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Experiments on the Formation Process of Bag Breakup Regime of Injected Liquid Jet into
an Airstream

Y. Rezaei M. Tadjfar

Abstract An experiment was conducted to investigate the bag breakup process of round liquid jet injected
into an airstream. The liquid jet was visualized using shadowgraph technique and also a high-speed camera
was used to observe the formation and breakup of bags in a water jet injected from a 2.83 mm diameter
nozzle with air Weber number in the range of 0.1 to 40 and the liquid-to-air momentum ratio from 5 to 30.
An analysis of the force balance on bags was conducted and a criterion for bag formation is obtained. In
this study, the diameter of the bag ring and the size of the membrane of the bag are calculated. Present
results indicate that the normalized ring diameter and the membrane size are constant. Results also show
that the membrane of a bag grows more than its ring towards the airstream direction.

Key Words Bag Breakup Regime, Liquid Jet Injection, Airstream, Multiphase flow.
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Effect of V-notch Depth on Fracture Toughness and the Plastic Region of the Crack Tip
Using Charpy Impact Test Data in APl X65 Steel

A. Hosseinzadeh Kh. Farhangdoost M. R. Maraki

Abstract In this paper, the effect of notch depth on the fracture toughness (Kic) and the plastic region of
the crack tip material using the Charpy V-Notch test (CVN) data extracted from API X65 with different
notch depth were conducted and the fracture energy was measured. Also, computer simulation of the
experiment with a three-dimensional model was performed based on Gurson's modified damage law in
Abaqus software. To obtain Kic values, equations based on the yield stress (oys) and the failure energy of
the Charpy V-Notch test (CVN) obtained from the steel was used. The estimated K,c data and plastic region
of the crack tip, decreased with increasing notch depth.

Key Words Fracture toughness, Crack tip plastic region, charpy impact test, notch depth effect, API X65

steel.
DOI: 10.22067/fum-mech.v31i2.84506 il e Q478 Y of e '@)u SAVANT dlie il s oy *
Al pwgs b Kl SOl wdige (8,55 (g gmiils (V)
Email: rfarhang@um.ac.ir g 53 b o (UK wdige bzl 1 stes s 55 (V)

.L}ﬁWuK..‘;J.) ‘J‘jﬁ ‘;.AJ.\.G.A (s (V)



H‘"I‘l ‘jJ;ju‘[&dedb

&&JK‘JJJLMBLC}&J}JK,}}.L‘;@F

3l Ol 55 e e 52 50l [4] AL a2l Conlio sla!
[5-17] ool &, Lalesl 5Kic fw dal, 511 Kic
el CUN & g0d elial bl ol 5551 e
Lodin 3l i S ol e3be ol SCKie i
L Ll e Kic s (pl ply tCl Glasmin 25 S
355 Jlasl osle Oles 5l sddatle e b bl
18]
S sKie e kil 3IKIe jislis cdlie ol s
Ose3l laesls gl sddo bl Sldlae ps LW 4 0
S8 SICVUN slie ool st 58 CUN w0
VLICIVPUY L I ) (PN F OO S St
00x)ex)+) syl slal b ols Ogesl 4ges
1y e hea 1IT0 S e sd lad) SLd 5 (e e
a5 s (e e VB V/Y0 51 L Ges 5 ax 5 80
Goe 5l 4 s pl 53 A 2l sl APIXB5 5Y 5o
Gl (S 5 S5 S5 Sl At L
API X65 sY g (sl (gsde 5 o 20 el bl

RGN e.L.fm.‘I}'lJﬁ:

oobe uﬁ,&o
A5k er:w:lﬁ. slas¥s Slaseie APL 5l
rbu‘ ;fu RGIE I 6“.1.&_:_‘)3 ‘LE)K“JJ" ‘19:"]“;’
Ol Iy cencnlyl @)l 5 SO sla il
S hs e L LY ol s S
LIEke by S ol APL 5510kl ulal ;S e
X70 X65 X60 X56 X52 X46 X42 B A25 :;
5PSLL mhu 53 3 APl Y yuams X100 5 X80

s 3l il sl 53 KLy 45 PSL2

v

4lie
Ol 53wy Sy o5V 35 U0 blast 3 Glodes i
Sol= = 3 5 ol APLXB5 SN e
Nl 5l 01 ol b b ks bl
g5 ) 2o 3 U ol o8 150 e ala
St S i) Sl ol s ledbl J )
(oS ] (el plSmtal (cnSS (55 5
Jed o) 3 Gl 5 glasd S5 bl

D338 sz 5 Soslpe
(Kic) osle (glimin 35S Sl Ko jix
slacubes ¢l Js ool anks culbis 5l i
Sl S sl ) 3y Glambo 5 Lyl 15 S 0S
S 3 3 5 b Rl S 5 A b esle Cnslis
2pd sl g S 5 Al Sl gles pdome wale S
Glp oeslinalsyge glasibesl Jal i ex s
ety (Ko) Slamio 5 S jir 5,503l
e Gles 31 AU Ke &Sl o5 g4y el s 1B
&b ki Ki OSA.@\M@MJJZJSCJJ
e oSl 4 5 LSl (S 55 s sl
YV gans 5500 5l &5 puuilign Slaosle s 45 lebad
Sl Wl Glamio 15 Lol 5 oS des JSS o
Glmio 55 cnSd Sojir il Y o

LY] 5,5 )13 s i 5 55,550
Jie Kie oo SVl e Sole s
e 03 8 S Sl S5 S e S ol
ASTM E- 5 bl il b s [3] il Szl
oS 53 Kie slie 03,50 s 4 sl 399
odliiul S5 04d 5L gl Sl gl slamio
s tcal ausm 5 edaey 2okl pl 555 e
odmy dwdin b 8 ile Jiolosl gladises Jolis
ol e el S Sl sla sl sl o

ol 5IUT 5l STl 1) 4 ged Ol5 sas aduen




05/ LJJM—W_;)K&/JU@B—MUMJL;

Shesladd U ospds e KE1 5 5 K0,
Slamis 03555 5 63¥ 50 A gl ) 055 ol
Al e b b e 5 amis ol 45 sl OF
Fodee YNA ks a gldd Sl e sl eyl - 5
i 34 Al Lol (G515 i s 3l e (g o ol
5 peske Voo Ol Culis G oK buy
Slkl 516D e e 00 4 Osiw S 0 e
b malS (ools e bl glakses Jb
o 5 lo OF o 33K o823 Lo 35 s
A

SIS s oiws Sl esliul b Gids ol
Dl 5 e ke 10XV 1x00 351k slayl b Lo s
VY0 plat L oL slgml s 5 ax s 80 Agls L O
L asad A) 2o Lo Y B V/YO 51 L2 Gae 5 2 Lo
Coles s B8 3 Jlasl b (o s +/Y0 oDl
A ant b 3 llewd Sl

b (Culns) g gl slal e s Gl
L gad et slal A (6,8 0510 2 Koo L (2,8
ot b Sl oS s b (s plad 5 Gas)
e /00N S5l ead A5l Bl 5 s 5 SLe
MalS 8 s (5 ,Se3ll 335 5 bar (V) Ko Gills
e 3 53 ASTM E23 516kl (sla il 55 ollas
Glsal @slad 8 6l )9) oS J,m8 oKilesl o
A e 4 Glesl el 6l

a3 edle Sl eslial b 5ls &y Shlesl
sdaline (Y) IS 5548 JssVor i b Lol s,
A e (glod) esaed iz n Ve gles 3 050
Glr wols Low bl s ol (sla,3T s 5l 5al
G5 oSSk 5 edd OIS LT b Sl gl s
R PSP ICRVRCIR &

DT 255 e Ol s DY s 0l 5L3s 5 50
35 4 S 3 63V ok S IS, sba
B D e 1 SLINVT R ST IS S SR e
(b B sl s 5 olle Jlasl gl o Hla s
Sy 03 1 8a o5k slassle 5 Sle pime Ll

[Y]
N pled S5 5 S ol
ol S5 (Y) 5 (V) Jsds 3 w4 ol iulejl

el

[21] API X85 5V 5 SolSe ol g (V) Jsdr

Sl ol Bist2
Young’s modulus (GPa) Y.
Yield strength (MPa) 040
Tensile strength (MPa) i

Yield to UTS +/AY
Elongation (%) Yo
K(GPa) Ao+

n +/+4A

Vickers Hardness (HV) YV\V=YYA

[21] API X85 53V 5 4y slawss oS 5 oY) Jsir

C P Mn S Si Cr Fe

CSOVY | /e A | VB0 | /el Y | /YN | XY | Balance

8 ol
Lo Wl VE (agn Oldal 4 JLhoaw s sl
e s sddasla A 5l JBY ey SA s ool
LAPIX65 1, 8 (o5UT 5,50 V5 ir b i
VEY 5yl ps Sl 5 e ke YTV ol L
RUIUH PSS W  Eg eyl
a0 el Ol ) sheay Wyl sl 52 51

Sles Wl ) 2 Sl e sl sl

Y



1199 2 it (o5 5 o S

&'&JJL{"@&AJL{JXJK’»}J& ‘évf.i:

Ol dsy Siss ool L, uile oY) K2

5035 655 Shaled s 4 pgzme olSas
SOlE o 1 00 Cn S5 (550 dlizs S50 &
35 s ol il dmio g3
CeSs 55 polie 4 a5 Ll e ol b
PPN PHIVGIPIIN < PRI S P 3 odalowsay
b b Aoy TY Usles (550 ol &5 ol U5 Y8
llas Sulsl ol o3 &S50 ol il olKaus
3 b p B pas S (55,51 5T 5l

gl bl ) il xS il c b YA

5 okl slol b € 4w Sibesl ol o

Sl o JKE VL Ges b 4500 Sl
Slasie 255 13 il Lo Jabl cou
53 ek il oy s ools s edle ol

ol slionls OLES (Y’) dj.\:—

wobd e ile ol Clasiin () Jsder

Oiars pr e Oiaps plad | o b
kg) mis) &34 0 (mm) )
0 0/8Y A Vo

Yy



‘_,5/ uj.w—wj)@jjbw—u/jw‘;&

e s Kie S Ko i o SV L o i e

03 Sl Koz Kie o(8) Jsds Lly, s
S5A CVN 5 s 25 oy elaes 2580 S
G Gy old Lo Shll 5l el s
oS ol dsly 5 cl JSEV La b lals
2sld 3MPa MPavm . 5
eSS GO s daie Ll Sl el L
RIS L e 5 L & SialesT 5l edalsa
65,51 Cews 4 = A 3Kic lunl oyg = 505MPa
3l & gl (51 48 S5 Oliline 44 3 5 b s
350 oo demlie L3550 s w3V 55 opl gl L Kie
e 2y o 0l S Ay g Gl S el Y
S5 S s Sy AU 5 058 Ly, Sl eslil b
R 3 s oo el Il W gad (Sl
OLL L3 5 35 e Sl s il Ol ey Gillas
S5 S H Sl Al o sl Ges il Aslie o

Spd g atls e.i,i.b;..ibj SV sl s Kic

05,5 SO (7)o 53 [22] sl J53 L5 5510k
Sl A s B ol bl e 5l sbas
Ladsal 355 g0 odalin &S Hsbolans 355 o edalio
o33l Gl p 5 S 5 0l anSCs oS &) oy

R

o g s

bl O3 S0 5 anan Do Jlsds W o
Fodl Sl Sl si e N eSS (S i
o3lital Kic alous g ool &, lesl aile
s Novak Rolfe L jlii=e 1aVs Jle 5l 535
o ey s 4 ez sl a3l plnil b o
Lo bl el g5l s e K jis
3 o (JKE Vs b 4ges 3l eslinad ) ols
@V Ay gl &S Ll 5l ol (8) Jpir o

[21] ol o 63,51 5,05 5 .S API X65

e e T ¢

61 8L L1 9p Sk v el 2l

| Ok &8 |
T R

[F0] ekt dny 5 b ols Jiolesl &gas 51 (oIl )L Gas L) plaw 05,5 S x(F) IS




H‘"I‘l ‘jJ;ju‘[&dedb

&&JK‘JJJLMBLC}&J}JK,}}.L‘;@F

ol 4l 551 5K G kls, (8) Jsi

Oys

abayl e Cany
2
(E) = 0-64(—CVN —-0.01) Rolfe-Novak-Barsom [23,24] 1
Oyvs Oys
2
(&) = 1-37(—(2,VN —0.045) [25] Ault et al. 2
YS

Kic\? CVN
(—) = 0.893(—=——0.0291)

Van der Sluys et al. [26] and Witt [27] 3

Oys YS
(g—i)z = 1_23(% —0.0061) Kussmaul and Roos [28] 4
K¢ = 8.47(CVN)©63 WRC 265 [10] 5
K¢ = 14.6(CVN)©%5°0 Sailors and Corten [11] 6
K;c = 19(CVN)'/2 Marandet and Sanz [15] 7
Kc = 8.47(CVN)?63 Robert and Newton [13] 8

o 5,158 (0) Jsdr o3 (8) s Lailyy 5l eslina
sl

bl el s (0) 5 (8) dslir Ly,
Cowd gl el Jads g a.\..i(:l;r_}l Sladss
sbaal o 4 3V g8 opl (gl Ol gt a5 akad ity 03,51
S5 S 5 Sty Al e 039 Ay 4 5 LS
5 o35l S sl Ayl Ikl £ sed sln Ly
St 5> S S5 Sy Sadly Al b e
23 g0 o dem e selonsay

aly ol 5 S5 Sy St b 531l

1 [33] (V) alasly oy somts S5m0 05

2
=2 (5" 25in?0 + h(1 + cosB)
2

_4—1'[ oys
eggf 6}: ;i.;_wm 3»;}[; Z)Uu\r‘(\)lbb);
6‘ﬁhjﬁi_.~:uiﬁ;;o_ys ﬁwgﬁﬁch

Glami o S h=l Glamia o o o)

()

S ol de slad s sl o | h=(12v)2
o, el 5 S5 S5 Saadh b ool &y

sl (V) alasly oy gm0 O 52

S (S 03551 s sl Jas 3

CT ;5 Glabiiaw jiax Oga3l dslize Jig, 55
310kl bl b ol gas | slate oy 13 5 o 05l
ol s Glasl 5 gl sl Jhis ) se sl S
o Bpd 35 S Jlaged el
Saged Sl e 2y Ml S5 Blas (55,08
G w0 |y S5 Ses Ss558 e sdelcowsa
5 oS S e il a5 L enyl
(el 0l 03551 3kl 3 S S5 Sy 55,28
LI 74 IRV PRI P FRCINC W S R RV
oslizad L [21¥ 0] an 5 eiils ol 2ulesl 5Y 53
S 2 CT oloans 5 Slabiiaw o (bl
MPaym YYE B YAY o cnSl Koo & gas V0
Sheslazad LY ] OLKas 5 g kol sy s] s &
Yot MPavm Y ol gl 1,Kic Jluis CT iolesl
Nl 6l [B1] OLKen 5 S s S 518
ol Lt S 5,158 YA MPavm |, Kie )l
polie et 5 [21,29-31] awui)\ﬁ Kic nolie

L ool &, 31kl s gl edelasa Kic

YY



05/ LJJM—W_;)K&/JU@B—MUMJL;

ol ass Ghlol gl (iluans
e wlol s p Ay IS0 08 5 Gluaw &0
Cilos e 5 [Y0] 1 ool 05 S 3o
0) U5 s sl agd iluand S
abs 3 bide Cand G pl js 355 e edaline
el 3 e sl S 5 S 5 Sy el s,
LU lses (V) st Ly, 5l esleul
S5 Gl sl 50 (612 S 5 S 5 Sl

el (V)

2
= ﬁ(?TCS) [% sin0 + (1 — 29)2(1 + cos0)]

)

KlCJGYSZSOS GPa v=0.3 J'lbu" u.i_..:l\bl.:
ss.:P-L )\J}A.v Q‘}:dﬁ (0) J_},\;— BE J.:.:U 340 élﬁ
Wy a3, o 5 ol Ao lesT sk
o (V) dsdr 5o Kic aw il 4 a9 L calises
RGO IS WIIEY

ol S5 S &W.QL L () Ji.ﬂ
s Slambo S Ssen e 056 kil
[33] Aas e Ol Soled &y sots Glasin

sl i3l 3kl 4 5ed sls Kie :(0) Js

. K .
. . Ic
e MPaym & >
. YV/EVAA Rolfe-Novak-Barsom [23,24] 1
[21,29-31] wrlye g3lwaned 5 s Silasl b Gillad pae
YAQ/) 44V [25] Ault et al. 2
- : . . T Van der Sluys et al. [26] and
Sl [21,29-31] o (s3luand 5 o2 SRlesl Gl Ti4/AeA0 Witt [27] 3
YALIANY Kussmaul and Roos [28] 4
[21,29-81] prl o (3lutend 5 025 Jale ST L Gl pe YIA/TOYA WRC 265 [10] 5
YYVayvy Sailors and Corten [11] 6
ool [21,29-31] @_-lf Slwans 5 o2 u:dnuj olas Y40/Y+ YA Marandet and Sanz [15] 7
[21,29-31] @-\f Solwand 5 o2 u;iuﬂ Lol pls YA/ YA Robert and Newton [13] 8
wobd sl & sl p<.::~q‘>k_. U OVsles (1) Jsd=
Lo Sale sl s st S5 S s Sl G aal, 1€
s d e el 2 Lo 0P O Ol A 2D (MPaym) —3)
r; = 0.03192(1.55sin? 8 4 0.16(1 + cosb)) TVa/A0A0 A
rp, = 0.02721(1.5sin% 6 + 0.16(1 + cos6)) YAO/Y YA ¥

Yo



)r“i‘i‘j;ijl«.i‘/,_@jfdu ;@L@JJL{M&AJL{JJJJK’A}LGJ;}Q

P. Strain

Sl B W ped g (Al 5 SUT 158l 5 3 ool B p 450 eSS ) e 1(0) ST
b oo ¥ alamd 53 &gai s (7 el len V/0 alamd 55 4 50d 5 gl (0

Y#



”‘qq ‘j;i)u‘ﬂ_@jfdu

;@L@JJL{M&AJL{JJJJK’;}/& fgfﬂb

[15] e 5 tisle Aol 51 AS o utd DS Gos
e A i (A) 5 (V) UK 335 e eslial
S5 S Al old Ges Jl 5K LS
.M;wgul)@jwwg\ﬁpﬁsjs

Colt &5 CnSs Ko i (V) S Sls 50 5o
e loddosls HLd Ges 5l b Olgea Cowlosle
@ yad Sl U (Sl 53 03le e gl
ol dials SIS slule b s By 5 ol
S iz (b el a5 e Sl (Sl
Sy g 4SS S

G 5l sdelCwsas = I8 () s s
aslio b oS ol [29] (g il 5 [21Y0] el
Sdie 1y cwSs Kejix e bl
ol S s S ES Olg e YAo/F YAMPaym
S Q) Ko warg b oyt BY o Ol
as g 0L | gy simad oSGl 3V ples s gl
S i 55 e Jele G Ol Loy 0l e
el S

S dgei ple Kic 03,51 s 0 gl opl 5l

(.06

004

0.02

r{mm}
z

-0.02

004

006

-0.04-0.02 0 002 0.04

ol bl s S 5 S P Sl AU () S

KI(' = 43(0.24¢ 01818

R? = 0.9966

()
300
400

300 °N‘.

00

(MPavm) cusl o s
3
&

® Effect Notch Depth

Expon. (Effect Notch Depth)

s o b 4 . L 10

(mm) L Ges

K|CJ.'L;_IJL-; M}“)L:":'d'“';];\_)b}‘“ (V)Ji.:




quq‘j;ijw‘pﬁjwdu L@'L(AJ:QA“@&AJ‘;:}JK’»}L&@}L'

0.1 T T T !
30
0.08| L2 -
120 60
0.06 Pl 4
1.25mm
1.5mm
0.04 b -1.75mm A
2mm
2.25mm
2.5mm |
0.021 2.75mm
3mm
B
E O 180 0 4
0.02 -
0.04 g
210 330
0.05 g
249 300
.08 =
270
01 L L 1 I
0.1 0.05 0 0.05 0.1 0.15
350
300 Upper shelf c“c‘,l‘ »\\\\BCV\CCv z
Acy* Bey A N
i H
250 * s .
€ 10| [Bev CVN = Aey + Beytanh [T_ Dev
.a | Cov
g Acv=141,35; Bey = 135,65 ;
& 150 1 Dey=179,22 ; Cey=4,33
Ty =179 K=-94°C
56 Tyar = 174 K =-99°C
chv
50 Lower shelf
| Acv-Bey
0 ! B
100 150 Tem Txw 200 250 300
Temperature (K)
[34] API X85 sY 35 (gl s Los— (55,3 ,ls 503 :(4) JS«
SFSs S Maxt (V) 500 K5 s Lossd e adalin (V) S j5 a8 5 5bolen
sdaldos (il a5l Ld Opds 5 JLs b 850l 5o sl daly G e Sojir sl Ges SRl
Bad g o 0a50S e 4 1Al 1l S Al e el
Q}.,\f})‘b)t.:_;)‘b‘}ai :\_..‘,..,‘U.A)“\S)}bdw &‘f‘bé\sbﬁy sdalie (/\)Jg.v:)b g;\.w‘@ﬁ

YA



0—{/ uj.w—wj)gﬁéjj%—u/jwdb

..‘jK|c W‘/,Cjb_-/ﬁv‘)pd}ﬁj/wjf

LS o Uy alSKie =430.24e701818

O Aol Sl esliwl L S 5 S s Sl b LY
ol 5l oalo st c oS s (Ko i 5 55
LaS s staliie 5 ol Cow 3 4 o 5 Sl
oalS S 5 S8 S 4l Gl Gas 2058l
Al

S e mbs bzl gl Y
I G- P R _;ﬁujj\ ool s
awlie S eslinn | (a1 ol s Sl
outu}&ﬁ.;uz_uj@u;w_&u)m
Laoes glos Ol e @ a8 5)0s st Ao
el bl

SIS VY ICVT VIS U3 P O VS K= R P J
St (Sl 5 LS Ly s il
A obw.w‘ Q)—wjf WT OMCw‘ JJA J&YL«J‘j
S 055 bs Sl edel sy Sxad AU i lis
s il oleand b g 5 Sllle Al

.wb

S g
N et Gl 5 el Sl dlis OB 5
Sliilsl 5l ol glaesls &8ty oKl
Comad 5 Sl eddplnil WIS pl 3 g
Al e oSl adla Cheln S5 pleal,
3 M ) i f e OLBT ) pas
ey Obagly pdige (el edige (ann g
IS oiylesl s Slaler odige 5 (6 BUS uikiga
AL w8 LS el giled ) o5 s cds
O dde Ol 5 Ay oS 5 e RPN
By sl 03 bl
5 S el Lelawl udige OLGT 5 API X65

;'Y)_é Osls

JS b 5 el ok & ged Sl 2y Sl LS

b 31l e S 5 S Sty b (1) IS

Dbd Oy ool € 5ed S &b :(H)Ji.i

S S o

A ISE VLS Gee S e g2 Gl s
sslial L S 5 S 5 Sty b 5 s Ko
Sl VB s s e sl slaesls
sl Gos pl Gl A e E sl
LOLS LY L asad 10) €50l (5 Sudd 53 430
Sl b gad BV (6 SO 5 oIkl o Ld Gas
Lo oKy 3 S 13 el syse sl
Ja5Vor o b b il cnl s eslials 5o ool
Oeomes S Obkil ASTM E23 5 bl 5ilkas
S0 o sSU DIl 53 4 ped i (Slaand

Bl el ke sdelsay mls Lodt 23 8
JI) N YGOSR VG P e VO
E = 503.4460%% i), Llul , Ll &)

Y4



)T"‘H‘j_aa‘jw‘p_@jfdb &&JJJLMBMJL;JJJJL(’;}.LP%}Q

Simulation Soilwans Gob Gleand 53 S zin,30Ul Jedime edigs

Notch Depth Ol Ges 338 o S5 5 Slayd8 Ls ged
Steel SV

Polar %S ol

Fracture Mechanic CnSs Sl

Impact Mechanic s SIS 3D Pointing Test daban jias uiil,ajf

Crack tip plastic region S 5 S 5 Saudly 4L Charpy Impact Test b 2 bl

Specimen gl Tresca Stress Koy s

Von Mises Stress S P S

Fracture toughness CnSs S i

&

1. Hosseinzadeh, A., "Experimental and numerical investigation of section thickness effect on Charpy

N

10.

fracture energy in APl X65 steel”, MSC thesis of Mechanical Engineering, University of Birjand,
(2018).

. Majzoobi, Gh., Alavinia, A., "Strength of Materials 3", Bu Ali Sina University Press, (2011).

Velazquez, J. L.," Mecénica de fractura", México: Limusa, (2004).

Matusevich, A. E., Mancini, R. A., Giudici, A. J., "Determinacion de la tenacidad a la fractura del
material de un gasoducto”, Revista Latinoamericana Am Metal Mater;Vol.32, No. 2, pp. 60-253,
(2012).

McNicol, R. C., "Correlations of Charpy test results for standard and nonstandard size specimens",
Shaker Heights: Welding Research Council; Vol. 5. pp. 385, (1965).

Phaal, R., Macdonald, K. A,, Brown, P. A., "Correlations between fracture and Charpy impact energy",
report from the cooperative research programmed for industrial members only, TWI report 504/1994.
Cambridge, U.K.: The Welding Institute, (1994).

Barsom, J. M., Rolfe, S. T., "Fracture and fatigue control in structures”, 3rd ed. Englewood Cliffs, New
Jersey: Prentice Hall, (1999).

Rolfe, S. T., Novak, S. R., "Slow-bend KIC testing of medium high-toughness steel", Review of
development in plane strain fracture toughness testing, ASTM STP 463, ASTM; pp. 124-59, (1970).

Barsom, J. M., Rolfe, S. T., "Correlations between KIC and Charpy V-notch test results in the
transition-temperature range", Impact Testing of Metals, ASTM STP 466, ASTM;. pp. 281-302,
(1970).

Roberts, R., Newton, C., "Interpretive report on small scale test correlations with KIC data", WRC

Bulletin, Welding Research Council, New York N.Y; February,. pp. 265, (1981).




vfﬂ[é_)i«m—wj}éﬁﬂ#—aﬂjw}d& jKICCMM-(;u-CjD:/ULQVJé«;Mf/WJj

11.

12.

13.

14.

15.

16.

17.

18.

Sailors, R. H., Corten, H. T., "Relations between material fracture toughness using fractures mechanics
and transition temperature test", In: Fracture toughness, proceeding of the 1972, National Symposium
on Fracture Mechanics — Part I, STP 514, ASTM; pp. 164-91, (1972).

Woullaert, R. A., "Fracture toughness predictions from Charpy V-notch data, what does the Charpy test
really tell us In: Proceeding of the American Institute of Mining, Metallurgical and Petroleum
Engineers", American Society for Metals, (1978).

Roberts, R., Newton, C., "Report on small-scale test correlations with KIC data", Weld Res Council
Bull;299, (1984).

Barsom, J. M., "The development of AASHTO fracture toughness for bridge steel", Engineering
Fracture Mechanics; Vol. 7, No. 3, pp. 605-18, (1975).

Marandet, B., Sanz, G., "Evaluation of the toughness of the medium-strength by using elastic fracture
mechanics and correlations between KIC and Charpy V-notch", Flaw Growth and Fracture, STP 631,
ASTM:;. pp. 72-95, (1977).

Norris, D. M., Reaugh, J. E., Server, W. L., "A fracture-toughness correlations based on Charpy
initiation energy", Fracture Mechanics: Thirteenth Conference, STP 473, ASTM; pp. 207-17.
Walling, K., "New report methodology for selecting Charpy toughness criteria for thin high strength
steels. Report Represented to Commission X", Annual assembly, Beijing, IIW DOC. NO. X.1290-94,
(1981).

Morales, F. R., Scott, A. D., Népoles, N. P., "Determinacion de la tenacidad a la fractura de muestras
de acero 45 fundido, empleando las correlaciones entre el KIC y la energia de impacto medida en el

ensaye de Charpy", Ingenieria Mecéanica;2:29-33, (2005).

19. Salaripour, H., "Analysis of experimental results of AP1 X70 steel drop weight tear test", Master Thesis

20.

21.

22,

23.

24,

in Mechanics, Department of Mechanics, Birjand University, (2011).

Verlinden, B., "Thermo-Mechanical Processing of Metallic Materials", First Edition, Elsevier Ltd,
(2007).

Hasemi, S. H., Kymyabakhsh, M., Rezaei Yekta, M., Farahi, A., "Experimental and numerical
investigation of the influence of the length of the three-point bending point groove on the value of the
integral J in steel gas transfer pipes with API X65", 19" Aannual Conference of Iranian Society of
Mechanical Engineering (ISME2011), Birjand, University of Birjand, (2011).

ASTM E23, standard Test Methods for Notched Bar Impact Testing of Metallic Materials (Approved
Nov. 10. 2002, Published May 2003).

Rolfe, S. T., Novak, S. T., "Impact testin of metals”, ASTM STP 463. American Society for Testing
and Materials; pp. 124-159, (1970).

Barsom, J. M., Rolfe, S. T., "Impact testing of metals", ASTM STP 466. American Society for Testing

)



)T"‘H‘j_aa‘jw‘p_@jfdb &&JJJLMBMJL;JJJJL(’;}.LP%}Q

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

and Materials; pp. 281-302, (1970).

Ault, R. T., Wald, G. M., Bertola, R. B., "Development of an improved ultrahigh strength steel for
forged aircraft components”, AFML TR 71271, Airforce Materials Lab, Wright-Patterson Airforce
Base, Ohio, USA, (1971).

VanderSluys, W. A., Seely, R. R., Schwabe, J. E., "Determining fracture properties of reactor vessel
forging materials”, EPRI NP 922, Electric Power Research Institute, Palo Alto, California, USA, pp.
5-22, (1983).

Witt, F. J., "Relationships between Charpy impact shelf energies and upper shelf K,c values for reactor
pressure vessel steels”, International Journal of Pressure Vessels and Piping, (1983).

Kussmaul, K., Roos, E., "Statistical evaluation of post-yield fracture mechanics properties on the basis
of the notched bar impact test", Safety and Reliability of Pressure Components with Special Emphasis
on Fracture Exclusion: 10" MPA seminar, Staatliche Material prufungsanstalt Universitat, Stuttgart,
Vol.1, pp. 12, (1984).

Asghari, V., ChoupaniNaghdalHanifi, M., "CVN-KJC correlation model for APl X65 gas pipeline",
Engineering Failure Analysis, doi: 10.1016/j.engfailanal.2017.04.007, (2017).

Hasemi, S. H., Kymyabakhsh, M., "Experimental and Numerical Determination of Fracture Toughness
in Gas Pipeline Steel of Grade APl X65", Amirkabir Journal of Science & Research (Mechanical
Engineering), Vol. 45, No. 2, (2013)

Beak, J. H., Kim, Y. P., Kim, C. M., Kim, W. S, Seok, C. S., "Effect of Pre-Strain on the Mechanical
Properties of APl X65 Pipe", Material and Science A, Vol. 527, pp.1473-1479, (2010).

BS EN ISO 12737, "Metallic Materials Determination of Plan-Strain Fracture Toughness"”, British
Standard 000Institution, (1999).

Perez, N., "Fracture Mechanics", Department of Mechanical Engineering, University of Puerto Rico,
(2004).

Capelle, J., Furtado, J., Azari, Z., Jallais, S., Pluvinage, G., "Design based on ductile-brittle transition
temperature for API 5L X65 steel used for dense CO2 transport", Engineering Fracture Mechanics,
Vol. 110, pp. 270-280, ISSN 0013-7944, (2013).

Hosseinzadeh, A., Hashemi, S. H., "Experimental and numerical investigation of notch depth effect on

Charpy fracture energy in AP1 X65 steel", Iranian Journal of Science and Technology, (2020).

Yy



’T"?‘?‘jgijw‘p&jwdu u@mﬁ‘,‘;p/’wjggﬂb/ﬁz;@ﬂ;

* SN AT (693305 Oai-pasid S5 Jobu (il 2 bowdg iSO (S 3hodund

() )

Ghazes ol 35 Sl el dases

oS logsa s sl sled Gl od gz Ao O hn ahor 1 s milio 2alS 5 Loos YT )7 iile (S0 0 s ool OGS
o lio oy G S 18T (sl g3 550 Sl o3l | oo | Sle ] g folo i oo | S po ool | i STs piden (slocst pe 1
il $ S s ol o ._;M/a/’jjucaw o s o SO ST (sl 50355 (55U (510 Lotd o o i I S 3300 oo e
ol (§ il (sl Flawloes Voo Sealos jloslizil b ol oo s S gy 0 i B2 e (S b0 o5t (551
outisSmar 53 SO foom il a7 ol s o ] 0L e el Los g U A2 o]l b (gl ad el )

Gl 0t 03,51 (5 5L 43 ol 7 (clac ] > bos mis 25,80 3 paeit] O CBlE LS b O

e O Bl GOl e s 5L Gl seSly

Electrochemical-Thermal Simulation of Cell Lithium-lon Battery of Electrical Vehicle
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Abstract Nowadays, pollution and reduction in fossil resources are major problems for world. The large
number of cars which use hydrocarbons fuels is the main factor of this problem. Using of electric vehicles
is a suitable solution. One of the most important parameters to calculate for electric vehicles battery is its
state of charge. In this paper, a single prismatic cell of lithium ion battery in discharge cycle with
electrochemical-thermal has been simulated with 3D CFD. First, numerical results are validated with
experimental results of voltage and temperature. Then, the results of the electrical potential distribution in
the current collector, state of charge, the lithium ion concentration in electrode, the temperature
distribution and generated heat in battery are presented.
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Application of SSPH Method in Free Vibration Analysis of Graphene

K. Mohammadi H. Shokrollahi

Abstract In this paper, the symmetric smoothed particle hydrodynamics (SSPH) as a meshless method is
explained in detail. Free vibration analysis of bilayer graphenes with interlayer shear effect is modeled.
The bilayer graphene is modeled as a sandwich beam with free-clamp end condition. To obtain the
governing equations, each graphene layer is modeled based on the Euler-Bernoulli theory and in-plane
displacements are also considered in addition to the transverse displacement. It is also assumed that the
graphene layers do not have relative displacement during vibration. The results obtained by the sandwich
beam model solved by SSPH method, include the first two natural frequencies of the bilayer graphenes.
These results are validated by the molecular dynamic and compared with the GDQM results reported in
the literature.

Key Words Meshless Method, Bilayer Graphene, Free Vibration, Sandwich Beam Model, SSPH Method.
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Variable-Pitch Control of a Quadrotor Using Feedback Linearization Controller and
Direct Adaptive Feedback Linearization Controller

M. Mosalsal M. Khodabandeh

Abstract In this paper, the dynamic structure of variable pitch quadrotor and the design of a suitable
controller based on mathematical modeling have been studied. The fixed pitch quadrotor because of having
a simpler dynamic structure than other models has been the focus of scientific studies. This kind of
quadrotors, despite their relative simplicity, creates limitations such as shortening the flight time and
various maneuvers. In this paper, at first, the characteristics of variable pitch propeller are studied and
compared with the fixed pitch propeller for a quadrotor. In continue, a Feedback Linearization Controller
and a Direct Adaptive Feedback Linearization Controller are used to control the Variable-Pitch quadrotor.
Ultimately, the results of the proposed control are investigated via MATLAB software simulation. To better
evaluate the performance of the designed controllers, the simulation results are compared with PID and
Nonlinear Inverse Dynamics (NID) and Sliding Mode and Adaptive Sliding Mode controllers in the mass
change condition of the quadrotor.The simulation results show that this adaptive strategy allows the
quadrotor to follow variable time attitude and altitude commands more accurately, in the presence of
disturbances or parameter uncertainties, compared to non-adaptive feedback linearization controllers. And
also it shows that adaptive feedback linearization and adaptive sliding mode controllers have more
accurate tracking with less error compared to feedback linearization, sliding mode, PID and NID
controllers, respectively.

Key Words Variable Pitch Quadrotor, Modeling, Feedback Linearization Control, Direct Adaptive
Feedback Linearization Control.

DOI:10.22067/fum-mech.v31i2.84510 A3l QYUY 0T i ndy sl 5 AANT dlie ilys 506 *
Olan Olan xis o2l (J 28 =G wdige « Al Ll )5 (V)

Email: khodabandeh@hut.ac.ir Oldes Oldar grs o805 o285 =G 5 pwdige skl oJ stos s 55 (V)



1199 a3 Eolont o5 s o S

Sl o llme 5 (63,05 pple 4 i

BLAN 5 oS 1S Ll by SRl B sblse s oo
sosle bas b s asdS s e e olid VL
oss oy 518 Sl U e o8 5 55,508 515
5 SYr O S a OS5 Lilels el
[1,2,3] JJS b)u‘

e o8 55550158 Ras 53 (g3 5dome Sl
A:JL:) L‘<'l [4] DL dbﬂ )).194.0 &;».w‘ 4:.94,; &:J‘)y
C,_,,;‘ \ﬁ 9 L.:)J ¢w.A) ).) )LS 4.’ ).}B 45 c)}b&
L{)jj})bljs &i JAL.; Ql.f) U'i\ g:,..w| ol Lﬁ.ﬁj’u!
G ossle o 3B 1) a5 Conl aze CK L;LA'CLA
) S0 s 553 S SG Ak Sl esdle
s s S ile il bl ey KL
J:JJ YURIN v VU OV J.SC,SJ;- u] REPRECY
b WO By s OF 5l Sl opl o LS
e S s Bl o [B] s ol e eslind
b oopiie o8 L0l G olinl canss IS
Do Se el w03l e (R S 3
S a0 Gl
Reference Feedback Tuning)VRFT

o,wc)ul
(Virtual
AL Aas e o3l sl iy el s 4l
i pome K Sl eslial U e s s Al
S S ol 5 g S slaesls S A
Hoo cdiSJ 28 G L agli LB (60 Shas mhaws
S Sl odd esls QLS S e V’“‘fé Jb S
25 ekl 5 o obss K 02l eSS
b Jomely S amegtis 5 S e i1yl 1 il
b Conds las S 28 Gl o D Gl
el osls w1 5 W S
Slropslie Jps b Ul o [6] o
s pie o8 5555018 SO Cand s saSalys
S i Ko it S [7] 53 ol ok

53 hmlie b ie o8 5 55,5058 G ool onss

W,

VR V-I]

5 el b (oS slad s 4 L0
elmil 3 s LB Gl plls 5 ogee 353
S8 pamen 5 SOl e glassl
AP el Slii g s 028 Slles
o ke S il Sl s S
Sy 50 GOl e Ll i s YL el Ul
Ll 03 08 o 355 4 ey ol 5o 1) ol Ve
o 5k Ol B sy polt slas S 4w
Gl ol Clsnl il slagssled
Lph e B 4 o0 IS 056 AL
(ol i OV il 55008 J S o
ils (Y Gl sy Salus ol 5 0oy polis
o G Sl (2 (2 IS 0
e LS 4 e S 5 s S o
sleiig IS s SGaS ol pl G sl 5L
3l gl SO il laddl- 4 &S 5 S
Ol o SV el gds (g4 ez SO 4 Uy
g [ San i

S &S Jsame 555,008 i se 0o, e
S S han g plUS il 5 Ll
S Lisd e J S s Culle K1 [ ba s 55 g
qlﬁrl_féujj:jﬁ\js.;)\:Jﬁ-ju;_ug;iajw(pa
UAS hols o i b syige by Upo
Sy by 01 U8 KL Gl so0nl) S L5 0
bl ol L [1,2] 55 5 e ssdoee Lay 55 g0 it
JAS Goyb 3 o Dl as Kos 55050055 55 s
sl Ll el Kan 5 58 Il G e
Rt S P (N SPIST - P ST
sy Sl e Mg kS b 5l s
sl G sy das b,
L sl S5 sl b gl 550008

flf duél“‘ S J s e ¢l§ o5 alsS s

obb)jjjs\;bw;wﬂ‘f‘wyﬂm

449.-.:3..:))

A



ol (Gebgo = funlina e

coisloodiiS Sl oslizl Uy 35,0058 G (sl oito o8 S

ol 0l O ch'(:L: ails (a;jl:g\' g;..wbj.:
0530308 J RS ey so a8 Sladss 3l (gl sed
MJ:JLM‘QM fbu‘ Qubﬂféujjj_})bg}w
L.¢<i (5‘)’ 4)).)\.7146 QLAJ (.;)L“”)\"L.’.Lﬂ ‘[10] DL
i e RS Sy SOl SslS

RGPV I S I

CiS 5 sy g e o5 8 de J S 1] s
pQ[lZ])).CM‘o.u &‘)\M&})Mwﬂ‘
AU L S sl b e oS xS
Lol Jb 3 (5le ssba S VL &S e 54 -
;,<.3 [13] BE] ] oS d\a&‘ )j.':'))bljs &.} “ ol
Cwr—2 6‘)” L de- )\.L“vli E) r)u.,a e.Ju,SJJI.S
u<.!.«\.:.9 6)Lw Jb?-)‘ L;'JSJ: aS ol 43\)‘)_93_5):\}5
(Linear Quadratic LQR J 15 (35 |zl
ol ol lasl 53 (i, ol .cws! Regulator)
ol eala_ul ULL.ZJ..G‘JJ‘).; BE )j;j)ﬂjs C,.Mj
Y Nu” 5 oL sl lagsle s |
L‘<i ‘g‘)’i‘_}'.’bj)u C/.w\ L;GL ‘la'.’.‘j’;’ BL JJ:,S r:.w.:.w
)e“djb‘j\}ﬁ: C,.‘L?-)J WM'J‘}JN UZW‘
03 31 (3lging 3ASJ 1S 3540 L, sdasOLLS b
sl

PID Jxs b ol Sy, 500 S8
Lo J xS [14] (Proportional-Integral-Derivative)

NID L e ke Sslys  ([17,18]
il k> 5 [19] (Nonlinear Inverse Dynamics)
Sl S SIS b sl [20] S
6‘fd}5bu3j§i))w‘u\cw‘evhicjbé)w
L)'-i‘ L PRGN I Wt ealae! J:}.ld fg )j;_j‘)é‘js
ol a8 L S, ol Bl (SO e 4 G

Spd g A Gl ke S

Slr ol Seles Jhe K dnn g S5l Guioo

.w\emw)ﬂ‘e,u}i)lﬁﬁbéabﬁJ;:...»uij)
VRFT (g3lme s o St 25 2, ol A
Stan ol a5 2y s s Sl
33 » .l (Correlation —Based Tuning) CBT
Lo 5 b A g olas ke 2y,
el g slaesls Sl a1 4e gozea Sl enlazl
S Sl bl g e S sty ol blenk
Gebs Sl 5 4SS Oab ol sbas 1) Laesls S
Bl [8] L5 dislop oSKan olKiws Sy
Loosonls Soosly Jas o5 b
B3 s J RS 5 e Al e 53 a3l 5
Sl pl8 IR 5 o O35 Sl oS S
oon e b s S a gl bk sl
o8 U8 a5 NS IS Blaw G el o
5 (Camdge) Som Al S Djson 5 ol - ks
ATl edd ghad e b (Condy) S0 4l S
Silsn Suslhe (ol W8 (il glaysisoslS
3L = b s s (Cele ) 51 2eS) absS
S e s sdes | OLila sl
oot gl Ak s S [9] s
Sl Sheslizal b e SN5b 5l b 5550008
oo ol el sl 451 &J-;{U:y&,,ggufl_f
Slaey (Jol Ao n ol e a5l S
Sl i K Olgea a0 5 LS
S8 (Gl ) ol VL (65,0 aSgosba (Ll
U jo 3 35 ol g Jawys Lot il oo
4 odes Hlr Lledd b Gk 5 Wiy s
S5 o sl s JUsl s L 55 Y olle, Bl
o by, x3aS e L3 L Ll v
PD oSd s & lolgys .l onp slate
adsl 555 Jegs ) skaeas (Proportional Derivative)
o s ot dsa i) s Shes .l ol ol
odd b sk S e Al W DSslsS
O Sl 5 cell YUY 551, 0l SO B el

74



1199 a3 Eolont o5 s o S

Sl o llme 5 (63,05 pple 4 i

s s Sl Sl by, lamle 515 5 5010 555
CS > b Ol WOT S 04 L35S L
rtf S Sl J g3 pl ssad JES 1 55000
el 5y Slaghe Lgly ks Ol Glas 4 i
i by Sl 55 S ite 85 550008 5o
IS 5588 CSm by, slagke 455
Syt
A SrSore b s 58 S e 8 Fe S
o5 slaghe g’@ Gl SO 8 b S
13 o3lined 5,50 ke ol 55518 s oS [21]
):;L;nr@)}?}):\ﬁ&lﬁ L sl Sisas colas
el 03551 Olaa 4y o e L5008 b alie 5
o8 glagls 05 5 LSl 5l U sla S5
Dl Kleobe [22] 5 5503158 4 e
Lo o5 b aS Jgame 555018 b anslie 550
e o8 550008 3 b e J S s s,
25 g0 ol 5555 o8 Lsls ok 51 S sl
(S o wal 3 15 6 5SH5 J S b by &
S das o ly Suse s se el ol a3l Y
501 Golsp gl L Ka i all o
yde SFL LIS L 5,008 b anlis
S bgis s sSae 0 dbmsl Ol Y
Alros Jed s Gl 5 iy (S sl
S Sl e w1y wpsls Sl 5 s e sl
AS o Ol
IS 550 sl e et & sl5 o bu s E
Sty
g Ml e S 3 Ly, Aes 0
e o8 Glasle by, el (V) S s
Sl sl ple (V) K8 53 5 ol el onls OLAS
sl ol esls QLIS e tlfjj;,)g\js&i

P $o55 Nlaip e p it p8 5550058
Sl s Sl pstese S5 55 Lol on CBT 43
Gy s Sas Olgea b)) 51 K sksS
eslatal oslo 5l 5 SOl Jdbo S dmn 5 S 430
3 Kb gl glaediSd s 5l asd e
JAS G i okl b (gl o
ol SASosbar g el jane o8 50005
Je bl OV na)ls S e 1) pdsn 53 G
S A (s e o8 50008 6l (Sl
Sl ole et 5 Soud (ol e saiSd S
Ao e gl s oleslll ol Ak
e ke Ol 33
(ol 5 gt lis JS L

o8 L5l sl Shs ok e Y i
Gl Jde b0 ¥ 25 3w T ol o5La | e
ol ods 30l blS b pane o8 5500058
5 Sk ol b s isd 28 b 4t iy s
sy kel S (gl et dusd 25 b
Golwani 5l ol Cu 0 idu 5 Sl ol
S5 @olgiy SlaediSJ mS L ine o8 555008
DYV PR SY -7 Sy = [T SO S .
S NID SPID J =5 L edd b slaeis =8
Sl (S ame N o s Tl ol si 2 ol

sl ol

s o8 55550058 o Sy
e o8 55555058 03 pine o8 ms 0Ly @ Il o
G5 53 G dheols 518 POasl syl o antls
05 KL Sl 2ld S S
5508 gmen el o Ay G Olgae 4 T O
2 Al Bl P S Ol 4 oS 0T
Ll 5l e Ll e sl He b olaptes
23 b Jols e a and H0lsS slagbe
Lo slagehe sl uis Ol ol p8, 555518




a.LJg/J;; SAgo —UL.WLM =

e Sl0 eSSl oslizil b 50,0058 SO (5] puiio ’»Lf‘,/j::f

053RS g5 50 sl Ses pldl wSle (63l
Z_L-“:l Wb rlf D5 aslS s e & ol S
S ssdoe 4 baygs, S Ode) Shes
Alas plil e o8 5555508 gl 5 3550 S e
OSee Ol S 4 basle Lsl5 Oy pre @
o8 sla, 55,08 ) S sbe el asly S s
Ll 55 e o8 (sl 555,550 58 L lin > ol
Glramise 5 g SLSU Ok 5 s 5k L
ol il 38 gLl 4 Jlaxl o e (63555 5l o
a1 sy il T 5 Shes =t S &
e o8 (gl 55555058 53 el cl s dal 2 Lo

I P FESC g P

s o8 5550058 (g5ludia
e o8 5508 J S B s onl s
S 5593058 Sl wslize s LB sbe
I3 o s sm e Ll 28 Gladils e
Six ) sl3l ams i sl =5 SVslee 5 4 S
gl A | e ¢L§ s 5315 (Degrees of Freedom

Jj'j@

[23,24] J =5 sl =9

g oy S aw) A glacs > Bl S
SlaS 5 o s lay s, G e L GL s
IS 6l s ol ol ool Cows 4y Cilze
2 S XS op Bo 5 pine o8 IS L 550008
ks 555 o8 Al i Loy o gln s
oles oS ol (555lk 4 o3 ol il ples
e 53 65 48 e s ol o o L a 55,
b el s B e i (gl 0 e
e I
WS Ole s osbar Loy 55, plad gl o8 slaw sl

2ybe J S

Srere 55353058 b ke o8 555008 ol
Dl el osle
oSy G 0w Gk ol & sl Jas )
R PRCI
0F5anIS L e B8 S50l ls oslas
Sl ol Oole Jsene
TSR TP PSR I NIV YR PI I ST
Al e s s a5, slagle
Gilblely ol o o & s la 55,5 aan Y
Rt
JUSE RN gqurlfdjxsduqﬁsjwj\ g
e el Sl il by e codiS 1S )
25915 b dem Sl ey Slae e ol
Sl ol 5 (AL e o8 S L
IS mlb dsls adl o wxes bl gl
S ohle Ol 5 ol Gua il e 58 ol
osle CLB L eSS mily gl S cl o
el 5 ize p8 L 5 slS Sl eslanad SV

\Al



H‘"I‘l ‘jJ;ju‘[&dedb

&&JK‘JJJLMBLC}&J}JK,}}.L‘;@F

goes f@ 25953188 (Selys OYsles
o5 3l o3l b 015 e 1 5 a3l sS 6y iyl
o5l s a S hugly (Kol 5 b pgte s
LS o Les 550l o oS olas e [23-36]
S s (BIS Sa faems Olpeay Al
03 Kph an S Lay s axdls glay s &_(:.at\.i;)ﬁT
Osige oseiS 5 5,8 Oty slass o b Jl-
e 2 A slas IS e
S5 S (naS 5 L asle) Saliss pl slas
o3l dies S S Sl O35 S o Joe By

SR
0 0 0
H= OT +R|0 )
W. _; g

.wl&:ﬁjd;:;\ﬁ@lj’g))jbﬂ;fﬁmas

el Wy s, JS S 36 cnl 5T = 1y bl s
s 3 L ogasls JEEl Sales (8) ey
Sl wlin b A5 0l oo Sl

At Oy
% 0 0
[y =R"! Oul + (0 (¢)
7 —nl L8

A Sl glacalys a5 a il e dls i

3501508 gl ol sl 5 G Sl ats 5o
S 35 Lo U5 e Lled s Gl JaS b
Al Ol Y 9 X e gee ap Sond 5595308

Iy—1 N 1

bele gr 4 o) Ty,
b Iy Ix Iy

Iz-Ix Jror 1
g = | =—pr ——— —u
[ql Iy pr Iy Pt ly 3 (©)
r Ix—1 5 1

T g 4 e ~u,

I I Iz

[23-25] wlics ~
Sl olasn o lo db Sl cio 55 ¢l
1) ol ealaul ¢(‘~) J&Q 4.»\.&.& L)}J_})J\}S r.‘.'...v:....:

P
£

~N "*-.e"
() ’

oyl ) a5 (8l 0 enlizal Sluames o&Kzws (V) JSLo
[23] o5 ~

sl plad ol ol 5 ol A Slae

Sl 3l ealitel b Slatsie i 53 G So b
Roll, Pitch, ) (5L «z=e «J52) (@, 8,1) L 5l S8
G Sy i Oobe S e on (Yaw

] &:)LA:?’M_}J Oﬁ‘)b));)‘)b‘js

d X u
1)+l
Z W
R =
COCY SHSOCY — CHSY  CHSOCY + SPHSY

COSY  SPSOCSY — CHCY  CPSOSY + SHCY
-0 S$CO CHCo
L asBEsinf scBEcosP S ol
(,y,2) 3ok Slasw el ce —w(u,v,w)
sba ol gl lolase s oe w o le
Al sl s el ad #5 s oole s
2l sl sl cs e (pr) LS e by

e S Slass

| Sbs8 Cose
b [ o T] p
6 =l0 Co —S¢J[q] )
i s Co
Y 0 = o r

\Al



ol (Gebgo = funlina e

coisloodiiS Sl oslizl Uy 35,0058 G (sl oito o8 S

7 = 1 (cos(¢) cos(6)) — g
=00+ L,
. P
0=Vo=—+,us

y Iy

V)

2595 Swles SYslas
H LS"\*‘Jg':.’. ‘.5\}’ (’_}:*‘j‘J C»—wbﬁ Jales SVsles
ool w3 4y Cprnd s 390 3 ("X" g Sy wlin)
an.«&é)):s .C,....:\o.L..i b)‘}dtﬁ.)‘ﬁj))‘ﬂsw‘
3l dilme sl p e ge ()55 Lol pan das
oﬁu;w\g:ﬁw\; “-“'ij‘p CU Q‘j&@)}f))ﬁjjm§
123,24,29] 555 s
FAS GOl B ine (Jyeme 55500058 Gl
&)W))M§jw‘j)‘@u‘ﬁ;d)‘6axﬁ

o 15 sy ] g e 4 0

w 2
I ey
Usz c (1)32
Us L)42|
Ib Ib Ib 1b
K. = 0 -Ib 0 1b
c7 b 0 -—-1b O
4 d —d d

\)
S sl y b S e d 5D e e
A JJLZ...’LS/ 9 @M o 2
S JaS gl b e o8 55508
u, = K(Cr, +Cr, +Cr, +Cr,)

u, = Kd(Cr, — Cr, — Cr, + Cr,)

2

uz = Kd(Cr, + Cr, — Cr, — Cr,)

2.]4.:‘) BMJQL:..J ('.A L: (O) 9 (i) ‘(Y') g(Y) .Jm\j)
e o8 55508 )y @bl a3 i S
JS’:"{K )}3})3\}5 &L@.J JJA 4?.:::..0).3 Lo

X = % (cos(@) sin(0) cos(y) + sin(e) sin(Y))

uy

y = . (cos() sin(B) sin(P) — sin(g) cos(P))
i= % (cos(¢p) cos(8)) — g
=02 +260, +Lu,

- P Ir . 1
0=0o=-=—Tpu+-u;
y y y

. Lo Iy
P = (pGTy+—u4 )

5 W =Wy — Wy + W3 — Wy

wove (-5

Sl 53 il e et se 5w L dy dy
e S o5 AdsblsenXyz gl e
Slasly S IS Ll 0p ol 5550058
Glosly Com i=1234 @ 5 el boygs,
Lot (4o il r@,ﬁ;ﬁ\ﬁﬁ Sl ¢\i)j§j)
Sl sl sl e S Ly,
Syl i gl s 0p slAde Lsd e

ssba e o8 5555058 S (g5 slap s s
SIS g eh 5 Lier S5 S 5 5 JB
an oy | 20 525 S Jas a6y S
L e g G 3 a5 50 5 Sl (S a5
ol &S L o g O > S0 s, 55 5
Db S s Gl pstase ol

sddesl Jdo ol S5 Clllao 4 a3 o L aed s
pyd e Ol 23 o sot mite o8 5 550 S

u

K= ;1 (cos(¢) sin(B) cos(P) + sin(¢) sin(Y))

y = % (cos() sin(®) sin(Y) — sin(g) cos(P))

\ax



H‘"I‘l ‘jJ;ju‘[&dedb

&&JK‘JJJLMBLC}&J}JK,}}.L‘;@F

(V) daly 5o a8 55008 Sl glas oV¥sles «
Sl oS a0l ol el oS el 8
ssba il O (2,9,0,0) Conss s D)
Lsd oo J,xS (ug,up,ug,uy) sasss,s b p—:—‘;-w"
Sy M 3555 (XY) slacdl> J xS Cr Ll
Solme Slaso s (S b agrlpe Gl 0l
S Sl ol nd 5950l S Cund e OVslas o
S G & e eSS B g LOT s

Sy 5553 S Cand s Jle

RG] cM%ﬁﬁjQ)ﬂd\{djbwéudbj)}

u, = l:n—l (cos() sin(0) cos(P) + sin() sin(YP))
uy = % (cos() sin(0) sin(P) — sin(@) cos(P))
u, = 2 (cos(¢) cos(8)) — g

= (cos(cp)cos(e»( +8)

=sin~ (2w sinw =2
¢ = sin (u1 u, sin o Uy €os 1]1)

8. =sin?! (uﬂl u, cosy + Euy sin lIJ)
(\Y)

aSY S
Sl S gile s J iS5 b

s o8 55450058
Sl 25 25 s S 5550058 S bl
bl 3 a8 Kb Sl J xS gl (s~ 8 kL
P sz y X oy oa o gl e
L b opl 4 [30] 18] Lk a3
23Uz s Uy aS 355 e edal i 55,5008 Vsl
338 s b bkl gla g S Vsl
Vsl 5L Shle el 0dd 8l gl ol il
SIS b an s st w3 S i
Jolde 53 5 o ooy Sl e S (5L o

L;LAL;JS‘;;;,« JZA\S Sl s Al mh...?-j'.ij;.

KR 3 3 3 3
Uy = E(Cle - CT22 + CT32 - CT4Z)

)
K=wip = wR 5 555,508 o3k Job 5 550
Cop @ Lo Ty = pTv®R 2Cp, 5 pTIVY°R 2

59 el T el 3 g Gy sl 55555 Slassls

Sl Bg) L85 e o8 L5 5 58,

z.ij}m)‘n:ul_w‘bu\glj&p%a)bug

Ll s 4 S o kS e

6Ct 3 |Ct
oCiq 2 2

)

0i=

C)W‘Lﬁ&:ﬁ'blMNbcg;_w‘()':_Ré
e
Cr

h Uy

C .

Tz| = p-1 |12 O)
CT3 33
lcr, 4

K K K K
[ -k —KI
B —Kl —Kl
Il3KR ,CT 3KR ’CT 3KR ’CT 3KR ’cn
(Y

U= L;)\_'».A dj".,.s $>9,3 d@&,ﬁ

by b bl o v & [Cry, Cr,yy Cry, Cr, 1T
AT s a5l B s e ples)
(‘K:‘:’}‘) Q‘j;& d—C odla C«_w‘; %\J_w Ls‘;’
(Vo) daly J Ll el sds

.b))‘

““—Mjm)f})ﬁd\

S 23k agle
st sl s s rals JA:«;.)}S))M}S
S5 Spsilty il Kot 2 Wl J 5

\Al



ol (Gebgo = funlina e

coisloodiiS Sl oslizl Uy 35,0058 G (sl oito o8 S

ol aBlpand @t (J 1S Slaso)s 5 Kpd o0
SSalys 5 K8 J a8 slassgys oS sl (V1)
Az (VA) 5 (W) OV¥sles &) sots o 5 a0 o

1 .
x®) = (E) (U; cos@sin® —u;@sm@sind +

u,0 cos 8 cos @)
QY]

1 .
x® = (E) (li; cos @sin® — 20, ¢ s @sinb +
21,0 cos 6 cos @ — u; 6% sin B cos @ +
u;6 cos B cos —u, Psin@sind —
u; % cos @ sin 0 — 2u; @ sin @6 cos 0)
1 . . .
y® = (— ;) (=0 sing —uycosy)
4 1y . o
y® = (—a> (li; sin@ + 20, ¢p cos ¢ —
u; @2 sin @ + u, § cos @)
1y . -
z® = (E) (0; cosB cos —u,;0sinB cos @ —
Uy @ cos 0B sin @)
z® = (i) (li; cos B cos —2u, ¢ sin @ cos 6 —
211, 6 cos @ sin @ — u;§ sin @ cos O —

u; cos 8 cos ¢ (¢p? + 62) —
;6 cos @ sin 0 + 2u;6¢ sin ¢ sin 6)

@ _

_ @ . .
Vi =Xq — kyiey Ky2€y — Kyz€x — Kyaly

v, =y§ - ky1e§73) ~ky28y —kyséy —kysey

V3 = 254) —Kypet? —ky8, — Kyze, — ke,
V)

e — kel — kypdy — Kyaby = kyaey = 0

el —kyrel? — k8, —kyse, —kyge, =0

(3) _

ey) - kzlez kzzéz - kZ3éZ - kz4ez =0

(\A)

3OS G2 s Woss S S AL ey
& g—2d 9 od—dosl—w Il OVslks Wy = 0
Al e s 4 (10) 5 (1) S¥sles

X = % (cos(@) sin(B))

§ =1 (= sin(¢))

7 = =2 (cos(¢) cos(8)) — g
(\¢)
N
=ru
1
0= Gus
1])=iu4
(10)

S der B 5@ skl BL Il gla ane ks,
Uz sUp Jaslagssals P szy xdas
sl el g
PPy X by cWsbaw & 5L
b Gl il e Sy Sl (10) 5 (18) Lal s,
s Dl 53§ pazee {ry,ry,rg, 1.} = {3,3,3,3}
ol VT s sl Jl lly ol VY
Ll s el sl i Sl S J S
S Gb Apd s i el cnl ookl
SIS 55 o Soalus 5 Sl (51 [13] L3 )
sbasl LS AL 5,8 sl 3y ey
el o 5 {ro,r3,re} 5 il =l (s
L s Slron ol 5 Al bl a1y S
A sl ol e sl
{ry,ry,r3, 1} = {3,555}
S Z 5XY Cumdge s SIS 4 gbow 5 gl
Uz 5 UpaS 358 0 ab S Giine b= U (VE) Vsl
by s Gite 53 bl o3 L Al

1,8
Sl e sl abug == sup =2

335l (V) SV¥sles &y s (V8) V¥slae




H"‘H ‘jsiju‘p_@ijL«

&&JK‘J—’JLMBLC}&J}JK’P}.L‘;@};J

el osSan 3 S G i 5 L
LIJJ%d‘ﬂ.éj‘bsﬁ-}(v')%b)beu ealai |
b S b s (Y)) &ys—ww PD sliiSJ 28 &
e Slae g o3 5 akyp s Ky1Ol )3 oS 553
S k)l il 50 S s lS

Lleds

uy = g + kya (Pa = §) + kyo(Gg =) (YY)

(el Sodd (g5l o oS d S
ssbOlen (b o sl Salus 385 Gl Skl )
o S s el 5 Sl il et 5 S
e Kl o s Lo bl oMoy 5 035l 500
ilal J S 5, SISl 6l sl Ol b
ol ilee M 238 e L) e a2
SIS LL o585 n e e S e )
NGV PN W
b SCkd ol ot 5 Shes (ke 5y,
iy e s s sl 2alS b 5 Lo
sleoe S leins 5 b bl Aol b L
St e plmdl plss gl pre S xS
Losy) 6 | olisy sl [2alS a8 Coua
b ops S ol b gl ass sl
5P bl meme pslde (il 28 GBI seslula,

el Laal g S 4 (e 3

S s ar Sk (gl o S
AP FC oM S s, by 8 05 o
shiea b p gl il 4o S en g
X [PTIV] A5 e o | s (58 Sl

| S>39,9 LgLAJJUJS/TjLAdl;-
T=M(xp)x+ C(x%p) (YY)
Lot 32055 Pl 5 o Al e Sl

SIS IS

sbe,e ki = {xy,2}j = {1,2,34}01 3«
)))\hli\-} (_;Ua> &tﬁhi" 4 JLI:'_"‘: LS‘J’ L5:L>=14‘

ei=i—idi={x,y,z}) Lot & oL o3l V.Z.MM»

Dy o RS
x4 By A1r Az Agz][ig
y*[=|Ba1| + [A21 Az Aps||uy \4)
z* Bsq Az; Az, Aszllug

B, = (ﬁ) (— 204, @sin@sin® +
21,0 cos 0 cos @ —
u; 02 sin 6 cos @ — u; @2 cos @ sin O —
2u;¢ s ¢6 cos 0)
Bai = (1) (s cos @ — u1§? sing)
B, = (i) (—20,¢sin@cos O —
211, 6 cos @ sin® —u, cos B cos @ (¢? + 6?) +
2u,0¢ sin ¢ sin )

A= (i) cos ¢ sin 6

A, = (i) u, sin ¢ cos 61i
— (L 1
Az = (m) u, cos 0 cos ¢ .
Ay = (i) cos B cos
1 1
A,y =— (;) u, COS ¢§
Az = (i) cos 6 cos P
Az = — (i) u; cos 6 sincI)Il
Agz = — (i) u, sin 6 coscl)ll
y
] [A11 A12 A13]7' [Butwvy
u,|=[A21 A22 A23 —Ba1 +va| (Y4)
Uus 31 A32 A33 —B31 + ;3

\44



ol (Gebgo = funlina e

coisloodiiS Sl oslizl Uy 35,0058 G (sl oito o8 S

v a5 L) daly) Selos b Sl
2 Sy plpby tzes b oposbe el
3k (V) daly &) o Ll5 e s Oler
> g
M(x, @)k + C(x,%, @) = W(x, %, X)P (*v)
S ol g i WS
e T DY | PP YR WU
oot Ll e (M) Aol 5 s SlaSalis
34 axd g (1Y) iyl
E—kyE -k E = —M(x,p)'W(Ex)P (*T)

DO RPN L}VV (FY) AEqb )J«JbﬁL5AAS

Sy
cos_OZ:igncb 0 00
W %X) = P ks
¢y 6 PP
0 6d -0
(¥t)

SEERC S e S o (FF) iy, S
E)ebﬁutg:)));ﬂ%w Sy an S L
(¥0) &y OF 5l Gaowd S il s (55
T35 s sl MOl 3 S0y Spa b5
Ssw a5 Gl s S| i 55 (A C)
L G monStmedl o 455 0 Sl

1S 0355 5 By e s 2 S
Z=AZ+Bu, u=-M1wo
E=CZ

o)

dalpt S s 4 (V) s 4 Ll (s 5

‘el

E, =E+WYE (1)
E, = CZ (*v)

G0 &S LS e Ol dﬁx-@ﬁﬁﬁh‘wg rj

LS o Bl ) dailg;y o aS Sl (g i) 5

_[m X343

M = _ [og X (mVp)

" lwg x (lwg)

03><3
03><3 I

o oy i 4 Vg s wp Of ys oS
i s e Sla e s et e Sl
S ok
[V vy v,

Sl eSS L B8 sl Sealiys
i gpd e RS SO
u=r1t=M(xp)Xx*+Cxx%p) (*v)
s ) 5 Ll K S
X" =%q — kyE —Kk,E (Y4)
Gl B SE 5ol b el Oglhs Ol 2%y

Ve= 5 wp= [ Wy “)Z]T

MJ@QL&J UQJBQ&ﬁjw” ‘}.ﬂ
(Vo)
(Y1)

E=x4—x
E=%4—%
b ks Sl Gl ol e Ky s Ky

i o G 3 el adls e Sl
C oM (YY) daly o5 J-pll o s Ol_atss
) Lo 5 Ll pasisl g bl gl 4 s

SEIRON PRSI

T=M®Epx +Cx%P) (YV)
M=M-M

C=c-C (YA)
®=p-p (¥9)

G b s o le )b e glas @
el (YY) 53 (YY) ey

M(x, @)% + C(x, %, @) = M(x, ) (kg — kyE —

kpE)
2
o laclalys
(E— ko — kyE) = =M1 (Fix, )i +
Cix %, @)
(1)

\A%



H"‘H ‘jsiju‘p_@ijL«

&&JK‘J—’JLMBLC}&J}JK’P}.L‘;@};J

T = MI(x%, pDX" + CI(x%, %%, p%) (£0)
ud
19 = K
Teq
TlIJq
m
|- cocy 0 0 0|
Mixpd)=| 0 Ik 00
0 0 Iy 0
0 00l
mg
[ coce ]

[. .
Ca(x9,%x9,p9) = Ie.qf(ly - IZ) I

[PU, — 1|

Lp6(1 — 1,)]

ol sl 425;

E

Py
I’jq = p% =

P3

pd -

oS =S opl JS G ol e s el )b s

kg

(1)

—
<

(Sl 0 g_.e.i_)x; BB LY W(X,X,X) W
[—Z+g 0 0 0
CcoCh i, o -0y
W(x9,%9,x9) 1 0 _ilb g’ ¢lﬂj| (V)
0 66 —0b
05338 Gl bl Guds 08 pl pls
Dy Al 5 Do
pa = —TWTMI 'E, ($A)
Pl s T e ,p a8 o
gfl.é U‘i\ Lled—d ;ﬂ.:js.? (i') 9 (V-\) 6@&4‘)
4(20) ‘Uﬂ-.") BE JJZS Q}JG L» e\jo.ﬁ ‘Jiﬂ\)b: d,:.Ja.?

L oosanls slacsnls ol ¢l doly e

.)}.j: “’L‘f“"‘w‘ﬂ‘ﬁfﬂ U’.‘,”L’LSLAJ:"\JL.

e Caie Sl e Sl PQ la s Sl oS (5 i

LLllea
ATP4+PA=—-Q (¥A)
PB =T (¥a)

sedp Cuie [0l 3 s GubL &b Sl
el ﬂ) QJMM | d,:.k; o
V=72TPZ+ 0T 10 (¢+)
o Sheslanul b 5 VL el 5l (6,8 Gt b
1O s mon S el
V =2"PZ+ Z"PZ + 20"T16 (1)
V = (AZ + Bu)"PZ + ZTP(AZ + Bu) +
20'T-10

V = ZTATPZ + u"BTPZ + ZTPAZ + ZTPBu +
207Tr-1¢9

V=-72"QZ + 2u"E; + 20"T"10
V = —27QZ + 2(-M~'W0)"E, + 207716

V=-2TQZ - 20"WT™M™E, + 20T~'0

) Dosen Gel 0506 ORI

0 =TWTM™1E, (£Y)
23 Loge 4 (V) daly 5o BLU &0 Gl s

T o s @

V=-2"Qz (&Y)
—des A (Cpme Sue Q bl 4 (BY) Al &S

O=p-—paSula & 5l 50pdalp o

slis Guda 046 S d O =—p ol

By el 5O e

p=-TWTM'E, (4¢)

500388 Sl ki Kdd (5l R S

Ol 5l GSalys & 5 L pito o5

- sl ) Kb il ot LB e Sl

sl s X = [ZHOY]T 55,0058

VA



a.LJg/J;; SAgo —UL.WLM =

e Sl0 eSSl oslizil b 50,0058 SO (5] puiio ’»Lf‘,/j::f

el SOl cf g € OB (W) sl St
CS s SRS sl sy andse oL,
ol s suiS U 2S4S 55 5 e edaliie (Sdasan
by sl e 5 2 sl s Ses S
s s Js 08 0 SKnp o o1 S a aS 5
(el e b el S (g5l et S

Syhn el g 2hs) 5 eldeal xS

J:,;J.Arls/)j:)):bs&\f. ol ealaiul 6\.&}.‘.&.)[; (\)J)J}-

Silwand s
e ol J &S Giluand mls
Sl ek Soud 5l s
ey flf 59 sS
Sl St oS T 28 (S5l and i i ol 5o
Sl S d il e s 2S5 S
(V) Jsdr 53 o 4l ize pLS 5555808
553055 (6 el esliul (sl el siasplis

el S eis e (V)5 () (o) 8) gla K3 5o
m 25kg by b ye J S 4 bysye slasls el
R 1 olald - 5
018 m Glrst—w (led 5 (J RS s (53505 L5508
¢ 0.03m 5SS il o J xS g e b,
d 0.3m ol sd enls s ke s (g3l ot
5.23 Sdin o (0) 5 (8) Gl S o o8 5 sboles
) ~
Np S Dypo g ST IS 9o a b g b
Q 282.7 rad/sec o
pL———
I 2 x 1072 kg.m? R 2
i 5 sl s S U xS s Sae 2p gamslis Gl
I 2 % 1073 kg.m i
y g 3 sl A= 4 s O oo O oLl
1, 2 x 1073 kg.m?
9.81(m/s?) V0 Sl e o (3B V0 Sl 5) oS - WLs
g 81(m/s ¢ $
4_.,4’;.-}]L3Je.l.~ir e:‘bﬁgcﬁj&s\aod"ffﬁ,}g
& '
—Xalf“'y
e T o
; i b~ S
0 5 b e = »
Tame(sec)
w -
0 b’
- ~ T
E B - e R » L.’ > reg v |
J rst VimPAPLC |
m. 5 0 2 > n
Tame{sec)
» ~.\.“ . ! [—zm |
- Ty S d - z.-'-n-.n-:
E \_ ----j:m:; 3
£l AN e [s22* ZmyAFLC |
.”. ; ﬂ 2; é 0

Tame{sex)
sl S le e s S ol et slaetiST mS L cand e ols, E ISS




7?“140;:‘)[«;?&}de.« &'L(AJJL;L.«&AJL;JXJLTij&@fL'

Time Series Plot
100 T T T

e 4 (020) == (deg)-FLC = = = = G(degl-AFLC

Fy Q--'l-l-
£ - -
=

_1m 1 1 1 1 1
[} 5 10 15 20 5 E ]
Tame{sec)
Time Series Plot
100 T T T T T
e ] (dE0) mm  (deg)-FLC = = = = 6(deg)-AFLC
>
i o f. . ¢'—-_‘ _ e
= o
_1m 1 1 1 1 1
[} 5 10 15 20 » 0
Tume{sec)
Time Series Plot
1m T T T T T
— |— (deg) == y{deg}-FLC = === y{deg}lAFLC
™ [,
T 0 i .
_1m 1 1 1 1 1
[} 5 10 15 20 5 E ]
Tame{sec)

nll SOl (il ot 5 S (g5l e slae ST 28 L Cunsy 2L, i(0) IS

" Y Y 30 Y Y
w— 1 (N/)-FLC —u,(N/m)—FL(;
10.56 « o U (NfmpAFLG 20 Uy (N/MPAFLC
E \ E 10
Z 10 3
AR o~
= = 0
A
0.6
10
2] X y 20 . 1
0 10 20 30 0 10 20 30
Time(sec) Time(sec)
20 T 0.2
10
0
— () —
E | E
= -0 = 02
5" : — 5"
20 w— 1 N/ FLC w— 1 (NP LG
. U (NIM)-AFLG 0.4 u, (N/mM)AFLG
30 N —
-0 0.6
0 10 20 30 0 10 20 30
Nme(sec) Nme(sec)

el Sod il o 5 S (gile st sbeeliS S L J xS glagsn sy () S




aJ.Jg/J;; SAgo —UL.WL.“.A /,:v/ L;LA:MJ%_;/&J&L&/LJJJ:}))(};& Lf/j"xd':"‘g‘f/j:"r

w— Trajectory of UAVF Lc
Initial position
Way point
20 Landing point
Trajectory of UAVAFL,.
15 —
10
E
N5
D]
5 |
10
o 40
-“10 20
Y{m) 20 ¢ X{m)

skl S gle a5 S g5l et (glae ST 1S L Gdasan I 3 555308 e (V) S

2C
2°| ———— setpoint
e P it — = FLC
- (..‘...-----------" \‘ === ARC
., o S
é 1 ot \':.
xX . \..
\.-L
o
” | \ | |
it ) 10 15 20 25 30
Time(sec)
10
..
LA §
.
— -
o % e
;‘-; Q’. ¥
. e e T .‘/
s 1 1 1 I
L 5 10 15 20 25 30
Time(sec)
) I\.
10 N
—15 "‘.
E 11 "0. \
T\T'Iz {‘-..--...---..._.. !; .
w — == "'._ — —— —_— —— -
" .'o.
.-
S |- '.... =
G 1 | 1 1
® 5 10 15 20 25 30
Time(sec)

e 03 e b e e ol bt 5 S (Sl et slae keSS 28 L e e 2o, M) IS

AN



1149 45 i)w‘ﬂﬁjwdu &'L(AJ:L;L.«&AJL;JXJK{:}L& Al

o)
8 4
\

"y - —
iy e T
A ) &
o s w 5 20 25 20
Timex<aec)
au
-
- e
- e - Stessa
- - - o
g R—ie ~ ' i
s-0r iz
= ‘ .' ~
a0 = 7
~
- —~— -
-0 ' '
-] 5 ° 15 20 = e
Timetsec)
T
A
=%
=1
-
= 15
Sl
— - -
T
o =N
t L3 _
- * '
o 5 0 5 20 23 x
Time{sec)

) - w = - BN a0
Tt
o
e .h — — — — —
w0
-
s
P |
= o
IR | |
0T = — — . — — — e sr s s rrmmem
>0 '
- i . . . - ‘
o B "w ' o i e

Thervmnd s )

— — — — —

oo
X | |
E ™ !
= |}
20
% i s Rt e el S A R e e SRR b
%

a - [ - e = a0
Wil mewc

e 02 e b el S (g5l e 5 S (5l st slae ST S L IS slagsa sy (V) ISS

AY



a..aLg/J;- SAgo —UL.WL”.A/,:'/ JLA:MJ%J/@J[LL&/LJ}})J(};& L;/j"j:‘"':‘,"K"/j:"’r

mmm  Trajectory of UAV, o

= wnn Trajectory of UAVAH_C

R ¥ Initial position
. 9 Way point
20 Landing point
N,
18 ‘\
16 ’.\
14 "
:E: 12 ‘8) -
N
10 =" - %..
8.4 F ot*
.‘
6 "‘,“
4 Rl
TR w*'
\.‘-\ B
5 N, =T 30
0\ i
\:‘\ ”'(__./ 20
5 N =" 10
10~ o
Y(m) 15 .10 X(m)
el S il ot 5 S (gl et (slaeliS T 2S L sran S 3 55505008 s :(V)) ISCS
e pm 0 e b
PID dLAaJ..'JSJJ;.’.’S L gilwans @L‘b ds 20
= e - . .
e B b S Sl
"o g o - :ngAP BT 0 S LJ:">=J U‘i\ BE]
G_L’b l; 6)Lw 47.\2 C"LU ol f‘;l; LSLAOJA.SJJZS
' — 5 Lled—d 4 wslis [2] NID 5 PID slasacs s
| :.I"ILL_‘.‘; ambge b3y i g (V)L OY) gla K3
Tine|wic) il L:J:A:ovg 053 JxS e s
Sl b 5 S g3l o laosd 18
k esSan S aly3) NID 5 PID 5 ik G 3

‘ 45:,1&0.)&[.&,6.@\04.2 ob‘bﬁ}u.._'v(aa;'-ﬁ
Timeiec : Gl o 5 St g3lw Jas slaoas] xS

S 3l o laediS 25 L camdge sla, :(VY) IS
NID 5 PID sleeiSJ 28 5 sl Sod (5l bt

Sl liSJ 28 w4 Cad (6 g 3 Shes ikl SSud
.L,lsNID 5 PID

AY



7?“1‘10;:‘)[«;?&}de.« &'L(AJJL;A.«&AJ‘_;JXJLTfj&@fL'

100 , .

T T T

]
I—phid(deg) == phi(deg)-FLC == = phi(deg)-AFLC **** phi(deg)-PID *=== phi(deg)-NDI|

Tume(sec)
1m T T T T T
[ === pd(deg) = #(deg)-FLC === #(deg)-AFLC **** #(deg)-PID **** #(deg)}-NDI |
> bog ~ 4 o A M ¥ M OAM M . w3,
I A aaaaaanasssas
z
° ’ . ¥l It
100 | | L Il !
0 10 2 30 40 50 o0
Tume(sec)
1m T T T T T
| === d(deg) == i/(deg)FLC == y(deg)-AFLC **** u(deg)-PID **** /(deg)-NDI |
E oMM R oM oN FoBRom kAR LN
3 o ‘. 1..'. -.-.. - [} L - -.- LI .. -8 ‘..-..
=Y PO A - R S R R R - I
100 1 ! 1 1 !
0 10 2 30 40 50 o0

200 GO0
5 - u,FLC
i 400
0 FAV AT rR R Rl By = Uy-AFLC
wenn u,-PID
200 2
- - uyFLC wxau Uy-NDI
= )
— = u,-AFLC o
wessu,-PID
-400 sxssu,-NDI 200
-600 -400
L1} 20 40 [01] 1] 20 40
Tume{sec) Tume{sec)
600 600
- uyFLC - u,FLC
400 = U -AFLC 400 — = U -AFLC
200 sassUs-PID 200 sessU,-PID
jm IIIIUB-ND| llllU4-ND|
o = o
-200 -200
-100 -400
0 20 40 [01] 20 40
Tune{sec) Tume{sec)

NID E) PID LSLAAJA.SJJLSJ L;‘«l‘:‘h“’ ‘_{.:.,\.:5 LS)LA'L’]G;- E) &.:.,\.:5 LS)L"Q;]‘} LsUAoJWSJJLS L &;J;S 6&63})) (\f.) Ji.\l




a..LJg/J;; SAgo —UL.WL.“.A =

e Sl0 eSSl oslizil b 50,0058 SO (5] puiio ’»K‘,/j::f

b e o8 55008 J8 slagoss cion—ss
Sl b 5 e (5l St laedisd xS
Ol (ol (5l e 5 (553 e (dad S
SladiSU 5S 4S 555 e sdaliie (Cal sl el
3 Ses el o8 e 5 ekl S 5l

5 S ol s glaediS U 58 4 S S A0

L;Lhewdﬂs L} d)bkxﬁb @L’b :\.-q'u.d
g;s'::’aJ d&),&!.u} d‘:‘fd"“
s as fgr o p Smgx A 2l
dﬂl} 35 olwans @L”J ‘o.x.ifljb L;LaoJ;;SJJ::S
V, 04 r;}l.;Y,O)‘ djy- LL:AJ:V_M.;.-VJQ-AS
slaonsd xs Gik:l Lol asl Jals rﬁj.l?i
D3 led i aulie adat Sl 5 o dale

25
- | o= m— - e SetPoint
2 - LG
_.“‘ '-.-l-llllll-'-. :: mmEE AFLC
15 5 o Py — = SMC
§ Yy . % 1-\ ........ ASMEC
. I o 1
Enie S R .
> . '\\
9 b .,
0~ +"'*u..ﬁ'.u'--_
_5 1 1 1 1 1 ]
0 5 10 15 20 25 30
Time(sec)
16 -
5! 1 1 1 1 1 1
o 5 10 15 20 23 30
Time(sec)
25

10 ., any, | — — —
e B -
., =
S LT WL T
n! 1 1 1 1 1 1
0 5 10 15 20 23 30

Time(sec)

A ey A e eSS A S (sl 5 Sk (sl SlaediS S b e 3 5000) S8

e p 03 e b el

AD



?f“l‘lg;iju‘rﬂnjwdu &'KAJ;()J@.«&AJ‘;:}JK}»}L&@%'

orony)

W
il
W

Timetse]
oA e 5 B e (glaediS T 1S 5 A S (gl et 5 STl (il ot lae ST xS L cuns s obs, (V) IS

e 0 e b Al

oINS [
. e AN
‘ e 2
- o ABNC
s - .
- [ i
| P p—
E' L " " - - -
Virrwadass )
e
-
Vo0 '_-—.-n._n.-ﬂ...-.'!----
-
s '
-
. f
» . bl L LR L LR L LA L
L » " " o L Bl
Tirmtams)
we p
WP, LT, TR
. !
g " '
2 ) &
- 0
) =3 B e —
m} 1
"‘0 - w in o - -
Tiirom nen)
wor
wer '-ﬂ.rn.rn.n.ﬂ-‘.‘
L]
- '
> b .
34 {
e ————— “ e S— . ——
"n ; l:z Ll - - l’l

Viriminma)

o de 5 a5 e laediS T xS 5 e G (lo et 5 ST (ol e e S mS L I xS glagn s i(VV) S
e p 3 et b i

A$



ol (Gebgo = funlina e

coisloodiiS Sl oslizl Uy 35,0058 G (sl oito o8 S

-uh;'- 5 Sods L;)'va.]a;'- slredisd s 5 Jwb—
do 5 e SlaeriS S | ks Ko 5L
058 e g ilpd s 0 Ak oA
6Lho.l¢5dj25 )_}ﬂ:@ odalin a5 ol ol ML&A
s Al B 5 S S sl e
b slar 5wl e e 2lb3) 03 2L
das e QUJASJ.}JBL;«SJ:}-WJJCAQ&}}A

Llaalsy gk o S a4 cd (6 e s Shas

4l o5ls
Virtual Reference S e
Feedback Tuning & e
Sl
Correlation — . Ll L
Based Tuning o e
Proportional e s
Derivative < i
Linear Quadratic S e ey ediS b
Regulator T )
P
Proportional- ial NSl o s
Integral- c A e
Derivative
Nonlinear S Salys
Inverse o
Dynamics sk

Six Degrees of b3l am s i

Freedom

Roll, Pitch, Yaw sk s

& S 4o
S Slar RS s Meisa s 4 Al ol s
Sl alie o s wly e p8 5555008
Ol (5oL 0 b bl ol (ol o8 5 555508
S das e L S ST s el slassile
b o8 5508 i 3 Shas 3 5 s a0LES
sl
Gilelr slaoaisd xS Wie ol bl o
Al e s el G (gl e 5 S
3 s sl b Sodd (il b eiSd S
DFRNS Cundy 5 Candse Sloy o il o
3o i odiSJ 1S ol e}ulﬂx‘LfJ:ilﬂfK
s S (g3l Jast SUST S s S
s sl 1 b ek D2 sbay 5 0l (B me
Bl B Sl eslanal bdas oo soid (335 obss &
b el Il oSS ol S ol ks ol
s 3l ol 3Ll oS Mz 0L (5 5leknd
xie Oloy glags S S 5550308 U s oo o5l
DR 03 SFGE ssba L il Sl
Loaslie 53 oubl gbles Lo, cliliz
Ui kel 8 L il b sleediSd 28
Sl Sl ke @ ks 5 Sy, LS
23 el 2Bls iz o8 55008 sy 5 Sl e
Giloglr glaeSdzS 5l Jols mls 50 1
Sbrotis ms b ikl Ll (gole e 5 SSud
spbe elalie & el sdi aglie PID
Sl 5 Seud il et slaerisd S
e L35 03 G 3 Ses b ks SSud
El Ores 5 dxes sy gl 1Al 5 e

el

1. Cutler, M., Ure, N. K., Michini, B., and How, J. "Comparison of fixed and variable pitch actuators for

agile quadrotors”, AIAA Guidance, Navigation, and Control Conference, pp. 6406, (2011).

AV



)T"‘H‘j_aa‘jw‘p_@jfdb &&JJJLMBMJL;JJJJL(’;}.LP%}Q

2. Cutler, M. J., "Design and control of an autonomous variable-pitch quadrotor helicopter”, Doctoral
dissertation, Massachusetts Institute of Technology, Department of Aeronautics and Astronautics,
(2012).

3. Cutler, M., and How, J."Actuator constrained trajectory generation and control for variable-pitch
quadrotors” In AIAA Guidance, Navigation, and Control Conference, pp. 4777, (2012).

4. Kawasaki, K., Zhao, M., Okada, K., and Inaba, M."MUWA: Multi-field universal wheel for air-land
vehicle with quad variable-pitch propellers”, IEEE/RSJ International Conference on Intelligent Robots
and Systems, pp. 1880-1885. IEEE, (2013).

5. Panizza, Pietro, Davide Invernizzi, Fabio Riccardi, Simone Formentin, and Marco Lovera. "Data-
driven attitude control law design for a variable-pitch quadrotor”, American Control Conference
(ACC), pp. 4434-4439. IEEE, (2016).

6. Riccardi, F., and Marco, L., "Robust attitude control for a variable-pitch quadrotor", IEEE Conference
on Control Applications (CCA), IEEE, (2014).

7. Invernizzi, D., Panizza, P., Riccardi, F., Formentin, S., & Lovera, M. "Data-driven attitude control law
of a variable-pitch quadrotor: a comparison study", IFAC-Papers OnLine, Vol. 49, No. 17, pp. 236-
241, (2016).

8. Riccardi, Fabio, Muhammad Farooq Haydar, Simone Formentin, and Marco Lovera. "Control of
variable-pitch quadrotors.” IFAC Proceedings, Vol. 46, No. 19, pp. 206-211, (2013).

9. Pang, Tao, Kemao Peng, Feng Lin, and Ben M. Chen. "Towards long-endurance flight: Design and
implementation of a variable-pitch gasoline-engine quadrotor.” 12th IEEE International Conference
on Control and Automation (ICCA), pp. 767-772. IEEE, (2016).

Ol il sl iedad S8 ) e J 28 s S b e edilast g gy e

) PYTIYY Sl o ) epler 6T 0555 528 Gyt iibign dlomee ctasiha ez iy pslin 5 3500

.(\Y¥40
lazsl 3 Ol U 5,0l e a0 CiS Sy e oS58 de J S Cp a5 e g gl )

VAY-WVO Slori o ¥ ojlad 8V 0,95 (5,5 B mwbge e c(adad B9y a4 ol es 5 L

YA olsl)

12. Benallegue, A., Mokhtari, A., and Fridman, L., "Feedback linearization and high order sliding mode
observer for a quadrotor UAV", In International Workshop on Variable Structure Systems, VSS'06, pp.
365-372, IEEE, (2006).

13. Shulong, Z., Honglei, A., Daibing, Z. and Lincheng, S., “A new feedback linearization lqr control for
attitude of quadrotor”, 13th International Conference on Control Automation Robotics & Vision

(ICARCV), pp. 1593-1597, IEEE, (2014).

M



a.ig/.ab- SAgo —UL.“.LM.O/,:'/A L;LAoJJJijJ/aJ[@/LJfJJJZ}f& L;/ij:&Td’pK‘,/j.Cj

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

Comert, C., and Cosku, K., "Comparing and Developing PID and Sliding Mode Controllers for
Quadrotor"”, International Journal of Mechanical Engineering and Robotics Research, Vol.6, No. 3,
pp. 194-199, (2017).

Bouabdallah, S., and Roland, S., "Backstepping and sliding-mode techniques applied to an indoor
micro quadrotor”, Proceedings of the 2005 IEEE International Conference on Robotics and
Automation, pp. 2247-2252, IEEE, (2005).

Madani, T., and Abdelaziz, B., "Backstepping control for a quadrotor helicopter”, IEEE/RSJ
International Conference on Intelligent Robots and Systems, pp. 3255-3260, IEEE, (2006).

Dydek, Z., Anuradha, A., and Eugene, L., "Combined/composite adaptive control of a quadrotor UAV
in the presence of actuator uncertainty”, AIAA Guidance, Navigation, and Control Conference, pp.
7575, (2010).

Lee, D., Jin Kim, H, and Shankar, S., "Feedback linearization vs. adaptive sliding mode control for a
quadrotor helicopter"”, International Journal of Control, Automation and Systems, Vol. 7, No.3, pp.
419-428, (2009).

Das, A., Kamesh, S., and Frank, L., "Dynamic inversion with zero-dynamics stabilisation for quadrotor
control”, IET Control Theory & Applications, Vol. 3, No. 3, pp. 303-314, (2009).

Ghandour, J., Samir, A., and Jean-Christophe, P., "Feedback linearization approach for standard and
fault tolerant control: Application to a quadrotor UAV testbed", Journal of Physics: Conference Series,
Vol. 570, No. 8, IOP Publishing, (2014).

Cutler, M., and Jonathan P. H., "Analysis and control of a variable-pitch quadrotor for agile flight",
Journal of Dynamic Systems, Measurement, and Control, Vol. 137, No. 10, (2015).

Abhishek, R.G., Duhoon, A., Kothari, M., Kadukar, S., Rane, L. and Suryavanshi, G. "Design,
Development, and Closed-loop Flight-Testing of a Single Power Plant Variable Pitch Quadrotor
Unmanned Air Vehicle", Proceedings of 73rd American Helicopter Society Annual Forum, pp. 9-11,
(2017).

Gupta, N. and Kothari, M., "Flight dynamics and nonlinear control design for variable-pitch
quadrotors", American Control Conference (ACC), pp. 3150-3155. IEEE, (2016).

Gupta, N. and Kothari, M.,"Modeling and Control of Inverted Flight of a VVariable-Pitch Quadrotor”,
arXiv preprint arXiv: 1709.06407, (2017).

Chipade, V.S., Abhishek, A. and Kothari, M.,"Advanced Flight Dynamic Modelling of Variable Pitch
Quadrotor"”, 2018 AIAA Atmospheric Flight Mechanics Conference, pp. 1763, (2018).

Pretorius, A., and Edward, B., "Design and modelling of a quadrotor helicopter with variable pitch

rotors for aggressive manoeuvres", IFAC Proceedings Vol. 47, No. 3, pp. 12208-12213, (2014).

A



)T"I‘I‘j_aa‘ju‘[,_@jfdb &&JJJLMBMJL;JJJJL(’;}.LP%}Q

27. Cutler, M.J., "Design and control of an autonomous variable-pitch quadrotor helicopter”, Diss.
Massachusetts Institute of Technology, Department of Aeronautics and Astronautics, (2012).

28. Fresk, E.,"Modeling, control and experimentation of a variable pitch quadrotor”, Master thesis,
Department of Computer science, Electrical and Space Engineering, Luled University of Technology,
Sweden, (2013).

29. Simha, A., Sharvaree, V., and Smyendu, R., "Almost-Global Exponential Tracking of a Variable Pitch
Quadrotor on SE (3)", IFAC-PapersOnLine 50, No. 1, pp.10268-10273, (2017).

30. Fang, Z., Zhi, Z., Jun, L. and Jian, W., "Feedback linearization and continuous sliding mode control
for a quadrotor UAV", 27th Chinese Control Conference, CCC 2008, pp. 349-353, IEEE, (2008).

31. Mukherjee, P. and Waslander, S.,"Direct adaptive feedback linearization for quadrotor control”, AIAA
Guidance, Navigation, and Control Conference, pp. 4917, (2012).

32. Shastry, A. K., Pattanaik, A., and Kothari, M., "Neuro-adaptive Control for Quadrotors"”, Proceedings
of the Fourth International Conference on Advances in Control and Optimization of Dynamical
Systems (ACODS 2016), Tiruchirappalli, India, IFAC-PapersOnLine, Vol. 49, No. 1, pp.302-307
(2016).




’r‘?‘?ﬁ_;)a;/,«.«j‘p.gvjdwdu u@‘KAJJL}J@wJ‘;JﬂJL{ﬁ}L&@ﬁ'

Silo s 295 ¢ (S JIdcwd Tl (895 ¢ B9 Dby T oS o (I wd S
*eKowd 3l oolaw! b

s oS e Tl e Mg Pl deme

S Ol )b gy Ol 1 s (S0 45 AP S 01l 0 s[5 S b Slaly 40 (505 by OO
L el Jdo  Salis felood 0 oo 5 0l (Gl S lil (69,85 Dl 1 4 pad Il o ol 3 35 o ST S e
aywj,al?y'/@;'/jfyuijjj/u[é&ﬂ/QQLJ S QYAIMCW/.WUM sty ol ol b b ($9) o (Slamio OS>
J:.a;fj&'JA4‘u/:/J.a.c,.w/w’/f/;b,u'/&.gjwadjudbdujjjﬂﬁdbﬁiwdjﬁwﬁf/jé‘M Ry
awtly g by ES o il tend 4 e (S0 AR S iz 5 (oLl el oo plln sy idote 2 &l Lol
S8 gy 3 ES o sl ol il o ol i 3 oS S allas 3 Slos 5 Ul Sl sl ml Coel 0l

ol Dy (i 0k g i o plloll G id L) C,»JJ/;;.,?JCEML;})J{

w8 (g eyl el alizsl jliaS  Salus OValee (g5 S b, (Sl (o lg

Nonlinear Control of Motion of A Spherical Robot on Inclined Surfaces Based on
Feedback Linearization Method

M. Aalipour A. Mokhtarian H. Karimpour

Abstract Spherical robots are the mobile robots with spherical shape equipped to internal drive mechanism
that move on the ground due to their external shell rolling. In this research, after modeling of a pendulum
type of the spherical robots, dynamic analysis of their model during planar motion on an inclined surface
is performed. The motion equations of spherical robot are derived using Lagrange method. Also, a
nonlinear controller based on feedback linearization methods is designed. In the following, considering
non-confirm initial conditions on trajectory, parametric uncertainty and also disturbance torque on robot,
the motion of robot is simulated. The results indicate that the designed controller has proper and resistant
performance in tracking selected trajectory for sphere shell rotation during moving on specified inclined
surface.

Key Words Spherical Robot, Dynamic Equations, Disturbance Torque, Parametric Uncertainty, Non-
linear Control.
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Numerical Simulation of the Heat-Fluid Flow Behavior Around the Cylinder with the
Controller Wire

S. E. Razavi T. Adibi E. Abbasi Tabrizi

Abstract In this paper, the effects of tripwire in upstream of flow over a circular cylinder in a 2D channel
and Re=100 has been investigated. The dimensions of the channel are 20Dx50D. The distance between
cylinder and wire is considered from 1.5D to 6D, and the relative size of wire is considered from 0.1D to
0.9D. The governing equations are continuity ,momentum, and energy for 2D, incompressible, unsteady
and vicious conditions. The no-slip condition for both cylinder wall, constant temperature for cylinder, and
adiabatic wall for wire have been considered in this paper. The followed equations have been solved by the
back-ward differentiate method and the CFD software - COMSOL MULTYPHISIC. The results show that
the higher diameter of the wire and horizontal and vertical distances of the wire causes a higher decrease
in values of cylinder’s drag and heat transfer. At all, It is found that existing of wire in upstream ,decreases
the drag and heat transfer of the cylinder but oscillating wire with the amplitude of 0.25D and relative
distance and diameters of 3D and.3D causes increasing in discussed parameters relative to the stationary
state of them.

Key Words Circular Cylinder, Controller Wire, Laminar Flow, Heat Transfer.
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The Electric Response of Piezoelectric Beam Using Dynamic Stiffness Method

M. Jabbari B. Ahmadi

Abstract The reduction of electronic devices’s input power and the requirement to portable energy sources
have attracted many researchers. Hence, the estimation of electrical output and modeling of piezoelectric
beams have became so important. Along this efforts, dynamic stiffness method for a uniform cantilever
beam with a tip mass is developed in this research and the result of this method is compared with result of
analytical modal analysis method that the differences between dynamic stiffness method and analystical
modal analysis method with five mode is very small. Also the dynamic stiffness matrix is developed for a
two segmented beam with a tip mass. The effects of the tip mass relocating on electrical outputs and system
is explored that the relocating of the tip mass from the base to the tip causes the reduction in first natural
frequency of system, although the effects of this relocating on second natural frequency is alternative.
Moreover, a place is proposed for the tip mass to harvest the maximum energy.

Keywords Dynamic Stiffness; Piezoelectric Beam; Energy Harvesting; Vibrations
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Umerical Simulation of Elbow Erosion with Circumferential Welding in Two-
Phase Gas Flow

F. Hosseini A. H. Meghdadi Isfahani M. Davazdah Emami E. Mohseni N. Najari

Abstract The initial processes that take place in the operating facilities of the pressure reduction station
on natural gas do not remove all its pollutants, whether moisture or solid particles. Under such conditions,
corrosion in pipelines, blockage of instrumentation equipment, and destruction of valves and regulators will
be intensified, so it is necessary at distribution and pressure reduction stations to prevent gas pressure drop
and damage to pipeline equipment, processes to separate solid particles. And liquefied droplets of natural
gas. This report first defines natural gas flow erosion and then briefly describes the flow erosion using the
Discrete Phase Method DPM and the Eulerian-Lagrangian biphasic flow, or the discrete phase abbreviated
simulation using Ansys Fluent 2019R1 software. The gas-solid in the elbow deals with the welding of this
elbow joint. This report describes the discrete and continuous phase flow equations. In this regard, to
consider the perturbation effects of the energy-perturbation loss model (Realizable k-¢), to model the
behavior of particles in the vicinity of the wall and also the scattering of particles due to perturbation in the
fluid phase is modeled using random tracing model. . The boundary conditions of solid particles colliding
with the wall and the steps of numerical solution of the equations in the discrete phase method are explained
and the present effect investigates the erosive corrosion. The results show that even in slow currents with
low Reynolds number, the gas-solid fluid is heterogeneous, and increasing the diameter of the solid particles
increases the heterogeneity of the gas-solid flow and ultimately causes more abrasion corrosion at the weld
roughness.

Keywords Gas-Solid, Discrete phase, Eulerian-Lagrangian, Erosion corrosion.
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Influence of Alumina Nanoparticles on the Combustion Process with using Homogeneity
Factor in a Compression Ignition Engine

A. mohammadi M. Varmazyar M. Soleymani

Abstract Previous research showed adding Alumina nanoparticles to fuel causes to reduce emissions
product of combustion. In this research, addition of alumina nanoparticles to Diesel fuel and effect of it on
performance and exhaust emissions of a Cl engine has been conducted. Simulation of spray, mixture
formation and combustion has been carried out by AVL-Fire software. In this study, in order to calculate
the quantity of quality the mixing of fuel and air, a modified parameter called the homogeneity factor, was
used. According to the results obtained in this study, by adding Alumina nano-particles to fuel, increase
maximum in-cylinder pressure and temperature 5.2 and 6.7 percent respectively and reduces NOx and soot
24 and 25 percent, respectively. Also CO increases 19 percent. Finally, results indicate that the addition
of alumina nanoparticles to fuel causes to increase homogeneity factor 52 percent.

Keywords Compression Ignition engine, Alumina Nanoparticles, Homogeneity factor, Pollutant
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Experimental Investigation on Flow Downstream of a Square Bluff
Body at Different Angles
E. Ardekani A. Teymourtash M.A. Ardekani

Abstract Study of vortex shedding and flow downstream of a square bluff body can be used to a vortex
flowmeter. In this paper, flow velocity, turbulence intensity and vortex shedding from a 15 mm square bluff
body have been investigated experimentally using hot-wire anemometer. Results show that flow angle has
little effect on flow velocity distribution and turbulence intensity. However, variations of Strouhal number
(St) with respect to the flow angle is large, so that Strouhal number at flow angle of 12° has the maximum
value of 0.176 and at angle of 43°, it has the minimum value of 0.129. If the probe is placed in the region
x/a=2.5 and 2.2<y/a<6, the velocity will be equal to the free stream velocity and the vortices will be
measureable.

Keywords Vortex shedding, square bluff body, Hot-wire anemometer, Vortex flowmeter.
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quality of resulting volume mesh. Gradual refinement is
necessary for the near-wall region where high velocity
gradients and boundary layer are present. A structured
grid is used to

Figure3. E\Iﬁbow”cros—mion
meshing

mesh the surface of the cross-section. Finally, the
hexahedral structured mesh is adopted to mesh the whole
volume.

4. Finite Element Analysis of Elbow

First, the erosion-corrosion contour in non-welded
Conditions is examined for an elbow with a diameter of
3 inch (Figure 4).

As can be seen, the highest amount of corrosion is related
to the elbow part of the pipe. The maximum amount of
corrosion in the whole pipe in this case is equal to
0.00345 mm/kg. When under the same conditions the
amount of elbow corrosion is taken into account,
considering 3 mm of overflow penetration, this amount
increases to 0.00712 mm/kg according to the simulation

results in this study.
EIUSIO \ Erosion

[ \|I

b- Contour of Erosion-
Corrosion distribution with
peripheral welding

a: Contour of Erosion-
corrosion distribution
without welding

Figure 4. Contour of Erosion-Corrosion in two
modes without welding and considering the
circumferential welding

In addition, the rate of particles would increase when
elbow is studied with circumferential welding. When the
solid particles hit the wall of the pipe at angles of 47-
degrees and 58 degrees, the most erosion-corrosion
occurs in the elbow when exposed to the welding. This
rate has an upward trend between angles 0 to 60 and
decreases sharply between 60 and 90. Meanwhile, the
speed of movement of solid particles and, of course, the
amount of their impact on the wall of pipes and fittings
significantly reduced

According to Figure 5, the accumulation of particles
in the weld state compared to without welding for the
elbow indicates a zigzag motion in which the particles hit
the elbow wall and continue on their way. The difference
in this case is only the volume of particles moving along
this path.

Figure5. The path of particlesin two mod%wi‘{hout
welding and considering the circumferential welding

5. Conclusion

According to the results, the amount of corrosion in the
elbow with peripheral welding to study the standard
welding amount of 3 mm is a natural problem in Iran and
according to the type of gas, the penetration of welding
must be above the standard to be acceptable. Due to the
pollution of natural gas in Iran with solid particles and
considering that the analysis of gas according to previous
researches shows the presence of water in the gas fluid,
the same amount of corrosion in the presence of water
exposes the pipe material which is carbon steel to
corrosion. In addition, due to the acceleration of gravity,
the amount of corrosion in the case of peripheral welding
is shown at two points, one is welding the lower part of
the joint and the other is the elbow of the joint, while in
previous welding studies erosion of the upper elbow
curve is not well predicted.
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1. Introduction

Sand produced with liquid oil and gas in oil wells, despite
the filtration of transmission pipelines, is transported to
the downstream points and for various reasons, including
lack of proper cleaning, these particles get stuck inside
the pipe and will be problematic. Because they will cause
pressure drop, pipe blockage and erosion and will cause
financial losses. When a particle hits the surface, it
injures the surface. The shapes of these scratch depend
on many parameters, including surface material, particle
size, and impact angle. On the other hand, when the
piping connections of the station like elbows have
circumferential welds, the erosion-corrosion is created in
the connections, so welding is very important for this
system. When the internal pressure of a system is very
high, it has higher welding, rating and reliability than
other connections. The most common welding method in
gas pressure reducing stations is butt welding, in which
the ends of two joints are machined to form a gap at the
joint. This gap is filled when the welding material is
mixed together to form a desired joint. The joint edge is
prepared for welding according to its thickness. For low
thicknesses, welding is best done with square edges, and
for larger thicknesses, proper welding is achieved when
the connection edges are chamfered.

GROOVE FACE— JToE

ROOT LaND
OR FACE

| Y—roor Joint

RpoT—
peweraanion ||
hot thow el h—RODT OPENING
sempiete

Figure 1. Details of butt groove welding

Calculation of erosion-corrosion rate of welded joints
is based on the internal geometry of the weld. The
geometry of the weld determines the strength of the weld
against corrosion. In this study, the first case, i.e., the
presence of solid particles in the gas fluid was explored.
Erosion seems to be dependent on the following nine
basic parameters:

1) Type of material: For brittle materials, the mechanism
of cracking is due to surface fatigue and the formation
of microcracks, and for soft materials, the wear
mechanism is due to the impact. (According Figure
2).

h L

@1 30" ©45° (6" ) 75° (f)90°
Flgure 2. Macrograph of corroson scarscaused by
different angles of contact of solid particles

2) Particle impact angle: The critical angle is about 90
degrees for brittle materials and about 15 to 30
degrees for soft materials (as shown in Figure 5).

3) Items related to design: such as the amount of elbow
radius - headers and splits

4) The amount of accompanying sand in the fluid: based
on the percentage of weight of associated sand / total
fluid weight;

5) Particle collision speed;

6) Fluid velocity;

7) Fluid corrosion rate;

8) Fluid viscosity;

9) Fluid density.

2. Simulation Modeling
The CFD-based erosion modeling includes three main
steps:

e the continuous phase

o flow field
e simulation, particle tracking and erosion
calculation.

The gas is treated as a continuous phase and solved
by Navier-Stokes equations. The particles are treated as
a discrete phase and solved by Newton's second law.
Additional two- way coupling is applied between the
continuous phase and discreate phase.

3.CFD Modeling

The commercial software ANSYS FLUENT is adopted
to conduct the numerical simulations. A database of the
Zamany (2017) is employed in this work to investigate
the preformed erosion model. Zamany (2017) studied the
erosion of long redius elbows without any welding part.
The test piece was a 90°elbow with a diameter of 3 inch.
Figure 3 shows the 3-D computation mesh used in the
simulation. Meshing consist of two parts: surface
meshing and volume meshing. The surface mesh was
carefully generated due to its important effect on the
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To find the effect of centralized mass displacement,
the codeswrittenin MATLAB software are executed for
the distance from the center of mass to the base of the
arrow. This is because the mass transfer focuses on
natural frequencies and this affects the values of
damping coefficients. In this case, the analysis is
examined in theimmortal state.

FRF (Volt/m/s?)

Frequency (Hz)

Figure 2. FRF Voltageto acceleration ratio by two
methods of dynamic stiffness and modal analysis method
with the effect of two frequency modes

Theresults show changesin thefirst natural frequency
in terms of the distance of the concentrated mass from
the base. Accordingly, the farther the concentrated mass
is from the base, the lower the natural frequency of the
first. The first natural frequency for concentrated mass
a a distance of 0.5 mm from the base of the beam is
127.8Hz, which gradually decreases to a distance of 15
mm from the base, decreasing thefirst natural frequency
with avery slow slope.

In connection with changesin the natural frequency of
the second beam relative to the distance of the
concentrated mass from the base, as in the first natural
frequency, the natural frequency decreases at a very
dow dlope at first, but with increasing mass distance
from the base, this process occurs rapidly. According to
results, the second lowest natural frequency at adistance
of 26 mm isthe concentrated mass from the moving base
and the value is 560.1Hz. According to results, it is
shown that the second natura frequency has an
intermittent relationship with the concentrated mass
distance, during which the second natural frequency
value is 771.6Hz at 4mm and 46mm mass distances
from the beam.

Because most of the vibrations that can be picked up
from the environment occur in the low frequency
domain, the low frequency of the beam intensification
can be a great help to the amount of energy harvested.
Therefore, regardless of the amount of energy harvested,
the installation of a concentrated mass at the end of the
beam can be useful for such consumption.

The maximum power output is a determining parameter
in concentrated mass displacement. Therefore, for the
first two modes, the maximum ratio of the output
voltage to the ground acceleration in terms of the
distance from the concentrated mass to the ground is
shown in Figure 3. According to the figure, it is clear
that the maximum voltage-to-acceleration ratio of the

base occurs around the first resonant frequency for a
distance of 38 mm from the concentrated mass to the base,

which is 8.622:;‘;1:2. Moreover, there is the lowest ratio of

output voltage to base acceleration at the closest point of

concentrated mass to base and its value is 6.125 l;’;ltz

8,

85|

8t

75¢

7}

FRF (Vol'm's?)

85

% 10 20 30 40 50 80

Length (mm)
Figure 3. Output voltage ratio on base acceler ation
at first resonant frequency in terms of distance from
concentrated mass to beam base

4. Conclusion

In this study, a dynamic stiffness method was developed
for a single beam engaged with a uniform cross section
with aconcentrated mass. Thismethod isbased on accurate
solution. Newton's approach was used to obtain the
relationships in which the output voltage amplitude was a
function of the slope at the beginning and end of the beam
and these two parameters were obtained with the help of
the dynamic stiffness matrix of the beam. Moreover, the
electrical output was obtained by using the modal analysis
method for a mode up to five modes. They kept their
distance. One of the main aims of this research was to
investigate the effects of focused mass displacement on
electrical output and natural frequencies of the system in
the immortal state by dynamic stiffness method. Results
showed that systems whose concentrated mass was closer
to the base had a larger naturad first frequency and the
lowest natural first frequency was obtained for the
concentrated mass at the tip of the beam. But the changes
of the second natura frequency were periodicaly related
to the distance of the concentrated mass from the base, so
that the highest value of the second natural frequency for
the mass position at 46 mm was obtained from the base,
and the lowest for the concentrated mass at 26 mm from
the base. Then the ratio of output voltage to base
acceleration for concentrated mass at different distances
was investigated. The highest output at the first resonant
frequency was obtained for the concentrated mass at a
distance of 38 mm from the base, but the highest output at
the second resonant frequency was obtained for a system
with a concentrated mass at a distance of 16 mm from the
base. Therefore, if the maximum output voltage needs to
be removed, 16mm or 38mm concentrated mass distances
from the base were suggested.
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1. Introduction

The process of extracting energy from the environment
and converting it into usable electrical energy is called
energy harvesting. With the recent advances in
technology in everyday life, the demand for portable and
low-consumption €electronic devices is increasing.
Among the various mechanisms for converting
mechanical energy into eectricity (such as
electromagnetic, piezoelectric, and electrostatic), the
piezoel ectric mechanism due to its ease of use, having
the inherent property of electromechanical connection
and high power density, received the most attention.
Therearealot of dataand review articleson this subject.
Energy harvesting sources can be categorized from two
perspectives. Thefirst view isto consider the source of
this energy, which can be human and environmental,
and the second view isthe type of energy such askinetic
and thermal energy that is converted into electricity.
The sources can be classified into three types:. radiant,
thermal, and mechanica. Recently, however,
biochemical sources including glucose and fueling
reactions have been added to the list. The electric field
includes centralized parameters such as resistance and
capacitor. So the only requirement is to obtain
centralized parameters expressing the mechanical field.
For this reason, modeling a degree of freedom is a
convenient approach to modeling in which mechanical
equilibrium and €lectricad ring equations are
interconnected through structural equations. The one-
degree-of-freedom model can be based on centralized
parameters used in the study of energy conversion
mechanisms for micro electromechanical systems. An
extensive review of common energy harvesting
technologies and energy sources reveals that higher
potential power densities are obtained from
piezoelectric. In this study, thefocusison modeling and
analysis of one of the most common means of
mechanical energy harvesting, namely a piezoelectric
beam. The mentioned beam is in two shapes and has a
uniform cross section and its analysis is done by
dynamic hardness method. Also, with the help of this
method, the maximum output voltage is obtained by
finding the best place for the concentrated mass.

2. Dynamic Stiffness Method

The dynamic stiffness method is a powerful method for
deriving the frequency response function of a structural
element with a uniform cross section and combining
such elements. The dynamic stiffness matrix of an
element is based on the exact solution of the wave
equation, so it requires fewer elements than the finite

element method to analyze uniform beams, which results
in amore accurate solution for high excitation frequencies.
Also, the dynamic stiffness matrix of a beam can be used
to model beams with different boundary conditions and to
combine beams with uniform cross-section, which is a
great advantage of this method over the modal analysis
method.

Dynamic hardness and moda analysis methods are
shown for Figure 1. The uniform configuration of the
bimorph is modeled as a uniform beam. Since commonly
involved piezoelectric energy pickers are often designed
and manufactured as thin beams, and most bimorph beams
are thin structures, it seems reasonable to assume that the
beam is the Bernoulli Euler type. The piezoelectric layers
and the ground are well bonded, and the electrodes that
extend along the entire length of the beam are flexible and
have a negligible thickness compared to the thickness of
the entire beam.

Figure 1. Bimor ph beam of energy harvesting in seriesand
parallel connection

3. Results

The damping ratios for the first two modes are {; = 0.0166
and ¢, = 0.0107 concentrated mass values M; = 0.5m,,,
respectively.

Using MATLAB software, programming to obtain
electrical and mechanical answers for dynamic stiffness
and modal analysis has been achieved. In the modal
analysis method, one to five modes are used for solving.
According to results, moda analysis with a solved mode,
a good approximation of the frequency response function
(FRF) obtains the maximum output voltage in terms of
base accelerationin thefirst frequency range, which differs
by 1.4% from the dynamic stiffness method. The resonant
frequency in the dynamic hardness method is 73.77Hz, but
in the modal analysis method it is 73.98Hz. Also, the
diagram of the modal analysis method after the excitation
frequency of 150Hz is different from the diagram of the
dynamic hardness method. In the case of modal analysis
with two modes, according to Figure 2, around the second
peak, a good approximation of the output voltage in terms
of base acceleration is obtained, which is 2.26% different
from the dynamic stiffness method. Similarly, by solving
the modal analysis method with more modes, the
difference between the diagrams obtained from the
dynamic stiffness method and the modal analysis method
is reduced.
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Figure 4. Drag coefficient variation with L2/D at Re=100
and d=0.3D

Nu

Figure5. Nusselt number variation with L2/D at Re=100
and d=0.3D

4. Conclusion

In this study, the effect of the presence of a control wire
on the thermo-fluid characteristics of flow over a cylinder
was investigated and analyzed at Re=100. The results
showed that by increasing the horizontal distance of the
control wire from the cylinder, the drag coefficients and
Nusselt number changes slightly. Although the presence
of wire reduces the drag coefficient and Nusselt number
of the cylinder, by increasing the vertical distance, these
parameters increase slightly and become closer to these
parameters on the single cylinder. Investigation of the
effects of wire diameter size on the heat-fluid parameters
of'a cylinder showed that by increasing the wire diameter
in a fixed horizontal position, the drag coefficient of the
cylinder decreases. The increase of the low-pressure area
in front of the cylinder and the decrease of the pressure
difference between the two sides of the main cylinder,
and as a result, pressure drag forces decreases. The
pressure drag force is the main part of total drag force. In
addition, heat transfer rate and mean Nusselt number
increase in this state according to the same reason.
Results showed that there is not any vortex between two
cylinders up to the h=8D while the first cylinder is

stationary. While the first cylinder starts to sinusoidal
oscillation with amplitude 0.25, the vortices create. In
other words, the oscillation of the wire accelerates the
creation of vortices in the space between the cylinder and
the wire.
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1. Introduction

The study of fluid flow and heat transfer on various
objects is widely used in engineering industries such as
heat exchangers, construction, and nuclear reactor pipes.
External flows over solids with different shape cause a
region with some vortices. This region is created after
separation point. Therefore, the control of separation
point is very important for flow over different objects as
airplanes, vehicles, etc. In this study, the results for a
single cylinder was validated by other research results.
Then, the flow over two parallel cylinders in the
stationary state and in the distance range of 1.5 <L /D <4
was simulated, and the critical distance between the two
cylinders was obtained between 3.5 and 4. Then the
influence of the oscillating cylinder on the flow pattern
was investigated. The distance between the two cylinders
was L/D = 2, Reynolds number was 100, and the
amplitude of oscillation (A/D) was considered 0.3
according to previous studies. Also, the relative
frequency (F = f/fs) varied from 1.5 to 7.

2. The Governing Equations and Solving M ethod
According to the considered Reynolds number, the flow
regime is laminar flow with heat transfer. The governing
equations are the Navier-Stokes equations with the
energy equation, which are solved numerically in this
paper. In the final part of this paper, the upstream
cylinder has a vertical motion with this equation.

Y (t)=Asin(2nfyt) )]

where A is the Oscillation range, f, is the Forced
oscillation frequency and t is the time. Laminar Flow
over two cylinders was simulated in this work. The flow
domain and its boundary conditions are shown in Figure

. d

> .L D
- 20D y(t))[ MT@
— \
—

50D

Figure 1. The flow domain and its boundary conditions

Flow enters horizontally from the channel input and
exits at the end. The velocity and temperature were given

at the inlet as boundary conditions. These are constant
and do not change in y direction. The velocity is
considered zero at walls according to the non-slip
condition. The walls are considered insolated. The
relative pressure is considered zero at the outlet as
another boundary condition. All boundary conditions are
steady and do not change during time. The triangle
unstructured grids are used for numerical simulation in
this work. The generated grids are closed to each other in
the boundaries for more accuracy.

3. Results and Discussion

Flow over two cylinders were simulated in different
boundary conditions. The streamlines, isotherms, the
place and shape of vortices were obtained by numerical
simulations and are displayed in different figures.
Moreover, drag coefficient and Nusselt number in each
simulation were calculated and compared with those of
single cylinders. Figures 2 to 5 are examples of these
results.

wire and

Cylinder Single cylinder

.

Figure 2. Drag coefficient variation with L/D at Re=100
and d=0.3D

wire and

—  Single cylinder
B Cylinder

Figure 3. Nusselt number variation with L/D at Re=100
and d=0.3D
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The control torque should be applied to the robot is
considered as Equasion (3).

= [Manz 7M12M21 }(dd _kV (('1_
Mzz_Mlz

_ 3

i)k, (0-a,))+ MR ®

2 12

where, o, represents the desired time function of

rotational motion of the sphere shell, k, and k, are
respectively, the positive derivative and proportional
control coefficients of the system. By applying this
control torque to the robot, control equation of system is
determined as Equation (4).
e+k,e+k,e=0 @
where, € = a - o4 is the time function of the shell
rotation error angle relative to the desired condition. By
selecting positive values for the control coefficients, the
response of Equation (4) exponentially converges to zero.

4. Simulation Results

In this section, the numerical simulation of the controlled
motion of a spherical robot on an inclined surface is
conducted by considering a desired time function for the
rotational motion of the robot shell as Equation (5).

ay =sin(0.2t) (5)

Assuming two percent error for the values of all the
physical parameters of the robot, applying the
disturbance torque 1.5 N.M to the spherical shell, and
selecting the undesirable initial conditions corresponding
to the rotation angle 0.5 rad, we examined the
performance of the controller in creating a resistant
response that follows the predetermined desirable
trajectory. Based on the type of controller function and
the characteristics of the transient error response and
considering the saturation limit of the actuator, for k, and
kp, the value of 20 is selected using the trial and error
method. The simulation results in this case, including the
shell rotation angle diagram and error angle diagram, are
presented in Figures 3 and 4.

Sirmulation
ldeal

Rotation Angle of Sphera (deg)

5 i) 15 20 25 30

Figure 3. Rotation angle of the spherical robot in
comparison with theideal angle

Error of Rotation Angle of Sphere (deg)

I | T
0 5 10 15 20 % il
L)

Figure 4. Diagram of spherical shell rotation error relative
to the desired condition

As shown in Figures 3 and 4, in spite of presence of
parametric and structural uncertainties for system, the
rotation angle of the spherical robot has been controlled
as it follows its ideal time function with a small
permanent error. It is necessary to mention the required
torque of actuator during movement of robot has not
exceeded the assumed saturation limit.

5. Conclusion

In this study, dynamic modeling and planar motion
control of a spherical pendulum robot on an inclined
surface were performed. For this purpose, first, the planar
motion of robot was modeled and by selecting two
generalized coordinates such as shell rotation angel (o)
and pendulum rotation angle (¢), the dynamic equations
of the two-dimensional motion of robot on inclined
surface were derived using Lagrange method. Due to the
lack of number of actuators compared to the number of
degrees of freedom of the spherical robot, controlling the
robot was challenging in establishing stability. Therefore,
a nonlinear controller was designed using a feedback
linearization method. Then, considering the initial
conditions that did not conform the trajectory, the
parametric uncertainty as well as the disturbance torque
on the system, the controller resistance was evaluated in
presence of these uncertainties. The results were obtained
in such unstable conditions indicated the proper
performance of the controller in following the desired
time trajectories determined for the rotation angle of the
spherical shell while moving on the inclined surface.
Furthermore, the design of this nonlinear controller
makes it possible to use a motor with the torque under
saturation limit for the robot. This issue (torque
saturation limit of actuator) is one of the most important
limitations in the design of spherical robots.
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1. Introduction

The spherical robot is referred to as spherical mobile
robots equipped with an internal actuating mechanism
that moves on the ground due to the rolling of their
external shell. These robots have special benefits
compared to other mobile robots. They have only one
contact point with the surface. This point allows robot to
move with minimum friction and the least energy. Their
spherical shell provides a proper space to embed the
internal components and protects them from damage and
dust. Hence, this robot is often used in space research and
exploration of military and unknown areas. To date,
extensive researches have been carried out on the design,
simulation and control of spherical robots.

In the present study, the two-dimensional motion of a
spherical pendulum robot on an inclined surface is
controlled. In this regard, first, dynamic modeling and
extraction of two-dimensional motion equations of
pendulum-driven spherical robot on an inclined surface,
then, designing a nonlinear controller and simulation of
robot motion in MATLAB software are performed.
Furthermore, considering the parametric and structural
uncertainties for the system, the performance of
controller is evaluated. It should be noted that due to the
lack of number of actuators in this robot, a nonlinear
controller based on a special feedback linearization
method is designed.

2. Structural Model of Spherical Robot
Spherical robot studied in this paper is pendulum type.
The main components of this spherical robot are the
motor, the external shell, the internal components of the
robot, and the pendulum (Figure 1). The motor is located
at the joint between the pendulum and the internal
components of the robot, and by creating the rotations for
the pendulum in two directions and changing the position
of the center of mass of the spherical robot, the robot
moves in forward and lateral directions.

S

Figure 1. Structure of a spherical pendulum robot

However, in this study, only the robot’s forward motion
without considering the possibility of lateral motion,
using the pendulum rotation in one direction during a
two-dimensional motion, has been analyzed and
controlled.

3. Modeling and Designing of Controller

To dynamic analysis, the two-dimensional motion of a
spherical robot on an inclined surface is considered (as
shown in Fig. 2). According to Figure 2, o is the shell
rotation angle, ¢ is the pendulum rotation angle, and y

is the slope angle of inclined surface.

Figure 2. Moving the spherical robot on inclined surface

We consider o and ¢ as the system generalized
coordinates and the equations of motion of the robot are
derived in terms of these two coordinates and their
derivatives. The matrix form of the motion equations can
be expressed in the form of Equation (1).

M, My, |la N, T
|t = )

My My |16 N, T
where, 1 is torque of motor. Given the main control

variable of the robot, i.e., o, T can be expressed as
Equation (2).

o+

T :[MIIMZZ _M12M21 j Mzle _MIZNZ
12

Mzz -M Mzz - M12 (2)
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directly by reducing the tracking error. This is done by
modifying the parameters and the controller gains, based
on the tracking error. The controller's goa is to reduce
the tracking error, not necessarily the parameter
estimation error. However, if the inputs are rich enough,
the correct values of the parameters will also be obtained

in the estimation.

5. Simulation Results

In this section, the simulation results of the feedback
linearization controller and the adaptive variable pitch
quadrotor feedback linearization controller are presented.
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Figure 2. Position tracking with feedback linearization control and
adaptive feedback linearization control
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Figure 3. Attitudetracking with feedback linearization control
and adaptive feedback linearization control

Ascan beseenin Figures2 and 3, tracking iswell done
by both controllers.

6. Conclusion

In this paper, a variable pitch quadrotor's flight and
control was analyzed. Compared to a fixed pitch
quadrotor, these capabilities greatly increase the

possibility of aggressive and acrobatic maneuvers, which
indicates improved performance.

In the continuation of this article, feedback
linearization and direct adaptive feedback linearization
controllers were introduced. The designed feedback
linearization controller has a good performance and the
tracking of the position and attitude of the variable pitch
quadrotor is done correctly using this controller. The
introduced direct feedback linearization controller also
automatically changesthe parameters to achieve accurate
tracking. Using Lyapunov's theory, it is proved that this
controller is stable. The simulation results show that the
adaptive strategy allows the quadrotor to follow variable
time attitudes and altitude commands more accurately
compared to non-adaptive linearization feedback
controllers in the presence of disturbances or parameter
errors. The adaptive approach has also had favorable
results for tracking the position and attitude of the
variable pitch quadrotor. Finally, the results of feedback
linearization and adaptive feedback linearization
controllers are compared with PID controller that it is
shown adaptive linearization feedback and linearization
feedback controllers have a better performance in
reference tracking and reducing tracking errors.
Moreover, the results of feedback linearization and
adaptive feedback linearization controllers with diding
mode and adaptive sliding mode controllers are aso
compared in quadrotor mass change conditions which
show that adaptive feedback linearization controllers and
adaptive dliding mode controllers have ahigh accuracy in
reference tracking and little error in position and attitude
tracking. This indicates that they performed better than
the non-adaptive mode.
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1. Introduction

Due to their small dimensions, vertica takeoffs and
landing and significant capabilities in various flight
maneuvers, aswell as extensive operational applications,
quadrotors have been the focus of scientific research.

Depending on the specific desired applications which
users need, different modeling and appropriate selection
of design control tools seem necessary. In turn,
controlling quadrotor needs a proper control to: 1.
achieve stability, robustness and desired dynamic
properties, 2. have the ability to do nonlinear control, and
3. have the ability to adapt to changing parameters and
environmental changes. The aim of this research is to
propose a control method that allows different states of
quadrotorsto be converged to an arbitrary set of variable
time reference states.

The fixed pitch quadrotor has been the focus of
scientific studies because of having a simpler dynamic
structure than other models. This kinds of quadrotors,
despitetheir relative simplicity, create limitations such as
shortening the flight time and various maneuvers.

Limited research has been conducted on the variable
pitch quadrotor. The present research studies the
development of a dynamic flight model for the variable
pitch quadrotor. BET theory combined with Momentum
theory isused to estimate the thrust and torque of each of
the rotors as the blade's angular performance to develop
a simple fly-out mechanical model and feedback
linearization and direct adaptive feedback linearization
controllers are used to control the variable pitch
quadrotor. In general, this study addresses two issues: 1.
creating adynamic model for variable pitch quadrotor; 2.
designing afeedback lineari zation and adaptive feedback
linearization controller for stabilizing and tracking paths
against changes in the system model.

2. Specifications of Variable Pitch Quadrotor

Firstly, the meaning of variable pitch in variable pitch
quadrotor is discussed. The term pitch is taken from the
distance between two teeth of a screw, so that with a
rotation of the screw by one tooth along the axis
perpendicular to it, the movement occurs by one pitch. In
systems with rotating propellers like quadrotor, the pitch
is obtained from the angle of the quadrotor propellers

relative to each other. In fixed pitch quadrotor, it is not
possible to change the angle of the rotor propellers, and
the angle of the rotor propellers is fixed, and the
movement of the quadrotor can be controlled only by
increasing or decreasing their speed. However, the
variable pitch meansthat it is possibleto changetheangle
of the rotor propellers. In a variable pitch quadrotor, the
speed of the rotors is constant and the movement of the
quadrotor is controlled by changing the angle of the rotor
propellers.

Features resulting from the addition of variable pitch
propellers to the quadrotor include:
1. Wider control bandwidth;
2. Significant increase in flight duration;
3. Possibility of creating reverse force by rotors.
In Figure 1, the rotor structure with variable pitch
propellersis shown.

Blades
being tested
Variable pitch
rotor head
Hall effect

sensor

3400 KV

PixHawk e — g,,,i _brushless DC motor
ricrocontroller
and ESC '
AMTI HEGX6-16
six component load cell

Figure 1. The rotor structure with variable pitch

3. Modeling the Variable Pitch Quadrotor
In this section, the variable pitch quadrotor control

method, which is significantly different from
conventional quadrotor based on fixed pitch propellers,
isfirstly investigated and the Newton-Euler equation of
six degrees of freedom (Six-DOF) of variable pitch
quadrotor is derived.

4. Controller Design

In this section, the design of the feedback linearization
controller to control the variable pitch quadrotor is
discussed. Since the precise elimination of nonlinear
dynamics, as required in feedback linearization, is
difficult in practice and in addition system parameters
can be variable in time. To do this, a direct nonlinear
adaptive control method is proposed. The asymptotic
stability of this method has been proved by a variable
based on Lyapunov theory. The adaptive method
improves the performance of the feedback linearization
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bilinear graphene versusthe equivalent thickness of onelayer,
for bending rigidity of 2.14 eV

In Figures 3 and 4, the first and second frequencies of
bilinear graphene obtained using the SSPH method for
various lengths are compared with those obtained using the
multi-beam shear model (MBSM) and GDQM. These
figures show excellent agreements between the SSPH results
and those obtained by the MBSM for both the first and
second frequencies and for al lengths.
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The obtained results show that solving the sandwich beam
model by SSPH leads to closer results to MD simulations
than the GDQ method. The discretizing the domain by using
SSPH leads to better results than GDQM.
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Figure 4. Variations of the first and second frequencies of
bilinear graphene versusitslength, for bending rigidity
of 214 eV

4. Conclusion

In this study, the symmetric smoothed particle
hydrodynamics (SSPH) as a meshless method was explained
in detail. Free vibration analysis of bilayer graphenes with
interlayer shear effect was modeled. The bilayer graphene
was modeled as a sandwich beam with free-clamp end
condition. To obtain the governing equations, each graphene
layer was modeled based on the Euler-Bernoulli theory and
in-plane displacements were also considered in addition to
the transverse displacement. It was also assumed that the
graphene layers do not have relative displacement during
vibration. The results obtained by the sandwich beam model
solved by SSPH method, include the first two natura
frequencies of the bilayer graphenes. These results were
validated by the molecular dynamic and compared with the
generalized differential quadrature method (GDQM) and
multi-beam shear model (MBSM) results reported in the
literature. The results showed that for higher bending
regidities, sandwich beam model and MBSM match good
with molecular dynamic (MD) simulation. Descretizing the
sandwich beam domain using SSPH rather than other
methods such as GDQM, leads to better results. This study
showed that the SSPH meshless method can be used as an
efficient method in vibration analyses.
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1. Introduction

The meshless methods are developed to overcome some
disadvantages of other numerical methodslikefinite element
method. These methods do not need elementsfor discretizing
domain, use approximate functions, and descrete nodes for
estimating functions. These methods do not suffer from the
mesh distortion problems that limit Lagrangian approaches
based on a structured mesh when simulating large
deformations.

The symmetric smoothed particle hydrodynamics (SSPH)
is a meshless Lagrangian method that uses a particle
interpolation method to compute smoocth field variables.
Each particle has a mass, Lagrangian position, Lagrangian
velocity, and interna energy. Other quantities are derived by
interpolation or from constitutive relations. The pseudo-
particles move with the velocity of the continuum, but not
associated with a grid and consequently do not have fixed
connectivity.

Graphene, as a thin structure composed of sp2-bonded
carbon atoms displayed in a honeycomb arrangement, has
attracted significant attention due to its extraordinary
mechanical, electrical, optical, and thermal properties and
relatively low chemical production cost. There are different
methods such as molecular dynamic (MD) simulation,
continuum mechanics, and molecular mechanics, for static
and dynamic analyses of multi layer graphenes.

In this study, the symmetric smoothed particle
hydrodynamics (SSPH) as a meshless method isexplained in
detail. Free vibration analysis of bilayer graphenes with
interlayer shear effect is modeled. The bilayer graphene is
model ed as a sandwich beam with free-clamp end condition.
To obtain the governing equations, each graphene layer is
modeled based on the Euler-Bernoulli theory and in-plane
displacements are also considered in addition to the
transverse displacement. It is also assumed that the graphene
layers do not have relative displacement during vibration.
The results obtained by the sandwich beam model solved by
SSPH method include thefirst two natural frequencies of the
bilayer graphenes. These results are validated by the
molecular dynamic and compared with the Generalized
Differential Quadrature Method (GDQM) results reported in
the literature.

2. Formulation and Solution Method
The bhilayer graphene is modeled as a sandwich beam

consists of two lateral layers and one core, as shown in
Figure 1. The core is represented vdWs bindings and
assumed to have negligible inertia. The core only transmits
shear stress. Each graphene layer is modeled based on the
Euler-Bernoulli theory and in-plane displacements are also
considered in addition to the transverse displacement. It is
also assumed that the graphene layers do not have relative
displacement during vibration.

z Upper face
(Graphene)
by
h -—X

Core (vdWs
bindings)

L Lower face

! (Graphene)

Figure 1. Geometry of the sandwich beam (the bilayer
graphene)

In order to reach the governing equations and the boundary
conditions, Hamilton's principle is employed. The obtained
equations are solved by using SSPH method. This method is
based on Taylor series of the functions in specific points of
the domain. For finding derivatives of afunction, the SSPH
method does not use derivatives of the kernel function while
other methods do, instead the SSPH method uses basis
functions different from those employed to approximate the
function. Finally, a standard eigenvalue problem is obtained
which by solving it the natural frequencies of the bilayer
graphene can be obtained.

3. Results and Discussion

According to reported results in the literature, the bending
rigidities are ranging from 0.83 to 2.14 V. First two natural
frequencies are obtained for a clamped-free beam, using
SSPH method. The results show the fast convergence of the
method by using relatively few number of particles (grid
points). A weight function based on the modified Gauss
function is used in this study.

The variations of the first and second frequencies of a
bilinear graphene with the width of 2 nm, the length of 10
nm, and the height of 0.67 nm versusthe equivalent thickness
of layers are displayed. The bending rigidity and the
interlayer shear modulus are considered to be 2.14 eV and
0.25 GPa, respectively. The corresponding results calcul ated
using the MD simulations are also given in thisfigure. It is
seen in Figure 2 that the obtained results are in line with the
MD results for a specific thickness of layers.
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4. Discussion

After validating the simulation results, other features of
the battery are determined. The results of 3D
electrochemical-therma simulation of a single ePLB
C020 lithium-ion battery cell are obtained using
computational  fluid dynamics a constant current
discharge rates of 1C, 3C, and 5C. One of the most
important results is the SOC of battery. Figure 3 shows
the SOC of asingle lithium-ion battery cell in a constant
current discharge cycle. As can be seen, the SOC started
to decrease from the initial value of 1 (100%) with an
almost constant slope at all three discharge rates of 1C,
3C, and 5C. It isalso observed that at a certain capacity,
alower SOC can be obtained by reducing the discharge
rate. At discharge rates of 1C, 3C, and 5C, the battery
SOC is reduced to the values of 0.176, 0.325, and 0.528,
respectively.
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Figure 3. Battery SOC vs. capacity at different
dischargerates

Variations in lithium-ion concentration at different
dischargeratesinthe positive electrode of thelithium-ion
battery are presented in Figure 4. As can be seen, when
the discharge cycle begins, lithium-ions move from the
negative electrode to the positive electrode, and the
lithium-ion concentration in the positive electrode
increases with an almost constant slope.
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Figure4. Variations of Li-ion concentration in the
positive electrode vs. battery capacity at different
dischargerates

5. Conclusion

In this article, the 3D numerical simulation of a single
prismatic lithium-ion battery cell is performed by the
electrochemical-thermal method. Using a single cell
reduces computation time as well as simplicity in
changing battery parameters, which can eventually be
extended to a lithium-ion battery stack. In this research,
electrochemical-thermal  method was used by
considering  electrochemical  reactions  between
electrodes and electrolyte. The electrochemical-thermal
method increases the accuracy of the results by solving
the electrica, chemica, and thermal equations
simultaneously, and can calculate parameters such as
SOC accurately at each moment. In the simulations, three
constant current discharge cycles was performed at 1C,
3C and 5C rates. A good agreement is obtained between
experimental and numerical simulation resultsat al three
discharge rates. Finally, the parameters of lithium-ion
battery such as SOC, electrical potential distribution in
current collector, lithium-ion concentration in the
positive electrode, average temperature distribution at
battery surface, and heat generation during discharge
cycle are determined at different rates.
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1. Introduction

Full Electric Vehicles (FEVS) will replace Interna
Combustion Engine Vehicles (ICEVS) in the future.
Batteries are the energy supply units that act as the
driving forces of these electric vehicles. Among
rechargeable batteries, lithium-ion batteries are more
preferable in electronic devices due to high energy
density (almost two times the nickel-cadmium battery),
lighter weight, less volume (almost 3 to 5 times other
batteries), fast charging capability, low self-discharge
rate (lessthan 10% per month), and high durability (more
than 500 cycles). Lithium-ion batterieswork based on the
movement of lithium-ion between positive and negative
electrodes. The cell of these battery consist of a positive
current collector, a negative current collector, a positive
electrode, a negative electrode, a separator, and an
electrolyte solution that fills the space between two
electrodes. In the discharging cycle, lithium ions move
from the negative electrode to the positive electrode and
do the opposite in the charging cycle. This process
generates heat and electric current. The challenges of
using lithium-ion batteries include increasing efficiency,
safety, and durability. Hence, an accurate Battery
Management System (BMS) isrequired for the battery to
function properly.

Inthisarticle, asingle prismatic lithium-ion battery cell
is simulated during the discharge cycle at different rates
using the electrochemical-thermal method. The
simulations are performed in AVL FIRE software using
3D computational fluid dynamics. Using a single cell
reduces computation time as well as simplicity in
changing battery parameters, which can eventualy be
extended to a lithium-ion battery stack. The innovation
of this study is the use of the electrochemical-therma
method which by considering the e ectrochemical
reactions between the electrodes and the electrolyte and
also by simultaneously solving the electrical, chemica
and thermal equations, makes the simulations much more
accurate than most previous studies. Since the
electrochemical-thermal method requires alarge number
of input parameters and also has avery high computation
time, this method has been used lessinn previous studies.
Another innovation of this study is caculating the
features of lithium batteries like State of Charge (SOC),
which can be calculated directly at any time by solving
equations. In other researches, SOC estimation methods
like Kalman filter method that has a relatively high cost
and computational error have often been used.

2. Battery Specifications

In this research, a single cell of ePLB C020 lithium-ion
polymer prismatic battery is used to simulate the lithium-
ion battery. The above-mentioned battery ismade by EiG
Corporation from South Korea with a nominal and a
maximum capacity of 20Ah and 21Ah, respectively.
Each stack of this battery contains 34 individua cells,
which are connected in parallel. The positive electrodeis
made of Lithium Nickel Manganese Cobalt Oxide
(Li[NiMnCo]0, ), the negative electrode is made of
graphite, the positive current collector is made of
auminum, and the negative current collector is made of
copper. The type of eectrolyte used in the battery is
lithium hexa fluoro phosphate ( LiPFg), which is a
combination of ethylene carbonate and
dimethyl carbonate.

3. Validation of Simulation Results

To validate the results of the el ectrochemical-thermal
simulations, the voltage vs. capacity curve of simulation
and experimental data are compared to each other. The
voltage vs. capacity curve is shown in Figure 1 at
constant current discharge rates of 1C, 2C, 3C, and 5C.
As can be observed, a good agreement is obtained
between experimental and numerical simulation results.
The maximum error values are compared to the
experimental results at rates of 1C, 2C, 3C, and 5C are
1.22%, 1.37%, 1.49%, and 1.65%, respectively.
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moreg
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Figure 1. Voltage variations vs. capacity of battery at
different dischargeratesin simulation (lines) and
experiment (symbols)

For further validation of the simulations, the variations
in average battery surface temperature are calculated in
terms of battery capacity during the discharging cycle.
These results are then compared to experimental results.
Figure 2 shows the mentioned diagram, whichisin good
agreement with the experimental results.
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obtained from the Charpy Impact Test and also having
oys=505MPa, Kic is first obtained in 8 states. Then,
according to other researchers who obtained the standard
Kic for this steel , two well-matched relationships were
selected and compared. Then, using the von Mises
relationships of crack tip plastic zone and standard
specimen simulation, the best fit is selected as the desired
relation, and finally, the effect of notch depth on the crack
tip plastic zone and Kjc for the tested steel is discussed.

r (mm)
=

-0.02

-0.04

-0.06

-0.04-0.02 0 0.02 0.04

Figure 2. Crack tip plastic zone diagram for the
standar d specimen

In Figure 2, 13 is the result obtained from a previous
research. By comparing the diagrams, the best fracture
toughness can be reported as 295.3038 MPavVm. There is
a difference of 3 to 4%, according to Figure 3, which
shows the temperature diagram of API X65 steel due to
temperature difference as an active factor in fracture
toughness.

h
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Figure 3. Energy-temperature diagram for APl X65
Steel

Therefore, to obtain the Kic of other specimens that
vary the notch depth, the Marandet and Sanz relation was
used. Figure 4 shows the effect of notch depth on the
crack tip plastic zone on API X65 steel.

Figure 4 shows that as the notch depth increases, the
crack tip plastic zones decreases.

Figures 5 and 6 show the crack tip plastic zone in the
specimen with a notch and specimen without notch from
the simulation.

120 60

180
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o
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330
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0.1 ; L
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Figure 4. Effect of notch depth on the crack tip plastic
zones

Figure 5. Crack tip plastic zone for Charpy standard
specimen

Figure6. Crack tip plastic zonefor Char py non-
standar d specimen (specimen without a notch)

The comparison of the Crack tip plastic region in two
samples with and without notch is seen in Figures 5 and
6. The plastic area in the non-notch sample is much larger
than in the notch sample.

5. Conclusion

In the present study, the effect of V-notch depth on

fracture toughness (Kjc) and crack tip plastic region was

investigated using Charpy impact testin  API X65 Steel.

1. As the notch depth increases, the fracture toughness
decreases exponentially based on the Kic = 430.24¢
0.181a patio

2. The plastic zone of the crack tip was obtained using
the von Mises table and the fracture toughness
obtained from the relationship between the Marandet
and Sanz. As the notch's depth increases, the Charpy
fracture energy decreases exponentially based on the
relation E=503.44¢03%
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1. Introduction

Much of the steel pipeline used in Iran is made of API
X65 steel, and 56-inch diameter outer pipes are currently
made of this steel. Therefore, it is necessary to collect and
study information about this type of pipes such as
mechanical properties (fracture toughness, fracture
energy, yield strength, and tensile strength),
microstructure, and chemical composition.

In this paper, the Kic values of the relationships between
Kic and Charpy impact energy are reported in studies for
CVN impact test data. The CVN values were obtained
from a previous research conducted by the authors.
Charpy test specimens with standard dimensions
(55%10x10 mm) and notch (notch arc radius 0.25 mm,
45-degree is notch angle and notch depth from 1.25 to 3
mm) were extracted in APT X65 steel base metal.

2. Materials

The API standard describes the characteristics of high-
strength steels such as chemical composition, yield
strength, fracture strength, welding conditions,
manufacturing processes, the way of performing
mechanical tests and so on. Ranks denote all of these
steels with one letter and one number. The number
indicates (except ranks A and B) the minimum yield
strength of these steels based on the English unit (ksi).
By API standard, these ranks are A25, B, X42, X46, X52,
X56, X60, X65, X70, X80, and X100. API products are
expressed in two levels PSL1 and PSL2, which represent
two different levels of standard of expertise required for
these products.

3. Laboratory Experiments
To achieve the objectives of the study, 24 specimens were
made in triple series with eight different notch depths
industrial pipes made of API X65 micro-alloy steel with
an outer diameter of 1219 mm and a wall thickness of
14.3 mm.

Dimensions (thickness, length, and width) of the

specimens were measured in micrometers for verification.

The notch dimensions of the specimens (depth and
radius) were accurately measured with a macro lens
camera and image-processing software with a precision
of 0.001 mm following Figure 1. The specimens were
then transferred to the Quality Control Laboratory
(Ahvaz pipe industrial company) for Charpy Impact

Testing.

R R

Figurel. Measurih-g Specimenswith Digimizer
Software [1]

4. Results and Discussion

Because of the complicated, costly, and time-consuming
fracture toughness test, more straightforward methods
such as the Charpy Impact Test are attempted to calculate
the Kjc. Since 1970, researchers have discovered that
there is a relationship between fracture toughness and the
fracture energy of a Charpy Impact Test (using a Charpy
V-notch specimen). Table 1 lists some of the relationships
that are applied to the API X65 steel pipe.

Table 1. Relations between KIC and Charpy | mpact

Energy
Number  Reference Relation
1 ‘;’é% 0 Kic=8.47(CVN)»3
g s Fllﬂ Kic=14.6(CVN)
Marandet
3 and Kic=19(CVN)'”2
Sanz [15]
Robert and _ 0.63
4 Newton [13] Kic=8.47(CVN)
Rolfe-
5 Novak- (Kic/oys)*=0.64((CVN/cys)-
Barsom 0.01)
[23,24]
6 Ault et (ch/cys)zzl .37((CVN/Gys)-
al. [25] 0.045)
Van der
7 Sluys etal.  (Kic/cys)*=0.893((CVN/oys)-
[26] and 0.0291)
Witt [27]
8 Ijrlllsslgli)usl (Kic/oys)*=1.23((CVN/oys)-
28] 0.0061)

In the relations of Table 1, Kjc is the plane strain
fracture toughness, oys is yield stress, and CVN is
fracture energy obtained from the Charpy Impact Test on
the V-notch specimen, and the units of these values are
MPaVm, MPa, and J, respectively.

Using the table relationships and fracture energy
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Figure 6. Bag breakup process

In this study, the size of membrane and the ring
diameter of the bags were calculated and compared. The
results, which are normalized by hydraulic exit diameter
of nozzles, are presented in Figures 4 and 5. The
performed calculations show that the dimensionless size
of the membrane and the ring diameter is almost a
constant value, and do not change by changing the
liquid/air momentum ratio. It could be concluded that the
size of bags (membrane and the ring diameter) is
independent of air cross flow and liquid jet velocity.
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Figure5. Ring diameter size (d,.) of bags

As mentioned earlier, after a bag exists and develops

on theliquid column, it expands until it become thin and
the surface tension of the liquid jet is no longer enough
to dominate the aerodynamic force. Eventualy, it
breakup, and disintegrates into the small droplets. Figure
6 shows bag formation and breakup process.
Based on the obtained results, it is found that the
membrane of abag el ongated in the stream wise direction
of the crossflow, so membrane of the bag grew morethan
its ring. Figure 7 provides the comparison between the
membrane and ring diameter of abag in time.

45 A Membrane
o O Ring

d,/d, rid,

0\\\\l\\\\l\\\\l\\\\l\\\\l\\\\l\\\\

0 1 2 3 4 5 6 7
time (ms)

Figure 7. Variation of ring diameter and membrane size
with time

5. Conclusion

Inthisstudy, the bag breakup process was experimentally
investigated. Using shadowgraph technique and high
speed photography, the jets flow was captured at
different flow conditions. Different parameters such as
size of ring and membrane of a formed bag were
obtained. It was revealed that the normalized membrane
and ring diameter of bags remain constant at different test
conditions. The membrane and ring diameter size do not
vary neither by changing momentum ratio nor air Weber
number. It could be concluded that the size of bags
(membrane and the ring diameter) is independent of air
cross flow and liquid jet velocity. Finaly, it was found
that the membrane of a bag grows more than its ring
towards the cross flow directions.
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1. Introduction

The liquid jet, which is transversely injected into an air
cross flow, has aboard of range of applicationsin the air
breathing engines such as diesel engines, gas turbine
engines, and ramjet engines. The efficiency and stability
of these engines depend on dispersion, atomization, and
vaporization processes of injected liquid fuel jet. Hence,
it isimportant to understand the fundamental physicsand
structures involved in the liquid jet injection because it
helps to improve the performance of these engines.

When theliquid jet isinjected vertically into asubsonic
gaseous cross flow, the aerodynamic drag force causes
theliquid jet column to be bend inthe airstream direction,
and also causes the acceleration waves generate and
develop aong the surface of the liquid column until the
column of liquid jet breaks up into ligaments and
droplets. This process is called liquid column breakup.
The produced ligaments from the liquid column breakup
undergo secondary breakup process and disintegrated to
smaller droplets. By increasing the air Weber number,
surface waves develop more on the liquid column and
causes small droplets stripped from the leeward side of
theliquid jet column before breakup point. Thisiscalled
surface breakup.

As the air Weber number increases to around 5, the
liquid jet column undergoes a particular deformation
before breaking up into the ligaments and droplets. This
is called bag breakup regime. In this regime, bag-like
structures exist and develop on the liquid column. They
expand until they become thin and the surface tension of
the liquid jet is no longer enough to dominate the
aerodynamic force. Eventually, they breakup into two
crescent-shaped strings, and disintegrate to the small
droplets.

In this study, we deal with the flow features of aliquid
jet injected into an air stream in the bag breakup regime.
Furthermore, the membrane and ring diameter size of the
bags, which are formed on the column of jet, are obtained
and compared.

2. Experimental Setup

The experimental setup used in thisinvestigation was the
conventional setup widely employed in the experiments
of liquid injection. A liquid storage tank was pressurized
by a compressed nitrogen capsule. The liquid tank was
fed with tap water before performing tests and a baffle
avoided undesirable interactions between high pressure
gas and resting liquid. In the whole experiments, steady
liquid flow was produced with a constant pressure
difference of four bar between the ambient air and liquid
tank. The liquid volumetric flow rate was controlled and
measured viaflow meters. Shadowgraph technique and a

high speed camera were employed for the purpose of
flow visualization. The schematic of the experimental
setup is provided in Figure 1.
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Figure 1. Schematic of the experimental setup

3. Image Processing Procedure

An image processing Matlab code was developed to
identify the column of liquid jet, and extract data from
the taken (original) images (Figure 2a). The image
processing procedure is presented in Figure 2. Based on
the difference of intensity between background and
liquid jet edges pixels, a threshold was applied to detect
the boundaries of the liquid jet column from the taken
images (Figure 2b). After detecting the boundaries, the
profile of the liquid jet column would be obtained as a
binary image (Figure 2c).

: . u;‘.':tb ¢
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(A)

Figure 2. Image Processing: a) Taken I mage, b)
Boundaries, c) Profile of liquid jet

4. Results and Discussion

In this study, the size of membrane and ring diameter are
calculated. Figure 3 shows the measured parameters on a
bag, where 1 denotes the membrane size and d,. indicates
the ring diameter size of the bag.

-

Figure 3. Measurements on a bag

! Corresponding Author: M.Sc., Amirkabir University of Technology. Email: Y Rezagi @aut.ac.ir

2 Associate Professor, Amirkabir University of Technology.






Experiments on the Formation Process of
Bag Breakup Regime of Injected Liquid
Jet into an Airstream

Effect of V-notch Depth on Fracture
Toughness and the Plastic Region of the
Crack Tip Using Charpy Impact Test
Datain APl X65 Steel

Electr ochemical-Thermal Simulation of
Céell Lithium-lon Battery of Electrical
Vehicle

Application of SSPH Method in Free
Vibration Analysis of Graphene

Variable-Pitch Control of a Quadrotor
Using Feedback Linearization Controller
and Direct Adaptive Feedback
Linearization Controller

Nonlinear Control of Motion of A
Spherical Robot on Inclined Surfaces
Based on Feedback Linearization M ethod

Numerical Simulation of the Heat-Fluid
Flow Behavior Around the Cylinder with
the Controller Wire

The Electric Response of Piezoelectric
Beam Using Dynamic Stiffness M ethod

Umerical Simulation of Elbow Erosion
with Circumferential Welding in Two-
Phase Gas Flow

Influence of Alumina Nanoparticleson
the Combustion Process with using
Homogeneity Factor in a Compression
Ignition Engine

Experimental I nvestigation on Flow
Downstream of a Squar e Bluff
Body at Different Angles

CONTENTS

Y.Rezagl - M. Tadjfar

A. Hosseinzadeh - Kh. FarhangdoostM.
R. Maraki

M. A. Bayati Nezhad - A. Mohammadi

K. Mohammadi - H. Shokrollahi

M. Mosasal - M. Khodabandeh

M. Adlipour - A. Mokhtarian
H. Karimpour

S.E. Razavi - T. Adibi - E. Abbasi Tabrizi

M. Jabbari - B. Ahmadi

F. Hosseini - A. H. Meghdadi | sfahani
M. Davazdah Emami - E. Mohseni
N. Najari

A. mohammadi - M. Varmazyar
M. Soleymani

E. Ardekani - A. Teymourtash
M.A. Ardekani

19

33

53

67

91

105

127

141

157

177



ISSN 2008 - 918X

Experiments on the Formation Process of Bag
// Breakup Regime of Injected Liquid Jet

into an Airstream

Y Rezaei - M. Tadjfar

Effect of V-noteh Depth on Fracture Toughness
and the Plastic Region of the Crack Tip Using
Charpy Impact Test Data in API X65 Steel

A. Hosseinzadeh - Kh. FarhangdoostM. R. Maraki

FCI’dOWSi University Electrochemical-Thermal Simulation of Cell
Lithium-Ion Battery of Electrical Vehicle
Of MaShha d M. A. Bayati Nezhad - A. Mohammadi

Application of SSPH Method in Free Vibration
Analysis of Graphene
K. Mohammadi - H. Shokrollahi

Variable-Pitch Control of a Quadrotor Using

Jouma 1 Of Feedback Linearization Controller and Direct
Adaptive Feedback Linearization Controller
M. Mosalsal - M. Khodabandeh

Nonlinear Control of Motion of A Spherical Robot
App]i e d an d on Inclined Surfaces Based on Feedback

Linearization Method

M. Aalipour - A. Mokhtarian - H. Karimpour

Numerical Simulation of the Heat-Fluid Flow
Behavior Around the Cylinder with the Controller Wire

Computational Sciences B et - T Adi . Abvs T

The Electric Response of Piezoelectric Beam Using
Dynamic Stiftness Method
. M h . M. Jabbari - B. Ahmadi
m ec anICS Umerical Simulation of Elbow Erosion with
Circumferential Welding in Two-Phase Gas Flow
E Hosseini - A. H. Meghdadi Isfahani
M. Davazdah Emami - E. Mohseni - N. Najari

Influence of Alumina Nanoparticles on the Combustion
Process with using Homogeneity Factor in a
Compression Ignition Engine

A. mohammadi - M. Varmazyar -M. Soleymani

(Journal of Faculty of Engineering)

Experimental Investigation on Flow Downstream of a
Square Bluff Body at Different Angles
E. Ardekani - A. Teymourtash - M.A. Ardekani

Serial No. 22
Vol. 31, No.2,

Spring & Summer, 2020




	contents
	me30-2
	Binder2
	contents
	me30-2
	1--tajfar
	2--farhangdost
	3-mohamadi-final
	4--shokrolahi
	5-- khodabande
	6-- Aalipour
	7--adibi
	8-jabari-1
	9-hosini
	10-varmazyar
	11-ardakani
	OK- EA(22)-9-hosini-Revised
	EA(22)-8-jabari-Revised 15 9 99
	EA(22)-7- adibi-Revised
	EA(22)-6-Aalipour-Revised
	EA(22)-5-khodabande-Revised
	EA(22)-4-shokrolahi-Revised
	EA(22)-3-Mohammadi-Revised
	EA(22)-2-farhangdost-Revised
	EA(22)-1-Tajfar-Revised
	contents1
	Jeld5- with Eslahe Rang


