84.208 -58.51
-1.455 42.116 84.283 -58.43
-1.436 42.154 84.358 -58.32
-1.417 42.1%4 84.435 -58.26
-1.397 42.233 84.512 -58.05
-1.376 42.273 84.591 -57.96
-1.356 42.313 84.670 -57.66
-1.256 42.505 85.047 -56.47
Tension side

2213 40.737 81.594 61.05
2.180 40.739 81.594 78.71
2.155 40.742 81.598 102.01
2131 40.749 81.609 111.41
2.109 40.758 81.626 129.68
2.089 40.771 81.649 127.66
2072 40.786 81.677 137.01
2.058 40.803 81.710 121.91
2.051 40.813 81.730 118.49
2.045 40.824 81.751 106.99
2.041 40.832 81.765 102.34
2037 40.839 81.780 95.10
2.033 40.848 81.797 88.22
2.029 40.857 81.814 82.25
2.025 40.867 81.834 75.99
2.021 40.876 81.853 72.30
2017 40.887 81.874 67.90
2012 40.898 81.89 65.84
2.007 40.910 81.919 62.86
2.002 40.922 81.943 61.35
1.997 40.936 81.969 59.42
1.991 40.949 81.994 58.02
1.985 40.963 82.022 56.45
1.979 40.977 82.050 55.39
1.973 40.992 82.080 54.07
1.966 41.008 82.110 53.20
1.959 41.024 82.142 52.18
1.952 41.041 82.174 51.42
1.945 41.058 82.208 50.56
1.938 41.076 82.243 49.95
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1.930 41.094 82.279 49.22
1.922 41.113 82.315 48.7
1.913 41.133 82.354 48.11
1.905 41.152 82.393 47.68
1.896 41.173 82433 47.18
1.887 41.194 82.474 46.82
1.877 41.216 82.517 46.39
1.868 41.237 82.560 46.09
1.858 41.260 82.604 45.74
1.847 41.283 82.649 45.48
1.837 41.307 82.697 45.18
1.826 41.331 82.744 44.98
1.816 41.357 82.793 44.74
1.804 41.382 82.842 44.57
1.792 41.408 82.894 44.38
1.780 41.434 82.945 44.25
1.768 41.462 82.998 44.09
1.755 41.489 83.052 43.99
1.742 41.517 83.108 43.86
1.729 41.546 83.163 43.79
1.716 41.575 83.221 43.69
1.702 41.605 83.2719 43.65
1.688 41.635 83.339 43.58
1674 41.666 83.399 43.54
1.659 41.697 83.461 43.48
1.644 41.729 83.523 43.47
1.628 41.762 83.587 43.44
1.613 41.795 83.651 43.44
1.596 41.828 83.718 43.41
1.580 41.862 83.784 43.43
1.563 41.897 83.853 43.42
1.546 41.932 83.921 43.42
1.529 41.968 83.992 43.40
1.511 42.004 84.062 43.43
1.493 42.041 84.135 43.41
1.474 42.078 84.208 43.41
1.455 42.116 84.283 43.40
1.436 42.154 84.358 43.36
1417 42.194 84.435 43.44
1.397 42.233 84.512 43.27
1.376 42.273 84.591 43.19
1.356 42.313 84.670 43.38
1.256 42.506 85.049 42.94

End of report (lines: 229)

5/5

110




KISSsoft

KISSsoft Release 2023 -SP1

KISSsoft — Student license
File

Name: M1.5_Z58_760_15_DERECE_V2
Changed by: recep on: 17.01.2024 at: 05:54:50

Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] 0.391
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 15.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 54.11
Load application diameter (mm) [den] 89.88
Load application angle (%) [aFn) 19.63

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 84.98
Nominal tooth root stress from FEM (N/mm?) [oF0] 118.76

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 85.06
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0]

17.70

84.96
119.09

84.96
-142.48

128.22

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for dy (%) [vaf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 4662
Number of elements 2225
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

2.21

1.62

0.60

0.0007
0.0008
24.43

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.172 42.193 84.498 -40.16
-2.287 42.187 84.498 -34.49
-2.056 42.199 84.498 -56.90
-1.982 42.207 84.508 -74.85
-1.910 42.225 84.537 -88.88
-1.839 42.253 84.586 -105.78
-1.773 42.289 84.652 -116.22
-1.712 42.333 84.735 -130.63
-1.657 42.385 84.834 -134.24
-1.649 42.392 84.849 -140.69
-1.643 42.400 84.864 -139.93
-1.635 42.409 84.881 -141.70
-1.627 42418 84.899 -141.55
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-1.620 42428 84.918 -141.87
-1.612 42.439 84.938 -141.90
-1.605 42.449 84.958 -142.48
-1.598 42.459 84.978 -142.16
-1.597 42.460 84.980 -142.41
-1.59% 42.461 84.983 -141.92
-1.588 42.474 85.007 -141.99
-1.680 42.487 85.032 -141.44
-1.576 42.49% 85.046 -141.43
-1.572 42.501 85.059 -140.58
-1.568 42.507 85.073 -140.33
-1.565 42.514 85.086 -139.57
-1.567 42.529 85.115 -138.82
-1.550 42.544 85.145 -136.86
-1.543 42.560 85.176 -136.38
-1.536 42.576 85.208 -132.93
-1.629 42.5%4 85.242 -131.02
-1.523 42.611 85.277 -127.93
-1.517 42.630 85.313 -125.42
-1.511 42.648 85.350 -121.72
-1.506 42.668 85.389 -118.54
-1.501 42.688 85.428 -114.06
-1.496 42.708 85.469 -109.71
-1.492 42.729 85.511 -104.51
-1.488 42.751 85.565 -99.33
-1.485 42.773 85.598 -94.54
-1.481 42.797 85.645 -89.59
-1.477 42.820 85.691 -85.75
-1.473 42.844 85.739 -81.65
-1.469 42.869 85.788 -79.17
-1.465 42.895 85.839 -76.67
-1.461 42.920 85.890 -75.47
-1.456 42.947 85.943 -73.78
-1.451 42,974 85.997 -72.49
-1.446 43.002 86.053 -71.06
-1.440 43.030 86.108 -69.92
-1.435 43.059 86.167 -68.66
-1.429 43.089 86.225 67.66
-1.423 43.119 86.286 66.53
-1.417 43.150 86.346 -65.63
-1.411 43.182 86.409 -64.61
-1.404 43.213 86.472 63.75
-1.397 43.246 86.538 6281
-1.390 43.279 86.603 61.99
-1.383 43.313 86.671 61.08
-1.375 43.347 86.739 -60.28
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-1.367 43.383 86.809 -59.40
-1.359 43.418 86.879 -58.58
-1.351 43.455 86.952 57.71
-1.342 43.491 87.024 -56.88
-1.333 43.529 87.099 -55.99
-1.324 43.567 87.174 -55.12
-1.315 43.606 87.252 -54.21
-1.305 43.645 87.329 -53.29
-1.295 43.685 87.409 52.32
-1.284 43.726 87.489 51.34
-1.274 43.767 87.571 -50.32
-1.263 43.808 87.653 -49.25
-1.251 43.851 87.738 -48.16
-1.240 43.894 87.822 -46.96
-1.228 43.938 87.909 -45.90
-1.215 43.981 87.99% -44.62
Tension side

2172 42.193 84.498 35.22
2.056 42.199 84.498 49.09
1.982 42.207 84.508 64.34
1.909 42.225 84.537 75.58
1.839 42.253 84.586 89.91
1.773 42.289 84.652 96.98
1.711 42.333 84.735 109.80
1.657 42.385 84.834 112.34
1.649 42.392 84.849 116.85
1.643 42.400 84.864 116.36
1.635 42.409 84.881 118.81
1.627 42.418 84.899 118.10
1.620 42.428 84.918 118.61
1612 42439 84.938 118.68
1.605 42.449 84.958 119.09
1.598 42.459 84.978 118.76
1.597 42.460 84.980 118.86
1.596 42.461 84.983 118.69
1.588 42474 85.007 118.79
1.580 42.487 85.032 118.39
1.576 42.494 85.046 118.35
1572 42.501 85.059 117.70
1.568 42.507 85.073 117.46
1.565 42.514 85.086 116.85
1.557 42.529 85.115 116.24
1.550 42.544 85.145 114.64
1.543 42.560 85.176 113.46
1.536 42.576 85.208 111.44
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1.529 42.594 85.242 109.85
1.523 42,611 85.277 107.34
1517 42.630 85.313 105.31
1.51 42.648 85.350 102.25
1.506 42.668 85.389 99.70
1.501 42.688 85.428 95.95
1.496 42.708 85.469 92.42
1.492 42.729 85.511 88.12
1.488 42.751 85.555 83.89
1485 42.773 85.598 79.94
1.481 42.797 85.645 75.84
1477 42.820 85.691 72.67
1473 42.844 85.739 69.33
1.469 42.869 85.788 67.24
1.465 42.895 85.839 65.19
1461 42.920 85.890 64.29
1.456 42.947 85.943 63.01
1.451 42.974 85.997 61.96
1.446 43.002 86.053 60.82
1.440 43.030 86.108 59.95
1.435 43.059 86.167 58.96
1.429 43.089 86.225 58.21
1.423 43.119 86.286 57.33
1417 43.150 86.346 56.66
1411 43.182 86.409 56.89
1.404 43.213 86.472 56.26
1.397 43.246 86.538 54.56
1.390 43.279 86.603 53.98
1.383 43.313 86.671 53.33
1.375 43.347 86.739 52.76
1.367 43.383 86.809 5213
1.359 43.418 86.879 51.59
1.351 43.455 86.952 50.99
1.342 43.491 87.024 50.44
1.333 43.529 87.099 49.85
1.324 43.567 87.174 49.30
1.315 43.606 87.252 48.70
1.305 43.645 87.329 48.14
1.295 43.685 87.409 47.53
1.284 43.726 87.489 46.93
1.274 43.767 87.571 46.33
1.263 43.808 87.653 45.66
1.251 43.851 87.738 44.98
1.240 43.894 87.822 44.22
1.228 43.938 87.909 43.74
1.215 43.981 87.996 42.74
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] -0.101
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 20.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 55.62
Load application diameter (mm) [den] 88.04
Load application angle (%) [aFn) 20.57

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 83.57
Nominal tooth root stress from FEM (N/mm?) [oF0] 97.78

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.62
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0]

96.46

83.42
99.84

83.42
-121.69

105.94

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tilt_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for dy (%) [vaf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 4316
Number of elements 2059
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

1.85

1.29

0.56

0.0007
0.0007
29.99

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.201 41.443 83.003 -47.16
-2.247 41.440 83.003 -42.49
-2.155 41.445 83.003 -56.07
-2.057 41.458 83.019 -75.85
-1.963 41.487 83.066 -88.02
-1.873 41.530 83.144 -103.46
-1.791 41.586 83.250 -111.81
-1.782 41.594 83.265 -118.16
-1.772 41.602 83.280 -17.71
-1.762 41.611 83.297 -118.98
-1.753 41.621 83.315 -119.06
-1.742 41.631 83.334 -120.18
-1.732 41.641 83.354 -120.20
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-1.721 41.653 83.376 -120.78
-1.711 41.664 83.399 -120.90
-1.700 41.677 83.423 -121.69
-1.690 41.690 83.448 -121.15
-1.679 41.704 83.475 -121.14
-1.669 41.718 83.502 -120.65
-1.659 41.733 83.531 -120.59
-1.649 41.748 83.561 -119.59
-1.647 41.751 83.567 -119.79
-1.645 41.754 83.572 -119.26
-1.637 41.767 83.598 -118.82
-1.629 41.781 83.625 -117.60
-1.619 41.798 83.658 -116.66
-1.610 41.815 83.693 -114.98
-1.601 41.834 83.729 -113.65
-1.692 41.853 83.766 -111.61
-1.584 41.872 83.805 -109.94
-1.575 41.892 83.844 -107.59
-1.567 41.913 83.885 -106.59
-1.560 41.934 83.927 -102.98
-1.562 41.957 83.971 -100.91
-1.545 41.979 84.014 97.76
-1.539 42.002 84.061 -94.66
-1.633 42.026 84.107 -90.46
-1.627 42.050 84.155 -86.42
-1.521 42.075 84.204 -82.55
-1.515 42.100 84.255 -78.59
-1.510 42126 84.306 -75.46
-1.504 42.153 84.360 -12.14
-1.498 42.180 84.413 -70.08
-1.492 42.208 84.469 67.83
-1.485 42.236 84.525 -66.41
-1.479 42.266 84.583 64.72
-1.472 42.295 84.641 63.48
-1.465 42.325 84.702 62.10
-1.458 42.356 84.762 -61.00
-1.450 42.388 84.825 -59.80
-1.442 42.420 84.888 -58.81
-1.434 42.453 84.954 57.72
-1.426 42.486 85.019 -56.80
-1.418 42.520 85.087 -55.79
-1.409 42.554 85.155 -54.89
-1.400 42.589 85.225 -53.93
-1.391 42.625 85.295 -53.05
-1.381 42.662 85.368 -52.10
-1.371 42.698 85.440 51.20
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-1.361 42.736 85.515 -50.25
-1.350 42.774 85.590 -49.33
-1.340 42.813 85.668 -48.35
-1.329 42.852 85.745 47.39
-1.317 42.892 85.825 -46.37
-1.306 42.933 85.905 -45.36
-1.294 42,974 85.987 -44.34
-1.281 43.016 86.069 -43.26
-1.269 43.058 86.154 42.27
-1.256 43.101 86.238 -40.93
Tension side

2.201 41.443 83.003 40.83
2.155 41.445 83.003 47.99
2057 41.458 83.019 64.17
1.963 41.486 83.066 73.34
1.873 41.530 83.144 85.73
1.791 41.586 83.250 92.05
1.782 41.594 83.265 97.30
1.772 41.602 83.280 96.79
1.762 41.611 83.297 97.77
1.753 41.621 83.315 97.81
1.742 41.631 83.334 98.70
1.732 41.641 83.354 98.67
1.721 41.653 83.376 99.04
1.711 41.664 83.399 99.15
1.700 41.677 83.423 99.84
1.690 41.690 83.448 99.33
1.679 41.704 83.475 99.28
1.669 41.718 83.502 98.89
1.659 41.733 83.531 98.87
1.649 41.748 83.561 98.05
1.647 41.751 83.567 98.20
1.645 41.754 83.572 97.78
1.637 41.767 83.598 97.44
1.629 41.781 83.625 96.46
1.619 41.798 83.658 95.72
1.610 41.815 83.693 94.38
1.601 41.834 83.729 93.34
1.592 41.853 83.766 91.71
1.584 41.872 83.805 90.43
1.575 41.892 83.844 88.55
1.567 41.913 83.885 87.00
1.560 41.934 83.927 84.92
1.552 41.957 83.971 83.33
1.545 41.979 84.014 80.81
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1.539 42.002 84.061 78.39
1.533 42.026 84.107 75.01
1.527 42.050 84.155 71.81
1.521 42.075 84.204 68.70
1.515 42.100 84.255 66.53
1.510 42.126 84.306 63.03
1.504 42.153 84.360 60.46
1.498 42.180 84.413 58.78
1.492 42.208 84.469 57.00
1485 42.236 84.525 56.96
1.479 42.266 84.583 54.72
1.472 42.295 84.641 53.76
1.465 42.325 84.702 52.73
1.458 42.356 84.762 51.94
1.450 42.388 84.825 51.04
1442 42.420 84.888 50.36
1434 42.453 84.954 49.57
1.426 42.486 85.019 48.93
1418 42.520 85.087 48.23
1.409 42.554 85.155 47.62
1.400 42.589 85.225 46.95
1.391 42,625 85.295 46.36
1.381 42.662 85.368 45.71
1.371 42.698 85.440 45.11
1.361 42.736 85.515 44.47
1.350 42.774 85.590 43.85
1.340 42.813 85.668 4317
1.329 42.852 85.745 42.56
1.317 42.892 85.825 41.74
1.306 42.933 85.905 41.24
1.294 42,974 85.987 40.21
1.281 43.016 86.069 39.48
1.269 43.058 86.154 38.32
1.256 43.101 86.238 39.14

End of report (lines: 220)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] -0.079
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 25.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) Wl 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 57.67
Load application diameter (mm) [den] 88.21
Load application angle () [aFn] 25.54

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 83.63
Nominal tooth root stress from FEM (N/mm?) [oF0] 82.89

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.60
Nominal tooth root stress from FEM (N/mm?) [0307] 84.31

1/5

122




KISSsoft

Tooth root stress at the point with the highest stress
Diameter (mm) [domax] 83.26
Nominal tooth root stress from FEM (N/mm?) [omax] 90.60
Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin] 83.33
Nominal tooth root stress from FEM (N/mm?) [omin] -117.38

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0] 95.11

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,
Total bending at point of load application (um) [fotot] 1.70

Bending at point of load application without rotation in the tooth body (um)
[fb=fotot-f_tilt_den] 117

Displacement due to rotation in the tooth body without bending at d.¢, (m)

[f_tilt_den] 0.53
Total tooth rotation at d.¢, (°) [ydsFn] 0.0007
Tooth body rotation for d; () [ydf] 0.0007
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot] 33.92
2.4 Details about the FE mesh
Number of nodes 5977
Number of elements 2870
Element type Quadratic

2.5 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.232 41472 83.064 67.33
-2.156 41.484 83.079 -80.89
-2.082 41.506 83.116 92.30
-2.013 41.538 83.173 -106.39
-1.949 41.579 83.250 -110.84
-1.939 41.587 83.265 -117.12
-1.929 41.595 83.280 -115.88
-1.919 41.604 83.297 -117.24
-1.908 41.614 83.315 -117.03
-1.898 41.624 83.334 -117.38
-1.887 41.634 83.354 -116.86
-1.877 41.646 83.376 -117.32
-1.866 41.658 83.399 -116.98
-1.856 41.670 83.423 -117.20
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-1.845 41.683 83.448 -116.10
-1.835 41.697 83.475 -115.67
-1.825 41.711 83.502 -114.43
-1.815 41.726 83.531 -113.42
-1.805 41.741 83.561 -111.99
-1.798 41.752 83.582 -111.25
-1.792 41.764 83.604 -110.17
-1.789 41.769 83.614 -110.06
-1.786 41.774 83.624 -109.11
-1.786 41.775 83.627 -109.20
-1.785 41.777 83.630 -108.29
-1.777 41.793 83.661 -106.22
-1.769 41.809 83.693 -103.04
-1.760 41.828 83.729 -99.95
-1.752 41.846 83.766 -96.40
-1.745 41.866 83.805 92.98
-1.737 41.886 83.844 -89.50
-1.729 41.907 83.885 -86.00
-1.722 41.928 83.927 -82.50
-1.715 41.950 83.971 -78.55
-1.708 41.973 84.014 -75.38
-1.700 41.996 84.061 1217
-1.692 42.019 84.107 -70.42
-1.684 42.044 84.156 68.33
-1.676 42.069 84.204 67.07
-1.668 42.095 84.255 65.52
-1.659 42120 84.306 -64.50
-1.650 42147 84.360 63.28
-1.641 42.175 84.413 62.41
-1.631 42.203 84.469 61.41
-1.622 42.231 84.525 -60.66
-1.611 42.261 84.583 -59.81
-1.601 42.290 84.641 -59.15
-1.590 42.321 84.702 -58.40
-1.580 42.352 84.762 -57.81
-1.568 42.384 84.825 -57.14
-1.567 42.416 84.888 -56.59
-1.545 42.449 84.954 -56.98
-1.633 42.482 85.019 -55.45
-1.521 42.516 85.087 -54.87
-1.508 42.551 85.155 -54.35
-1.4956 42.586 85.225 -53.79
-1.482 42.622 85.295 53.27
-1.468 42.659 85.368 52.71
-1.454 42.695 85.440 5217
-1.440 42.733 85.515 -51.60
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-1.425 42.771 85.590 51.02
-1.410 42.811 85.668 -50.42
-1.395 42.850 85.745 49.79
-1.379 42.890 85.825 -49.15
-1.363 42.931 85.905 -48.46
-1.347 42.972 85.987 47.75
-1.330 43.014 86.069 -46.99
-1.313 43.057 86.154 -46.23
-1.295 43.100 86.238 45.33
-1.2717 43.144 86.326 -44.67
Tension side

2.194 41.476 83.068 59.16
2123 41.492 83.092 69.57
2.055 41.517 83.135 75.31
2.000 41.545 83.186 84.43
1.949 41.579 83.250 86.03
1.939 41.587 83.265 90.60
1.929 41.595 83.280 89.37
1.919 41.604 83.297 89.95
1.908 41.614 83.315 89.45
1.898 41.624 83.334 90.48
1.887 41.634 83.354 89.96
1.877 41.646 83.376 90.42
1.866 41.658 83.399 89.53
1.856 41.670 83.423 89.43
1.845 41.683 83.448 88.79
1.835 41.697 83.475 88.60
1.825 41.711 83.502 87.46
1.815 41.726 83.531 86.90
1.805 41.741 83.561 85.67
1.798 41.752 83.582 85.15
1.792 41.764 83.604 84.31
1.789 41.769 83.614 84.23
1.786 41.774 83.624 83.51
1.786 41.775 83.627 83.59
1.785 41.777 83.630 82.89
1.777 41.793 83.661 81.34
1.769 41.809 83.693 78.93
1.760 41.828 83.729 76.60
1.752 41.846 83.766 73.92
1.745 41.866 83.805 71.37
1.737 41.886 83.844 68.76
1.729 41.907 83.885 66.14
1.722 41.928 83.927 63.52
1.715 41.950 83.971 60.56
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1.708 41.973 84.014 58.16
1.700 41.996 84.061 56.76
1.692 42.019 84.107 54.48
1.684 42.044 84.156 52.96
1.676 42.069 84.204 52.04
1.668 42.095 84.255 50.92
1.659 42120 84.306 50.20
1.650 42.147 84.360 49.33
1.641 42175 84.413 48.73
1.631 42.203 84.469 48.05
1.622 42.231 84.525 47.52
1.61 42.261 84.583 46.93
1.601 42.290 84.641 46.51
1.590 42.321 84.702 46.03
1.580 42.352 84.762 45.65
1.568 42.384 84.825 45.22
1.557 42.416 84.888 44.89
1.545 42.449 84.954 44.51
1.533 42.482 85.019 44.20
1.521 42.516 85.087 43.85
1.508 42.551 85.155 43.57
1.495 42.586 85.225 43.25
1.482 42.622 85.295 42.97
1.468 42.659 85.368 42.67
1.454 42.695 85.440 42.39
1.440 42.733 85.515 42.10
1.425 42.771 85.590 41.82
1.410 42.811 85.668 41.53
1.395 42.850 85.745 41.25
1.379 42.890 85.825 40.95
1.363 42,931 85.905 40.66
1.347 42.972 85.987 40.36
1.330 43.014 86.069 40.05
1.313 43.057 86.154 39.72
1.295 43.100 86.238 39.55
1.277 43.144 86.326 38.57

End of report (lines: 222)

5/5

126




KISSsoft

KISSsoft Release 2023 -SP1

KISSsoft — Student license

File
Name: M1.5_Z58_760_30_DERECE
Changed by: recep on: 17.01.2024 at: 07:45:38

Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 58
Tooth form calculated with profile shift coefficient [x] 0.157
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 30.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density high

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 60.35
Load application diameter (mm) [den] 88.03
Load application angle (%) [aFn) 30.17

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.¢,) calculated according to standard.
Diameter (mm) [dsFn] 83.04
Nominal tooth root stress from FEM (N/mm?) [oF0] 95.61

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 83.08
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Nominal tooth root stress from FEM (N/mm?) [0307]

Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

82.92
102.68

82.99
-143.21

99.73

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_tit den]

Displacement due to rotation in the tooth body without bending at d.¢, (Lm)

[f_tiit_den]
Total tooth rotation at d.¢, () [ydsFn]
Tooth body rotation for dy (%) [vaf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5098
Number of elements 2441
Element type Quadratic

2.5Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

1.60

1.10

0.51

0.0006
0.0007
37.63

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.206 41.351 82.819 -106.49
-2.172 41.359 82.833 -113.63
-2.137 41.373 82.855 -128.19
-2.104 41.390 82.887 -131.74
-2.075 41.411 82.925 -142.16
-2.049 41.435 82.971 -138.36
-2.042 41.443 82.986 -143.21
-2.035 41.451 83.001 -139.60
-2.028 41.459 83.018 -139.35
-2.021 41.468 83.035 -135.19
-2.020 41.471 83.040 -135.08
-2.018 41473 83.044 -133.42
-2.013 41.481 83.059 -130.71
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-2.008 41.489 83.074 -127.30
-2.007 41.491 83.079 -126.40
-2.006 41.493 83.083 -123.89
-2.001 41.502 83.100 -119.52
-1.997 41.51 83.118 -112.52
-1.991 41.523 83.142 -104.02
-1.986 41.536 83.166 97.21
-1.980 41.549 83.192 -90.23
-1.975 41.562 83.219 -86.24
-1.969 41.577 83.247 -81.06
-1.963 41.592 83.276 -78.12
-1.957 41.607 83.307 -74.84
-1.950 41.623 83.337 -73.15
-1.943 41.640 83.370 -71.12
-1.936 41.657 83.404 69.77
-1.929 41.675 83.439 68.10
-1.921 41.693 83.474 -66.98
-1.913 41.7112 83.512 -65.60
-1.9056 41.731 83.549 -64.66
-1.89%6 41.752 83.589 63.54
-1.887 41.772 83.629 62.74
-1.878 41.793 83.671 61.81
-1.869 41.815 83.713 61.13
-1.859 41.838 83.758 60.33
-1.849 41.860 83.802 -59.76
-1.839 41.884 83.849 -59.08
-1.829 41.908 83.895 -58.58
-1.818 41.933 83.944 -58.00
-1.807 41.958 83.993 57.58
-1.795 41.984 84.044 -57.08
-1.784 42.010 84.095 -56.71
-1.772 42.037 84.149 -56.29
-1.760 42.064 84.202 -55.96
-1.747 42.093 84.258 -55.58
-1.734 42121 84.313 -56.30
-1.721 42.151 84.371 -54.98
-1.707 42.180 84.429 -54.72
-1.693 42.211 84.489 -54.43
-1.679 42.241 84.549 -54.20
-1.664 42.273 84.612 -53.94
-1.650 42.305 84.674 -53.73
-1.634 42.338 84.739 -53.48
-1.619 42.371 84.804 53.27
-1.603 42.405 84.871 -53.04
-1.587 42.439 84.938 -52.83
-1.570 42,474 85.007 -52.61
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-1.553 42.510 85.076 52.39
-1.536 42.546 85.148 52.16
-1.518 42.582 85.219 -51.91

-1.500 42.620 85.293 -51.66
-1.482 42.657 85.366 51.39
-1.463 42.69% 85.442 51.11

-1.444 42.735 85.518 -50.80
-1.424 42.775 85.597 -50.50
-1.404 42.814 85.675 -50.14
-1.384 42.855 85.755 -49.81

-1.363 42.8% 85.836 -49.23
-1.342 42.938 85.919 4912
-1.320 42.980 86.001 -47.70
Tension side

2.242 41.347 82.815 69.59

2.207 41.351 82.819 80.41

2173 41.359 82.832 84.75

2138 41.372 82.855 94.78

2.105 41.390 82.886 96.32

2075 41.410 82.925 102.68
2.049 41.435 82.971 99.37

2.042 41.443 82.986 102.43
2.035 41.451 83.001 99.94

2.028 41.459 83.018 100.00
2.021 41.468 83.035 96.49

2.020 41.471 83.040 96.61

2018 41473 83.044 95.61

2013 41.481 83.059 93.52

2.008 41.489 83.074 90.76

2.007 41.491 83.079 90.17

2.006 41.493 83.083 88.78

2.001 41.502 83.100 85.19

1.997 41.511 83.118 80.23

1.991 41.523 83.142 74.25

1.986 41.536 83.166 69.65

1.980 41.549 83.192 64.41

1.975 41.562 83.219 61.71

1.969 41.577 83.247 57.97

1.963 41.592 83.276 55.95

1.957 41.607 83.307 53.35

1.950 41.623 83.337 52.27

1.943 41.640 83.370 50.84

1.936 41.657 83.404 49.91

1.929 41.675 83.439 48.77

1.921 41.693 83.474 47.98
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1913 41.712 83.612 47.03
1.9056 41.731 83.549 46.39
1.896 41.752 83.589 45.64
1.887 41.772 83.629 45.09
1.878 41.793 83.671 44.47
1.869 41.815 83.713 44.01
1.859 41.838 83.758 43.48
1.849 41.860 83.802 43.11
1.839 41.884 83.849 42.67
1.829 41.908 83.895 42.35
1.818 41.933 83.944 41.99
1.807 41.958 83.993 41.72
1.795 41.984 84.044 41.41
1.784 42.010 84.095 41.19
1.772 42.037 84.149 40.93
1.760 42.064 84.202 40.74
1.747 42.093 84.258 40.52
1.734 42121 84.313 40.37
1.721 42151 84.371 40.19
1.707 42.180 84.429 40.05
1.693 42.21 84.489 39.90
1.679 42.241 84.549 39.79
1.664 42.273 84.612 39.65
1.650 42.305 84.674 39.56
1.634 42.338 84.739 39.44
1.619 42.371 84.804 39.35
1.603 42.405 84.871 39.26
1.587 42.439 84.938 39.16
1.570 42.474 85.007 39.07
1.563 42.510 85.076 38.98
1.536 42.546 85.148 38.89
1518 42.582 85.219 38.80
1.500 42.620 85.293 38.69
1.482 42.657 85.366 38.61
1.463 42.696 85.442 38.47
1.444 42.735 85.518 38.34
1.424 42.775 85.597 38.22
1.404 42.814 85.675 38.11
1.384 42.855 85.755 37.95
1.363 42.896 85.836 37.79
1.342 42.938 85.919 37.83
1.320 42.980 86.001 38.22

End of report (lines: 228)
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Name: M1.5_Z57_Z60_15_DERECE
Changed by: recep on: 17.01.2024 at: 07:41:49

Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] 0.137
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 15.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

FE mesh density medium

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) v] 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 27.53
Load application diameter (mm) [den] 88.70
Load application angle (%) [aFn) 14.27

2.1 Coefficients for converting the tooth root stress from equivalent spur gear teeth to helical gear teeth
Stress from FEM modified with Y, [YB*fe] 0.700

2.2 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 81.98
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Nominal tooth root stress from FEM (N/mm?) [oF0]
Modified nominal tooth root stress (N/mm?) [oFOm=0F0"YR*fe]

53.59
37.51

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d:rx) determined from the tooth form calculation

Diameter (mm) [do30°]
Nominal tooth root stress from FEM (N/mm?) [0307]
Modified nominal tooth root stress (N/mm?) [030°m=030"*YB*fe]

Tooth root stress at the point with the highest stress

Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]
Modified nominal tooth root stress (N/mm?) [omaxm=omax*YR*fe]

Tooth root stress at the place with the lowest stress (pressure-side)

Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]
Modified nominal tooth root stress (N/mm?) [ominm=0omin*Yp*fe]

2.3 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Modified nominal tooth root stress (N/mm?) [oFOm=0FO0/Yp/fe]
Nominal tooth root stress according to standard (N/mm?) [oFO0]

82.05
52.86
37.00

81.76
54.08
37.86

81.76
61.31
42,92

109.84
76.89

2.4 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fbtot]

Bending at point of load application without rotation in the tooth body (um)
[fb=fotot-f_tilt_den]

Displacement due to rotation in the tooth body without bending at d.r, (Um)

[f_tilt_den]
Total tooth rotation at du, (°) [ydsFn]
Tooth body rotation for d; (°) [ydf]
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.5 Details about the FE mesh
Number of nodes 4019
Number of elements 1912
Element type Quadratic

2.6 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

0.88

0.58

0.30

0.0004
0.0004
31.28

X y d O
(mm) (mm) (mm) (N/mm?)
Compression side

-2.129 40.651 81.414 -19.59
-2.016 40.657 81.414 -26.85
-1.939 40.666 81.424 -35.06
-1.864 40.684 81.453 -40.58
-1.791 40.711 81.501 -48.40
-1.722 40.747 81.567 -51.79
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-1.658 40.792 81.651 -57.81
-1.599 40.844 81.750 -59.36
-1.502 40.851 81.765 61.31
-1.584 40.859 81.780 -60.97
-1.576 40.869 81.798 61.23
-1.567 40.878 81.817 61.05
-1.558 40.889 81.838 61.20
-1.549 40.900 81.860 61.03
-1.539 40.913 81.884 61.11
-1.629 40.926 81.909 61.10
-1.519 40.940 81.937 61.06
-1.509 40.955 81.965 60.71
-1.508 40.958 81.971 60.78
-1.506 40.960 81.976 -60.60
-1.497 40.974 82.002 -60.40
-1.489 40.987 82.028 -60.03
-1.485 40.994 82.041 -59.93
-1.482 41.000 82.054 -59.63
-1.476 41.01 82.075 -59.39
-1.470 41.022 82.097 -58.84
-1.460 41.042 82135 -58.22
-1.451 41.061 82173 57.19
-1.441 41.082 82214 -56.29
-1.432 41.103 82.255 -55.09
-1.424 41.126 82.300 -54.01
-1.415 41.148 82.344 -52.69
-1.407 41.172 82.392 -51.48
-1.399 41.19%6 82.440 -50.05
-1.392 41.222 82.490 -48.72
-1.385 41.248 82.542 4719
-1.378 41.275 82.596 -45.76
-1.372 41.302 82.650 44,16
-1.366 41.331 82.707 42.64
-1.360 41.360 82.765 -40.97
-1.355 41.391 82.826 -39.36
-1.350 41.421 82.887 -37.59
-1.346 41.453 82.951 -35.89
-1.342 41.486 83.015 -33.95
-1.338 41.519 83.082 -31.86
-1.3356 41.553 83.149 -29.76
-1.332 41.589 83.220 -27.68
-1.329 41.624 83.291 -26.34
-1.325 41.661 83.364 -24.85
-1.321 41.698 83.438 -23.87
-1.317 41.737 83.515 -22.76
-1.312 41.776 83.692 -21.92
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-1.307 41.816 83.673 -20.98
-1.301 41.856 83.753 -20.21
-1.296 41.898 83.837 -19.35
-1.289 41.940 83.921 -18.60
-1.283 41.984 84.008 -17.78
-1.276 42.028 84.094 -17.01
-1.268 42.073 84.185 -16.20
-1.261 42.119 84.275 -15.45
Tension side

2.129 40.651 81.414 17.83
2.016 40.657 81.414 24.15
2.242 40.645 81.414 15.60
1.939 40.666 81.424 31.40
1.865 40.684 81.453 35.90
1.791 40.711 81.501 42.74
1.722 40.747 81.568 45.50
1.658 40.792 81.651 50.96
1.599 40.844 81.750 52.28
1.592 40.851 81.765 54.08
1.584 40.859 81.780 53.77
1.576 40.869 81.798 54.01
1.567 40.878 81.817 53.85
1.558 40.889 81.838 54.00
1.549 40.900 81.860 53.86
1.539 40.913 81.884 53.94
1.529 40.926 81.909 53.95
1.519 40.940 81.937 53.95
1.509 40.955 81.965 53.68
1.508 40.958 81.971 53.75
1.506 40.960 81.976 53.59
1497 40.974 82.002 53.44
1.489 40.987 82.028 53.16
1.485 40.994 82.041 53.11
1.482 41.000 82.054 52.86
1476 41.011 82.075 52.69
1470 41.022 82.097 52.24
1.460 41.042 82.135 51.76
1451 41.061 82.173 50.93
1441 41.082 82.214 50.21
1432 41.103 82.255 49.23
1424 41.125 82.300 48.37
1415 41.148 82.344 47.29
1407 41.172 82.392 46.34
1.399 41.19 82.440 45.16
1.392 41.222 82.490 4.1
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1.385 41.248 82.542 42.87
1.378 41.275 82.596 41.73
1.372 41.302 82.650 40.44
1.366 41.331 82.707 39.23
1.360 41.360 82.765 37.86
1.356 41.391 82.826 36.58
1.350 41.421 82.887 35.14
1.346 41.453 82.951 33.78
1.342 41.486 83.015 3217
1.338 41.519 83.082 30.44
1.335 41.553 83.149 28.65
1.332 41.589 83.220 26.88
1.329 41.624 83.291 25.81
1.325 41.661 83.364 24.62
1.321 41.698 83.438 23.87
1317 41.737 83.515 23.02
1.312 41.776 83.592 22.43
1.307 41.816 83.673 21.75
1.301 41.856 83.753 21.24
1.296 41.898 83.837 20.64
1.289 41,940 83.921 20.17
1.283 41.984 84.008 19.62
1.276 42.028 84.094 19.17
1.268 42.073 84.185 18.68
1.261 42.119 84.275 18.36

End of report (lines: 211)
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Name: M1.5_Z57_Z60_20_DERECE
Changed by: recep on: 17.01.2024 at: 07:52:48

Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] -0.101
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 20.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) Wl 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 56.60
Load application diameter (mm) [den] 85.97
Load application angle () [aFn] 19.46

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 82.07
Nominal tooth root stress from FEM (N/mm?) [oF0] 89.85

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 82.13
Nominal tooth root stress from FEM (N/mm?) [0307] 88.17
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Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]
Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0]

81.92
92.60

81.92
-112.00

96.47

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_fit_den]

Displacement due to rotation in the tooth body without bending at d.¢, (m)

[f_tilt_den]
Total tooth rotation at d.¢, (°) [ydsFn]
Tooth body rotation for dy (%) [ydf)
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 4392
Number of elements 2095
Element type Quadratic

2.5 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

153

0.97

0.56

0.0008
0.0008
36.97

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.199 40.692 81.503 -46.24
-2.153 40.694 81.503 -54.63
-2.056 40.707 81.519 -73.30
-1.961 40.736 81.566 -84.11
-1.871 40.779 81.644 97.97
-1.789 40.836 81.750 -104.70
-1.780 40.844 81.765 -110.48
-1.771 40.852 81.780 -109.83
-1.760 40.861 81.797 -110.80
-1.751 40.870 81.815 -110.68
-1.740 40.880 81.834 -111.52
-1.730 40.891 81.854 -111.33
-1.719 40.902 81.876 -111.64
-1.709 40.914 81.899 -111.54
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-1.698 40.926 81.923 -112.00
-1.688 40.939 81.948 -111.26
-1.677 40.953 81.975 -111.03
-1.667 40.967 82.002 -110.29
-1.657 40.982 82.031 -109.92
-1.647 40.997 82.061 -108.90
-1.645 41.000 82.067 -108.82
-1.643 41.003 82.073 -108.49
-1.635 41.017 82.098 -107.68
-1.627 41.030 82124 -106.59
-1.626 41.031 82.126 -106.63
-1.626 41.031 82127 -106.28
-1.617 41.048 82.160 -105.15
-1.608 41.065 82.193 -103.43
-1.599 41.084 82.229 -101.91
-1.590 41.102 82.266 -99.84

-1.581 41.122 82.305 97.97

-1.573 41.142 82.344 -95.62

-1.565 41.163 82.385 -93.51

-1.658 41.184 82.427 -90.94

-1.560 41.206 82470 -88.82

-1.543 41.228 82.514 -85.69

-1.537 41.252 82.561 -82.56

-1.630 41.275 82.607 -78.62

-1.524 41.300 82.655 -74.80

-1.519 41.324 82.704 -71.21

-1.513 41.350 82.755 67.51

-1.508 41.376 82.806 -64.57

-1.502 41.403 82.860 61.51

-1.49% 41.429 82913 -59.42

-1.490 41.458 82.969 5717

-1.484 41.486 83.025 -56.69

-1.477 41.515 83.083 -53.96

-1.470 41.544 83.141 -52.65

-1.463 41.575 83.202 51.22

-1.456 41.606 83.262 -50.04

-1.449 41.637 83.325 48.75

-1.441 41.669 83.388 47.66

-1.433 41.702 83.454 -46.48

-1.425 41.735 83.519 45.44

-1.416 41.769 83.587 44.32

-1.408 41.804 83.655 43.30

-1.399 41.839 83.725 42.21

-1.390 41.875 83.795 41.19

-1.380 41.91 83.868 -40.10

-1.370 41.948 83.940 -39.07
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-1.360 41.986 84.015 -37.98
-1.350 42.024 84.090 -36.91
-1.339 42.063 84.168 -35.79
-1.328 42.102 84.245 -34.68
-1.317 42.142 84.325 -33.51
Tension side

2.199 40.692 81.503 40.21
2.153 40.694 81.503 46.96
2.245 40.689 81.503 36.45
2.056 40.707 81.519 62.30
1.961 40.736 81.566 70.46
1.871 40.779 81.644 81.65
1.789 40.836 81.750 86.63
1.780 40.844 81.765 91.46
1.771 40.852 81.780 90.84
1.760 40.861 81.797 91.62
1.751 40.870 81.815 91.49
1.740 40.880 81.834 92.20
1.730 40.891 81.854 91.98
1.719 40.902 81.876 92.21
1.709 40.914 81.899 92.12
1.698 40.926 81.923 92.60
1.688 40.939 81.948 91.89
1677 40.953 81.975 91.72
1.667 40.967 82.002 91.20
1.657 40.982 82.031 91.01
1.647 40.997 82.061 90.13
1.645 41.000 82.067 90.08
1.643 41.003 82.073 89.85
1.635 41.017 82.098 89.22
1.627 41.030 82.124 88.39
1.626 41.031 82.126 88.41
1.626 41.031 82.127 88.17
1617 41.048 82.160 87.28
1.608 41.065 82.193 85.97
1.599 41.084 82.229 84.81
1.590 41.102 82.266 83.21
1.581 41.122 82.305 81.77
1573 41.142 82.344 79.98
1.565 41.163 82.385 78.37
1.558 41.184 82.427 76.39
1.550 41.206 82.470 74.80
1.543 41.228 82.514 72.35
1.537 41.252 82.561 69.92
1.530 41.275 82.607 66.80
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1.524 41.300 82.655 63.78
1.519 41.324 82.704 60.93
1.513 41.350 82.755 58.02
1.508 41.376 82.806 56.70
1.502 41.403 82.860 53.31
1.496 41.429 82913 51.68
1.490 41.458 82.969 49.94
1484 41.486 83.025 48.89
1477 41.515 83.083 47.66
1470 41.544 83.141 46.73
1463 41.575 83.202 45.70
1.456 41.606 83.262 44.92
1.449 41.637 83.325 44.03
1.441 41.669 83.388 43.34
1.433 41.702 83.454 42.55
1425 41.735 83.519 41.91
1.416 41.769 83.587 41.19
1.408 41.804 83.655 40.57
1.399 41.839 83.725 39.89
1.390 41.875 83.795 39.29
1.380 41.911 83.868 38.64
1.370 41,948 83.940 38.03
1.360 41.986 84.015 37.38
1.350 42.024 84.090 36.74
1.339 42.063 84.168 36.06
1.328 42.102 84.245 35.34
1.317 42.142 84.325 34.74

End of report (lines: 213)
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Changed by: recep on: 17.01.2024 at: 08:05:39

Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear1
Working flank Right flank

Number of teeth [2) 57
Tooth form calculated with profile shift coefficient [x] -0.079
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 25.000
Facewidth (mm) [b] 9.000
Inner diameter (mm) [di] 37.000
1.2 FEM settings

2D modeling assumption plane stress

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) Wl 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 58.68
Load application diameter (mm) [den] 86.22
Load application angle () [aFn] 24.73

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 82.13
Nominal tooth root stress from FEM (N/mm?) [oF0] 75.25

Tooth root stress at the 30° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do30°] 82.11
Nominal tooth root stress from FEM (N/mm?) [0307] 76.47
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Tooth root stress at the point with the highest stress
Diameter (mm) [domax] 81.76
Nominal tooth root stress from FEM (N/mm?) [omax] 85.79
Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin] 81.76
Nominal tooth root stress from FEM (N/mm?) [omin] -112.15

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)
Nominal tooth root stress according to standard (N/mm?) [oF0] 87.78

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,
Total bending at point of load application (um) [fotot] 144

Bending at point of load application without rotation in the tooth body (um)
[fb=fotot-f_tilt_den] 0.90

Displacement due to rotation in the tooth body without bending at d.¢, (m)

[f_tilt_den] 0.53
Total tooth rotation at d.¢, (°) [ydsFn] 0.0007
Tooth body rotation for d; () [ydf] 0.0007
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot] 40.89
2.4 Details about the FE mesh
Number of nodes 5955
Number of elements 2858
Element type Quadratic

2.5 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side
-2.229 40.721 81.564 -65.94
-2.153 40.733 81.580 -79.09
-2.079 40.755 81.616 -88.48
-2.010 40.787 81.673 -101.89
-1.947 40.829 81.750 -105.15
-1.937 40.836 81.765 -112.15
-1.927 40.845 81.780 -110.14
-1.917 40.854 81.797 -110.97
-1.906 40.863 81.815 -109.95
-1.896 40.873 81.834 -111.48
-1.886 40.884 81.854 -110.58
-1.875 40.895 81.876 -110.91
-1.865 40.906 81.898 -109.56
-1.854 40.919 81.922 -108.99
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-1.844 40.932 81.947 -108.05
-1.834 40.945 81.973 -107.60
-1.824 40.959 82.000 -105.70
-1.814 40.974 82.028 -104.40
-1.805 40.989 82.058 -102.69
-1.797 41.002 82.083 -101.39
-1.790 41.015 82.108 -99.70

-1.788 41.018 82.114 -99.47

-1.786 41.021 82120 -98.90

-1.785 41.024 82125 98.72

-1.783 41.026 82.130 -98.07

-1.776 41.041 82.159 -96.50

-1.768 41.056 82.187 94.22

-1.760 41.074 82.223 -92.00

-1.752 41.092 82.259 -89.17

-1.744 41.112 82.297 -86.57

-1.736 41.131 82.336 -83.38

-1.728 41.152 82.376 -80.30

-1.721 41.173 82417 -76.36

-1.714 41.194 82.460 -71.87

-1.707 41.216 82.503 -68.44

-1.700 41.239 82.548 65.17

-1.692 41.262 82.593 -63.46

-1.685 41.286 82.641 61.39

-1.677 41.310 82.688 -60.03

-1.669 41.335 82.738 -58.42

-1.660 41.361 82.788 57.35

-1.651 41.387 82.840 -56.06

-1.643 41.414 82.893 -55.10

-1.633 41.441 82.947 -54.01

-1.624 41.469 83.002 -53.17

-1.614 41.498 83.059 52.22

-1.604 41.527 83.115 -51.46

-1.594 41.557 83.175 -50.60

-1.583 41.587 83.234 -49.88

-1.572 41.618 83.295 49.11

-1.561 41.649 83.357 48.41

-1.550 41.682 83.421 47.67

-1.638 41.714 83.485 -47.00

-1.526 41.747 83.551 46.28

-1.514 41.781 83.617 45.61

-1.501 41.816 83.685 44.90

-1.489 41.850 83.754 44.21

-1.475 41.886 83.825 43.49

-1.462 41.922 83.895 42.78

-1.448 41.959 83.969 42.03
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-1.434 41.99 84.042 41.28
-1.419 42.035 84.117 -40.49
-1.405 42.073 84.193 -39.70
-1.389 42.112 84.271 -38.87
-1.374 42.152 84.348 -38.00
Tension side

2.186 40.726 81.569 58.37
217 40.742 81.594 67.78
2.050 40.767 81.638 72.76
1.997 40.795 81.688 80.90
1.947 40.829 81.750 81.80
1.937 40.836 81.765 85.79
1.927 40.845 81.780 84.68
1.917 40.854 81.797 85.25
1.906 40.863 81.815 84.83
1.896 40.873 81.834 85.51
1.886 40.884 81.854 84.88
1.875 40.895 81.876 84.89
1.865 40.906 81.898 84.21
1.854 40.919 81.922 83.75
1.844 40.932 81.947 82.95
1.834 40.945 81.973 82.32
1.824 40.959 82.000 81.10
1.814 40.974 82.028 80.03
1.805 40.989 82.058 78.72
1.797 41.002 82.083 77.68
1.790 41.015 82.108 76.47
1.788 41.018 82.114 76.28
1.786 41.021 82120 75.88
1.785 41.024 82125 75.72
1.783 41.026 82.130 75.25
1.776 41.041 82.159 74.06
1.768 41.056 82.187 72.38
1.760 41.074 82.223 70.74
1.752 41.092 82.259 68.62
1.744 41.112 82.297 66.71
1.736 41.131 82.336 64.35
1.728 41.152 82.376 62.07
1.721 41.173 82.417 59.15
1.714 41.194 82.460 55.79
1.707 41.216 82.503 53.20
1.700 41.239 82.548 50.78
1.692 41.262 82.593 49.56
1.685 41.286 82.641 48.07
1677 41.310 82.688 47.12
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1.669 41.335 82.738 45.99
1.660 41.361 82.788 45.23
1.651 41.387 82.840 44.34
1.643 41.414 82.893 43.72
1.633 41.441 82.947 42.97
1.624 41.469 83.002 42.44
1614 41.498 83.059 41.83
1.604 41.527 83.115 41.35
1.594 41.557 83.175 40.82
1.583 41.587 83.234 40.39
1.572 41.618 83.295 39.92
1.561 41.649 83.357 39.52
1.550 41.682 83.421 39.09
1.538 41.714 83.484 38.72
1.526 41.747 83.561 38.32
1514 41.781 83.617 37.97
1.501 41.816 83.685 37.59
1.489 41.850 83.754 37.25
1.475 41.886 83.825 36.88
1.462 41.922 83.895 36.56
1.448 41.959 83.969 36.19
1434 41.996 84.042 35.91
1.419 42.035 84.117 356.53
1.406 42.073 84.193 35.40
1.389 42.112 84.21 34.91
1.374 42.152 84.348 35.15

End of report (lines: 212)
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Calculation of tooth root stress with 2D FEM

1 Inputs

1.1 General

Gear data that influence the FEM model

Gear Gear2
Working flank Right flank

Number of teeth [2) -60
Tooth form calculated with profile shift coefficient [x] -0.114
Normal module (mm) [mn] 1.500
Normal pressure angle (°) [an] 30.000
Facewidth (mm) [b] 26.000
Extemal diameter (mm) [di] 102.000
1.2 FEM settings

2D modeling assumption plane stress

Teeth in the gear segment 5

Gear segment boundary conditions Fixed on side of gear segment

1.3 Material

Material 18CrNiMo7-6
Young's modulus (N/mm?) [E] 206000
Poisson's ratio (-) Wl 0.300
1.4 Load application data

Load application at the single tooth contact point

Normal force line load (N/mm) [wn] 61.41
Load application diameter (mm) [den] 88.24
Load application angle () [aFn] 28.70

2 Results

2.1 Stresses in the tooth root, from FEM calculation

Shown stresses: Von Mises equivalent stress

Tooth root stress at the 60° tangents point of contact. Position of the 30° point (d.r,) calculated according to standard.
Diameter (mm) [dsFn] 94.08
Nominal tooth root stress from FEM (N/mm?) [oF0] 0.00

Tooth root stress at the 60° tangents point of contact. Position of the 30° point (d.r,) determined from the tooth form calculation
Diameter (mm) [do60°] 94.03
Nominal tooth root stress from FEM (N/mm?) [0607] 171.31
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Tooth root stress at the point with the highest stress
Diameter (mm) [domax]
Nominal tooth root stress from FEM (N/mm?) [omax]

Tooth root stress at the place with the lowest stress (pressure-side)
Diameter (mm) [domin]

Nominal tooth root stress from FEM (N/mm?) [omin]

2.2 Stresses in the tooth root, from standard-based calculation

Stresses in the tooth root according to the calculation method (ISO 6336:2019)

Nominal tooth root stress according to standard (N/mm?) [oF0]

94.01
156.09

94.02
-275.57

90.81

2.3 Bending of the tooth without Hertzian flattening. Input in the direction of the normal force F,

Total bending at point of load application (um) [fotot]

Bending at point of load application without rotation in the tooth body (um)

[fb=mtot-f_fit_den]

Displacement due to rotation in the tooth body without bending at d.¢, (m)

[f_tilt_den]
Total tooth rotation at d.¢, (°) [ydsFn]
Tooth body rotation for dy (%) [ydf)
Singular tooth stiffness (N/mm/pm) [c'=Fn/b/fbtot]
2.4 Details about the FE mesh
Number of nodes 5828
Number of elements 2771
Element type Quadratic

2.5 Equivalent stress on tooth

From FEM calculation: Von Mises equivalent stress

342

0.0000
0.0011
17.97

X y d Oum
(mm) (mm) (mm) (N/mm?)
Compression side

1.229 45.212 90.457 -69.80
1.348 45.400 90.840 -70.93
1.469 45.587 91.222 68.95
1.492 45.622 91.293 -68.96
1515 45.657 91.365 -68.80
1.637 45.691 91.434 -68.60
1.560 45.725 91.504 68.33
1.582 45.758 91.571 68.14
1.604 45.791 91.639 £67.91
1.625 45.824 91.705 67.72
1.647 45.856 91.770 67.54
1.668 45.887 91.834 67.37
1.689 45.918 91.898 67.22
1.709 45.948 91.960 £67.07
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1.730 45.979 92.022 -66.95
1.750 46.008 92.082 -66.83
1.770 46.037 92.142 66.75
1.790 46.066 92.201 -66.66
1.809 46.094 92.259 -66.62
1.828 46.121 92.315 -66.56
1.847 46.149 92.372 66.57
1.866 46.175 92.426 66.55
1.884 46.202 92.481 -66.60
1.902 46.227 92.533 -66.63
1.920 46.253 92.586 66.73
1.937 46.278 92.636 -66.80
1.954 46.302 92.687 -66.96
1.971 46.326 92.736 67.07
1.988 46.350 92.785 67.29
2.004 46.373 92.832 67.46
2.020 46.395 92.879 67.73
2.036 46.417 92.924 67.96
2052 46.439 92.969 -68.30
2.067 46.460 93.012 68.58
2082 46.481 93.055 -69.00
2.096 46.501 93.097 69.35
2110 46.521 93.138 -69.84
2.124 46.540 93.177 -70.27
2.138 46.559 93.217 -70.85
2.151 46.578 93.254 -71.35
2.164 46.596 93.292 -72.03
2177 46.613 93.328 -72.61
2.189 46.630 93.363 -73.40
2.201 46.647 93.397 -74.08
2213 46.663 93.431 -74.99
2.225 46.678 93.463 -15.77
2.236 46.694 93.495 -76.83
2.247 46.708 93.525 -17.73
2.257 46.723 93.555 -78.95
2.267 46.736 93.583 -79.99
2217 46.750 93.611 81.41
2.287 46.763 93.637 -82.58
2.296 46.775 93.664 -84.22
2.305 46.787 93.688 -85.63
2314 46.799 93.712 -87.48
2.322 46.810 93.735 -89.01
2.330 46.821 93.757 91.25
2.337 46.831 93.778 93.07
2.345 46.841 93.799 -956.52
2.351 46.850 93.817 -97.65
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2358 46.859 93.836 -100.47
2.364 46.867 93.853 -102.46
2370 46.875 93.870 -105.84
2376 46.882 93.885 -107.02
2.381 46.890 93.900 -110.50
2.388 46.900 93.921 -116.51
2.396 46.911 93.943 -134.07
2401 46.919 93.960 -150.24
2407 46.927 93.977 -174.26
2411 46.933 93.989 -194.43
2416 46.939 94.002 -221.17
2420 46.943 94.011 -244.08
2424 46.947 94.020 -275.57
Tension side

-1.229 45.212 90.457 54.14
-1.348 45.400 90.840 51.61
-1.469 45.587 91.222 4751
-1.492 45.622 91.293 47.16
-1.515 45.657 91.365 46.76
-1.537 45.691 91.434 46.32
-1.560 45.725 91.504 45.74
-1.582 45.758 91.571 45.29
-1.604 45.791 91.639 44.73
-1.625 45.824 91.705 44.26
-1.647 45.856 91.770 43.75
-1.668 45.887 91.834 43.28
-1.689 45.918 91.898 42.79
-1.709 45.948 91.960 42.32
-1.730 45.979 92.022 41.86
-1.750 46.008 92.082 41.41
-1.770 46.037 92.142 40.98
-1.790 46.066 92.201 40.55
-1.809 46.094 92.259 40.14
-1.828 46.121 92.315 39.74
-1.847 46.149 92.372 39.37
-1.866 46.175 92.426 39.00
-1.884 46.202 92.481 38.66
-1.902 46.227 92.533 38.32
-1.920 46.253 92.586 38.02
-1.937 46.278 92.636 31.72
-1.954 46.302 92.687 37.46
-1.971 46.326 92.736 37.19
-1.988 46.350 92.785 36.97
-2.004 46.373 92.832 36.74
-2.020 46.395 92.879 36.56
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-2.036 46.417 92.924 36.38
-2.052 46.439 92.969 36.24
-2.067 46.460 93.012 36.10
-2.082 46.481 93.055 36.02
-2.096 46.501 93.097 35.92
-2.110 46.521 93.138 35.89
-2.124 46.540 93.177 35.85
-2.138 46.559 93.217 35.88
-2.151 46.578 93.254 35.88
-2.164 46.596 93.292 35.97
=277 46.613 93.328 36.03
-2.189 46.630 93.363 36.19
-2.201 46.647 93.397 36.30
-2.213 46.663 93.431 36.54
-2.225 46.678 93.463 36.72
-2.236 46.694 93.495 37.04
-2.247 46.708 93.525 37.30
-2.257 46.723 93.555 37.71
-2.267 46.736 93.583 38.04
-2.217 46.750 93.611 38.57
-2.287 46.763 93.637 38.98
-2.29% 46.775 93.664 39.62
-2.305 46.787 93.688 40.15
-2.314 46.799 93.712 40.92
-2.322 46.810 93.735 41.54
-2.330 46.821 93.757 42.49
-2.337 46.831 93.778 43.25
-2.345 46.841 93.799 44.35
-2.351 46.850 93.817 45.28
-2.358 46.859 93.836 46.55
-2.364 46.867 93.853 47.42
-2.370 46.875 93.870 49.00
-2.376 46.882 93.885 49.55
-2.381 46.890 93.900 51.16
-2.388 46.900 93.921 53.79
-2.395 46.910 93.942 61.93
-2.401 46.918 93.959 69.36
-2.406 46.926 93.975 80.90
-2.41 46.932 93.988 90.56
-2.416 46.938 94.000 103.79
-2420 46.943 94.010 114.48
-2.424 46.947 94.019 130.93

End of report (lines: 228)
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