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A review of articles on reducing engine noise and
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Abstract: Today, due to the increasing weight of cars, the addition of turbochargers to
internal combustion engines increases performance and at the same time, produces high
noise in the range of 72 dB to 154 dB when the engine is running at high speeds and during
the initial acceleration. To reduce the negative effects of these noises and increase the
comfort of the car occupants, various methods such as including finite element analysis and
numerical analysis of compressor blades to optimize pressure drop coefficients (ratio of
turbine input to compressor output), sound pads and acoustic materials around engine parts
including turbocharger parts and air manifold, are used. The purpose of this article is to
express and classify the research done in the field of reducing annoying noises resulting from
the operation of the car engine and turbocharger.
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Simulation and vibration reduction of sandwich
panels with granular dampers in vessels using
multiphase flow theory of gas-particle

Abstract: In this research, the efficiency of granular dampers in improving the vibration
performance of a composite engine seat structure in a vessel has been investigated. Due to
the time-consuming computation process of dynamic analysis of these dampers using
processes such as discrete elements, an optimal alternative process based on multiphase
flow theory has been developed. First, the characteristics of a unit of this type of damper
are extracted and its equations are developed to estimate the equivalent damping
coefficient. For this purpose, multiphase flow theory is used, in which the kinetic theory
of dense fluid flow and the Moore-Columb theory are used to model the collision and
friction between particles within the cell. Due to nonlinear dependence, a Python code has
been used as a convergent loop in the ABAQUS software environment to implement the
damping estimation process. In the result section, after performing validation and proving
the accuracy and speed of calculations, it was shown that the amplitude of vibrational
acceleration in this model has significantly decreased.

Keywords: Granular damper, Damping coefficient, Multiphase flow theory, Finite
element, Python
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Robot fingertip with tactile sensation: design,
fabrication and testing

Abstract: Recent progress in robotic industry has increased efforts on robot ability
enhancement to use them in factories and services instead of labors and human workers. One
of the important ability which plays an important role to reach this aim, is tactile sensation
which is not compensated by other ability including image processing. In this paper, a robot
fingertip with tactile sensation is designed and fabricated which has a configuration very
close to human fingertip for griping or other robotic applications. This fingertip consists of
rigid body and elastic flexible cover which the area between these two parts is filled with a
fluid which is connected to the pressure sensor. When the elastic cover which plays a skin
role, touch the external body, regarding to the speed and amplitude of touch, the reaction of
the cover is transferred to the fluid and also pressure sensor. Pressure sensor sense the
pressure change and convert this to the output voltage which is detectable by designed
electrical circuit. Outer layer of the elastic cover is corrugated to increase sensitivity of the
sensor. The fabricated tactile sensor was tested to verify its performance in different
experiments which was in good agreement with our expectation.

Keywords: Tactile sensor, Fluid pressure, Robot, Robot fingertip, sliding.
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Technology

Stress analysis of twin web disk in cooled turbine
rotor with cooling air

Abstract: Using twin web disks instead of single disks in turbine rotor is the new idea, which
provides the necessary space for cooling and thus reducing the temperature level and the
resulting stresses. The disk is subject to mechanical and thermal loading. Mechanical loading
involves the effect of the disk rotation and the centrifugal load caused by the blade rotation at
the external surface. Thermal loading is applied due to thermal changes between the internal
and external surfaces on the disk. Disk boundary conditions are considered as dual-cantilever.
Using the analytical solution method, the theory of elasticity of the plate is derived from the
relations that govern the thickness of a rotating disk in a plane stress state. In the following, the
disk was analysed under consideration the actual thickness profile using the Timoshenko-
Grameel’s numerical method. In order to reach a twin web disk with a proper profile, this disk
is studied with stepped holes in 400 different geometrical modes, and the state with the lowest
possible mass and acceptable reliability coefficient is obtained. The results of the analysis show
the reduction of mass, reduction of stress levels and improvement of the coefficient of
confidence through the use of an optimal twin web disk.

Keywords: Turbine, Cooled rotor, Twin Web Disk, Mechanical and thermal loads, Stress
Analysis.

shahriari@mut-es.ac.ir « Jsiws odinsgs ™



VEV Ceignn)l 5 (09,598 050 0)led (050 g (o Jlus

Ol Ll axisls py dil 90 Sy diged S5 9 Sawd 98 Al
oy plosl molidl oslal dilegs Sy (olib a5 wisls
2 Wl ez (8] 05 o 55 (5 alS 4 i 5 a0
T 2ok en g Sl el by 4 VVA L
Gl dige sl og, 5l (S D ]wlof Gl g0 Suwod
3 Ollen s S g (myes Sews S Shee S5 sl
Jlo 5 sidoily 5 gilas¥-gall > iman 5 VY] V1R L
Jlo 5o olKen 5 i Jgp IVY] Wil sy slgaaey YoY)
wl>ge Sugs glas, wix il a4 VY] Yora
Aol [0 ail>go Suwd ax 51 a5 wols ylis sl axslo
OLE Ojg el 10 (005 Co e o dlpg Al S5 S b
S Jeily woz g S g 4 bl wes o
2,1 65 o)l (FanS

Gl e by SO VYY) o o o)Sea 5 KTlg
Oy Semd 3l e adgl S8 glzeal o ) Sidns
BUSICRIE CE S LTSN VE IR P SR AU S PRSP H ES
YovY o s 50 dns o Wil iomen [VF] 0t 4§
OolEe slo S (gl A5 08 b SeVhga 5 (g, S
20,5 Spiday i dd (SeilSega s I Lame Cou (59700
G gy eSS L YAYY Ul o oS 5 Sigw V0]
Sed S 658 Do SIS 5 Sl il Ak
Lye] wisls Arwgi |y dilgo o8

S5 53 2o Gy Gligres ol sl sla)lS 925 L
393 Cow ailrgd (P S Aty (RIdny s)lexe
slo Sas (b ogat 5 (Silage s sl Lo g ailSanx
S L ale laysige jo b ol ey 05 (sl ailrgo
Sed G o5 oo gy ol ol Bus oo 0429 YL
S sl Sews (b s Gy S lsie a ailrgs
o)l cou alyge S il oo O sler L ooigd
Jolss il g0 Sugs i a0yl J1 3 Sl 5 SGSG
Sz &S 2 Eligw Grizmen g Sews (215 Jon
oo Lsly ) roess 098 (o0 gl i3l ST (oo 0wl dilargo
ailrgs S Jdgn (55l it g iz g0 4 Al ST S
Sl S 3lotinge 5 Jelod ool Good nl 6 )9ls8 4
Sl sl e p (e iy S RRgh S Al
oo 1 00lainl o 5kie Ll 5l oolaiul aS 00gs o5l Judow
Jelos g ALk anie Sole yo 5 pley Bre 5 68 e
A G9,ke B80S (pl 0 ead )l Llow céle ool iy
S S adgl el 5 (b Jolie j3 0y 4y 5 4y
il oo 5 el Sl LSS sl

S lgo yi Cdlo o Suwd p oSl WYl -Y

0 0L YL Slh9d ey b (rmy68 5539, 50 D990 Sand
Il 25 Som olml 4z YU Jlyge Sy cpl oS

SlSe (g 585

doddo —)

Ol Pl (0 555ly 4 Cd Wb sl o3l o ()b (6l
el s ol e 130 0 ol8T (6138, cilisee Layl s o
SISk, S 5 5 Jelos ale 5l sl oslu calize sla
SIS Seg sFee 0 Sews 0xS S Gl le
Ots$ sl s colae) AN 2l o ls Cysgame
S Dl ewl b ey (9> s s Hgdoma )
4295 8,90 355 Gmyes see Glolb Lawgio)lgen a5 Ll |
Olri S S 5l 6 5VL plie & Goumw; 05 (o0 )12
Sl sl 55 Gl Sz ) oly e 5 03
059 S Slhed o Cepw ay o) sl S 10l
Ol 55 6 0y 5 )59, Sad 59y 2 iier 6N L el
o 4 5k 5w bz i ahaie gl Ol el 05h (oo
$9) 2 SISk 5l (ul a5 anils jlin mhao b ale
o ki alice 98 Cpl 50,5 00,91 50,5 dalg> i |y oy
Glp a5 el g8y, Sawd il IS0 <oyl il
Pl 5 12 oy g Sy o3l 2ok 55 sl T @ o)
GIATL sl B wls Ojae olb (sile ags ouijle ool
aboz 51 525 65500 9 lge (398 3,130 2 oo aily (talil o ()]
CllB ol Slab e yac )98 S s 285
50 oolatl jelaie 4y Wlekad (gl Kl olae 31 ool
Sy o)lgan a5 wiie joge Slaal ki slas )l
IV 0,8 )13 ol 4255 0,50 waz lo )b o <l
Se by Sews sl ar ceslie ailzgs Sians ookl on
55,5 Blaal ) yi3le 03,50 4 e Wilgs o poa po 4SS
sl b g 5 Izl Yoo ¥l 5o izl 5 5,08

Sl el 252 pgnil o 5 ol sy g
Juloss ol o[ Y] wsls plol ail>go Sns 5l oolizasl b
SYL sy cud b Silled ails g0 s s gl a5 ol lis
Lulys cov a8 055 9 AN el Sl abauls @
il dgr 4 Y Lo o g 8 sl LSy plSil
LF] asslo p Sl yeige 50 uiiw Hb Cov ailgs Sugs
Sags sl alSoial 50T & YOV Jlo 5o ok S
Slidss YO F Jlo o o )Ses 5 008 L8] cols ailoge
Do dilgd Saawd 33 09 4 Ol pde (S92 Camd s 5
S oy 4 YN0 Jlo o 8 g 2ueSee 2] wols
IV aizsls (560 58 Jlow by 5l esliial b Sas (6,18
iy wix grb e g BP9, SH VN0 Jlo p3 b g G2
bl JA] W 5 ) ails S5y Sews sl |
Sy IS8 oSl ) 5 OFD (o oS el
Sl i (b, 5l esliinl b (25 08 ez cod all> S
LY YA Jlo jo o5 5 guliwly .ol caws & gl mdaw
ol 5 o ¢ 3500m0 lall (5 50D 53 Jte 1l

Y'Y



SSlSe (i 585

A
PR
. L. U S
B
H
- B S
+du r -
] 3 | 1
-
T |
. r \
| o8
- -
|
1
|
|
|
|
|
|
\
fo
di

dFay

R R

dFy,

dFy

v -
dg

a

DV dZ Job 4 Siss 3l Sl 55, 52 6 08,6 Y S

Sps oz hell S 2y 3L Y S il
ok i el ol 4 w3gih o 41,5 5 5 dZ Caslied &y
0 +d0 50 Slaise b g b dmio g0 4 5 41,555 5 0
T+ o7 sl glad 4o pls g0 g el db o 1 s aygly aS
clisly jo dgame sl glyls ldl cpl sl ool dgaze T
59 Slatel )5 Sz oS Caleien slal hls 5 <l Z Job j55xe
bewly 5o pledl 59, 2 Jloel log e Joles ool S0 97
39 G 8 S5 5l ew)3S 5 Glell jeme n Sgee 04 L
w58 i )0 el OA yy d0c G 5 45 GB L g,
So 90 B Cod IS Sl 5o agshe el g s
S igd (oo Jlosl Ll J& 5 50 50 45 000 15 cen>
G R 5 8 g ot Jloel elads glial, 5 45 dF, (g5,
Sowd 4 (V) abal; Gl g 0o ledl 232 g (bt slo
3306 3 hanme (sbl, ;5 45 AFy (59,65 )50 5 Conl oke]
slowl (gl agly Gl 3529 o 4y a5 004y elal Sliul,
7> Soy sl dugly Sy 09 Sl 4 Az g L ogd (oo
el 00 4ZIS LS Elslona 3l 5 0391y b il _lasmo
el o g3 S S5 oSl il s skes
Sike (V) alal) 3 4 (Selege s )51 cod (Ken
Dyl e

Yo

o> 9 8l

ST L Cot S 005 oo oo Sy 5l BB YL
S SE 2B lame jo oy ()])sd 5l (286 55 e 5l 5
Tl (55, 09,05 L S Sjpe 4 Sl nl gile e 0 &S
ObolS Cod Ko uizmed 04 e bl ol o>
SR g e sl o o)l > DS L5065l
O 590 )5 9) Semd S (o) 2 G825 (nl 990 00
SS Cgz elme pog Blo g YU L Jeod co8)B L IS
sl jshie ol gl b (oo 35w lea Obx L )
la Sewd ()2 5l g gi del> sl el oslinul
Al g0 Ssd G 00,55 b slod 09l oo oolainl dil>go

Sl oadoals las VS o

(0] YU JLid 5 o dilorgo S 00,55 Ly slod ) IS

p Sl OYolee sl dil>ge Sy i Juldow 6l

Sleod Xgdh oo gl Pl ol culs L dil> SISy
Saie g oo aid )T ka5 0 Cull Culs b S Judsw o
Ll glads 51 s 5 Kgs 5 s ase 5 ool
wilo dwdie 0gh 485 o Wl e plgs Al e
u’i"’a’ S o Jlasl slo (6,185 )L 5 olo> 259 0950
ol (gl dgly Caeyun b Sgs (25 2 el ()50 ()l
O yg0ds s_im.:d » W5L> Sy .Ia.:lj.m Sl 0 L)aJB
kf?)l} c]a.m 3o L&m.lé Sl 00l 43_‘5; )Ja.: ) )“3)-:5)‘*’5‘5
C.la.w)o 9 adle )‘)3 > oy ul)jo )| LSM"L‘ G{‘-Lu.u Q’“‘“’ Cod
R N B P I T Py e e S NS U g SV B
ol Bl 4 gy 4 Bl maw 51,35 L Siags sles Lol S
opls ahis mhu g (5970 Elhgmw So lils Seaws

Siye Ll Bl sl o 3 )90 Seand (izren ol IS0
Sl 00gamme 40 dS ool dislw Sug Sl 5 e dlge
Sl OkolS 5 ez xbas slag s b o s
Gz &S Z Jsb e Jo> g s (nl (Sem g axsls I3
ojbe 2 Gr97e Gl Djge d S (0 D)ge ol s>
Jlesl (gl ol a8 oS )b 4y azgi b ain )5 o Jlosl
S e VS b illae Seaso 5l Hldl SO ol Jolss Jayl



VEV gl 5 (29598 050 o)led (055 5 (o JLos

55l ass e (V) alaly 36 S5 1 ST (slo el )b alaly ol 5o

a(l+v
S1 = ( )f rT(r) dr
_pr a)z(l—v ) )
c 8E c E
=1 = 22 =
S3=2 ,S4=2, S5=

b el p3Y 605 L1 sl coli 040,90 Cows 4 sl

Sy90 Sewd glp 00,5 Jleel dlivs p oS> (550 Ll i
O«)):;.Aj L.SLQ 6)‘;.\5)L»u.7u c\a‘ﬁ.....u‘ “_;‘?)L‘} C.‘a«:)o oy
)\35&....)‘ u}‘}..Su u)ﬁ..achao).v U’“}P)‘ LS“L‘ GCL:.MJ
03,5 sad Jlaslojlu 4y elads sbinl) jo o9, (JB1o mlaw
Slsabl sl Jl ol
o 99 2 )3 yho pé (elad i Cou Plass 985l oS
l>5L51>‘¢

s aalss Jlesl (M) abal b llas 092750 (555

Gl b 5 el 4 G,
Lyl de coli 00,0] Cawsd 4y gl il 30 =3

@r=a—-o,=P;
@r=b-o0,=P, *)

sl s polie b plp os 5 4 PO g Pl bl () jo a8

b o elad e b plpb g ol )5 5 A5 zokaw o

LGl Gla ol cgim Lol Jlasl 31 gy el 2>
w‘owmm(ﬁ)dh‘)dnbéff

G
/ , %—Ab2 +Ta(l+v)(v-
Z\PL-—SS da“ + I — a2
)
= %‘5 (
% — ®(a? - b?) + (1 +v)(v—1)

C2=

b2 —
W( bza? )
adle (Vo) ahal) b W g A @ T sla sl by abaly pf )0

)]

y=1-2
a
_ pw*(1=v*)(3+v)
B 8E \
A= d(a? - b?) 0o

r= jbrT(r) dr

() aal, ;0 (A) akal, odelcaws 4 gla culs &S L
Al o (Ken JBg (o Sos SO g o)l sl s
sl Sl 0 b rizres Sl sl BB 10 15 5 90
Solw s el obul (F) alal, 40 ool caws 4, C2 4 C1

_+___
dr?2 rdr r?

SlSe (g 585

d’u  du ary (1 —-v?)prw?
~ a4 () + =7 M
=0

Dol oo Ll 1 5ol dloles lgie o a5 (V) doles

O il 5 s 8 pe0 A pe Jeundl s dloles SO &8ls o

(o slo by, i el la gy 4 J J= a5 ooy

(V) Jeilyans dlolas el ploxil LB oo ded o Lo
il (o533l BB (V) abaly 50 4

1 —v?)prw?

(ru)]—a(1+ )( ) 7 (¥)

=0

S b s il s i J
ol omgil g e (¥) aluly &g a0 (V) alal) golus

dr [rdr

|

d

[ 1 —v¥)prw?
dr lrdr

(ru)] =a(l+v) (dT> 7 (v)

g Lo @595 sl ol (ol (28 L 398 dolae
Jo o 54 o Sl pliebl jelae 4 T(7) gl
5OLJJ>(5|J:‘W|OMM;JJ@)0Q1§MJ|6|JJ§°A
e el ol () el § (0 55 550 L
30,5 oo duwlxs (F) alail) b

B (1—-v¥)pri3w?
B 8E

rT(r)dr

. "
+ Cl 2 +_

+a(v+1)f

CZ 5C1 9009 u_im.l.) U.l?‘b&buub).:‘);a dJa.>|) u.;‘)éés
G tlyd jlesliul b g ail oo 6,5 JI0! slo <ol
el 0] Cad 45 (0) alal
du 3(1-v*)prie?
dr — 8E
a(1+v) ¢ G )
——

T( )dT+?—r—2

+a(1+Vv)T(r)

oo mm’ e b oS Sl la el el (o

aloms B )5 5 A5 paba o elad i ke
w‘ o..\.o—‘ Cowd LY 6)5 J‘)iu‘ Lgl.@ wla > g

52(3+v)+51(v—1)+53(1—¥)+

o, =S5 v

s4(1-2) + @ +v)ar() &)

S2(1+3v) + S1(1 —v) + S3(1 +v)

% = 55[ S4(1 —v) — (1 +v)aT ()

02



SSlSe (i 585
Sl balF oo el s s dlstel cls Lol

S8 g oy (41590 31 (ol 35 w0 31 39 )5 SLog yi - ¥
OJ.;)‘O&

(YJ J&.ﬁb))\) mmafsu)).; 0)9./0 s.iu.\i«) ‘b).‘> Ml.?:a 61).1
23,5 o oolaiwl (VF) alayly 51wl oads ool ol

gS....g'o GO dw LSL"J \‘Ji,.u

m=pxV - pXh(r)xmx(b?—a?) 0O%)

- h(r) = h =cte
el T oo 5 Sgs Cuslies ali by s h(T) alaly ol o
S 25 o Prre d Sed Sl el S e g
gl 4 0y 00iS Jate glo M 5 b oy Glyes 5l ol
Loy dwbre ailflos b a BT 51 S o Sns )5
b ooy 3l o5b b Al lp .l 0l e 0SS
L ool e OV alal, 3 Jlac! b 5 08)l5 (535
DAl

Fr, mpr,w? X N

™= T 2, av
oy 5550 3l 525 @9 b plp b 0 Ap 5 Fryy ] o
O Np gty aTp My ol oy e mhaw 350 colus g
5on Sl op flad Slate wp S ez plp oy
S edb Jolee 25 Oy el (ly90 Sl 50 sla 0 olows
SR8 Sa 3l S A Al gz el ooy g0
OA) dayly G Sed 4 05 00iS Jale sl aly) 55 50

E  myr0% XN,
O, = _

R A—r= Ar (\A)

Olaise win, o e b plp s g0 Ay g Ny 0 im,

boasy, wled o alade o g o aiy ) olowd iy ) eleds
Lol o atiny 5l90 51 (LU Jolae 25 O sl S

r=a-o,=0
mpr,w? X Ny
B.C.=1T=b_)ar=ar‘?+arR=27r><7‘r><tb 09)
m,1w? X N,
{ A,

vy

o> 9 8l

2 Eon 9550 Sawd b Sl Sl 4 azg b

U &g ol aSinlaazgi b rizren « Job sliwl) solos
by Saws ()15 g (A3 ol o Ol > S )
&% (’:.’u Ao 6‘,} | Gch.u Slaise Slpuss 5l
S e b Plae gl > @9 2 oSl dolas 5l )~
oolaiwl (VV) abasly &g 4y (el Slaize plns )0 (Gun

d oT
m(’“a)ﬂ (n)

&l el o8le 5l alid 5 bl K alal) ol o a8
&5 &b a4zl ;o0 9 (V) Sl s dolae Jo
e e oz led S (sl 6550 Ll T(r) &)l >

1398 (g0 4385 Sl 10 () alal; & )90

aT
dar = ho(T - Ty)

dT
@r=b-—k—=hy(T~T))

@r=a-k
QAD)

5 310 zsbs slos iy 4 T 5 Tg OY) alal; o
Jsl gle ol bl asp a0 By 5 g 5 Sas 25
el s 2 5 5 gl s e Ol
r=a  brshe g s ab @ sl ol prizes
dolee IS o b ooyl o lal Sgo r==>b g
e sl i Ll 5T I 5 L g (V) el s
OF) ahal) 3ok Ol @iy @b (1Y) ahl, Gk (Sen
| oo Cawody

T(r)=T,In(B) + T, o

Cawd & (VF) adaly 5 Ty o Tp sl colb «(VY) alasly jo a8

T = (Tb_Ta)
1 1 1 b
k(a—%+m>+ln(a)
T Ta b Vf
T_k(bhb aitlla>+T"1n(a) av
5 =

1 1 b
k(a—hu'f‘m)'f‘ln(a)
Cawd a4y daz aal, o J)l> Gbol 5 b 6 IS
] G.M.:y)b J_»lé \o) 4.]4;‘) OHygo odw!

d’u du u 1+v)T, (1+v)(1—2v)prwz_0
arz rdr 2 YT -w e A

Sed ol o8 > alolee 5l 655 ool g95 (V) akal,

ohgy wile 4 aS sl olgxds (VE) Sl Lol S e
Pl ) @b sl Toae alslas ol > (6l oo ool
AL &l Rl b S o 5l S LB on 75hae
g b i elgmds Oyl il Gl 4 (VF) el caws a




VEV gl 5 (29598 050 o)led (055 5 (o JLos

AN (Gpa) Kb Aty Jooo
AR Kg/m?) J&>
VPY rpm) sl asgl; s oo

\Y/AE-# 1/°C) 5, blusl co o

“IYA Ople oy
\RAEg Mpa) V! gl 0>
avvs o (Mpa) Syl ol o

8-+°C sleo

\¥2id (MM) S Canlieds

ol cwolus e Jdxs -F

Sl o 5 Sed (Seillagay 5 wiin Slasie 4 azrsi b
s loges i aislopy T4 Y o) Jolox o as (T4 Jate
2ol Calind Sl s (K (25 ke S sl A5 235
3G e gl cal el caws a4 Ve B P sl S b sillas
Olyas Jloges o dwlre el oo g 25 Y=
IS soled g UKo ol 5o el ool dule glad o
el Slat oaims las 88l jemee Vo SO U am slo
Lol (5 maw B Sl mlau 5l T ol pasi ol
S OKer Gryg Sews (el 5 ms s £ S o
ol o as ek fles .l oads ools Lid VIA JiS0] i
Sl gl sl el Gliul) jo &S o b el (azin S0
odds dboul s bl a5 U e 3l s il o B w
oaslive (>, mhaw o oy 0 5 Jols Joles L i1 o
ko Fo s jo elad i e dcion ol plo canl ons
Gl el JSol Ko Yoo b ol g amdl o 3l 5,00
S50 Bl polin b 2 5 5 (J51s b 4 A5 ol
el (comm i 0903 gl Coro i lid egid
SN ()55 S (harmme (55 a8 logel Y SCS 5o
Sl b s ol oads ools las YA BoSol i
o Sl axboly S (2 )1 maw jo g o2iS 4l
oS g9 ol Jlade b v 4 S maw 5138 Logl
9 310 ok o Dol cplas sl andl als Sps o
g Sl moly Sile sl plp iy 4 Seop (&)
S 3 ol Sl e slo 5 Sl a1 5o
O (S adlie 5 aoe slo adlie Coul (i 500
Shee (Slss cogaze jo eled sl 15 b ulB o g 00
home G5 anpier oS gl aigFa il a8 518 6 s

SlSe (g 585

adyy @ bope gloles coig @ 0 5 ¥ gle IS0 0

odal 850,50 s 4y faie 0, g Sand 4 0 005 fuale
oolatul b sdel s dy Jolae (il g (cwiid Slasein ol
oads ools lad Y Jaaz 0 (V) dlal, b (55 L]l
et ¥ Jguzr b s 52 0)ly (Sillege 5 elys oo

| 0

Sed s 0 005 fualie Ay (gow dw slos § JSS

Sed 0y (Guw do sled O S

Sewd 4 Jate 085,0a55 OB g 0y gwiidr Slasein V Jgox

oy ) JPIRRCT NN 4
VA BsSl VIA JieSeyl oy i
dIFAFe-# < IAOYOE-F# (m3) s>y g
Yo Yo Slaws
FA R \PY .o IrPM) s > ey
YV/f YIFY'? KN) 55 10 51 55,5 69
Vo0 Vavy (KN JS 55 0 5 32,5 59,0
b oA Kg) a5l o>
VYY/OY 1o/ 4 Mpa) Joleo Liis
(Mpa) S e Jolee i

NaZia WWYIEY (MPa) > e Jolee i

Sl Colbrs Sd  Swligoge 5 Glasin g iz ¥ Jgu

S Slasiino g i
Inconel 718 osle i
dazuio
g EER
de- VO 0O o)l
\YY/EN . Mpa) el s
(ARIAR YYIYAD (mm) &L«.‘;‘;

YA




1200
~~
< \

1000 3|
=] \
= \,
j— N
wn 800 N\, b
Z \

\,
v 600 - \\ b
'c_':s N
= .
o 400 N 4
&) N,
S \\
o s,
E 200 \~\~\ q
= s,
5
=i oF S 4
&} S
~.,
~.,
~
-200

30 40 50 60 70 80 90 100 110 120
Radius (mm)

890 b (Pgste (s Sawd (Jasme (15 a0 595 VIS

1100
1000 | % 8
—~ %
<
A, 900 .
~ 800} .
v
w2
= |
=
7o) :
+~ L K i
= 600
() -
S soof ™ ]
>
=
S 400 - i
300 A
00— et

30 40 50 60 70 80 90 100 110 120
Radius (mm)

Salnd Jdgn b (29 mes Semd Jolae 15 e A JSS

1200 T T T T T T T T
= Radial Stress
\ ===-=Circumferential Stress

1000 3._‘\ -------- Equivalent Stress 7
—~ 800 4
<
[l
2 600 [ 4
~
72}
2
»n 400 J
[0
=
=
m -

30 40 50 60 70 80 90 100 110 120
Radius (mm)

Saled Jdgn b (Pgrhe meh Semd sld 15 @ 1SS

o

yva

o> 9 8l

S oo Wl osle (b oy cote sl

DN (g8 S Jolre 5 m555 jlogei A IS o
sl il ered Cawl ouds ools Ol VYA JigSsl i 3
S, b Jole a5 Sl g e (eleds Lo
G2 ) Al s 5 (285 sy, (olad (sl
oolidl 3l elad Olabuwe gy o AT o lo iid mlau
1S o cwl ool slasl Jols mlaw o s aniiag
Oy Seand Jolee g (hanome elad slo (A5 @595 jloges
Latuine el 0dls oaly ol VYA LeS) w5l Ko
o Ve gl U LSl mhass 5l axe glo i o col
L olaize cpl 5lam g oog (i elad adlfo 51 w550
@ S el 1 (2 ) s 4 A g I oS >
>l o)ly @y & ase (15 g a8 S8 ame
Obawebl oy mije Hloges Vo ISS jo cwl sul (g i
oads oolo ylid VYA BeSl iz 3l Ked (98 S
S8 9 YL a5l (sl 95 5 0929 b (Lo mlans s
@38 Ly oo Slom gl eSOl (S 0 B85
b el o el alila o) Glaebl oo () o
B 5 0 5 5 o g esdle el o 0 S
o 3 el YL s 31 AL Jolas b 5 539 5 5
&‘o@mudﬂ‘j“ﬁngﬁﬂ)UTw|W)odf.Mb
| edﬁb;

300

5]

1%

k=
T

[

f=3

(=}
T

Radial Stress (MPa)

50 F

30 4‘0 5‘0 6‘0 7‘0 8‘0 9‘0 1 (‘)0 1 ;0 120
Radius (mm)
Jeon b (e myh S (slad S w9 PSS



VEV gl 5 (29598 050 o)led (055 5 (o JLos

s oo 4Lt alaii ] 4 by e 25 45 S5 S 5,
b Ol o [V o] Jon 8 g, b llae ool plis 3,10 052

s =0, + Cyr?
t =0y + Cyr?

AR))
ot ST gl 8 00 90, polie Sl 280

1
A=E(t+5)

1 , AAD)
B==({t—-39)r

(- 9)
Luls, b alie Sz sle S glo 25 JBs,y cnl 5o
Sl pl yo Oglas Lol conl pwyp BB ol Cuwls Sy
90 4 zull 4 o) 6l a0 G aul Clbes S o oS
Tobw (et slo (55 (309 palae b aS 09 5l (550 b0
O &9 A 50 9 65 SISl gl cul () g (Al
30 S Sawd 5o Lol ol o alee LB S sliuly o
Jotzme b S S jiin Juad 1o o g cleds glo 25
Goil> Swo sl 3l ad o et glo s STl
N Sawd) Sz sl Sws (031 5l 2 ad 05 S5
2N goorme ;o il polrs 0ild (GUb gl S (gl (pl
2 eebed =1 K ole b o)l ez Jspeee
o+ 1 gl culo b Sz b Sews Jlasl Joxe
odel 5l (Il ad jo oren g b S s Jad o o
90 died Jgpze S (p 3l (B ad g S S
do ol 5l dolbe = 1 a5 Clbg dolae 21 g5 (0 Egomo
ol 5og LSy casS ly a5 cwl (6,55l DY oles
Int 1l Siie fad » Cww 0 i b
Sy ol J1Ep 0rh col O jle b o] jo a5 Jols &Yolee
S e Jad 55 5 Glsl ol 5 00y ol S ke Juad o

g (0 o2

kol Gigy eJseze 2N dolas 2N gl (idgs sl
Eord v Jolpe 3 g oad sleriny oo S-gSidgens
A B AL S Sawd sl (A3 ad 5l Sl
@ piY Sl odd (5,8 0 Jstme 5 sl 6 09 22
Sy Samd sl (A3 glads jo Cuolies oS il el 53
Sl 3 380 Canl (Bly 89y yo (JBl glad 5l Dglate
g Wl LB 5w 0 kls glas g, lake 590 o)Ll
0dds pusnal AR Cubes ons Jleel cgz (YY) Lalg, gl

sl

h=h+Ah AR

SlSe (g 585

Safety Factor

30 40 50 60 70 80 90 100 110 120
Radius (mm)

890 b (25,00 (i )sf Sawd Gliebl oo a565 ) ¢ JSG

G 3l eolaw! b olgads Coolns S i -0

Ry S Sand Jolod 4y 0B 1) 2l Jey S-sSidges b,
ol Cwls plai wcwbs glo Jdgp glel Loy (soal>
P9y nl S (o0 ol b dsin 5 (g e (ol (o>
4 ol Cwles gaal> sl Suno (golawd a4 olgdo Cualses
b S (gilwosls jshaieds 5,5 0 Djgo diwg o2
el 00 i Coll Clrs b Sim sl Sios 4 0l900
ol Culbrs s iz le a Gles oo (55855 ol Ho al
i ofia L g e Calid by L e Sy iz
sl s 4 ol Sus gai e j0 0,5 ool
hls oad (53l atnnS” L8950 b (o23ly dmsy Jod9 s « 55>
4z b 990,5 oo (3Nl Jolre coll cules sl cand
Il Sgs slaws « SLSL g obj culbes Ol sy b Sugo
A3 FSESS 1) b e 00 ke 4 b g Sl
ol Clbrs S dil> 2 )0 09z g i Juded 288

52(3+v)+51(v—1)+53(1_2)+
r

o, =S5 v
s4(1--) + (1 +v)aT(r) )
s [52(1 +3v) +S1(1—v) + S3(1 +v)
% = S4(1—v) — (1 +v)aT(r)

3 e g el slo 1 polie S1as cl o
sl oos R WY a5 aS ‘su‘):> 65—5-1-" 6[.:0 u_{..,...:"a )| alags Jr
Cp 5 Cr 6,5 LS5l glo ol pans oSl el yasiie



SSlSe (i 585

5 ) s S O crge 4 oS ol oad (28 1S
Sy Ol (o0 sl gllae azs] | glite oS 0 5 07 slo
202 s S o hd Al 1S5 g w0 lalyl g9 0 L
Lyl b i ol aS .l e cans 409 907 Gla i )
b cline slo 5 olyen g 03,8 Lol ) ol 5 5500
DS Gy 092wl bl bl dan (o 99, adgl jlade
GRS Sadg 99 5l (b S 5 S g 4 Wl (o0 ogllas
o Loss Jols sl 6,850 5 Joles Loyl i ouisS Lyl aS
by (goiajld Db aS ool drulone il Cundg 90 (58,5 LS
sl o s (TY) bl b gllas (25 00,5 Jlael I
o, = g, + Koy’

og = 0g + Koy v

WS e olml |y K ol amsbne Sl alyl, sl

A5 (B ad 0wl (YA) dhal) (650 bl il iomen
0 Cyaetd e 31 lade gyl Kol aS 285 .04 4z S
ookl b wilgy g0 Shsd juolipus 0 (U5 Cordg ool
D4 dalxe (YA) Laslg,

oy, = 0y, + Koy, (YA)

Culbrs slo Suus 6,5 Sl 5l oles (VY) USSS o

oads oaly las olgmds Cawlrs At gile Jow gl ol
e D30 4 g K Sl aslone (g Ol (o0 (Bl 5l o]
Oy & e &S s O adsl jlade SYsb slallas
205 o0 ) gl ) 550 Blpl b e elad i 4
Syl w1y a5 550 S i SV g 00 s |

Seeyl ]
=
Lo ) 0
VoSN %
| 1 "_vb' n T
P e
S IR Y PO%) R S CHR R SIS o e T g ——
1 pamet
) "‘r
<
1967

>
o 5o el Cubrs sl Siaws 55 bl 5l ol VY S
DYV ol canlies Sags

Al il anlie g 5 380 Judoo jolaie 4y aslol o

b gl e (o) 2 g ol Cwlbes Sl i 4y (A8
5 s S (Hly avsin (Bly i3s3l ool
9 Sl 00 Ty S5 u.l...,o )‘)3| eP )1 oolaw! lJ S8 09

@l Covs jl pliebl cqx Jo 655 (O s 44z L
ooliiul b coll culbes oo,8 ol awaie G odal Caws 4

A

o> 9 8l

o, = o + Ao,
0'_9:O'Q+AO'9

38 s g ik lo 18 g cwbrs s cpw

O Sy Jad p0 09h oo Jol> sam (S S

Db Job axly o olad logy (Jate Jiz sl S

3s2g oyl bail J18 5 el Jole SYolee yo axsl Jolse

Yol Bllae Wb Sy Jad g ol slo olnl>
ol by sl 6,50

o.h =Gh

u=rey = (09 —v0y) == (@5 —vop) O

1290 (o0 Jol>
Ah

YY) (Y0)
Aoy = vAo,

Ao, =

ool Jobao gl sbvly ;o gam oo 4 S Sags
a2 (0 a5 (V) alal)

As = Ao,
At = Aogy

%)
el jo ouls aulxe Tg 5 0 la s 0,5 adlal
0p 907 slo i (V0) Ll 40 (Ji2 S ol ()15
O G A2 oo (S Snd ey Al gl o
ol Elad 45 Ll B 4l aalsl Sy 4 Kms i
A8 lgie alo e cnl 3o 05 00y (Siz Shas ()5
Sl ey gp oads o8 ol aS 0y (2,25 Hlade a5 8,8
Op (a5 bl Cawys 0g ) Jladie Sl &jg0a ST .45 L
polae ke (Siz Sawd (5] (25 glad o 0ad Jol>
5580 45 g anlys glad )0 (550 Ll jlead Grie
&S Sed il () glad s el 1 ol
o Ll cs‘élﬁ J“Bﬁ)" «5?)L$ e }‘ Qﬁw‘ ‘_“15)5]9
a4 (YY) akl, o dgl 5l eolaiul b oMol 07 00l ausl=e
Sirm Ll 3lbe O 25l B Calins s sl
S sl 9929 (I b &8ly jo 098 3K Oy, b ()
P2 Ui Olge 4 ead ools Cus Og ) (2,78 ke a5
ools Hlade 5l wglaie (>, ad jo el 5 9wl o
sl (6550 dasl 1y 00l
Okl & Al J> 03 oo (olal (25 &5 (S)yge 50
PR Iaze adgl (558 (o oLt s o Lol ) (oo
ol b Jolae g 09 Alr B ad el oo i



VF- Wb}‘ju—l\))ﬁ)ﬁ ‘rg.ig' O)LQ..:: ‘WS-ZSL_;“‘JL"’

SlSe (g 585

1404 I T & é . " o w3 a .
O Timoshenko-Grammel's Method Sy dJlSL‘\? )9']" a J“JS_?S""‘”W SoF 9 O’ﬁjo U9 )‘
,C.G\ 135 = Exact Solution ) . N o ae e P 3
<, Y gle US04 Lo 505 gl ol 23,8 1,5 oo
:125_ GLQ ) )l ‘5...:[; CL'L‘" S S Sl 00 ool uL““ V¥
0
0] - 8 . .. . P
5120_ jyok)loom‘buw‘wﬁj&mﬁsc@
Ells- JERE% w)ﬁMMm | J.o.’)f—}imw 89
=
el - “ o, e e S I
g 1ot oy Ve il 5l Sl ol ool ools Las ¥ Jgus
4 L T - “ . oo
EIOS .ML}Lsnu‘Wad‘iﬁd&ngl.goéw‘é)yd)y
é 100 |
O 95 (T o (5l Sesd (Sl g gwiid Dlasin ¥ Jsux
*S00 530 600 630 700 S g | Aol b dardedion
Radius (mm) YO Y. CO o),
o 55§ i b (153 alts e 25 g9 VT UK Mpa) e i
Joo S-S bged § 80 v 0 (Mm)gless
Yy (Gpa) Kb, aewsw¥! Jgoe
140¢ T T
© Timoshenko-Grammel's Method YA- - (Kg/m3) ‘Sll.i‘>
135 K —— Exact Solution )
= Yoo arpm) sl agly cus s
ch 130r 1 OC .
%125_ ye-\vy ( / )@)‘wa‘u{fa
% 120 f 5l Ogolsy oy
= . e
A 115 Yaia) (MM) Ko Cealiess
§ 110 |
<
2 105+ 6
g‘ 100
m
95
90 : ; :
500 550 600 650 700

Radius (mm)

b a5 ) sl U 553 s Jolao (55 i VF S5
Joo S-S bgesd 9 380

6395 5 oSl U 58 alie oy & g L

odal Cowd 4 i jliel g oo GllaS g Jou S 9Sidigas
Awdid 0l o i (5,955 3l eolaiul b aslel o 3ds > L
JS5) 5o el a8 F1E gy 050 Sl S b
Snd b dwdid Cwles Olynss by 5l oled (VO

el 00 00ld UL....J uoj)-‘bo 9

7 —

;ﬁ\!‘

Radial Stress (MPa)

0% O Timoshenko-Grammel's Method P

—— Exact Solution

_500 550 600 650 700
Radius (mm)

sl ki 5l osliial b oo)8 alte elass 25 e 1Y U
Jou S-sSibigens g 380

Y



SSlSe (i 585

800

700

‘= 600 F

(MPa

Radial Stress

30 46 ;0 66 76 86 96 1(;0 1 I‘O 120
Radius (mm)
Jdon b (P90 Gm)gh S (slad (5 @ V7 SO

1000

%
(=3
(=}
-

600 [ .

Circumferential Stress (MPa)

200 S AN S N S S B
30 40 50 60 70 80 90 100 110 120
Radius (mm)

Jean b (g ntyh Swmnd (amme G @38 VY JSS

1000

o
(=3
(=]

S0 %
700 |

600

500 |

400 F i

300

Equivalent Stress (MPa)

200 | e

100 IS IR NN A (N A N
30 40 50 60 70 80 90 100 110 120
Radius (mm)

Jdon b (P9 yae Gmtyss Seawd Jolae 5 maei VA IS0

Al

o> 9 8l

ol b (dudo Jdgp (omss 05 5 Jelod 5l

Sezd @lo 25 ms8 sbloged Jou S sSiligend (595
Vo el oads ools HLas VA B VS gla JSG 0 (54 yk0
oz Sl ORen g Ses el 5 @568 loges
30 a5 jebylen sl odnl b by sl VIA 558!
g, ol Cwlbrs dwsid Hyzmen (sl asine K& o)
Sl 4 Ll el cialS s g ial38l colad s Ol
MJb)o&ﬁu@‘@w%q‘Lgm%dM
b a0 5l 2,6 mhaw 4 L3l mlaw 5l Ol s lo..\m Y
Shis 3 ol Joleo o 51 5 e oloml 25 b il 5
anion plpls ol sal sasline )5 maw o e ooy
g 8l (o BT g0 (oo Vo gl jo (olad S e
polae Bl casl 53 a4 o3 el JL Ko Ver b ply
55 w53m Ll polia b (25 5 S5 b o
VWSS jo ] pomm i 8IS mls Coro saims ol
VA BsSal iz 5l (R S (e (235 @555 510900
Olypid 0920l ol ools lis o] ads Légn lp
4 Se05 sl ()1 5 o pobaw o o 2 5Ly
s g 31,8 5 b Gglad g Cwl Cul Cls b awain L8,
IS ol Clies Judg ol s 5 LGB b i sl
oz LGNl rysl Send Jolae (iS5 mje8 logad VA
o s cnl oael 1 b Jdg sl VIA eSS
S5 50 el Gl whaw g Joleo (25 (e aiian )l
S Joleo g (arme glad slo s gjei Hloges 19
Of ik b sln VIA BsSal iz 5l (508 (58
o ;o b 1 5b g (il Ol s ogo .l ol ol LS
boawaie [L8) 4 o035 jl 5 el o (2B 5 B
bl i gl i 9 5108 g b Dglay 5 el ol Cuolses
G35 opad Vo IS8 o el Culnd Jidyyy St S|
VIA sSal iz ) 55e0 55 S Gliralsl 5
5L e el o cwsl sals ools lid o1 aude L8g sl
S s e (5 Sl )5 esalin Oly (o0 o
S WY Ll odel s &y Slhon lcebsl g 6 g 009
el 009y Coll Clbrs (gl 0ads sl Jlade 4 Gy
oals ools Hlad VY S 10 00l gy 3 S d (g 89y



VF- Wb}‘ju—l\))ﬁ)ﬁ ‘rg.ig' O)LQ..:: ‘WS-ZSL_;“‘JL"’

Sl 53 53 o0 gl sls 25 (o 5| S5k &
OlF o SouSe b 5Bs 5 oad ool Sl Culis dwaia
sl Lol S lends gile eole awiis a0 0,5 culls
s 50 (6 s ST Al 00,5 s o iy Cwls
3 bl onl 58t g ad aales saslie bt sl is
dwdid SO dwdid (6 ke Jobee I el oS a1
4 Cond s jo glalhs sbul 4 jore 4 5 ol culbes
5055 o ool Ty Jor (b 5 Ll o sl 385 s
o0 0 dwlone S oo gume cawlio )85 g Soop e a
oolisl asl (sl (o) 2 9 Slosio slo Sl gy T 51 ol

S alg> 185 e cds ldlol> mlis g 0,8

als g S fdxi—#

S b el Jlog sl an ilrgs Sws S el o
Ehgm 2 opdle 45 039 axlga (535 0 Elygm b ol Sians
5 0392 597 o)l O)ygo & (Bl Elygm SG SIS (5 57e
IR OLSe L (o 0 Sews 597 e 90 2
ol oaes JSis ool olss g lusS awass glls g aid 3
S ol 7ok Gl sl ool Gl VY S o 0l (o0
sl 00 00ls LS ail>go
o o)1 Blid b & i b SKamd g8 0l el sl
0970 & Comd S (Bl g (55970 () S92 4 azgi b
S 5 o S o |, ol a6l o318
O Jeloss a4y 9 4285 1155 50 (Camw (Lo 35 (6,1357,L) JS
28 o Jdgn b Saws 95 ol Jelowi sl 0gd oo gl
Calns b sl S U sl 6595 5l oolitul 4 eSSy
e ol Gas a4 pl s axgr b Ll sl 5o olgds
S S Cuz Lad sl (p i 5 ey Sl b b n
31 ooliul b ailrgs S oyl Cgz Jod JE glo 25 g
a8 el sl ol Jou 5= 55idigans ol g el (Lol )
9 (st o 9 St Y (ae (A jlade adgl s b
2oy By (Solw DS g v (oo wgllan Gl 4 >
Wl S goiin o cpaiz slo Sl (gl 130
oo BV 1 g, ol 45 sl o oolizid] (ypmnile (655 |

DI ks s g e 4 a8 Cenl Lot g sl o

1000

800 F 3,

& D
[=3 (=3
(=] (=]

Stresses (MPa)

30 40 50 60 70 80 90 100 110 120
Radius (mm)
Sualed Jdgn b (Pgrbe mygh S sla 15 @jes VA JSS

Safety Factor

30 40 SIO 60 70 80 90 100 110 120
Radius (mm)
Jedon b (P98 mysh Ses Glaebl oo @i VoSS0

120
1oy

100|-

=== Thickness Profile
= AXis

7ol

Radius (mm)

60 F
50}

a0l

30 ' : : :
0 5 10 15 20 25
Tickness Profile (mm)

I rys S Clies by Y IS0

ff



SSlSe (i 585

OriPili — Ori—1Pi-1hi-1 _ d9ili —Tgi—1-hi—1 +
Pi=Pig 2

w?ré 2 2
= (ipihi +¥icapighi—1) = 0
Oi — Tpi-1 V(Gri = Ori-) n ;T ;1T )

E(pi—p,_) Elpi—p_y) Pi— Py
+l (1 +v)(oy; — 09;) " (1 +v)(0ri—1 — 0pi-1)

=0
2 Ep, Ep;,_,

ool rals doles g0 slo oiws 5l og S 1 @ alal)
5l Gl O yle a5 wiS

Cioyi + Diog; + F; 0y + Gi0g;—1 = H;
Ci'0yi + D' 0g; + Fy'0yi_q + G'0g;1 = H;' AR

iy (YY) LS asles 28,5 L o b byl o a8
Soke (V1) alal, @b (F+) aloles lol a5 ondjalls

:)‘l Y
Ci = 2p;h;
D; = ~hi(p; = p;_,)
Fy=-2p;_1hi4
G =—hi1(p; = p;_,) A
H; = -w’r.2(p, — p,_y) (vip?hi

+ Vi—lpi2—1hi—1)

OYolas olKiws pgo Jlaw jo oud ol ol o pisxen
e, le (YY) alal) 5. (YY)

, 1] v+y-
C; =—7 2v+(pi— pi_l)—
L i
, 1 v+1
| A s
, 1 v+u
Fi Z_E ZV_(pL-_ pi_1) p (VV)
L i-1
, 1 v+1
6 =—5[2= (o, pi_a—]
i

H;" = 2(a;T; — a;_1T;—1)

CoaS a4 (YY) 5 (YY) Luly) 5o ouds ke olpo als

hssin g iz @l 1o ] Ko 45 Gl aagly saglro (sl
Slalore sl Gz 9 )50 Siasd p @S> (5,105,L Ll )l
cord @) Jeu SooSilses by, iy Wb 5y
Lol ol o )lal a5 job lan g,y ol o .Cesl (usead
4 Sws (i = 0,1,...,n) 05b o1 gl (N + 1) Sl
3Rl S T L alie (S, & gy Al G ol
o @l @Y lael 5l plaabl Jpax jliie 4y 00,5 (o0
O abold pwrin SLSU g @ Slesi b (2ly )0 Ol
S 5 5 cslhs dsin & 4255 b 5 5 S |, nj
ol (107) G gyt slojpe b S T (28,5
3 2w g 00,5 dcwle 1) ool &Il Laly, o 0als ools
aS 0gd oo dbml (YY) Luslg, 5109 57 5l ouds Jol> OYolso

Yo

o> 9 8l

Al g Ss oyl ool oles YY S

SV Camdg (e poliaie 4y (ygmile Sgaoms JOlE b
b sysmme o)lie OBz slo Saws SVl (e 5o 23
ST pre 9 45 S8 b 5 @l eb Saled sl s
GO iy SO gy om0l oo colatul wails 18 Les
Jobss 5 6 )55k Jsdlyas O¥olae 35l 4l s aS el
o9y onl il lgiwl T b e e sgame Joles &Yolas b
el slael jo oals sboul Ol i b Blee (g5l Jow <ol
G oSl Jode oo ;o Sldd (Snd Cales o
L8] el 1ls 1) g, blusil co po 5 oole JE> gl
lolns 5 Jolss aloles 53 loj o by altaes S oliis
Slp o walys owyp Rlo 4 yazie 08 0 ) )5l
5 Sl (plgs &5 gyeme (lie Sygpanl olge
o T el 3 o it gl b o] Sussess
g Ol

d
d—p(arph) —ogh + yw?r,2p*h =0 (Y9)

Coleds b laine Segs 7)1 glass 1, alal, ol o oS
S oo byl (5 glad @ glad s P g S
(i Caales b aind S 1w olgads Cuales b awgy
b7y 5l glad 5l 9,8 b slads Slaises oo R+ 1)
b sgame Jolis is, b 05 o Jlosl Ty > )5 gles
glads 5l (Gond jo IS it S (s 5 Y (0) (28,5 5k 5o
el S i gl & Ti—1
» dy/dp sie oy 0= vie))/ (o= pizy)
eSile e S¥slee ol 4o b oad Sl 3sd S Yoles
O3l GlSG ol L Y (o jlade sl (0 + ¥i-1)/2
Oy L AlnS Lngb s_img‘\) L Josg}o dolee N .l o0l
595 oo ol (F+) alay



VEV Ceignn)l 5 (09,598 050 0)led (050 g (o Jlus

)l LS”L' u‘3_..c<u rl' ‘;S &Lv...u )J U“"" u...v.oj w‘ ol c\j‘)l

Beb (Sess (51 gmlas lame 255) G Jstme ke

5l Cesl O,le (VO) adaly

Oy; = AriOgy + By (¥0)
0g; = Api0g, t+ Bo;

Sy oomi gl sl B 9 Bri Agi Api colg el jo o
gl sl Bgi—1 9 Bri—1 Agi—1 Ari—1 <dlg oolal
Ari = kiApi1 + LiAgi 4

Ag; = kiAri_q + LiAgi_4
Bri = kiBri 1+ LiBg;_1
+ M

By = k{Byi_1 + LiBgi_1
+ M

%)

(YY) dal, b (YF) aal, 1o 09290 ulpo i) jo oS

_ (D F{=Dj F;)
i = 2
k! =(Ci’Fi -G F)

L ZL

_ —=(D{ G; = D; G)
e
U —(C; G —C[Gy) Y)
13 ZL
M, = (D H; — D;H;)

Z;

,_ (CH{ —C{H; )

Mi_Z—L-

Zi == CLD{ - CLDi

Arj aslos 4 51370 glad 13 Bog 3 Bro Ago Arg palie
b gly a5 9 )1 (5550 bl psi b By 5 By Agj
1w (30lo (VA) Laslgy yimgy (pl 50 gllas

Arg =Bgo =0
Ago =1 (YA)
By = Org

P sl ail> gy (77) aal) Jlge 65,5 4 b Gus
solie 4 B 00,8y |y, Bgy 9 By Agi App polie o
ail> )0 a5 ol A5 lde (52re e Brn 5 A
O9y OSL iy Ay oo (Y1) abaly el polae >,
09l oolaiw!
(ARY)

— (orn_ Brn)

760 Arm

O Sl Coxdg den LS sln (TF) Laly; acgene

—5Sbgand gy A Cumed (B9, E98 (nl Coje el sl
3979 b eigred el (228 o pb ol @ 5l poe oo S
Joo S -9Siligond by, 4 S gy (omidS (S
Iy Sl eSS [S0s5 diwle yo aladls ool Jill glas

SlSe (g 585

3aiiee Jagzme OYolee 1 sellb (21) L bl o
salolul Y 2(n + 1) j0 eai ol a5 laie 2(n + 1)
M+1) cm «(¥Y) Ly, Lawg OYolre (27) pags jo
s o Jlade M+ 1) 5 0y sl Glo sl lade
9 ML’ & C)Ja.c oK O‘.’.‘ QY% Qle.:.cd..g Ogi stLQA
S maw jo elad i jlade Cdel OY s ol e
).>] AS.W.aQ L5>)L> c.la.«))Q ‘SCL’I.U.: uwu.a 50'r0 LS"M‘ u_im.»b
.maw&&wl)oli‘wo&6}ﬁlqlr$5ooyﬁ9hA0rn

i 635 10 Flygm b Shand (Gl 00d (my 12 8590 50

5l sl Sl (VF) ala, 5l a5 945
060
Or1

091
Or2

092
Orn-1
Ogn-1
Oon
[ Gy G Dy 0 0
Gl ¢ Di 0 0

D

N

)

N

=)

N
OO OO0 O
OO OO O
OO OO O

0 0 0 0 0 Choi Dpr 0
0 0 0 0 0 F, G, D,I1
0 0 0 0 0 Fr G, Dn
_F1 Oro + H1
- F1, . Orp + H{
H,
H;
X Hs re)
Hy 4
Hyp— Cy. O

! ! !
Hp— Cy. O

SIS (srhe Ses oS coul (o 4 bgyye (398 alai

28 S oS 50 Sl o 2Bl (55570 g SO
Sade GO iS5 () = 0 glad) Jols mhw jo il
o S 3550 ln 550 kil e cnl o e Joeee
Ol 3 heme 5 el lo 25 ol Sen Jloel Loy Wil
90 (! S Opg = g 8,5 5 ;0 b9 09h (le ala
261 gl (F1 + 6D 561 sbm (Fr + Gy el (36
(V) kil 510y slo ©)le 5 998 3Rl cal o il
Wl axwgs (g ogmle (ol o Jgas8 y0 09,5 Sl
25 Oype & a8 S Oy Slelidl g (Jgar Slosle sl

\2




SSlSe (i 585

il ko 098 (oo (o (G AL e ailee 53 Elysm
L wbd o pyr g o5 SV Ol pmy 6l S
u&&fd)u;bf‘w)fwsua‘owooumm
MMJ"J’UU"‘ ﬁl.?u‘ Ls‘)" ol 00 r:l?u‘l.mw).w
94858 oy 3550 AliSe ghale pobaw b sl 4l sla
Ehsw Jedon 4 O Sln Posbe Slo aniin (oled
e G 3 (oliabed B 5 o2 42008) 45 500 b
05995 el 50 oy o]y el oas eolatnl b ke (g5l
@ a5 iy nl aels sgame ledl g5 ezmen s,
olawy LB o alivcs vgaome (lodl o j0 a5 &g les
Mmm&mwwm&)loﬁw
Sl b Sl 5308 s 97 5 95 a5 00l IS5
Sy90 J.> 3y oYl O alols MK L! 9 la o; Slows
Po) 3 el 5ol vl [ SKes (Aly amii a4y (o)
ST Soge ol 4035 oo (b ) alio gunlp )l
o o] ol ol atecn g (ke JB (Soe Y oled
& IS el S o e g 005 Jo o4 S,
SOl alie (@b Ol s o3h 0gr Sguote 4 Az gi L o]

Olee 53 bl M 4 (Soe dlwgy aballs Colein lp Jebov
oled (gl At g 00 el winnS J> >N L oL
0 4l (e 0Lk 5o 5 el Julod e O j90 4y Y-
A BlsE G5 i s e 4 o Jo Y
& ol Bl iy A Ll Slass 4z o ool ey
Sledl Plus Gozmen cnlplo il walys 5 Soo3 cuedly
bl oty SO o cdl> S5l o oVl o8l b sgase
o o Ll shast ity al38 5 395 S ol o gl
ool oy cdl sl dalol weid Jo cds ol 4 i
et Olazwe J)le 4 L avsin bbb, Ll
sl o33 By g Sl patiie 5 ol ()15 5 (IS
M5 o 2 5 Sles o l51S ol 3 Sl oli
O Dlyuss g 0gu 423\ Jla3 o Lie e e AV L -
oS alads Vo diogn 03b ol oo cpl jo el dingn
ouds aly plade awain Fov oloul 4 omie a5 Canl 0slls Jous
e O0y9) Caws gl OVl aled o el
B,k 1l ouds oolaiwl oo)leds (g3le Ay b, 3l by
Codgize 4 4z g b a5 Cils axg js 4SSl 4 b Koo
a9 Jolod a0 n5 slaad cole 5 Sk b
b ol il Slsieas oy 55 S s ik

v

o> 9 8l

iy il 4 Cod M+1) age Jby ez oS
[a] o)l gl o o3 4 5Ls (20 X 2n)

lad 4 S oS piliie gmile (g (Egome 5o
@ e Lol el Joy 5= 5Silg0ns (g) 2 Connd (55 389
Dgd o0 Seand 3 Caand Ha 50 (65 col S¥olas LSS
alrgs Sgo > gl cwlbes Jdgpn a5 cpl 4 axgi L
Slp aiS oo ye eld sl o s culs Glyls
Celed b Sy S VY IS8 L Billae T oy aalee
abii N slass a4 L1, eled glisl,) ;o dingy &hgo 4 o
5O polre g eled liul) (o ailS e ples b anilS
Dgh (o0 485 ka0 0 (S sl 50

X
|
'
J

by = a, 1o by
1
J
!
)
)
L

0 il

Golass @ st Cules b dtwgn Sws g Y VY S

Oebe b plp adls o culis (28,5 s LSS L
&g-szLiAI»L?BG;ﬁQB@YLCsJQM)o&wB&é
oy b olgzds dwaia b S s p 2 o dal> o alold o S

55l !

m=pxV - » pxhxmx(bf—af) (f+)

n
i=1

3y50 Sd Judgyy Caled b plp Ry abaly ol o oS

&)aﬁjbjdblocjhwéwbﬁlﬁ%;@bi5ai

,_5‘ ‘\JA é‘)g.w Cols J.ﬁg).t L 43!.?50 S -Y

b i yoi b dilrgo Sns la i Jdow iz ol 5o
ahio Cwlrs SLSU s b s8gee Flygm SO ol o>



VE ) Cotgndyl s os,8 oS oyled oy 5 oo Lo

2.5 T T T T T T T

—~
en s d
X idl ﬁ .
= 2 A o
= : i § ‘ SRR
&h o CEEE BB
R i W o

i T I HIHIHITIERERY
2 15 ] ai'iln",ln"-"!'
= I I ‘ ‘ i i HIHIEAE
< 3 \
i ! ' g y ™
o 1
k31 SIRIRIE ' ' ' '
< HE K
s SIRIA
205
3 —— Dsik Weight
(2 =-==Disk Safety Factor

—— Critical Safety Factor Area
0 . L | .

0 50 100 150 200 250 300 350 400

Profile No. (mm)

@ ailrge Shws bl o po g oy (Yl oy YO JSS
iz aly slo L3y sl

2.5

~

Y

— Ll [

= I

=h Pob i

. I 1

5 RN i

=i i i (i 1
L]

2 HIHIE

g H ] 3
i RIE

5 MR- '

k) NIBIA A

< A

(s

2os

& x: 21 —— Dsik Weight

(2 Y:0.1836 —=-==Disk Safety Factor

== Critical Safety Factor Area
0 L L . L L . L
0 50 100 150 200 250 300 350 400

Profile No. (mm)
S 5l cmlin bl o 5o 5 0y dige > VF S
iz aly glo by sl 4 ailgo

b slo dgn sled 25 mie Jlged YV SO 5o
Ory Sems lp At o awaia Lol (o) alise
b el oalools Lzd VYA LeSil w5l Ken dil>go
SUSL Cuwls BB e ax o a5 cwl ol 51 S
g Sl Gl 4 e 09d oy (s gl y0 09790
5 5 s 5 25 5 0 oo s 3 ln (25 ST
ol dlie (6550 Ll 5l (LB S polie b plp (20
Sl Coonl oaias lis Zaogds b (S 00gdome (pirad
sk pled bl oo Jol> il dgn jekaie 4 aige Jubg
s s Yl S o Cwl asein Jloges ol jo aS
A Cowl dge b o elad s At ol P LAy
23,5 03l ConSh a4y yomie WilgT g0 b Judgy ol Sl

SlSe (g 585

J§|J> 05..» dmlDLa uio.n )‘J.O.A Jﬁ‘d} 5o ...\JL’ 9 009 C).E.a

LJ’“"') oYl ml.?u Ls‘)" 0AL 43‘)‘ .Lu‘j) ‘5.‘.45.' 85 lJ
on 3 Ogdle (o9 sl eslainl b aly fdg 0 b ailzgd S
g (bt qwsin S Feo) 095k slo Judgn (soles
g oS 2 boab dwsin (e (il e 0923 Jles!
lad oloul b pzmen ol ool dwlone Sude slo Codgue
g 485 pbnl G5l (5900 dilrgs Sawd 59, 2 03Y
Syer 5 G5 DY 55 0ol Sloml Ol st gy bedon
ol ol Cowd a4y e 3800 5 30 cwngi oS 5l solaul L

oled slp oud plxl la oy p g (mgp 05
5l ol mls aslsl o g sl Cass 4 aige cdl> oYL
ol &l| iy S @l 3l S ST oy g Jelos
alizes aly sla g culies x50 10505 YT S jo .l
al>90 e S sl @l b avsia boads o) p
el 00l o3ls HLas VYA BeSi) i 5l Ko

Jon Olebl oo s ) @l Jloges YO JS2 50
@éd‘f@usumwboww}f@u&sb
oo oaly lid YA PBeSl iz 5l Ked ailgd )68
wﬁbﬁ?d)msowcjlaﬁ‘f‘)béﬁmbybw‘
Condge a5 0dl By Ay Aol Olgiedy e liebl
0dls ools Lzd V& S (o flosebl o po 9 0,2 digy polas

120

—— Disk Thickness Profile

el
(=1
T

70

Radius (mm)

60 -

50 F

40+

30 . . . . . . .
0 1 2 3 4 5 6 7 8
Tickness Profile (mm)

4.JL>30 ;i....,o 6‘,} ol w)):ul:?usdlédl.ﬁb J.:.Qj)a Yf J-i»:

A



Sl (g 85

g o5 lwaz o Vee V0 5l A mhau sl g5l
asl oy of § le ax o Yoo 400 5l o) mhaw
TS TIPS L S CESCHN IRV SRPI RO
S 2l > o‘ﬁ-“ﬁsx;tsw‘ °°9€)‘;‘f)f31" Sl
Ve Slaike (o5 50 Gyl SlSU e o)la allsge
039 aly g ualied SLSU ki 5l (2L Elad 6 ol
S s Gl gl (ol )0 Culis pals b 4
o 5 2155 IS 28l ) S gl 55 o il
2l ol B el licabl sy i Sgugp 5 (6,5 S
o waw G (2B gl 4 S0P (Hly e

o

700 T T T T T T T T

600

500

r

400

300 1

Radial Stress (o) (MPa)

200

100 |

30 40 50 60 70 80 90 100 110 120
Radius (mm)

Slil g ailego Sgs (6l solad i w95 Hloged YY S
s aly slo Jdgn

2000

%
(=3
(=]

1000 N

[
(=3
(=}

Circumferential Stress (o 9) (MPa)

(=]
T

-500 : : : : : : : :
30 40 50 60 70 80 90 100 110 120
Radius (mm)

Slil a4 il g0 Suss sl awors 15 #0595 Jloged YA S
caliee aly slo Judg

&

o> 9 8l

d slo Judsy e 5 i Jogad TA US55
Oeyd Seand gl e o dwain b odds gy iz
3wl oo oaly las VIA BeSl iz 5l Ko dailego
0315 LS by 4 gl )3 calie Judg p SN ST 3 et
Jedg s bl a8 el oals ool ylid a5 (6950 4y el 00l
S maw jo sl il 4 e Wl co wlial
Ll 58 .00,5 S g b Saws Cos i plp 0 Liow (S b
ol I35 s e g
Alidee aly slo Jdgp Jolee (25 @95 loges YA JSB 50
Wl o ye8 S gl @l slo awaia bodd o)y
OLES 55ee (o ke 5l eoliiwl b VA BigSiul (o 51 (Ses
conlie by ol gV apanl 55 Lyl o ansl oaools
SLSF 4z m 45 Gl 5 el araliaJlE il b 2
O O DS 9Bl Joad Jedgp )0 gl 4l Culis
Sl (L o oS Sl oad iy (7)1 5 3 zshan
gl azgi ol &

b slo Jdgn Oleebl cups @ Jloges Yo IS0 50
Oed S sy it b awain b odds gy iz
ol oals ools las VIA L Sl iz 5l Sen dil>go
V5l e § L 45 el ol sdime lid loges
BB o oS el ot 51 a5 ot b
3 aeS oy sllo &S e )3 (g atils (b 5d
28l o oy M a2l Y ol

S5 g ansge Sl o onel s 4 aly 89 T SO
Jdon b alrgd Sand 03,95 hp som aw sl TV
&9 Hloges YV S 50 aims (oo lis ) aige aly Cuoles
LSl ools ylias sawl Cows @ dg aly by slo 23
S ) Glebl o yo (630,3 TY 35t 5 039 9 55 a8
a5 was oo ol Al Gy b o b ubd o 1) ailgo
OBl j958 5 ALk Sl s ol adS Sene SOl
5 78 slo o jsliie 4 adgl diged cles 6l (2w
Obaebl co po dgy b jo 00 o plis zgdg 4] 49l
odel Cewd 4 p T YPY L ol Sss oy 5 VYA L Ll
Sewd cdl b bl o p iy gl Al i ralS s el
YVETE la S350 rizred a0 (oo 4t ]) 4G g L
card g Jolae case eled 5 @i lajloges
anglio 3590 (g3l S plowl jlam 5 JS Sy Lol
S,loges yo SLSU Ol s ol Sd o3 conlaid 513
2 GUEL Sl obnl e @ plebl ey 5
SaS 5l el 0 3ol (Colis Jols) allics awsin



2000 T T T T T T T T

1800

1600

1400

e

1200

1000

800

600

Equivalent Stress (o ) (MPa)

400

200

30 40 50 60 70 80 90 100 110 120
Radius (mm)
shl 4 ailego S gl Jolre (iad muje8 Hloges YA S
alizee by slo 99

JB9n L ailrgd Shus 00,55 (Ap som 4 L TV S5

800 T T T T T T T T

20 T T T T T T T T

600 [

] P
f=3 (=3
(=] (=)
. T
Safety Factor

Stresses (MPa)

-200

400 . L L . L L . L
30 40 50 60 70 80 90 100 110 120

Radius (mm)
Jdon slil @ ailrgd Sawd Gl b (25 @58 Jloges YT S0

30 40 50 60 70 80 90 100 110 120
Radius (mm)

S5l & ailrgs Sss sl lipabol g 5 s loged Yo S

@l ay sle 89
300 , . : : : , : ,
, 120 , . , : , : : ,
—— Before Cooling
2ol ====After Cooling | 1ok ]
_ 100 - 1
£ 20} 1
= ~ 90} 1
S 2
2 150) 1 = %07 |
O wn
- Y e 2 70l |
E
2 I |
g 100 A 60 1
50 F i
50 ]
40 i
% 40 s s 70 0 % 100 10 120 30 ‘ ' ‘ l ‘ ‘ ' ‘
0 01 02 03 04 05 06 07 08 09
Radius (mm) Tickness Profile (mm)
Sl @ ailgo S sl olad L35 mje Hloges Y S Sj) @ ailge S Cales Judyp qoi95 Jloged VY JSCo
il So3 Slam g S ags Al slo Judg age dy slo Lég 0



SlSe (i 4 705
GOy Juwo Cdo g gl ww o -A

@ @bt ool pleebl Jga> 5 yiier s omyp ok
5 Sl Joe ol Glaghy 5o ool o) 5l onal s
WSS Dygo SRR 5O (swip e Al 50 S Ll
Caws & ol g 5l eolansl L VAL o) Ken 5 SSl5 lawgs
Sloal 25,5 a5 0 b aige dwais Suismen Sl ol
@ by o ol dnslie .ol odal s 0 [VA] g 1o g3y
B e b (2l glad 5l s gleaddie Sk )58
4 Al i g adgl dwin o (Bgrke dilr 9o S o
JORUR PV ALY g g pol> Limgh 0 odel Caws

el o0 ools (L3 ¥R o YA (sla JSC

1060
SO0 % 1
600
£
= 404 1
9 .
7 200 + a - Finite Element Method [19]
— - Prescnt Method
0 x o -Finite Element Meshod [19] ‘
-t~ Present Method
=200 F o a - Finite Flement Method [19] 1
e 0 - Preseut Metliod ‘:
_‘ub i 1} . 1
50 100 150 200 250 300

Radis {mm)
wlar 90 Sws jo 5 sloadlie mje8 (el anglie YA JSS
[\ﬂ] Mj]" )0 W) R =LJ5|

1000 v T T

SO0

Stress (MPa)

Finite Elcnseme Method [19]

0 Preseat Metbod

n o, - Fialte Element Method {19
- =« Present Method

o «, - Finire Flement Method [19] 3
« o, - Present Mcthod 3
2
=S00 > %
S0 104} 150 200 250 300

Radius {mm)

Gl g0 Sno po il sbadie a5e8 (Sl anglas YA S
DAl iags 5o ool s 4 age

A

o> 9 8l

800 T T T T T T T T

—— Before Cooling
====After Cooling

o

(=3

(=]
T

IS

=3

S
T

Circumferential Stress (09) (MPa)
(3%
(=3
(=] (=]

-200

400 L . . L L . . .
30 40 50 60 70 80 90 100 110 120

Radius (mm)
Slil a4 il g0 Suss sl awors (35 ma395 Jlaged YO S
il SaB Slam g S a4 la Jdg

800 T T T T T T T T

—— Before Cooling
=-== After Cooling

700 F

€
W (o))
(=3 (=3
=} =]
T T

N

(=3

=]
T

Equivalent Stress (o ) (MPa)
W
[=3
(=]

200

100
30 40 50 60 70 80 90 100 110 120

Radius (mm)
Sl ailego Ss sl Jobas i mu395 loges Y8 S
Sl S lam g S ange 4l o LS9

10 T T T T T T T T

—— Before Cooling
==== After Cooling

e
~.,

N,

'~

Safety Factor

1 L L L L L L L L

30 40 50 60 70 80 90 100 110 120
Radius (mm)
Slil s aile g0 Suss sl Glivebsl o yo 2565 Jlogas YV S
Sibe S gl g B8 Ao 4l slo b




VEV Ceignn)l 5 (09,598 050 0)led (050 g (o Jlus

[2] Cairo, R. R., "Twin-web rotor disk", US Patent
5,961,287, (1999).

[3] Cairo, R. R, Sargent, K. A., "Twin web disk: a step
beyond convention, Journal of engineering for gas
turbines and power", Vol. 124, pp. 298-302, (2002).

[4] Lu, S., Li, L. W., "Twin-web structure optimization
design for heavy duty turbine disk based for aero-
engine", Journal of Propulsion Technology, VVol.5, pp. 6-
34, (2011).

[5] Yong-xian, L.U.A.N., "Structure Strength Analysis
of Dual-web Turbine Disk", Aeroengine, Vol. 38, No.5,
pp. 38-41, (2012).

[6] Shen, X., Dong, S., Chen, Z., "Research of an
advanced turbine disk for high thrust-weight ratio
engine"”, Turbine Technical Conference and Exposition,
ASME Turbo Expo, VO07AT28A006-V07AT28A006,
(2014).

[7] Dogonchi, A., Ganji, D., "Investigation of heat
transfer for cooling turbine disks with a non-Newtonian
fluid flow using DRA", Case Studies in Thermal
Engineering, Vol. 6, pp. 40-51, (2015).

[8] Qi, X. D., Shen, X. L., "Multidisciplinary design
optimization of turbine disks based on ANSYS
Workbench platforms”, Proc Eng., Vol. 99, No.1, pp.
1275-1283, (2015).

[9] Vasilyev, B., Salnikov, A., Semenov, A,
Magerramova, L., "Twin-web turbine discks: partl-
design and analysis of their efficiency, Proceedings of
ASME Turbo Expo 2018", Turbomachinery Technical
Conference and Exposition,GT2018, Oslo, Norway,
GT2018-76306, June 11-15, (2018).

[10] Vasilyev, B., Magerramova, L., Salnikov, A.,
Tsykunov. N., Isakov, V., Semenov, A., "Twin-web
turbine discks: part2-Fabrication and processing”,
Proceedings of ASME Turbo Expo
2018, Turbomachinery  Technical Conference and
Exposition,GT2018, Oslo, Norway, GT2018-76310, June
11-15, (2018).

[11] Long, K., Wang, X., Liu, H. J. S., "Stress-
constrained topology optimization of continuum
structures subjected to harmonic force excitation using
sequential quadratic programming™, Struct Optim., Vol.
59, No. 5, pp. 1747-1759, (2019).

[12] Giraldo-Londono, O., Paulino, G. H., "PolyDyna:
a Matlab implementation for topology optimization of
structures subjected to dynamic loads", Structural and
Multidisciplinary Optimization, Vol. 64, No. 2, pp. 957-
990, (2021).

[13] Shen, X., Hu, W., Dong, S., "Multidisciplinary
and multifidelity optimization for twin-web turbine disc

SlSe (g 585

soliinl b 29,80 Suwd Judows 5l o] s 4 b anslas
w8 )6 dguze sl 2 (e B9, 5 > SR (b )
b 25 e 4o oys VIA lbs 25l [NA] 4z e 5o
10 (630,0 OF laz iSTas g adgl awain L als> g0 Sso
Ao 020 oo L |y aigy o @ bogs o sl i (yuass
Loosel Cows 4y gl jliel g Cdo H95as ol s 4 s
5 oS oo 0l )yl gy o aid, IS g, Sl eolia
SUbsy 4 Cumd VL Jlewy S b gy ol 5 Olie
bolocsins L8, bl jshaeay sgume szl 5 (e

A 0o o dil g0 slaSun s il e Cwls

S S azs -4

Feoo o alrge Suwd Glp ol cans s IS5 ebay
&l ol cpl soolatuwl L as ols ylis alirs  cwais >
P35 SV (B 0 9 S B > dle s Ssnte
S sy Vo B 00 5y e i g o |
Ko ogags SV Sl olass jo lgs g aidly 52l Jg
S5k At Ghg Sl oolitul &g 58 ol (red a4z g5 LB
| Y | A PR U ~p - JURUSWI CONP W CF it | PR
dwdin 45 adgl oole g dwasa b uld [0 ouel s 4y dig
S 2l pels oy A Sl i (2l ez 09 wiile 4l
Sz fod g e e ST )3 S py2 Kot oS
oy eitred 20 oo lid | Al dilzgs 4 Al ST
Slom g ey Vroogas 0 6,8 S 51 S 5 el
o Oized 8l dgups a0 VY 5l o (6,5 S Jlesl
(sld pohaw (eled jo 25 iy JelS 55 )5 S
@ Sed Gliebl o pd dgp aye g Jole 5 arme
Iy Swd o5l (5,5 S5 cone YL Cot] a5 Bl s
Sy Gl 55 )5 SS Gl G Geimen e (o0 LS
w50 g Jolee 5 (e o olad polaw (oled jo 2
WYL ool a5 sl Caws 4 S liwebl o g

A oo lid ) Sws ojle 5,5 SUS Coes

1508 g ,Sid e

£S5y s (G19y08 5 el Slie Allie cnl Bty
Dl oo 5l o))l sl slesal, Sz 55015 Lo joame

&=l -1
[1] zZhang, M., Gou, W., Li, L., Wang, X., Yue, Z.,
"Multidisciplinary design and optimization of the twin-

web turbine disk", Structural and Multidisciplinary
Optimization, Vol. 53, pp. 1129-1141, (2016).

oy



SSlSe (i 585

[17] Vullo, V., Vivio, F., "Rotors: Stress analysis and
design, Springer Science & Business Media", (2013).

[18] Halliwell, 1., Exoskeletal engine concept:
Feasibility studies for medium and small thrust engines,
Glenn Research Centrt, (2001).

[19] Zhang, M., Qin Y., Shouyi S., Lei L., Xu H., "An
efficient strategy for reliability-based multidisciplinary
design optimization of twin-web disk with non-
probabilistic model”, Applied Mathematical Modelling,
Vol. 82, pp. 546-572, (2020).

oY

o> 5 9 Sl

with asymmetric temperature distribution”, Structural
and Multidisciplinary Optimization, Vol.60, No.2, pp.
803-816, (2019).

[14] Wang, B., Wang, G., Huang, L., Xu, S., Tian, K.,
"On the preliminary shape design of axisymmetric twin-
web turbine discs considering the burst speed constraint",
Eng Optimiz, Vol. 1, No. 1, pp. 1-16, (2021).

[15] Wang, B., Wang, G., Shi, Y., Huang, L., Tian, K.,
"'Stress-constrained thermo-elastic topology optimization
of axisymmetric disks considering temperature-
dependent material properties”, Mech Adv Mater Struc.
Vol. 1, No. 1, pp. 1-17, (2021).

[16] Song, J., Zhang, Y., Guo, X., Gao, H., Wen, W.,
Cui, H., "Topology and shape optimization of twin-web
turbine  disk”, Structural and Multidisciplinary
Optimization, Vol. 65, No.2, pp. 1-20, (2022).



ISSN: 1605-9719
DOI: 10.30506/MMEP.2022.541756.1970

S omyg goy 10 ] (K59l 5 (SHle ass p (5 950
IS by s3I 1 gus (i

B Cpyeh el A8l 201330 Sle mdan 50 (655 (gl Lol cumaz ]38 o golazdl ol (o 4y 05950l to0uSsy
Sy el Slez olaidl jo e Julse 51 (S Coo Gl als sage  GleT st 0 cete GBS (G g8 jslane
9 Dy a0 3l hoye 10 YL (Salioge 5 oil ol (gl .l 00,8 4 25 ] polie aly adg) glo L
4z Joos b axd it slaildl o oy 50 0eT IS oS i (sl i b iy Saliag nT ¢ SV (5899 jLad
Orssd 35,0 dulyd e el eads soliiid (Seolys Sl mile 5 658 slo sy 9 L Sliles YL Ol
6l oy o 58 (SKojgllie 5 (SlSo (sla iz ol gy 53 205 (] jee Ghals el ol (e b s (B
Bl CSs b, gile b oy pae podd glp ol 43,5 )3 g 0550 o)) 2 Adé (Gl Olge drwsd g oy
b s g oy aile oduoy ) sl gl 5 onls 15 syl el alies glo it oS5 el lulil
@l oy 50 Jhibsy Coetl (358 0 jl5e oMl e 252 4 Sl 5 U sl s g (SlSe sl 45 i

ngd)jA Sldlas ‘55..4540 UA.LC: wﬁg)CA.Q}wTJL’WLgLQme))J)] o C»w.:] eJ.LC:)SQ Lg)lfu.u)js

S0 (owdeo 4y i
Oy Sl lwasieo ol (code 4y o

ISME

59y 4 00

& s

.(_g).';SJ 53;;.’2.3‘&
SEle (pmige 0aSiils

R JUTpReT o) iils

o> wgs duw
T

bl

S siigs oSl
A i olKils

.>|}v S P, mlag'
Lzl

5 SlSe qwaigee caSlisls
WA S ol olge
REES

IS5 il 5T s Els (55,55 (Ko o3 o5 eomys5 S oy lodaly s ol

ol 0 gy pt5 a4 S s ey G50 allie

VEe e lo A F il s
VENYY Gy

Mahdiye

Khosravi Khezri
PhD Student,

Faculty of Mechanical
Engineering, Birjand
University, Birjand

Seyyed. Yousef
Ahmadi
Brooghani*
Professor,

Faculty of Mechanical
Engineering, Birjand
University, Birjand

Yadollah
Yaghoubinezhad
Associate Professor,
Faculty of Mechanical
and Materials
Engineering, Birjand
University of
Technology, Birjand

A review of mechanical and metallurgical aspects of
damage in turbine blades made of nickel based
superalloys

Abstract: Today, global demand for energy has increased due to economic and population
growth. Turbines play an important role in generating power in order to generate electricity.
This industry is one of the important factors in the global economy and has experienced
continuous growth from the early years. To achieve higher thermodynamic efficiency in
turbines from higher inlet temperature and pressure, advanced aerodynamics, efficient blade
cooling systems, advanced alloys with higher temperature tolerance, heat treatment and metal
and thermal barrier ceramic coatings is used. Under turbine operating conditions, some
damage may occur that will decrease its life. In present study, mechanical and metallurgical
aspects of turbine blade destruction and the development of materials to overcome it have
been analyzed. Failure mechanisms must be identified to estimate blade life. The combination
of different variables causes stress and complex damage mechanisms such as creep and fatigue
are created by changing mechanical and heat stresses. In addition to the above, the importance
of coating on gas turbine blades is mentioned. After investigation of various aspects of damage
to clarify the issue, some case studies of failure during operation are briefly described.

Keywords: Turbine blades, Gas turbine, Fatigue, Hot corrosion, Nickel based superalloy
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3 compositional transition

4 face centered cubic matrix
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Simulation and comparison of the performance of two
PID and adaptive controllers for the active suspension
system of vehicle 10 degrees of freedom

Abstract: Suspension system is undoubtedly one of the most important and basic
subsystems of a vehicle. In this research, in order to fully analyze the vibrations of the car
body and chassis movements that enter the occupants, a complete car model with 10 degrees
of freedom has been used. After simulating the car suspension system and designing an active
suspension system to eliminate disturbances, a comparison between the two types of PID
controllers and an adaptation for the mentioned suspension systems will be made and the
differences in vibration control will be studied. Due to the constant gains of the PID controller
and also the uncertainty in the vehicle suspension, the PID controller is not able to control
and decrease the vibrations on the car body, so in this work of the adaptive controller with
non-fixed interest to control and reduce vibrations applied by road surface roughness to the
car body. The innovation of this research is the design of two types of PID and adaptive
controllers to reduce the vibrations of the car in three feedback of displacement, speed and
acceleration for the model of 10 degrees of freedom (complete) of the vehicle.
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<P1C1)] Xa-— Cssrl[ch —fa—¢c— (ch1 —0,a, —
Gr0)] X a+ Kegp|Zog + 0b + pd = (Zogy + 6,b, +
01d)| X b + CoqolZeg + 6b + ¢d = (Z g + 6, +
¢1d1)] Xb + Ksgrp [ch +6b— ¢c — (ch1 +6,b; —
@.c)] xb + CSSTZ[ZCQ + 6b — ¢c — (Z'Cg1 +6,b, —
¢1C1)] Xb=0

™

Lix(cabyPeg T Kssin [ch —0fa + pd - (ch1 —6,a;, +
‘P1d1)] xd+ Cegq [ch —0a+ ¢d — (chl - 0,a, +
¢1d1)] xd— Kssrl[ch —ba - pc — (chl - 91 a —
(P1C1)] Xc— Cssrl[ch —0a — ¢c — (ch1 - 0,a, —
¢1C1)] X ¢+ Keqp [ch +6b + ¢d — (ch1 +0,b+
‘P1d1)] Xd+ Ceqp [ch +6b + ¢d — (ch1 +0,b, +
¢’1d1)] xd— Kser[ch +6b — pc — (ch1 +6;b; —
Qalcl)] Xc— Cser[ch +6b — (/JC - (chl + glbl -
$1¢1)] xc =0
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Dl oo ool Slp Em S5 5 sy S5 > (sdges
Mcglzncgl — Koot [Z —fa+ @pd - (ch1 0,a, +
P1 1)] ssll[ —6a+ ¢d - (ch1 6,a, +
¢q.d 1)] Koo [ch fa — @c — (chl 6a; —
‘P1C1)] Cssrl[ch fa — gc — (ch1 91a1
(,0101)] sslz[ cg+9b +(pd— (ch1+91b1+
‘P1d1)] Cosrz [ch +6b+ ¢d — (chl + 91b1 +
¢.d 1)] Koo [ch +6b — ‘PC (ch1 +6,b; —
(plcl)] - ssr2 [ch +6b — (chl + glbl -
‘/’151)] + Ko [ch1 - 0,04 + ‘P1d1 - Zwll] +
Csz1[ch1 — 0,0, + ¢1d; — sz1] + Ksrl[zcgl -
Oia; — @101 — Zwrl] + Csrl[chl - 91“1 — 10—
Zwrl] + K, [chl +60:,b; + ¢,d; — Zwlz] +
Cle[chl + glbl + ¢1d1 - ZWZZ] + Ksrz [chl +
01b1— @ic— Zwrz] + Cer[chl + 91b1 —¢16—
Zora] =0

9

Iyylgl + Kssll [ch —fa + (pd - (chl - 91 a; +
2 1)] xa; + Cegq [ch fa + ¢d — (ch1 —6,a, +
o) 1)] Xa; + Kssrl[ Zeg—0a—q@c—\Z;g1— 0,0y —
@101)] xXa; + Cssrl[ch fa — (pc (chl - glal -

‘f’lcl)] X a; — Kepp [ch +6b+ ¢d - (ch1 +6,b; +
o) 1)] X b1 sslz[ch +0b+ ¢d — (ch1 + 6,b, +
¢,d 1)] X by — Ky [ch +6b — @c — (chl +6,b, -
‘9151)]Xb1 - ssr2[26g+6b ¢c — (ch1+91b1_
¢1C1)] Xby — Kgy [ch1 —6,a; + 9,d; — Zwll] X

a; — Sll[chl - 0,0, + ¢1d, _Zwll] Xa; —

Kgq [chl 610, — @i¢1— wrl] X ay+ Ceq [ch1
610, — ¢yc, — wrl] X a; + Ky [ch1 +0,b +
®1dy— Zwlz] X by + Cle[chl + 91b1 +¢qd, —
ZWZZ] X by + Ky [chl +6,b; — @i, — Zwrz] X by +
Cer[chl +0,by — @0y — Zwrz] Xb; =0

McabZ + Kssll [

SlSs (grdigee 4,

s Syl N Jg0

Parameter Value  Unit
1 Mwll - erl - MwlZ = 60 kg
MWTZ
2 Meap » Mg 1000 ,1200 kg
3 lel = Kwrl = lez = 37000 N/m
Kwrz
4 Cwll = erl = Cwlz = 700 N'S/m
er2
5 Ksll = Ksrl = Kslz = 55000 N/m
Ksrz
6 Csll = Csrl = Cslz = 4000 N'S/m
Cer
7 Kssll = Kssrl = Ksslz = 67000 N/m
Kssrz
8 Cssll = Cssrl = CSSlZ = 6000 N'S/m
Cssrz
9 a=b,c=d 1.1,1 m
10 =b,,c,=d, 15,1 m
11 L= L, 3200,800 kg.m?
12 S 4000,950 kg.m?
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— 0a + @d

- (ch1 6,a, + ‘P1d1)]

+ CoqnlZ.y— Ba + ¢d

_( Zeg1 91a1 +¢,d 1)]

+ Koot [ch fa — ¢c

- (chl —6,a, - ‘)0151)]

+ Cssrl[ch —fa— (pC

- (ch1 - 91“1 - ¢1C1)]

+ Kygp [Z.y + 6b + od

- (chl +6,b; + ‘P1d1)]

+ Cospo[Zeg + 0b + ¢d

- (chl + 91b1 + ‘f’ldl)]

+ Korp [ch + 0b — ¢c

- (ch1 +6,b,— ‘P101)]

+ Cygrp|Zg + 6b — gic

- (ch1 + 91b1 - ‘p161)] =0
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yy(cab) gc Kssll [ch fa + §0d (chl 91 al
@1 1)] Xa-— Cssll[ —fa+ ¢d — (chl 6,a, +
¢1d1)] Xa-— ssrl [ch fa — pc — (chl 91(11
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Ixxl(ﬁl - Kssll [ch —6fa + (pd - (chl - 91 a, +
‘Pld1)] xd; — Cssll[ch —fa+ ¢d— (ch1 —0,a, +
¢1d1)] Xdy+ Koo [ch —6a —@c— (ch1 —6,a —
q’lcl)] Xcy+ Cssrl[ch —ba - ¢C - (chl - glal -
‘/’151)] X ¢; = Kegp [ch + 6b + pd — (chl +6,b, +
‘P1d1)] xd; — Csle[ch +0b+ ¢d — (ch1 + 6,b, +
¢1d1)] X dl + Kssrz [ch +6b — $c — (chl + 61 bl -
‘Plcl)] X ¢yt Cogrp [ch +6b — ¢gc — (chl +0,b, —
¢101)] Xy + Koy [ch1 —60a; + ¢,d, — Zwll] X
d,+ Csll[chl - 91“1 +¢qdi— Zwll] Xdy—
Ko [chl — 6,0, — @,c; — Zwrl] X eyt Csrl[chl -
6,0, — ¢ycq — Zwrl] X ¢y + K [ch1 +6,b; +
®1dy— Zwlz] xdy+ Cle[chl + 91b1 +¢qd, —
ZW!Z] X d;— Ky [ch1 +6,b; —@ic1 — Zwrz] Xcy—
Cer[chl + glbl - ¢1cl - Zwrz] X €= 0
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il oo ol Home Sy 5 2 sla
My Z oy — Koy (ch1 —6a, +¢,d; — sz1) -
Csll(chl — 010y + ¢1dy — Zyy) + Koy (Zyyyy —
Zrll) + Cwll(Zwll _Zrll) =0
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erlz"wrl — Ko (chl —601a; — @0 — Zwrl) -
Cs‘rl(chl - 91_“1 - ‘/’1.C1 - Zwrl) + Kyr1 (Zwrl -
erl) + erl(Zwrl - erl) =0
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Input = sin(10mr — 0.55t)
+ sin(12r — 0.55¢t) + sin(14n

— 0.55t) +sin(16m — 0.55t)

:C,\...J) Couws bE C)} 6‘)‘.
Input = sin(10mr — 0.70t)
+ sin(12w — 0.70t) + sin(14n
—0.70t) +sin(16m — 0.70t)
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Input = sin(10m — 0.15¢t)
+ sin(12r — 0.15t) + sin(14n
— 0.15t) +sin(16mw — 0.15t)
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