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1- Abstract

In this article, turbulent-gas two-phase in a fluidized bed is
investigated and solved. In order to study the above effect,
a reactor with different shapes and geometries has been
considered and the effect of reactor shapes on the
expansion volume of the solid bed has been investigated.
The fluidized bed reactor is a type of reactors that can be
used to perform multiphase chemical reactions, as well as
in the field of producing gasoline and other fuels, many
polymers such as rubber, vinyl chloride, polyethylene and
styrene, nuclear energy units, burning coal, water
purification units, The catalytic cracking process is also
used as a dryer. In the inclined fluidized bed, the fluid
velocity increases, which increases the product recovery
and removes the dried product from the bed. The velocity
of phases and particles inside the bed also increases and
shows changes in the velocity profile of the solid.
Increasing the column diameter decreases the axial solids
velocity and smaller particle sizes have more discharge.
Increasing the height of the bed reduces the static pressure
and increases the frictional pressure. For this purpose,
computational fluid dynamics is considered as a useful tool
and the most likely method for correct prediction and
optimization. In the present research, due to the
expensiveness of the experimental method and the lack of
equipment, numerical solutions were used.

Keyword: Multiphase flows, gas-solid, fluidized bed
reactor, turbulent flow, gas dryers

2- Introduction

Gas-solid fluidized bed reactors are widely used in various
biomass thermochemical processes due to their
advantages, such as efficient gas-solid contact, high heat
transfer rates, and uniform temperature distribution. To
facilitate the fluidization of biomass particles and enhance
process efficiency, an inert medium or catalyst is
introduced. However, the addition of an inert medium or

catalyst can lead to complex fluid dynamics within the
fluidized bed due to mixing and separation phenomena.
Mixing and segregation are competing mechanisms that
govern particle distribution and flow patterns. Circulating
fluidized bed reactors are commonly employed for gas-
solid reactions in the energy industry and are classified
based on fluidization regimes. However, the concept of
fluidization involving circulating gas-solid density is not
well understood, which poses a challenge to its
commercial application.

To improve understanding, an investigation was
conducted on circulating gas-solid dual fluidization. Solids
mixing in fluidized beds heavily depends on bubble
movement. Bubbles formed at the bottom rise, carrying
particles upward, and distribute them upon bursting. The
particle transport mechanism and particle diffusion
mechanism are the primary models used to quantify solids
mixing in fluidized beds. However, limited research has
been conducted on the effect of bubble motion on solids
mixing in binary particle systems.

Various types of reactors and operating conditions can
give rise to different multiphase flow behaviors.
Multiphase flows involve interactions among different
physical phases, such as gas, liquid, and solid, each
responding to external forces and mutual interactions. For
instance, solid particles of the same material but varying in
size can be considered different phases, as each size group
exhibits a distinct dynamic response to the flow field.

3- Basics and Methods

3-1 Computational Fluid Dynamics (CFD)
Computational fluid dynamics (CFD) has emerged as a
powerful tool in fluid mechanics, enabling the prediction
of fluid flow, heat transfer, and chemical reactions through
mathematical modeling. As a specialized branch of fluid
mechanics, CFD employs numerical methods to solve a
broad spectrum of flow-related problems, providing
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invaluable engineering insights for design optimization
and troubleshooting.

3-2 Problem Definition,
Methods

This study aims to numerically investigate turbulent solid-
gas two-phase flow in a fluidized bed. Different reactor
geometries will be modeled to examine the effects of
parameters such as particle size, reactor shape, inlet
velocity, and initial porosity on solid bed expansion. The
model assumes an incompressible solid phase and air.
Initially, the particles are spherical, uniform in size, and at
rest, forming an optimal height within the bed. A vertical
cylindrical channel is employed, with the air phase
entering from the bottom to initiate fluidization.

The utilization of three-dimensional (3D) geometry has
become an integral component in the construction of

Conditions, and Solution

i

CUNm = a NN WWDARENO

computational grids for numerical simulations. In the
given context, a hexagonal structure is employed to
generate a computational grid comprising 880 thousand
cells. This approach is notable for its numerical solution,
which remains independent of the cell number and
dimensions, a desirable characteristic for ensuring reliable
and consistent results.
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Fig. 1. Schematic geometry of the problem
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Fig.4. Volume fraction distribution in the conical inlet

4- Results
4-1- Examining the effects of different input speeds

The present study investigates the behavior of a solid gas
fluid bed under varying inlet gas velocities through a
hydrodynamic simulation. The Eulerian multiphase model
was employed to capture the complex interactions between
the gas and solid phases within the column.

The computational results with the experimental and
simulated results are shown in Figure 3, which behaves
according to the computational data.

4-2- Examining the effects of reactor geometry

The problem will be examined from a geometrical
perspective. Factors like reactor shape and gas flow rate
are crucial in fluidization reactor design. Reactor shape
maintains particle-gas contact speed during fluidization.
Gas flow rate affects the formation of fluid patterns. The
study uses a three-dimensional cylinder reactor geometry
shown in Figure 4.

5- Conclusion

It is obvious that the minimum fluidization speed has
increased in steep inlet conditions. Regarding the effect of
geometry, this type of fluidized bed leads to higher values
of product recovery and lower values of accumulated mass
because the higher air-drying speed increases the
movement of particles within the bed. Increasing the
erosion effect leads to the removal of the dried product
from the bed. The velocity of the phases in the center area
is higher than near the wall. The velocity profile of the
solid in the fluidized bed increases at the beginning and
then decreases with the decrease of the amplitude and
shows an oscillatory behavior. This means that for a given

initial state, the velocity reaches a maximum only once
after the onset of liquefaction. Compared to other phases
in the cylindrical column, the velocity of the gas phase is
the maximum in the column. Smaller particles move faster
than larger particles under the same conditions in the fluid
bed. The axial solid velocity in the small diameter column
is higher than the large diameter column. Smaller particle
size has more bed discharge than larger particle size. Static
pressure decreases with increasing bed height. By
increasing the height of the bed, the frictional pressure
drop in the wall has decreased. Frictional pressure drop is
a strong function of fluid velocity, as the pressure drop is
greater for high fluid velocity. The energy input to the
system increases with the velocity of the liquid, and the net
energy difference, which must account for the energy lost
in the system, increases with both the gas velocity and the
liquid velocity. The axial velocity of the solid along the
radial coordinate for the column has been verified by
experimental work. Also, the ratio of bed expansion and
liquid retention for different particle sizes is also consistent
with experimental works.




Morteza Rahmanpour, Sina Shenavar, Amir Sorouradin Abadi




(I=1F) N F ) VoKl g5 Floslons 5 53,15 psle

2

’ \ Sl 43 Slwle g 59 5,5 poks
" http://mechanic-ferdowsi.um.ac.ir uuw;;.u'uaﬁ‘ﬁ
&.’//‘/f»’/apb .
Sl i 99T 0 58 Aol - JE AT b o ol 390 3 (6399 Awikid § s yw O FT (G306 3ludud
© Sobl gl il O sk Lo ('))}?;L"*"J 2

d 10.22067/jacsm.2024.87722.1250

ST g i anllls e 4 Gl 0l (g8 o 5 oy o s O3 S ol azii (55603 O s ol > 00N
e ST Gl 0k ety ol s oz Dl Do o 55T YK (sl ol )l i1 5 ot and S L7 s Gl latantia 5 IS L
ooty 05 5 i s dhaf o iz (U i bt (sla STy plonil (5l lyi o S S ST il I S Sl
A oo a5 o S S Ol g (s (5 (Slaom O licol 5 AT Ao s ez s b AS oSt Y il Lt ks i (6l
Ismarmo il 2l55] Cool S bl o 5] S Cotpos Glosd S s 5305, SIS 40 (S5 Ui @0 pizmas 5 2 JUIS SSTS
Ol [y ol St s 00 Dl 5 bl oo Sl o e G300 U3 5 LjE Gt 35 o iy ok K S pmes Sl
S s ] ) ol (6l T (D OG5S DS ] s s o Sl (S ol S O gt 8 L8] Ao e
Sl s n e s ke ()1 Olsie 4 leslme DVl Kol sliio ol (sl s oo i3 ) SEsl JLS 5 sl ], Sl
olid LisST (goude o 0 gl 35m0S 5 ol Gy O it pa s s s p Sl el 30,8 e 1 E Sl 5 s o

]

S e S Sas sl 0 Jow i 55815 el - 5 (36 o slaol o (SelST (Svolg

g;...«‘o.)\..lrM;JJGJ)JQL"fLS‘)ﬁ\jCJbJGJ‘};é)S@J VRV
Slp 0258 sk 4 538 55 v 2 glay ST, [5] ol slacyse Js & dabr = 58 L ods Il 2 sla 55T,

3zl 3550 (8350 Corio 3 Mol - 58 Sl b sl 5 W ool JUl s el 5B Clhe el

) S5 a5 L A 53 4 Ol e 1 OT LS e 513
25 03 dhe e S ik (ledle sla g g
Ol J&s 53 ls B3 oS e Sl 2lr Jsene
525 Gl eVl s 5o wses sk 4 15 &S s s
() A it 53 St s b e 0 Jlow
JB ssro s 55 58 Cs e = ol b s e Jles
S balie 53 ol 3l ey s 8 Ceu Sl e s
S o bl - 38 i S e pes JE C 3,

(Sl A D .J)‘J 6):‘*5 le'jjfobjai.é )L:M...: )L’I}L«

Email: ac.rahmanpour@azaruniv.ac.ir

Gadnl b 5o glos 28 b 4 i gl Slasia
Wl Pl e ol es S e bt SOl S
[1,2] ol s onlanadl s L;)'L.u@l.a 9 8l ‘L;M)'lf
oSOl Olpe a4 55 L Sl e SO (S 55 &
Lyl b JUBl iS5 o3 85 o3 O3 O o Jogd 8l 2
L Al ko a5 Gl lJ= cpl b [BA] s5dpe B re
S 52l bl golulior /b0t ey 3 58 0 3L 55 JUIS
O o 03 38 o e 53 e mbe ol 4 e
Sl ey K 5 Olge 4 S8 5 B wxddS

BV EYENA OT 5y b s VY e Sl e

o Ol 3T e g o Kils (Kol 0235 bskiad 1 gtams sdie 5 (V)

s Ol lysT e g o Kils ( SKalSa 0uSiils )l el S (g smeils (Y)

s Olmb3l e agd ozl (S 0uSzils Lslial (1)



https://mechanic-ferdowsi.um.ac.ir/article_45448.html?lang=fa
https://mechanic-ferdowsi.um.ac.ir/article_44386.html?lang=fa
https://mechanic-ferdowsi.um.ac.ir/article_44386.html?lang=fa
mailto:ac.rahmanpour@azaruniv.ac.ir
https://orcid.org/0009-0003-6546-1844

el Sealidgpded o (355 deenlin 5 oy S (gl (g jld

Saalos J10] kS o ealinal Jlws 0L & by e il
SWslao ol o sl e sla i,y 31 Slale YL
o Ol o Rl s s gl b s Jedl s
Al et AS e eslind e SO 4 eld
Slr ity 51 2l 5 s oo 75 Ol 2 45 Sl (gladlate
et Sl o b g 5LaE G il 8 L Qb Cs
e Slrosls Sl OVl Sy Jlos 5 42
A 5 ods éucjlg esete Dldlae 3 &8 cul b s
Jbe [11] 555 e eslizal b 5 Showe (Jsams G35
Slas gorms ol Ci56 3 (G5l s o Fedamn S
S S a5 gl s (o 5 g s SVsls
0w 35 oo ol 5B o Dol 5 Ll s B b ol
Sl > 5l (K by e slasl ¢85« Jae ul LS
_ ) il o bl o 5l slize (del _ L) (slails
5 St (il Lol @l iy olsl (Jhw
s B o pgmese Dol il e s 4 i 5058
by odd i ol sl (Sae edd Jde byl g s
2L psmase Dol anle (il et Ol il
Sl sl ol s sl e Sl sl LS s aS
o cpl ol o oslizal Jlw 2w 55T, (g5lede
sladde bl e 1 v e 53 3ledbw glacdiy
sk 5358 55 b i Gla, ST, S o o 5 5 5
3P S 3 il - 58 Gl b S5l (sl 05 1S
oS 5 a5 L0l e ) 0T LS e o3 eslinad 35
oo dbe o oS guaib anes 53w siledbe by 2
S 53 20 G (Sl s Sln b Jseme 225
Opl) e g,V s 53 wsed sk 4 O3 & s o 0L
A e 53 S e e b s 0 Jle - s
520 e 33 38 s ol ol b s e b ()
S b tslie sl 31 s 53 58 s ) a5 LG
S 52 bl - S8 a8 b e & -GS,
WSy B3 1 (G eS amwg 5 ed b sl Hltla
e e B S s el - S S s 04 b psghe
S, sload g S ol odid Sos s,y ol Olidses Lau i
020 S35 S 1 Gonns Gl S gp (5 S sk O (6l
-8 S s e sl 3 dheE 4 b ) 2 S

e a8 S s el — 58 S s 0 Jw s
S, sl oad S (il ol SHs s, ol Olides Law i
0350 33 S [ Gaend (Sl LS o (655 sl 0T (5ol
-5 Wl 0 v ozl U3 ahaE w4 abE ) 2 S
L OLd 4 delr sl ge LY [B] A ] O3S s el
S ool 7] 55l Sas dlw b 2 55 Ol &S >
o o5 YVl a ly olpd il § IS sdiS s 55 VL 2
5 O 5 S 0 Ol Dl b & Oy LS s
wt.,:waﬁfﬁgyuobswﬁd;w#;l.m@
ol il s VU G a0 3 0L B uiS 0 oS >
5O B 5 e el S Ol |y Rl Jl s
e Sl dabe 51 ol g5 53 3 Ll pelSe 5 il
[8] Lea Jbow iy 5 el 5150 bglses oS

o5 Gl ) o 5 IS G S Sl s b s
O bl b 9] wWlesls slediny Jlw 55 b gloses dol 5150
ot 33 Sl 3 g0 B 3 Ol oS 56y (635
}d@),sbtjggw.wuu;ﬁuéﬂpobs
Ll Jlcos |y il pll 05 e oVl ol 5
S bk gl B slaol o 5l el slaas iy Cilise
Wil s e GLS Juls sl S5 slasl s Lt
e e 3B e Ol e 03 5B e seie Lol
G S g3l 0L o 53 358 g0 03 HLS 4 (6 fes 1S
Camed 33,13 3 5 5 0T KK Sl o ol 0L 51 o3
Al b das ol 38 e 3 0T 53 oS il s 4
5 Cilen Glao3Ibl b diale 3 Shie el Kan s Lol
Oy b S s osline slajl Ol sea Ol 55 o | o3ke Olon
Soebus el 1Ko shls OLsSS 63101 L )3 ae gome o
I7] 55 dal s 0L 2 Ol 4 asliee

L by s Sl
(CFD) _lulons ¥l Kusliys
JUEE b 0L oty M1 Slembe (SVLw Seslas
Loaby e gboodoy 5 ol Gba 2815 o > Jlal e S
S 5l ool b b ol oSl LSl SVsles o
S ol OVl SO slaasli 1 SOl (gode Al

Jo 5 s 5 e sl b, S5 o sla iy

”"7‘4& pj/.o.J‘[,:ziAJ‘;wJ[.w

Sl o Gl 4 Sl pale 4



T gl gy gl 5l Loy pilom s 7 o

Skl sl Ll Ll Slls auls gl il (55
A 5 805 s i s 8 A S s e (63555
ISl VXY o a6 ol LS (65,e Laild
O Ok G50 el S ol s S e Ll el et e
0L oy ol el gl 3T 5580 5 el Ll
SRl (gl e a8 S0/ (5 3y e el — el
O g 3l sidu )3 392 50 dalx o3le ‘”\"’L’"V‘?"'}‘d‘?"'
el 0 oslizal 358 e 405 OF @ adnd gladils Ul s oS
Sl s L1108 il e S Sl Ayl Ll 5
ol 565555 55 58 ez S 5 Sl ol ealinad O st
ol kol S 5es e 5w Cl s se (S35 s
03 &S gla malpl 5 ol e V/AA CLéj)l 4 lal gl O sia
30 Swalosgods adles 5 (oleans Gl Jw 2
Sl il s OVslee .ol ot £S1L1 (V) Jgd s Lea
Lyl e s LgﬂQYJwQ,UﬁJ}QUlJ?}rSB
By rSl} Vsles (5, SJ Sl Jols a8 3 500 = A
Sl 4S) ol ateenS SVslrs 5 ol JJ:;SV.?&JAJ)}A
g g Jlesl (IS oo Goadd 1) JES o 53 ZoaS
Sl Lsd o awnS upwind i, baw g S ¥l
wajd;l.&ﬁLS\ﬁjr}J@f&Jj‘jf}&ﬁjﬁC)Yﬁl#
Jho & by o Oliales .conil ol oslanal Jgl a6 &35 5
el Phase Coupled SIMPLE %5, Lu s (g3bdar o sl
Sl S Sl SIMPLE (25,801 0las (355 ol el o
L oVslee Jo ool ol osls anw s g5l a0l
<=l§ L 1,48 &, 50 4 5 Pressure Based oS J> 5l eslinal

NG PR B rL>u| Afb VAR ‘_;’La)

)

WY (:L?:.;\ UAJ; 5 Jel=

S sty 5 Bl s i
wisl 56 53 0L @3ds o 5 sy ol aadlles 5 Gla
S sk pl gl il e o S o3 S8 - el
Sl s A8 dalp Jde sl sl IS5 L ST,
58305 Lo STy K8 (3 oIl ahes ) il
Aol ) el oy oz Bl Olse 2 adsl Jds
lsa 5 ol Jbw 53 2 3ledie ol el 55 s S
Sy 5 65,5 Db ads) IS8 et 55 L3S 5
bl flil S5 5 a5l I3 0K Sl s sl aled s
03 K slalsal 5 (6350 JUK Laas o |05 ey 5 |,
EIRPS B PRUP- RSt 1 [ PRSI ICAW P WP g g =

Sy g e OAS Jbw
porous zone

massflow inlet outlet
— | ————

e Solet s VS

S bl sk 4 s edd sbml sdae awlia

S Get el sl sld sl (il
s oslawul hex / wedge ,.zs g5 b e CloaSs
@ rj:l adl el ond W g Slalse Jsku jlia A Sl
53 adghe sbul 5 slaws 31 gade Jo JMizal &5 col S3
035 Lla |y slhe CuliS (guuaSid l 5 el plasil s,

(<

e Sk slas pladS 5 () il slad (gl sal O g e (i) Y 03

;@'Lﬁj)‘j”p/;uj‘jgﬂjﬁfjlc A i

’f'f4u<~ "ju‘/v-:’;@jwdl-w



el Sealidgpded o (355 deenlin 5 oy S (gl (g jld A
Sl sl Ot 5o ol B 5 (S5 sla eyl ) s
$3358 Slea ce e &l ol 3 a1l Sle Ll S
903 S ol e Sida SEES) u&; L;‘ : m Jb m tw)‘
m/s) (m) (mm) (kg/m3)
C/YOYA YT YA YYV. o/ V/AA
Saasl gledde gl kg s llkul Jhe ol (giluans ‘.5t> Vsl
Sl L}‘)}‘;«A’:’ Jv\ﬁ g_{iK'S J‘)\J)L".«Jl JJA cCwl o ealaill L5<':“'j‘:i aJoles
(K) oD i (6550 6l Jlasl SVslee Jde bl 5 &S (e
rk e d s - 7 —( kpk) + V(pkskﬁk) =0 (N)

el ol sl (€) OF M1 Ol 50

a(k)+ a (okv) = a [< +u>6k]
ot P aXi PRV _aX] K Oy aXi

+Gk+Gb_p€_YM+Sk

)
a 0 a uy\ de
% (pe) + % (pev;) = a_x] [(u + G_s> a—X]]
£ g2
+C1€E(Gk +C3,Gp) — Caep -+ Se
#)

Jo 415 bW i 655 A5 Bk «DVles ol o
SiA Mg Gp s o Ol G SSle glacid
sdins 0L Y el osled oy s @ oI i
OWI 5 4 Sl (S15 JB W BOG 55 Ol bl Ol s
slel 5 4 0e 50k e ColbCae 5 Coe Cre el S
SK.qulC;)gw@@z@f\élﬂylﬁwi
.Mﬁﬁbj}am_@_ﬁ:@uabmww

R A R s S Lt sl oS e
2 g o dples

2
Ht:PCu? (V)

Sllons (sl byl ol 5 g3 g,
bodps e Sl S WS Ul i Sl
oo &8 agdoe e Sy L e b S SYoles
el SRS e 8 35505 (Sl SValee (5SS
RS a5 S a sl 45) ol atenS SVsles
i bg WS SVl g e Jlesl (U5S o (e

at

el 50 g5 SOLLei ks 5l e S g (S py S
1S 6350 0 1y 5oy bl sl 5B s 5l e S

ggte =1 (Y)

S5, sl s se aales

9(expru)

It + V- (epruxuy) =

—& VP + V. (skueff,k(Vﬁk +(Vﬁk)T)) toEg+ M,
™)

doleays M ol 5 f5e a5y ek 5 L3 P

el 3B A gl s 5B s (6 0 edas OLAS (B8

3B S
Sheslinal b dal 5 Jlw a3l o (30 e Dol o 0
sWen Jue 51 S5 cpl bl e s 0 5enllS S s Juke
LK - el 56 e S Jbe ol Ergun dsles 5 Yu
Ol 23 JSE 4 oS ol sl pladl 5l ilS Jote 51 eslis
NG S W

o (1l —a og|Vs — v
s( 1)H1+17501 s|Vs 1

k. = 150 .
! ad? dz

(04] <08

()

;§...0..~/"' 51 5,L.»d.u
s 0L ols Ssd ol 4 (Srasl Jie ol
L}.';L‘.wl;w cl.w 4)[._:4 340 B> ck.w calio Ls\f [0 Jl}r_.r’\

523l (Sas ileand glp srse Ol Se 5 5 s

”"f4;£~ pj/,‘.,i‘[,:imjwd[_w

Sl o Gl 4 Sl pale 4



T gl gy gl 5l Loy pilom s 7 o

IS8 J&o 5oL e 5 el LB o g Ji
o5 38 S Sl sl an S L s ool gl
S 50l o oml 02 o S L s
26815 5 (50555 Sl edd a5 ki s jLiE Ll sl
@\Mf)ﬁjsjrsijalﬁ‘wlﬁu
Il S5 (65 Jbo sl 0l asedon 5 3a) Ol 5L
G o 53 gz S 5 0IS 03,551 S 2 (812 0 25l 5
Slaaals 53 55 G355 C S sl 0l o3lizes] Calises
Bl 5 0l lae ity S oo gl (g5luand 5o il
3 g oslizal A LST gbaesls gl 2 (iledlv Cs
Gl s w5 (leand adles 0) B (F) IS
g5 g odaline la S0 4o 55 L el ol esls OLES (63955
558 oleans Oldlas s Hls) s L il 5l S
s o Sl a6 2 50 2/00 53 0385 G o oS
SIS L rew gl Ll as sls Olis calis slagley 5o
L e WS S S sbaols 5l il L Ol
O 5 el Bl Jl 3wl a5 sl ol odaliis yioman
bl 3 e a e 530S (S350 Lo s 4 iy
b8 s b b e Sl sl
ol ol o3Il yiomas Col ods bl) Packed Bed & 50
S350 b U5, sde il e ey, Soe VAL ol
YYA-YVY s o (A) aaly b 38 Cilis glacs w5

Re = — \)

Sl i 8355 pomm oS 55505 oS 53 0L (F) S

QTJJASA.:EUJ{J:» AR UET IGIUW VRN Vg | WU
oot VL o 4 5 s Ol b 5o 0088 Sy D5
31 s e el e ol e 1l 3 (S s S
LS 8l 558 g SLe 5 S o0 b s s g1 s 15
v ol i O 5 555 Slasls ses 5l iy DLl
e 5 0 SHs LB ol To e gl os S OAs
adee 553 55 0358 3 5l 90L5 la s 45 Al sdalin
e s (3 e 4Bl e )+ s Lol

S o Gt ey S (‘)T S, K om0

Sk—e 5 pgmage SVl gl L5 o weS Upwind
J}\ 45 e Cj:j\w?&r,ssdébu (_g\ﬁj<=): 45 e 3
Gk ol Joe s b g 0 Dleloes [1] sl 0l oslinad]
Ol el el oLl Phase Coupled SIMPLE 5, Law gy
SLil,r sl & el SIMPLE 5,800 Olas s,
Sheslazal b oWslee o il sl osls ana s (g5l
e\ G r@b.b;\fg)j,py)PressureBased oS |

el o rbu( 4.:.;U

@b
s (639,9 Co e DS ) p
S s o Il a5 gl s lis] (s L
[12] S L sy (Sl ck_f Dldde 5 4l sl
,mw\u)jgmwuu;,Td\ﬁ\ﬁ,;@ujw)ﬁ
C?f)ség;ml;'sqp\l S Jo g ol addlas
OB a8 J s ccanl el eslanad (gdaygs v 5 [1,12]
T 5 S0 Al il il g a5 Sl
S b e (Sslusgsdes (ghluand sl 0ld o
e 0= /00 (65555 HE Calites Co s auals 53 el
ol ol [1,12] e o3 ol el Sl Sy el il
o o s oledde sl 1l ol Je .l
olin aeo 55 4 6 sl - Skl 3 Sy ol e il Sl
o S8l Ll 55,5 ¢ el = 58 56l abe
T T T e O S W GRS DU CH Y S ICH B
JIs 55 edST 5L G Olpe 4 dalr 5wt g 5B Ol
bl lods a5 53 KuSG b ol 5 3585 (sl O s
o Sy 8 Jl 53 g0 a odalin i 3 (b s
e Oloy SIS L s Slasiie 0 gd e (Sleand ol
sdalie Olaslin ;3 e d LB s S 5l dm Lol aS e
das S 4 el Jlw s oS das e 0L ol g 553 el
ol eS¢l p 1y ol pled 5 el ooy SlLL
I @ e 8 5o B Lagsslaad 25551 0 Ol &l
@ﬂogﬁduﬁgﬁ‘wuurwwﬂguw
SE L ekd dhw e il it Jitee Sy k)

Qj.l.aja.)uj.:y[;d)jud).,\.u.)‘.)il.ibdbcd.bs‘jj&.hl;-

;@'Lﬁj)‘j”p/;uj‘jgﬁjﬁfjlc A i

”"F4u<~ "J["“"j‘/'*"";“«‘wﬂ“



Ol Sealingydod o (355 delin 5 o ST (g3le (Gl 40

WO L a5l 5 e /00 S 0388 S o= S ¥ S

%
D &

| f

[0 1""’"*‘ 3 'sc

0s 1s 25 35 4s Ss 6s 7s 8s 9s 105 118125 13s 14s 1Ss

A:JU\O‘\.:JUJJJZA'/\ C&ﬁb)ﬁ%)w}&jws YJ{.J

Volume fraction

5.00e-02

250--02

sl laaals

- o0

0.00e-00

5
o
o
C

o
S
w

1 12 14 16 18

Position (m)

J@FQPJP):MB-Q\)AJW)MS@))J OL}g.fr

Ak &

i i '
blp'ﬁf ;‘d 'yiﬂ”l.;'ﬁ

0s 1s 2s 3s 4s Ss Ss 7s 8s 9s 10s11s 125 13s 14s 15s

WO L aslv sl ail 5 e /Y Coo 0388 o) oo oS 7 IS

it

TEP S ol ipiin 5 oo Sl

Sl o Gl 4 ‘5.:/..05r=}£; ST



AR

T gl gy gl 5l Loy pilom s 7 o

~——&—— Simulation
1000 —®—— [12]Harjeet N

o3

(=3

o
T

Pressure Drop [Pa]
N @
8 8
T T

L 1 1 L
0 0.05 0.1 0.15
X[m]

L;\ﬁd\.;«wfﬁedjhtuﬁjph)u@‘w&a VJ§.':

[12] 36 5 s 200 (s3505 Slsp o

10001 —@— Simulation
A —#— [12]Harjeet N
800 -
©
o
S600 |-
I
(23
e
o
400 -
200

0

Sl s e Ot gL e HLS Sl aslie A IS

[12] <36 5 e v/Y 35,5 lsn oo e

—#@— Simulation
1000! —— [12] Harjeet N|
800 -
T
e
© 600
=
[
"
[
S
0 400
200
0

L;lﬂdL,w,wo,qu)\L{M)w@\ww 4

[12] 3G 0 e /N0 34555 Slsr s

Sleslaad b oly o 1y delr D13 e g8 e lg Cu..”)l
S i 3500 st ol (8l S s XY Plot 1
03 (Y me) Jlw s Ot Jsb 5o dalr Dl ez
J;oMmQ\j&J@@@jL.w\euﬁj(())‘_}-{&
D 5 s [l JalS K (gm0 /Y Iy gu gl 5o &S
(Ul Sl B rl g8 O Ass s ) e S
el Sl eslizad b ol i ekl ey ol asl LU
et 1y el 3B S iy gl Sl Ol e Sl 5es
3yed blod STy b s 1 05 IS gUsl s 538

SEC el s (6 s Jde (gileans adllas (8) K
OLES 15 asl o 20 /00 &5l 5 e /Y (535,55 58 s e 3
St B (53555 5 o 4 5 S sl 015 e a3 o
bl cns olid il 55l (g3ledlw laotidy 5o (5oL
Al (935,55 S e b ekt LSl ol LS55 5 s
S B L ) sl LS (5350 Dlalllas ol
Sy 53y o S i Pl e RS L5 I
LS o0 S e YU G 4 s 3 0055 3 L
a3 e 5 asl odd Il

ol b e Sl (s gl e 0 /00 (VL e
O g1 03 Sl i e (53 JLES Sl 508 e
Al SIS Dgie dsb 53 e JEs Rl L Ol
Lyl s Bl Olpe 4 Ll g5 o 4l 5 e /NO -0 /V Co
oS Dl e BLSL &S s 550 ca it Oledbs
Sl g aS 258 65,0 by Olyd g Al O3y 5 ol
JSCEs Lk e Jolaze 55500 3505 WOT (505 2 3503
Ukl Ll sl b 58 e salie 58 S S sacl~
el Gl e /00 BNy Sl e 3 Shas sl
Slaslsged 53 edd (Giluand 5 ot mE L Slsle S
Sl glaosls Gillae o5 ol sl esls OLE3 (V) B (V)
&S e ks,

Gl ainte 55 (1) B (V) sl JK8 53 & 55b Olan
Sl e iy (SAS|y o & Il 3555 S S5
Al L S e RS Ol G181 0T 15 4
ol Bl OLEE Sl (60555 S SRl B L e S
S S5 e 3 0 s ot pl a adl S ol sl
B, e A e Sl i el DS gl
3 s 4 Julse 5l Sl STy e (b 0 1

SIS A 5 S0 s e DI s gl B S

‘_@'Lﬁj)‘j”p/;uj‘j)jyﬁ/;jlc A i

H‘J‘wﬂ oj/.o.vj 4/,.CILAJ4L},.4JL4



el Kol ket o (§3005 dueclin 5 Cop o S (gl (Gl VY

Gas. Velocity w Solid Velocity w
Caontour 2 Contour 2
1.930e-05 1.145e-02
-2.532e-03 4.103e-03 —— Simula(!on
-5.084e-03 -3.246e-03 1000 L
-7.636e-03 -1.060e-02
-1.019e-02 -1.79de-02
1.274e-02 -2.529-02
-1.529e-02 -3.264e-02 .-.800
-1.784e-02 -3.99e-02 o
-2.039e-02 -4.734e-02 b
-2.208e-02 -5.4686.02 g 600
-2.550e-02 -6.204e-02 A
[m s*-1] [ms*1] g
e
& !
400
h A 200
[ o5 Eao—
. m
. . [ v o O g sl I L Lis ol anslae Vo be
3503 53 3l SIS 8 (gl o 3 VY IS Sl e o O3 QBN s : s
- . 12] b 5 e +/Y (63 38 s
Pressure —-
Solid.Density Centour 2 - N - &
Dtes:u;ezse‘oo 10168601 )jnS'J 4w A u‘j‘ GHJ‘))..’
fis s ,
¥ . . “ . . . s
ot lg;g;ggocg BE) g,JJS J\A‘? )‘Jﬁ IR D8R w“wﬂwdb—
| |1.225e+00 |
 1.225e+00 f 6.831e-02 1 7
6.166e-02 . . . e . .
112250100 %sﬁtgg EBr-18 MMJ..»&UAW Lb gsledl -1 f\}
12256400 4
1.225e+00 4.168e-02 .. T . o F e 0E - .
1%%22:88 ggg;:g h&d\f}}j\)mv\&)yw;jb)b)\sdgfij
e s . ]
1.225e+ 5 - . . . - R ..
225400 8396603 &l Ldlw o8 5 38 5 b3y Wl e
12250100 8.3960.03 d e SOl SLASSLANE SIS Sa
1.225¢+00 -4.918e-03
[kg m*-3] Paj

S 15 Vo S G3ladlom 58 0L &5 oS men
ol adlls 3 jlaie ul 4 S el 250 0 JSES
S JSE 3 ol Shastnr gl Sy po a5 pST akin
S35 walize glrawdn 5o (giluans adlas (VA) B (V)

&
() )

b e 63555 03 J& (L) Lis (L) =35 T o

el ol 0nls OLES I

Solid.Volume Fraction
Contour 1

5.98%e-01
5.615e-01
5.240e-01
4.866e-01
4.492e-01
4.117e-01
3.743e-01
3.369-01
I 2.995e-01
Solid.Volume Fraction 2.620e-01
Contour 1 2.246e-01
6.028e-01 1.872e-01
5.651e-01 1.497e-01
' 5.275e-01 1.123e-01
4.898e-01 7.486e-02
4.521e-01 3.743e-02
4.144e-01 0.000e+00
| | 3.768e-01
' 3.391e-01
3.014e-01
| 2.637e-01
| 2.261e-01
' 1.884e-01
' 1.507e-01
1.130e-01
7.535e-02
3.768e-02 ﬂ
0.000e+00 a H
. -...o vy
- )

0.5s 1.2s 3s 6s 10s 13s 15s 16s 19s 20s

1s 4s 7s 10s 13s 16s 19s 20s 22s 24s 25s

ijﬂnf}f)bdwjmsc)};\fp J]a))"’.“’d:})}):ﬁf"s@j); A Jg’:‘

H"?‘“_,C"UL«J?,:AAJWJL.& u@'&JJf"@wjggﬁij}i;@fb



W’ ‘;;@fdfﬂbjﬁﬂ/_jjw L':M_J_}?JL@})L;@}A

Gas.Velocity w = Solid Velocity w ™~ Solid . Velocity w Solid.Velocity w
Contour 1 i~} Contour 1 Contour 2 Conlour 2
2.848e-05 1.852e-02 2.661e-03 2.661e-03
-3.430e-03 1.166e-02 -9.569%-03 -8.569¢-03
-6.888e-03 4.807e-03 -2.180e-02 -2.180e-02
-1.035e-02 .2.049¢-03 -3.403e-02 r-3.403e-02
Pysasps 1 B78e-02 7?'0?2&02 -770729-02
7. ¥ 7.072e-
-2.072e-02 2 262e-02 €
2.418e-02 -8.295e-02 -8.295e-02
g -2.947e-02
2764002 -9.518e-02 -9.5186-02
3.1096-02 ~3.633e-02 -1.074-01 1.074e-01
3455002 4.319¢-02 -1.196e-01 -1.196e-01
[m sn_'ﬂ -5.004e-02 [m s*-1] [ms*-1]
[m s*-1]
=
- ) )
(o) (<

oA 5820 Ll 5l elS s sl Cs e 155 A S 6 (L) il (i)
D —/ ¢ 9

S8 () b (i) by 5

Pressure
Density Contour 2
P Contour 2 3.811e-02
" o ressure
psrgls'gh?: sily Contour 2 :z:e:sg 3.430e-02
- e
1.225e+00 1.016e-01 3.049-02
9.494e-02 1.225¢+00
1.2256+00 8820002 2.668e-02
1.2256+00 - - 1.225e+00
1.225e+00 ;-lgge’gg 1 onera0 2.287e-02
1.225e+00 6831602 1.906¢-02
1.225e+00 Gale- 1.225¢+00
1.225e+00 6.166e-02 1.524e02
15950100 5.500e-02 1.225e+00
4.834e-02 1.143e-02
1.225e+00 1.225e+00
1.225e+00 4.168e-02 7.622e-03
15950400 3.503e-02 1.225e+00 s
1.225e+00 2.837e-02 1.225+00 -
1.225e+00 2171e-02 0.000e+00
12250400 1.505e-02 1.225e+00 Pa)
1.225e+00 8.396e-03 kg m~-3)
1.2256+00 1.739e-03
1.225e+00 -4.918e-03
[kg m*-3] [Pa]
a8 8 . e o s .,
?}ﬁﬁjf)bé&i-(g)gu(d‘)@)f \9J§...~
(&) ()

A 5 & b S8 (0) ol () s V4 s
P

Solid.Volume Fr
Conlour 1
oo
é N .6156-
S5 e e
e
S L}ﬁ‘"\} )L}W S99 Ja.il}w BEl Sl v.@_i.)u 323232:81
K X . . I 2.995¢-01
£ cnl eamdin 2B b adaly 5o el a8l (51530 s5led b 2020
— : N sl .
fuﬁ.b.ﬂbmjd)m v.vb")bj_v bﬂ)l.um)z-.wdk?ij I7:4863j02
3.743e-02
0.000e+00

R BN P R S Y ISVTH S S N 1

||‘AAA
!l!oﬂll

e)'\.,\j‘ .J).'Iruﬁ Bt )" ol i J}-W N 4 J.>w 1s 4s 7s 10s 13s 16s 19s 20s

g;ﬁﬂ‘}:.\:”::)‘}ib &bfww;f 4.:>-L;)J u)b g;.f«)«l le’ﬁf“fﬁf;ﬁééﬁ)ﬁli’dwf‘s@j): \VJSJ

SOlGe o Gl 5 (52,05 psle 4 020 PP o oplod goitdn 5 e Lo



el Sealidgpded o (355 deenlin 5 oy S (gl (g jld

cwg)}lﬁﬂf‘d‘ﬁkgyﬂbﬁ\e‘)bg:,:-L,a(_;LAd\..\ijA
S s iy ) sl il lad b ) stz ki

4alis 5l g
Reactor 5551,
Catalytic Cracking Process B ST S
Multiphase SHb Lo
Vinyl Chloride Jeas IS
Polyethylene st b
Styrene Ol

Slhbs SV Kol

Dynamics (CFD) Computational Fluid

Turbulent Flow wadl oL >
Gas Dryers 8 sl s
Catalyst BESNIuY
Riser Gl ekis VL
Eulerian Model S A9 Jde

Lsi’;“)?i 9 r‘):aﬂ)ﬂ Vsles
Momentum and Continuity Equations

Porosity J=dss
Fluent ol
Pascal JaL
Buoyancy Force Sosbs (55,0
Prandtl Number S5t
Contour BT

C e

a8l B8 4 ps b dbw s 5o il S JiB
oLy Sluss Sy 5 Al o s auls Jals b s
oo pre ad gl I G (6l oS Conlins Ol cpl e o
53 ey S 4 0 Jlw o0 51 e DL S b
S8 5L e sl e 5x Kos bl b oalis
PS5 Os e S S Db el Ot 3 ST
s i S oo (6 e S Sl s 53 OLSG Loyl 5 5
L g Sl i SopS RS L Ose 03 e il
5SS elbl 4 s S S 3 o3l ol S p
P Rl b Sl Sl ol (2 ey 4l Ll
Sl JLd 3l f il Al 53 Al e Sl 2
S5 @b S o Sl s Sl w2l s o
Hlis cal ol @L» Co o e Ly cd @u s
33 g i o S b s 45 (63955 (S5 51l 2y
1) s 3 o ST (3,5 L oSl (6551 e
@uuﬂpﬁ}j@uﬁl{vﬁ‘upuuuﬂg
Sl slase slazal s delr () some e L 0 0l 58
Bl G rizmmt ol 0 Ao B 25 IS b0 g 51
Gl b s il s o3Il gl mle (1345 5 i
U e O L) a8 4 a5 Loyl cilas 2
ol 33l 55 3 i (83558 b Sl LS S ames
5 omb gl 5o JHS Ol el e se el nl 5 b
©aS spd e delx L s Saasl 5 0l bt poeen
PB4 e Ll SIS 28 e Jle Olge
ar g bogd b S 5 Shas 55 9 )l > Jsl o,
S Sose 33 S am Olg e QAL () la S
S S e LAL by s S g 0 e (93555 4L
Dlalr LU Cor o e 53 5 S C15S0 55
S STy gl Rl dr e 35k e oS Pl
55T, Ul Sl L Ll il e B3t 531 gl Sl

e

[1] H. Cui, J Grace, "Fluidization of biomass particles a review of experimental multiphase flow aspects”, Chemical

Engineering Science, VVol. 62, No. 1-2, Pp. 45-55, (2007). https://doi.org/10.1016/j.ces.2006.08.006.

[2] R.K. Mishra, K Mohanty, "Pyrolysis characteristics and kinetic parameters assessment of three waste biomass",

Renewable and Sustainable Energy, Vol. 10, No. 1, P. 013102, (2018). https://doi.org/10.1063/1.5000879.

’f'f4& pju?,:ziAJ‘;xJ[.w

Sl o Gl 4 ‘5JﬁJLTij; ST


file:///C:/Users/Dr.Rahmanpour/AppData/Local/Temp/Rar$DIa3192.20278/H.%20Cui,%20J%20Grace,%20%22Fluidization%20of%20biomass%20particles%20a%20review%20of%20experimental%20multiphase%20flow%20aspects%22,%20Chemical%20Engineering%20Science,%20Vol.%2062,%20No.%201-2,%20Pp.%2045-55,%20(2007)
file:///C:/Users/Dr.Rahmanpour/AppData/Local/Temp/Rar$DIa3192.20278/H.%20Cui,%20J%20Grace,%20%22Fluidization%20of%20biomass%20particles%20a%20review%20of%20experimental%20multiphase%20flow%20aspects%22,%20Chemical%20Engineering%20Science,%20Vol.%2062,%20No.%201-2,%20Pp.%2045-55,%20(2007)
https://doi.org/10.1016/j.ces.2006.08.006
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/R.K.%20Mishra,%20K%20Mohanty,%20%22Pyrolysis%20characteristics%20and%20kinetic%20parameters%20assessment%20of%20three%20waste%20biomass%22,%20Renewable%20and%20Sustainable%20Energy,%20Vol.%2010,%20No.%201,%20P.%20013102,%20(2018)
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/R.K.%20Mishra,%20K%20Mohanty,%20%22Pyrolysis%20characteristics%20and%20kinetic%20parameters%20assessment%20of%20three%20waste%20biomass%22,%20Renewable%20and%20Sustainable%20Energy,%20Vol.%2010,%20No.%201,%20P.%20013102,%20(2018)
https://doi.org/10.1063/1.5000879

\O &)@f&ﬂbjﬁxﬁ/_}ju L&M_ij’Lo}JL;@}A

[3] T. Rao, J. Bheemarasetti, "Minimum fluidization velocities of mixtures of biomass and sands", Energy, Vol. 26, No.
6, Pp. 633-644, (2001). https://doi.org/10.1016/S0360-5442(01)00014-7.

[4] F.J Arias, "Film boiling in presence of a magnetic field in liquid metals within framework of Taylor—Helmholtz
instabilities in application to fusion reactor project”, Fusion Energy, Vol. 29, No. 2, Pp. 157-160, (2009).
https://doi.org/10.1007/s10894-009-9249-3.

[5] F.J. Arias, "Heat and mass transfer in transitional boiling on liquid metal in presence of magnetic field", Fusion
Energy, Vol. 29, No. 3, Pp. 244-250, (2010). https://doi.org/10.1007/s10894-009-9268-0.

[6] G. Hengjun, Y. Peiyi, "Dual-dense gas-solid circulating fluidized bed reactor”, Fuel, Vol. 337, p. 126872, (2023).
https://doi.org/10.1016/j.fuel.2022.126872.

[7] A. Fluent, "ANSYS FLUENT Theory Guide", V14.5, (Nov. 2012).

[8] D. Kunii, O. Levenspiel, Fluidization Engineering 2nd ed. Butterworth-Heinemann, (1991).

[9] N. Mostoufi, J. Chaouki, "Local solid mixing in gas-solid fluidized beds", Powder Technol, VVol. 114, No. 1-3, Pp.
23-31, (2001). https://doi.org/10.1016/S0032-5910(00)00258-8.

[10] A. Bakker, Fluent introductory notes. Fluent Inc, Lebanon, (2002).

[11] J.D Anderson, Computational fluid dynamics, McGraw Hill, (1995).

[12] D. Shubhankar, N. Harjeet, Ch. Vishal, "CFD modeling of a typical fluidized bed column", Materials Today, Vol.
46, No. 14, Pp. 6178-6184, (2021). https://doi.org/10.1016/j.matpr.2020.04.079.

SOlGe o Gl 5 (52,05 psle 4 020 PP o oplod goitdn 5 e Lo


file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/T.%20Rao,%20J.%20Bheemarasetti,%20%22Minimum%20fluidization%20velocities%20of%20mixtures%20of%20biomass%20and%20sands,%22%20Energy,%20Vol.%2026,%20No.%206,%20Pp.%20633-644,%20(2001)
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/T.%20Rao,%20J.%20Bheemarasetti,%20%22Minimum%20fluidization%20velocities%20of%20mixtures%20of%20biomass%20and%20sands,%22%20Energy,%20Vol.%2026,%20No.%206,%20Pp.%20633-644,%20(2001)
https://doi.org/10.1016/S0360-5442(01)00014-7
https://link.springer.com/article/10.1007/s10894-009-9249-3#citeas
https://link.springer.com/article/10.1007/s10894-009-9249-3#citeas
https://doi.org/10.1007/s10894-009-9249-3
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/F.J.%20Arias,%20%22Heat%20and%20mass%20transfer%20in%20transitional%20boiling%20on%20liquid%20metal%20in%20presence%20of%20magnetic%20field%22,%20Fusion%20Energy,%20Vol.%2029,%20No.%203,%20Pp.%20244-250,%20(2010)
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/F.J.%20Arias,%20%22Heat%20and%20mass%20transfer%20in%20transitional%20boiling%20on%20liquid%20metal%20in%20presence%20of%20magnetic%20field%22,%20Fusion%20Energy,%20Vol.%2029,%20No.%203,%20Pp.%20244-250,%20(2010)
https://doi.org/10.1007/s10894-009-9268-0
https://www.sciencedirect.com/science/article/abs/pii/S0016236122036961
https://doi.org/10.1016/j.fuel.2022.126872
https://dl.cfdexperts.net/cfd_resources/Ansys_Documentation/Fluent/Ansys_Fluent_Theory_Guide.pdf
file:///C:/Users/Sajjad/Downloads/FluidizationEngineering.pdf
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/N.%20Mostoufi,%20J.%20Chaouki,%20%22Local%20solid%20mixing%20in%20gas-solid%20fluidized%20beds%22,%20Powder%20Technol,%20Vol.%20114,%20No.%201-3,%20Pp.%2023-31,%20(2001)
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/N.%20Mostoufi,%20J.%20Chaouki,%20%22Local%20solid%20mixing%20in%20gas-solid%20fluidized%20beds%22,%20Powder%20Technol,%20Vol.%20114,%20No.%201-3,%20Pp.%2023-31,%20(2001)
https://doi.org/10.1016/S0032-5910(00)00258-8
https://www.bakker.org/cfmbook.pdf
https://link.springer.com/book/10.1007/978-3-540-85056-4
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/D.%20Shubhankar,%20N.%20Harjeet,%20Ch.%20Vishal,%20%22CFD%20modeling%20of%20a%20typical%20fluidized%20bed%20column%22,%20Materials%20Today,%20Vol.%2046,%20No.%2014,%20Pp.%206178-6184,%20(2021)
file:///G:/ENG-HOSh-Desktop/Me-37-1/dehghan/D.%20Shubhankar,%20N.%20Harjeet,%20Ch.%20Vishal,%20%22CFD%20modeling%20of%20a%20typical%20fluidized%20bed%20column%22,%20Materials%20Today,%20Vol.%2046,%20No.%2014,%20Pp.%206178-6184,%20(2021)
https://doi.org/10.1016/j.matpr.2020.04.079

el ol 2 g bt o (§20, 0 dnlin 5 Cop o ST (S0l (il \#

’f'?‘4&yu4ﬂmj‘;.4¢]u u@'&JJf"@wjggﬁij}i;@fb



Journal of Applied and Computational Sciences in Mechanics, 37, 1, 2025. (17-28)

D

&dé?)k;l,z;)
Ferdowsi
University of
Mashhad

Page Journal: mechanic-ferdowsi.um.ac.ir

Journal of Applied and Computational
Sciences in Mechanics

Society of
Manufacturing
Engineering of Iran

Numerical Simulation of Viscoelastic Fluid Mixing in a T-Y Shaped Micromixer

Research Article
Fatemeh Khalilian', Morteza Bayareh?

€ 10.22067/jacsm.2024.87529.1248

Abstract

The current study analyzes the dynamics of the mixing
flow of two viscoelastic fluids in a novel T-Y micromixer.
An aqueous solution with 10% polyethylene glycol with a
molecular weight of 8000 and 0.1% polyethylene oxide
with a molecular weight of 2000000, which is a Boger
fluid, is selected as a viscoelastic fluid. Using the
COMSOL Multiphysics software, the mixing of two
viscoelastic fluids will be investigated numerically using
the Oldroyd-B constitutive equation. The effect of the inlet
velocity, ratio of inlet velocities, and Weissenberg number
on mixing efficiency and pressure drop will be presented.
The results show that the elastic effect in viscoelastic fluid
flow is the main factor in increasing mixing index. At a
distance of 2800 um from the beginning of the main
channel, the mixing index reaches from about 46% for the
inlet velocity of 0.002 m/s to about 38% for the inlet
velocity of 0.006 m/s. With the increase of the
Weissenberg number, the mixing index is increased in
different cross-sections of the microchannel, because the
instability of the viscoelastic fluid is enhanced at higher
Weissenberg numbers. Also, it is demonstrated that the
mixing index is reduced by decreasing the velocity ratio.
Pressure drop is augmented with velocity, Weissenberg
number, and velocity ratio.

Keywords: Microfluidics, T-Y micromixer, Viscoelastic
fluid, Weissenberg number, Mixing index.

1. Introduction

Micromixers are widely used in medicine, chemical
industry, drug delivery, chemical processes, such as
biodiesel production, as well as in the investigation of
disease-causing factors, genetic structure, isolation and
diagnosis of cells, and synthesis of organic substances.
Micromixers are divided into two groups of active and
passive ones. In passive micromixers, mixing is done by
the interaction of the flow with different structures, such
as curved channels, zigzag, etc., without applying any
external energy. In active micromixers, mixing is
performed by external actuators, such as electric field,

magnetic field, etc. Cortes-Quiroz et al. numerically
assessed mixing in a three-dimensional T-shaped
micromixer at Re = 100-500. This study showed that the
3D micromixer provides a significant increase in mixing
and a lower pressure drop compared to a conventional T-
shaped micromixer over the entire range of Reynolds
numbers. Ansari et al. examined mixing in a microchannel
with asymmetric subchannels for Re = 1-80 and found that
rhomboid subchannels have higher mixing efficiency
when the width of the main channel is three or four times
the width of the subchannel.

A review of previous papers shows that the mixing of
viscoelastic fluids has rarely been the focus of researchers.
In addition to introducing the T-Y shape micromixer (Fig.
1), the present work examines the mixing of two
viscoelastic fluids numerically using the Oldroyd-B
constitutive equation. The effect of the inlet velocity, the
ratio of inlet velocities, and Weissenberg number on
mixing efficiency is evaluated.

Fluid A

J Fluid B

<Z>
:

!\rluid A

Fig. 1. Schematic of T-Y micromixer
(W, =400 pm, W1 =200 pm, L, = 3600 pm, and Lz = 1400 pm).

Fluid B

2- Governing equations

The governing equations of the mixing process of two
viscoelastic fluids, i.e., continuity and momentum
equations are expressed as follows by assuming
incompressible, unsteady, and laminar fluid flow:
V-u=0 Q)

*Manuscript received: August April 8, 2024. Revised, April 20, 2024, Accepted, May 8, 2024.
' Master Student, Department of Mechanical Engineering, Shahrekord University, Shahrekord, Iran.

Email: m.bayareh@sku.ac.ir

2 Associate professor, Department of Mechanical Engineering, Shahrekord University, Shahrekord, Iran.



https://mechanic-ferdowsi.um.ac.ir/article_45175.html?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://mechanic-ferdowsi.um.ac.ir/?lang=en
https://doi.org/10.22067/jacsm.2024.87529.1248
mailto:m.bayareh@sku.ac.ir
https://orcid.org/0000-0002-1821-3771

Fatemeh Khalilian, Morteza Bayareh

18

p(g—l;+u-Vu)=—VP+V-‘t 2

where u is the velocity vector, p is the density, P is the
pressure and 7 is the sum of the shear stress tensor of the
solvent (1s) and the elastic solution (tp):
T=T,+T, 3)
75 = ns[Vu + (Vu)] (4)

In this equation, ns iS the dynamic viscosity of the
solvent. The solution shear stress tensor is modeled using
constitutive equations of viscoelastic fluids, such as
Oldroyd-B:

aT T
T, + k[a—t”+ V- (uty) — (ut,) "1, -7, (Vu)] =
1p[Vu + (Vu)’] ©)
where A is the relaxation time of the viscoelastic fluid
and np is the dynamic viscosity of the solution.

Reynolds and Weissenberg numbers are respectively
defined as follows:

_ WinD
Re = o (6)
Wi = “7"’1 ©)

The mixing index is calculated using the following
relationship:

” (c-c)*dA @)
A'E(Cmax - 6)

The mixing index is the average concentration in the
cross-section of the outlet channel. A is the cross-section
of the outlet channel and cmax is the maximum sample
concentration in the microchannel. The mixing index of
zero and 1 indicates no mixing and complete mixing,
respectively.

Ml =1-

3- Results

The effect of inlet velocity

The simulations are carried out for the Weissenberg
number equal to 0.1. According to Eq. (7), to keep the
Weissenberg number constant, the relaxation time should
be changed appropriately. Fig. 2(a) shows the mixing
efficiency at different distances from the channel length
for different inlet velocities and Fig. 2(b) shows the
pressure drop values for different velocities. It can be
observed that at a certain distance from the channel, the
mixing efficiency decreases with the enhancement of the
inlet velocity. The concentration contours confirm that the
mixing quality is increased along the channel, but the
amount of this enhancement is not significant for different
velocities. As Fig. 2(b) shows, at a distance of 2800
micrometers from the beginning of the main channel, the
mixing index is improved from about 46% for the inlet
velocity of 0.002 m/s to about 38% for the inlet velocity of
0.006 m/s.

The effect of Weissenberg number
With the increase of the Weissenberg number, the mixing
index is augmented in different sections of the

microchannel, because the instability of the viscoelastic
fluid increases at higher Weissenberg numbers. In general,
turbulent flow movements are continuously created at the
junction of inlets. The turbulent flow is first created at the
junction of the inlets. After that, in the straight channel,
unlike the layered state in Newtonian fluids, the flow of
viscoelastic fluids with different concentrations moves
more irregularly.

4- Conclusion

In addition to introducing the T-Y shape micromixer, the
present work examines the mixing of two viscoelastic
fluids numerically using the Oldroyd-B constitutive
equation. The results demonstrate that at a certain distance
from the channel, due to the instability of fluid flow, the
mixing efficiency is improved by reducing the inlet
velocity. For example, at a distance of 2800 um from the
beginning of the main channel, the mixing index reaches
from about 46% for the inlet velocity of 0.002 m/s to about
38% for the inlet velocity of 0.006 m/s. With the increase
of the Weissenberg number, the mixing index augments in
different sections of the microchannel, because the
instability of the viscoelastic fluid is enhanced at the higher
Weissenberg numbers. At a certain distance from the
channel, the mixing efficiency is diminished with the
increase of the inlet velocity. In general, the increase in
mixing efficiency is due to the destabilization of fluid
flow.
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Fig. 2. The effect of the inlet velocity on (a) the mixing index and (b)
pressure drop.
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Abstract

Computational modeling of cardiovascular system is one
of the important research areas that can be used to analyze
the response of the heart in healthy and disease states. In
this study, an integrated -electromechanical-growth
biventricular model has been developed to simulate
concentric hypertrophy caused by systemic hypertension.
By using Windkessel three-element blood circulation
model and expanding the heart pressure model from
previous studies, the pressure of the left and right
ventricles was modeled. The implementation of concentric
growth kinematics equations was developed from previous
studies to be integrated with the electromechanical model.
The model was fully implemented in COMSOL
commercial finite element software and the validation was
performed with previous studies. Results showed that the
tissue grows to deal with critical stresses and reduces
maximum stress magnitude. Furthermore, it was observed
that the thickness of the left ventricular walls increases
significantly in this disease and the ejection fraction
decreases along with the end-diastolic volume of the heart.
The presented model can be improved in future by
including Purkinje fibers or using an extracted cardiac
geometry from medical images.

Keywords: Cardiac  Electromechanics, Growth,
Hypertrophy, Systemic Hypertension, Finite Element
Analysis.

1- Introduction

Increased left ventricular blood pressure can occur in
various diseases, such as aortic valve stenosis. Since, in
systemic hypertension, the heart is under critical stress,
concentric hypertrophy occurs, and tissue stiffness
increases. These changes ultimately affect the behavior of
the heart, causing disturbance in pump function.
Concentric hypertrophy occurs in response to critical
stress, and the heart grows and changes its structure to
adapt to these conditions. In patients with pressure
overload, the ratio of wall thickness to ventricular radius
increases in response to increased pressure, and the heart

*Manuscript received: August . Revised, , Accepted, .

mainly reacts to systolic stress. In fact, the heart begins the
growth and remodeling process in order to compensate for
mechanical demands. In this study, a biventricular
electromechanical model of the heart has been developed
by including finite growth kinematic equations to simulate
growth in systemic hypertension. The electrophysiology
and active stress models are of a phenomenological type,
and blood pressure is based on the Windkessel circulation.
The blood pressure model has been developed in a way
that can simultaneously calculate the pressure of the left
and right ventricles. The equations of finite growth
kinematics for concentric growth were defined in
COMSOL Multiphysics software, and the implementation
of the model was developed in such a way that the growth
equations are integrated with the electromechanical model,
allowing for the heart's growth to take place during the
cardiac cycle.

2- Methods

An idealized biventricular geometry was used in this study
and the orientation of cardiac fibers was defined using a
rule-based method. The orientation of the fibers was
considered as -70 degrees in the epicardium and +70
degrees in the endocardium. Myocardial sheet vector was
defined in a way that they were parallel to the radial
orientation of the heart and perpendicular to endocardial
and epicardial surfaces. The orientation of fibers and
sheets are shown in part (a) and (b) of Figure 1,
respectively.
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(b)

Fig. 1. Myocardial fiber orientation with color bar of fiber
angle (a) and sheet orientation (b)

The formulation of electrophysiology was defined as
monodomain by which the myocardial membrane
potential was determined as:

D
Xm (Cim ¥ +jon)+V.(-DVD)=0 (D

In equation (1), ® represents the transmembrane
potential. C,, and x, represent the capacitance of
myocardial membrane and the ratio of membrane surface
to the cardiomyocyte volume, respectively. D is a second-
order tensor and represents the electrical conductivity of
the myocardium. Ij,, models ion current at cellular scale
and is described by a set of ordinary differential equations.
The ion current in this study was defined using a two-
variable model that was dependent on the membrane
potential and the recovery of the myocardium, each of
these variables was determined by an ordinary differential
equation. The electrical conductivity tensor was
determined according to equation (2) in such a way that
electrical conductivity along the fibers was faster than in
other directions:

D=djs1+danifo ®fo (2)

In this equation, di, is the isotropic conduction speed
of the tissue and d,,;describes the electrical conduction
speed in the direction of myocardial fibers. ® is dyadic
product and I is the identity tensor. A phenomenological
model was used to model the active stress of myocardium
as follows:

P2 e (ke[ 2] ) @

In equation (3), S, is the active stress and Ks,, A and B
are constant parameters. €(®) is called the delay function
and describes the rate of active stress. To describe
myocardial concentric growth using finite growth
kinematics approach, the deformation gradient tensor F
was decomposed into the elastic F¢ and F& growth
components. This approach can be imagined in a way that
the small components of a continuous medium first grow
in place and reach an intermediate configuration. These
changes are described by F&. Then, these components from
the intermediate configuration attain to the secondary form
in the deformed configuration by F®, in which the
calculations are performed as:

Fe=FF&1 “4)

In equation (4), F&! represents the inverse of the
growth deformation tensor. In concentric growth
investigated in this study, the growth deformation tensor

was defined in a way that tissue growth takes place along
myocardial sheets. The evolution equation of growth H®
was adopted in a way that was dependent on the stress and
speed of the growth t,, according to:

i

Ty

<tr(t)-ph> )

In which the expression inside the Macaulay
parentheses <tr(t)-p">, is the growth criterion and shows
that the growth takes place only when the trace of
Kirchhoff stress tr(t) is greater than the homeostatic stress
p" of the myocardium. To make the homeostatic stress of
the tissue realistic, first the growth equations were
separated from the model and three cycles of the
electromechanical model of the heart were simulated and
at the end of the third cycle, the trace Kirchhoff stress was
extracted for the entire myocardium and defined as
homeostatic stress for each point of the tissue. In fact, from
the beginning of the fourth cycle, the growth caused by the
pressure overload was simulated, and the coupling
between the physics of growth and electromechanics of the
heart was included in the model. Since systemic
hypertension is related to the left ventricle, the growth
equations were only attributed to that ventricle and growth
was not considered for the right ventricle. This was done
by using a step function with smooth transition in equation
(5). Myocardial passive mechanics were considered as
transversely isotropic and dependent on fiber orientations.
To implement the equations of growth and coupling with
the electromechanics of the heart, the second Piola-
Kirchhoff stress tensor in COMSOL was modified as
follows:

_ 1 a"l"vol a"l"iso T (6)
S=IFES (W*W) e

where E=%(FETF9-I), is the elastic Green-Lagrange

strain tensor and J8 is the determinant of the growth
deformation tensor. s, and s, are the isochoric and
volumetric parts of the strain energy function,
respectively, which describe the passive mechanics of the
tissue.

Ventricular pressure in this study was determined
according to equation (7) in such a way that the volume of
the chambers was equal to inflow and outflow of
Windkessel models:

PBiVZ(D(chr'Qdiv) (7

where Qg4;, calculates the volume of the ventricle from
the divergence theorem and Q. is the blood volume
calculated according to the flows of each ventricle using
Windkessel circulation. A large value was considered for
w to regulate the ventricular pressure based on the
calculated volumes. Two types of equation (8), one for the
left ventricle and the other type for the right ventricle, were
used so that the pressure of the left and right ventricles can
be calculated according to inflow and outflow.

3- Verification

In order to verify growth equations, the Neo-Hookean
model was used for passive mechanics, and the growth
were considered stress-dependent. As a boundary
condition, a clinical pressure was applied to the
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endocardium. The verification is shown in Figure 2, which
shows maximum growth in the myocardium, and despite
the fact that the geometry of this study is different from the
reference study, results show a good agreement. The major
difference occurs in about 400 ms. However, the results
are consistent at the end of the simulation and converge to
the same value.

106/ | — comsoL

— —MATLAB
A Abaqus

400
Time (ms)

Fig. 2. Verification of growth in present study (solid blue
line) with reference study that used Abaqus and MATLAB

4- Results and Discussion

Figure 3 shows the changes of ventricular pressures in the
first three cycles related to the normal case of the heart. It
can be seen that both ventricles go through cardiac phases
simultaneously and perform heart pumping function. The
maximum left and right ventricular pressures in normal
case was 120 and 25.24 mmHg, respectively.

—Lv
---- RV

o ®
S S

Pressure (mmHg)

. ' . . ‘e eeepeccceoa- -
1500 2000
Time (ms)

q
2500 3000

Fig. 3. Pressure of left (LV) and right (RV) ventricles in first
three cycles of normal case in electromechanical model

Figure 4 shows concentric hypertrophic growth in
response to systemic hypertension in anterior and posterior
views along with the magnitude of displacement at the end
of the third and seventeenth cycle. A growth multiplier
with a value of 1 means that the cardiac cardiomyocyte has
not grown, and a value of 1.5 indicates that 50% has been
added to the number of sarcomeres in transverse direction
of the cell. On a macroscopic scale, systemic hypertension
showed a thickening of the left ventricular wall in radial
direction of the heart in order to enable the heart to
withstand the pressure and the resulting high stresses. At
the time of third cycle, which is the end of the third cycle,
the myocardium does not grow and the heart is in a normal
state. At the end of the seventeenth cycle, the heart showed
a significant growth of approximately 1.5 in the posterior
view. It can be observed from Figure 4 that the thickness
of the left ventricle was increased significantly, but the size
of the heart was remained relatively constant.

In part (c) and (d) of Figure 4, the negative sign in the
displacement color bar means that the longitudinal
displacement of the heart towards the apex has occurred.

A positive sign indicates a longitudinal shift towards the
upper surface of the heart. At the end of 3000 ms, the heart
has shown some displacement, and it should be noted that
the displacement shown is relative to the stress-free
configuration and initial geometry of the model. Since at
the end of the third cycle, the inner wall of the heart is
under the end-diastolic pressure, this pressure has caused
the displacement of the heart in the longitudinal direction.
At the end of seventeenth cycle, the growth of the tissue
caused a displacement in the longitudinal direction of the
heart by an amount of approximately 0.25 cm towards the
apex.

(b)

(©) (d)

EET 220000
025 02 -015 -0 -0.05 0 0.05

Fig. 4. Myocardium in normal state of third cycle (a) and
after growth in seventeenth cycle (b) (color bar indicate
growth multiplier) along with the magnitude of
displacement at the end of the third (c) and seventeenth (d)
cycles (the color bar is the magnitude of displacement in cm)

The increase in the thickness of left ventricular free
wall and the septal wall in this study was 30% and 22%,
which are shown in parts (a) and (b) of Figure 5,
respectively. This increase in thickness has been been
calculated and normalized with respect to the thickness of
myocardial wall at the end of the third cycle, when it is
under end-diastolic pressure. Since the septal wall is
constrained by the right ventricle, it experiences less stress
and therefore less growth than the left ventricular free wall.
A 30% increase in the thickness of left ventricular free wall
meant that the thickness of the wall reached an
approximate value of 1.5 cm at the end of the seventeenth
cycle. It is noteworthy that at the beginning of each cycle,
the thickness of the walls underwent an abrupt change due
to the current pulse applied for myocardial activation. An
increase in the thickness of the wall during cardiac cycle
means that the wall is contracted and the heart is pumping
blood into the body. Decrease in thickness indicate that
heart enters the diastolic phase and the blood applies
pressure on the inner layer of the heart, causing wall
thickness to decrease.
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Fig. 5. Increase of left ventricular free wall (a) and septal
wall (b) thicknesses from the fourth to seventeenth cycle
during growth

Changes of growth multiplier in different cycles for
two points at a distance of one-third from the upper surface
of the heart in the epicardium of the left ventricular free
wall and septal wall are shown in Figure 6. In third cycle
(between 2000 and 3000 ms), the growth multiplier was
equal to 1, and at the end of the seventeenth cycle, was
about 1.48 and 1.36 for the left ventricular free wall and
the septal wall, respectively. From the fourth cycle
onwards, both walls started to grow. The increase in the
growth multiplier was gradual since in each cycle, the
heart contracts and the stress increases, and after the
contraction, the heart enters the diastolic phase and the
amount of stress and as a result the growth of the tissue
decreases. Since the stress of the septal wall was lower
than the left ventricular free wall, the growth at the point
associated with the septal wall, due to the direct
dependency of growth multiplier to the stress based on
equation (5), was also lower than the left ventricular free
wall.

10 | S CETETY Cycle 3
—— Cycle 4-17: LV Free Wall
—— Cycle 4-17: Septum

0.9 . . . . n n
2000 4000 6000 8000 10000 12000 14000 16000 18000
Time (ms)

Fig. 6. Growth multiplier in the epicardium of the left
ventricular free wall and septal wall for cycles 3 to 17

Figure 7 shows the pressure-volume loop of the left
ventricle in normal case of the third cycle and concentric
growth caused by systemic hypertension in the
seventeenth cycle. Compared to the normal case, the
ventricular pressure in growth case was significantly
reduced. The simulation performed in this study is related
to the second and third phases of systemic hypertension
and its structural changes. The process of ventricular

pressure reduction in the present model can be justified
from two physiological and mathematical perspectives.
Physiologically, the heart grows to be able to withstand
high pressure and stress, as a result, the pressure decreases
due to the increase in wall thickness and tissue stiffness.
Based on Laplace's law, the wall stress decreases with the
increase of thickness and thus leads to a decrease in
ventricular pressure. Mathematically, according to
equation (7), the ventricular pressure is dependent on the
volume change of the ventricles. Since the wall of the
ventricle has grown and become thicker, the volume
change of the ventricle during cardiac cycle has decreased,
causing the reduction of ventricular pressure. According to
Figure 7, the end-diastolic volume of the heart decreased
in seventeenth cycle, compared to the normal state.
Furthermore, since the blood flows were reduced, the
ejection fraction in the disease was reduced. The amount
of ejection fraction in normal case was 51.46% and in the
seventeenth cycle of concentric growth was equal to
42.47%. Moreover, the end-diastolic volume of normal
case and concentric growth were equal to 55.78 and 52.46
ml, respectively.

| | — LV, Normal
— — LV, Concentric Growth

)
S

Pressure (mmHg)
2 o o 2
S 3 5 3

1 )
=3

% 20 0 40
Volume (ml)

Fig. 7. The pressure-volume loop of the left ventricle in the

normal case of the third cycle and the growth caused by the

systemic hypertension in seventeenth cycle

5- Conclusion

In this study, an electromechanical model of the heart was
coupled with the finite growth kinematic equations and
was utilized to simulate the structural changes caused by
systemic hypertension. In this model, an idealized
biventricular geometry and phenomenological models for
the electrical response and active stress of the heart were
used, and the blood pressure of each ventricle was
simulated using Windkessel circulation. The approach
adopted for modeling the ventricular pressure was
developed in such a way that left and right ventricular
pressures can be calculated simultaneously. Coupling
electromechanical physics and growth equations provided
the advantage that growth occurs during the cardiac cycle,
taking into account the electromechanical and circulatory
behavior of the heart. This realistic approach integrated
electrophysiology and passive mechanics with the growth
equations. The results of the model showed that the
thickness of the left ventricular free wall and the septal
wall increases significantly due to the growth caused by
the systemic hypertension disease. Furthermore, the
ejection fraction and end-diastolic volume of the heart
decreased due to this disease. Moreover, the results
showed that the heart grows and adapts to critical
conditions in order to cope with maximum stress and
pressure. The presented model was entirely implemented
in COMSOL commercial finite element software, and in
the future, the model can be expanded by including
Purkinje fibers, heart valves, and blood circulation of other
cardiac compartments.
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Abstract

This article examines and implements meta-heuristic
algorithms to solve five engineering problems. The
problems have been investigated in a constrained manner
and optimized using firefly, colonial competition, frog, ant
and gray wolf algorithms. For each algorithm, a dynamic
adaptive factor is introduced to balance the convergence
rate and optimal search. The results show that each
algorithm performs better in specific problems: firefly in
spring tension, frog in three-bar truss, colonial competition
in speed reducer and gear design, and gray wolf in pressure
tank. The article concludes that choosing the right
algorithm depends on the type of problem and
environmental conditions.

Key words: Constrained engineering design optimization
problems, continuous and discrete design variables, meta-
heuristics, Imperialist Competitive, ants, Frog, grey wolf
firefly.

1. Introduction

Numerous optimization algorithms have been proposed to
solve various engineering design optimization problems,
which  usually  involve  nonlinear  constraints.
Optimization algorithms can generally be divided into two
categories: stochastic algorithms and deterministic
algorithms. Traditional optimization methods, such as the
gradient descent method, quasi-Newton methods, and the
interior-point Newton method, are usually based on
gradients and require different algorithms and conditions
depending on the objective functions. However, these
methods are often inefficient and inaccurate when dealing
with  complex, high-dimensional, and nonlinear
optimization problems, especially when objective
functions and  constraints are  discontinuous.
To overcome these issues, many stochastic optimization
algorithms have been proposed, including particle swarm
optimization, genetic algorithms, firefly algorithms, ant
colony optimization, artificial bee colony optimization,

frog leaping algorithms, imperialist —competitive
algorithms, and grey wolf optimization algorithms. These
stochastic optimization methods are typically meta-
heuristics inspired by physical and natural phenomena.

2. Solution Methods

Meta-heuristic algorithms are a set of advanced methods
used in optimization and complex problem-solving. These
algorithms are inspired by natural and social processes and
behaviors, such as food searching in animal societies. The
main goal of meta-heuristic algorithms is to find the most
optimal solutions within the search space and to avoid
getting trapped in local optima.
Some of these methods, such as the ant colony
optimization algorithm, are particularly suitable for
problems with discrete variables. The five solution
methods selected in this paper are suitable for problems
with continuous variables, discrete variables, or a
combination of both.

2.1 Dynamic Adaptive Factor

The dynamic adaptive factor is introduced to balance the
convergence rate and the global search ability during the
optimization process. This factor adjusts the search speed
according to the problem environment, aiming for better
optimization by dynamically adapting to environmental
conditions. Through this dynamic adjustment, the
algorithms are able to enhance the convergence rate and
perform a more effective search within the solution space.

3. Introduction to Engineering Optimization Problems
3.1 Introduction to Constrained Engineering
Optimization Problems

In this section, five constrained engineering optimization
problems—each involving objective functions, design
variables, and various constraints—are selected. The
performance of the firefly algorithm, the imperialist
competitive algorithm, and other proposed algorithms is
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evaluated in terms of solution quality, stability, and
convergence rate.

3.2 Constrained Optimization
Continuous Variables

- Tension/Compression Spring Design Problem: The
objective of the spring design problem is to minimize its
weight while satisfying constraints on minimum
deflection, shear stress, frequency, and maximum outer
diameter.

Problems with

- Three-Bar Symmetrical Truss Design Problem: The
three-bar symmetrical truss structure, made of steel, is
subjected to two constant loads P1=P2=PP_1=P_2 =PP1
=P2=P. The goal is to achieve the optimal design by
minimizing the volume subject to stress constraints. The
design variables are the cross-sectional areas of the three
bars, denoted as x1x_1x1, x2x_2x2, and x3x_3x3.

- Speed Reducer Design Problem: The objective is to
minimize the weight of a speed reducer while considering
strength constraints related to the bending stress and
surface stress of the gear teeth, as well as shaft stresses and
deflections.

- Pressure Tank Design Problem: The aim is to minimize
the total construction cost, including material, forming,
and welding costs. The design variables are the shell
thickness (TsT_sTs), head thickness (ThT_hTh), inner
radius (RRR), and cylindrical section length (LLL) of the
tank. TsT_sTs and ThT_hTh are discrete variables and
must be integer multiples of 0.0625.

3.3 Engineering Optimization Problems with Discrete
Variables - Gear Set Design Problem: The goal is to
minimize the error between the obtained gear ratio and the
required gear ratio (1/6.931), under the constraint that the
number of teeth of the four gears must fall within specified
permissible ranges.

4. Results

4.1 Sensitivity Test

Generally, the convergence number in a meta-heuristic
algorithm indicates the number of iterations required to
reach the global optimum. A lower convergence number
signifies faster and better convergence to the optimal
solution. In this study, sensitivity tests are conducted on
the key parameters of the meta-heuristic algorithms to
determine the best parameter settings that achieve optimal
convergence for all problems.
For instance, in the frog-leaping algorithm used for the
three-bar truss design problem, parameters such as the
maximum number of iterations, initial population of frogs,
number of memeplexes, and size of memeplexes have been
evaluated. The final results of the sensitivity analysis for
the frog algorithm are shown in Figure 1 alongside other
meta-heuristic algorithms.

4.2 Execution Speed Evaluation
According to Table 1, the execution speeds of five meta-
heuristic algorithms are evaluated for the three-bar truss

276 ' ‘ ’
——SFLA Algorithm
274l ICA Algorithm
—— A Algorithm
I R Gwo A[gorithm ]
‘g 272 —s—Acor Algorithm
8 270 ¢
17/}
L H
268 |
266 & ]
H g i
264 L Wi A

Iteration

Fig 1. Convergence history of the cost function of the
truss design problem

problem, based on a fixed fitness value achieved within
100 iterations.

Table 1- The result of the test of the average
execution time of the algorithms

Algorithm type Execution time
1 gray wolf 18
Colonial
2 competition 24
3 firefly 25
4 frog 40
5 Ant colony 42
5. Conclusion

In this article, five problems in the field of mechanical
engineering have been examined along with their
limitations and related results. Gray wolf algorithms, ant
colony algorithm, firefly algorithm, colonial competition
and frog algorithms have been evaluated in solving these
problems and the relevant results have been described. One
of the innovations of this article is satisfying the
constraints of the problems, which is done initially due to
the limited search range and creating a random
neighborhood in the area that satisfies the constraints.
Another point is the use of the dynamic adaptive factor in
all these algorithms, so that by changing the search speed
and adapting it to the environmental conditions, it leads to
better optimization.

The results of these algorithms are compared with the
results of other researchers in Tables 1to 5. As an example,
the results of solving the three-bar truss design problem by
five meta-heuristic optimization algorithms show that the
frog algorithm has a more accurate answer in this problem
with an accuracy of 0.136%. In fact, for different
problems, according to whether the problem is discrete or
continuous, a specific optimization algorithm provides a
more accurate answer for each problem. These results
show that the above algorithms can improve accuracy and
speed in different problems at the same time, and this is a
manifestation of Swarm intelligence.
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Abstract

Heat management in the polymer membrane fuel cell is
very necessary in order to achieve the maximum suitable
temperature and temperature distribution inside the cell.
The heat pipe, with its unique features and no power
consumption, is a very suitable option for cooling and heat
management of the fuel cell. In this article, in the first step,
by presenting the governing equations of the heat pipe, the
simulation of the heat pipe is dealt with separately. In the
second step, the heat pipe(s) are installed inside the fuel
cell and the modeling of the heat pipe-fuel cell coupling
and the effect of the installation position and the number
of heat pipes inside the fuel cell for its cooling are
discussed. The results show that for the selected fuel cell,
1 heat pipe is not suitable (the maximum temperature of
the cell is 396 K) and 2 heat pipes are needed. By installing
2 pipes symmetrically with a distance of 25 mm from the
side of the fuel cell and 25 mm from the center, the
maximum temperature of the fuel cell becomes 361
Kelvin, which reduces the maximum temperature in the
fuel cell compared to other positions of installing the
pipes.. This shows that the symmetrical placement of the
pipes reduced the maximum temperature and creates a
more uniform distribution of the temperature on the fuel
cell.

Key Words polymer membrane fuel cell, cooling,
temperature distribution, heat pipe.

1. Introduction

Proton Exchange Membrane (PEM) fuel cells are
characterized by their high efficiency; however, a
considerable amount of heat is generated during operation,
comparable to the electrical power output. To ensure
optimal performance, it is crucial to effectively dissipate
the heat produced within the cell. Since the membrane
must retain adequate moisture to facilitate proton

conduction, operating the cell at temperatures exceeding
the optimal range leads to membrane dehydration. This, in
turn, increases the cell’s ohmic resistance and may result
in  membrane rupture. Conversely, operating at
temperatures below the optimal range diminishes reaction
rates and output power, promotes water condensation, and
exacerbates concentration losses, thereby impairing cell
performance.

Maintaining a uniform temperature distribution within
the fuel cell is essential to extend its service life and
prevent the formation of localized hot spots. The
integration of heat pipes into the fuel cell cooling system
offers an effective solution for removing excess heat and
mitigating temperature non-uniformities.  Additional
advantages of heat pipes include their compact structure,
absence of moving parts, reliance on thermal phase change
mechanisms, and elimination of the need for external
power sources for cooling. These features collectively
simplify the cooling system design and enhance the overall
efficiency of the fuel cell. A heat pipe transfers thermal
energy from a hot source to a cold sink through capillary
action driven by a wick structure and a working fluid.

Although the application of heat pipes in fuel cell
cooling systems has attracted some attention, only a
limited number of studies have been conducted. In most
cases, the heat pipe is modeled as a conventional pipe with
high thermal conductivity, and the thermal performance of
the fuel cell is subsequently analyzed. Typically, the
temperature distribution along different sections of the
heat pipe is first determined. Thereafter, the heat pipe is
coupled with the fuel cell to evaluate the temperature
distribution within the bipolar plate.

2. Heat pipe technology in fuel cell
In a heat pipe, heat is transferred from a hot source to a
cold source using capillary forces generated by a wick or
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porous material in combination with a working fluid. A
heat pipe consists of a sealed chamber lined with a wick
and filled with a liquid near its saturation temperature. As
shown in Fig. 1, the length of the heat pipe is divided into
three regions: the evaporator, located near the heat source;
the condenser, positioned near the heat sink; and the
middle section, referred to as the adiabatic region.

The vapor-liquid interface, typically located near the
inner edge of the wick, separates the liquid phase inside
the wick from the vapor phase inside the tube. Heat
transferred to the evaporator through the chamber is
absorbed by the liquid-saturated wick, causing the liquid
to evaporate and the vapor to flow toward the evaporator.
The capillary force generated at the evaporator interface
increases the pressure difference between the vapor and
liquid phases. The vapor then flows through the adiabatic
section and enters the condenser. In the condenser, the
vapor condenses, and similar capillary forces are
produced. The heat released during condensation is
transferred to the cooling reservoir through the wetted
wick material and the chamber wall.

Subsequently, the condensed liquid is returned to the

evaporator by the pressure difference generated by the
capillary forces between the evaporator and condenser.
This cycle continues as long as sufficient capillary
pressure exists to drive the return of the liquid.
In polymer electrolyte membrane (PEM) fuel cells, in
addition to removing the heat generated during operation,
achieving a uniform temperature distribution and
minimizing temperature gradients are critical for
maintaining performance. Due to the use of a phase-
change mechanism, heat pipe technology can be
effectively applied for fuel cell cooling. The selection of a
suitable type of heat pipe for PEM fuel cell cooling
depends on the required heat transfer capacity.

Figure 2 illustrates the integration of a heat pipe within
the fuel cell structure. The evaporator section is embedded
inside the bipolar plates, while the condenser is positioned
outside the cell and cooled by either natural or forced
convection.

Fig. 1. Schematic of heat pipe

Fig. 2. Schematic of the heat pipe and its location in the
polymer membrane fuel cell.

3. Results

The mathematical model of the heat pipe is compared with
reference data in Fig. 3. According to the figure, the results
of the mathematical model are in very good agreement
with the experimental results in such a way that the
maximum error is less than 3%. Therefore, the
mathematical model provides good estimates of the heat
dissipation capacity of the pipe. The heat pipe considered
in this study is used in a sintered wick structure fuel cell.
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Fig. 3. Comparison of the mathematical model and
experimental data: heat dissipation capacity by the heat

pipe

The temperature distribution inside this fuel cell plate
is shown in Fig. 4 by installing a heat pipe inside its polar
plate and applying a 50-W heat flux on a cell surface (the
lower surface of the polar plate). The heat pipe is mounted
in the middle of the polar plate, leading to that the center
of the polar plate to cool down sufficiently. The purpose
of this paper is to assess cooling process using a heat pipe
and the walls of the cooling plate are insulated; hence, only
the effect of the heat pipe is investigated. However, in
practice, the outer surface of the cell exchanges heat with
the surrounding. Heat exchange due to free or even forced
convection causes the edges of the polar plates, which have
high temperature according to Fig. 4, to cool down as well.
If the heat pipe cools the temperature of the middle part of
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the fuel cell sufficiently, part of the heat of the cell can be
removed and the side areas of the cell can be cooled.
Therefore, the installation location of the heat pipe is
appropriate. The applied heat flux is actually obtained
from the analysis of the electrochemical performance of
the fuel cell. Other surfaces are insulated. As it is observed
in the figure, the maximum temperature of the cell is 396
K. The maximum temperature obtained is high, which
indicates the inadequacy of using one heat pipe.
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Fig. 4. Temperature distribution through the fuel cell using
a single heat pipe.

The temperature distribution is illustrated in Fig. 5 by
integrating two heat pipes inside the fuel cell and a heat
flux of 50W applied on one the fuel cell surface. The
distance between the pipes is 25mm from the sides and
25mm from the center. The maximum temperature of the
cell is 361K. The symmetrical placement of the heat pipes
reduces the maximum temperature and creates a more
uniform distribution of the temperature on the fuel cell.

Temperature
Contour 1

e 3.613e+02
H 3.600e+02

0

3.573e+02
Fig. 5. Temperature distribution through the fuel cell using

3.560e+02
3.546e+02
two heat pipes

3.533e+02
3.519e+02
3.506e+02
3.493e+02
3.479e+02

4. Conclusions

This paper presents the mathematical simulation of a heat
pipe combined with a polymer membrane fuel cell. One or
two heat pipes are embedded inside the fuel cell to perform
simultaneous numerical modeling of the heat pipe and fuel
cell. The main results are as follows:

1) Using one heat pipe leads to of the cell maximum
temperature becomes 396K; hence, one heat pipe is not
suitable and two heat pipes are required. The capacity of
the heat pipe is not the only technique for heat removal
from the fuel cell thermally.

2) When two heat pipes are installed in the fuel cell
symmetrically, the maximum temperature of the cell
becomes 361K, which is better than the installation of one
heat pipe.

3) Symmetrical placement of heat pipes mitigates the
maximum temperature and creates a more uniform
distribution of temperature on the cell. Uniform
temperature results in uniform distribution of current
density, improving the cell performance.
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Abstract

Windows include a significant part of waste in buildings
as they are transparent to solar heat and radiation. The use
of shading devices is evaluated as a suitable strategy in
order to improve the energy performance of the building.
In this article, physical specifications of an office building
in Kerman are modeled in Sketch Up software. Then, by
assigning materials to the building components in Open
Studio software, the building is simulated. Finally, the
building energy consumption in the presence of fixed
external shading devices, internal movable shading
devices and simultaneous use of these two shadings, is
calculated in Energy Plus software. Results show that the
use of external fixed shading devices has better
performance in reducing energy consumption compared to
internal movable shading devices. In this regard, the
external fixed shade with a depth of 150 (cm) has recorded
the best result with reduction of 18.92% in annual energy
consumption compared to the base state. The simultaneous
use of external fixed shading with depth of 100 (cm) and
internal movable shade with 63.57 (GJ) saving, shows the
most reduction in building annual energy consumption.
Keywords: Building energy consumption, Office Building,
Energy plus, internal shading device, External overhang.

1-Introduction

Nowadays, 40% of the total energy consumption and 35%
of the total carbon dioxide production in Iran is allocated
to the building sector. windows account for a significant
part of waste in this sector. The most important factor in
this loss is the heat absorbed due to penetration of sunlight
through the windows. The use of shading devices and
sunlight control methods is a smart choice in order to
optimize the use of sunlight in different seasons. This

approach can be introduced as an effective solution to
reduce waste through windows and translucent walls.

Many studies have been conducted on the effect of
shading devices on energy consumption, which evaluated
their use as favorable. Among these studies, in the study of
Alhuwayil et al. the evaluation of external shading devices
on four fronts of a hotel against the use of polyurethane
and fiberglass insulation from the viewpoint of energy
consumption has been investigated. Igbal Shah et al.
compared the effect of shading devices on opaque facade.
Subsequently, a simulation study was conducted to
quantify the effects of shading systems on opaque facades
with different thermal transmittance values. Park et al.
analyzed the energy performance and thermal comfort of
an educational building with shadings in South Korea.
When PCMs were applied to the shading, the cooling
energy consumption decreased by 44%, and the number of
thermal comfort hours improved by 34%. In research of
shahdan et al. the use of external fixed shade has been
introduced as a passive solar strategy. In this study, Revit
software was used to model a three-story school in
Malaysian climate, vertical, horizontal and egg-crate
shading devices have been compared. The simulation
clearly shows that the egg-crate shading devices is the best
solution for hot-humid climate area.

In this research, the effect of using internal and external
shading devices in climate of Kerman, has been studied.
Therefore, overhangs in 3 depths and movable shading
devices in 3 types have been simulated. The combined use
of both types of shadings and its effect on energy
consumption has also been investigated. in this study, a
comprehensive comparison between different
combinations of the external and internal shading devices
has been carried out. The results would be conclusive in
order to choose the desirable combination of shading
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devices for an office building in climatic condition of
Kerman.

2- Methodology

In order to evaluate the effect of shading devices on energy
consumption, a six story office building is designed. The
modeling of this building is based on a real building and
considered standards are according to the rules and
regulations of the Ministry of Housing and Urban
Development of Iran in the design and construction of the
building. The main facade of the building faces south and
includes 17 windows. It is open five days a week from 7:30
am to 4:00 pm and closed on weekends. Overhangs are
created on 17 windows of south facade. Figure (1)
illustrates the overhangs on the south facade of the
building at three depths of 50, 100 and 150 (cm).

Figure 1 Simulated overhang in three depths.

Kerman meteorological file, the HVAC system and its
schedule, the movable shade devices and its schedule are
also among the settings made in the Energy Plus software.
In this research, three different types of movable shading

devices; interior roller shade, blind and exterior screen are
used to cover the south facade windows (Figure 2).

Exterior screen Blind Roller shade

Figure2 Selected movable shading devices

Calculations of energy consumption of the office building
are in one year and the assumptions considered for the
simulation are as follows.

1. The cooling and heating setpoints are considered 26
and 22 degrees Celsius, respectively.

2. The average ground temperature during the year is 18
degrees Celsius.

3. The algorithm of heat transfer calculation is selected
based on sensible heat. Therefore, the humidity and the
lack of integrity of the surfaces and materials have been
ignored.

3- Results and discussion
The obtained results are presented in three sections.
* The results of the effect of external overhangs
* The results of the effect of movable shading devices
» The results of the effect of simultaneous use of
overhangs and movable shading devices

Effect of external overhangs

In this section, the effect of external overhangs with three
depths of 50 cm, 100 cm and 150 c¢cm are studied. The
results of three depths overhang demonstrate a positive
effect to reduce the annual energy consumption of the
office building. It is obvious that the 150 cm overhang has
a better performance than other two, to reduce energy
consumption and shows 49.41(GJ) reduction in annual
energy consumption.

Effect of internal movable shading devices

Movable shading devices include three types of interior
roller shade, blind and exterior screen that cover the
window frame. The results show that interior roller shade
has the most impact compared to its counterparts and
illustrates  34.94(GJ) reduction in annual energy
consumption. Although movable shading devices have a
favorable effect in reducing energy consumption, they are
less effective compared to overhangs.
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Annual Energy
Consumption(GJ)

mheating ®Total mcooling

Figure 3 Annual energy consumption of building for
heating and cooling in presence of shading devices

The effect of simultaneous use of overhangs and movable
shading devices

In order to evaluate the amount of energy saving due to the
use of both external and internal shading devices,
overhangs and movable shading devices have been
simulated simultaneously for the building in 9 different
modes. Based on results, the overhang with a depth of 100
cm and interior roller shade shows the greatest reduction
in this section with an amount equal to 24.34% compared
to the base case. Figure 3 shows the effect of the selected
shading devices in each section on the cooling and heating
load of the building.

4- Conclusion

In this research, the effect of using movable shading
devices and overhangs in a typical office building in
Kerman city has been studied, using Energy Plus software.
In general, the use of shading devices in hot seasons is
effective to reduce the energy consumption for cooling
applications, due to restriction of direct sunlight
penetration into the building. This amount of reduction is
different by considering the conditions of the equipment
needed for shading, location and the ability of the
equipment used to control the sunlight. overhangs have a
better performance, compared to movable shading devices.
The highest amount of reduction in energy consumption is
shown by the building equipped with interior roller shade
& overhang 100 (CM) with a reduction of 24.34% per
year.
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Abstract

In this research, with the aim of stabilizing an in-wheel
motor electric vehicle, an adaptive sliding mode robust
control strategy is developed based on the phase plane. The
proposed control strategy consists of three levels. The first
level includes an adaptive sliding mode controller. In this
study, the system's state is adjusted to mitigate chattering,
minimize response delay, and reduce tracking error. The
second level involves a joint control algorithm,
implemented based on the boundary model of the stable
region in the vehicle sideslip angle rate phase plane. When
the vehicle operates within the stable region, the adaptive
sliding mode controller uses the yaw rate to determine the
rotational torque. Conversely, when the vehicle exits the
stable zone, the algorithm utilizes both the sideslip angle
and yaw rate to stabilize the vehicle and return it to the
stable region. The third level incorporates an optimal
distribution function to allocate rotational torque across
the four vehicle tires. To accurately represent the vehicle's
real behavior, the nonlinear dynamics of the tires are
considered. The proposed control algorithm is evaluated
under various scenarios, including different operating
conditions and critical/emergency situations. Simulation
results demonstrate the algorithm’s optimal performance
and effectiveness. Additionally, MATLAB/CarSim
software is used to validate the simulations.

Keywords: Sliding Mode, Stability, Sliding Surface, In-
wheel Motor, Vehicle Dynamic.

1. Introduction

In the last decade, with the development of related
technologies, the production of electric vehicles by the
world's leading vehicle manufacturers and the growing
demand of customers for these vehicles, their presence
became prominent due to much less energy consumption
and less pollution in the automotive industry. At the same
time, with the advancement of vehicle control and the
feeling of drivers to help them drive, especially in critical
situations, the world's leading vehicle manufacturers
started designing and producing electric vehicles. Also, the

approach to the development of autonomous driving
electric vehicle is growing in advanced countries.
Therefore, researchers have also conducted appropriate
research in this field in the last five years. Considering the
importance of safety issues, the discussion of stability in
electric vehicles is a serious and important issue, especially
in emergency and dangerous situations and maneuvers. In
critical and emergency maneuvers, there are very strong
couplings between longitudinal and transverse dynamics at
several levels of dynamics, kinematics and tire forces.
Therefore, the need for an integrated control system that
can guide the vehicle in these maneuvers is well felt. In
recent years, control methods have been proposed to track
the vehicle's path. In a research, it has been attempted to
provide an optimal control method for the foresight with a
small side angle of the vehicle. In another research, an
optimized prediction neural network model has been
proposed, and the active front steering wheel angle is
guided based on the prediction point and the current state
of the vehicle. Analytical values of model parameters are
obtained by analyzing the amount of error. In a research,
researchers have attempted to design a track tracking
controller based on the sliding mode technique by using a
non-linear tire model and comparing them with a linear
quadratic regulator controller. According to the conducted
research and the results, it is clear that the sliding mode
controller has a good performance in controlling the
rotation angle of the vehicle around the yaw axis. In a
research on the design of vehicle track tracking control
based on linear matrix inequality, a saturated linear tire was
used to obtain the dynamic model, which includes time-
varying characteristics in the tire. Also, the proposed
controller is compared with the controller based on the
prediction of the model.

The structure of this paper is as follows: The second
part introduces the dynamic model of the in-wheel motor
electric vehicle. The adaptive stability control system
based on the sliding mode control algorithm is introduced
with details in the third section. In the fourth part, the
results of the simulations are analyzed and reviewed. The
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conclusion is presented below. E o—m gly + axheg + Faerohaero/m

rr 2( + 1) D
2. Dynamic Modeling lrayheg 0.6F; 010
2.1. Wheel Equation (U +1ot,| 4

The wheel is one of the subsystems in the analysis of the
dynamic behavior of the car in acceleration and braking
modes.
dw;
hy—F=Ta; =Ty,
where [, is the moment of rotational inertia of the
wheel, F, is the longitudinal force of the tire, R is the
effective radius of the wheel, T;.T, represents the
braking and thrust torque, respectively. Also, the rolling
resistance can be calculated using equation (2).

_Fx]-R = Trou @

Trou = f+RE, )

that F, of,- represent the rolling resistance of the tire and

the normal force of the tire, respectively.
The vehicle bicycle model is shown in figure (1).

YA Fr/'
“er v F‘
VLA GRS

Figure 1. Vehicle bicycle model

2.2. Tire Dynamic

Assuming the linear dependence of the friction force of the
tires on the vertical force of each tire, the longitudinal or
transverse friction force of the tire can be expressed by
equation number (3).

E, =y B Ke{xylte{frlee{lr} A3)

Where F,__ represents the vertical load of each of the
front and rear tires and y;_, also represents the longitudinal
or transverse friction coefficient of the tire. The vertical
force of the tire is described by relations (4) to (7).

F =m [glr - axhcg — FaeroNaero/m
7f1 2(l + 1) @
_ Lrayheg _ 0.6Fero
s+ lr)tw] 4
_ [glr - axhcg — Faerohaero/m
zpr = 20l +1,) 5,
Lrayhey _ 0.6Fer0 (
s+ lr)tw] 4
glf + axhcg + FaeroNaero/m
Fzr-lzm[ 20 + 1)
Lo ®

_ layheg | 06Fuero
(s + L)ty 4

Where h.gshaero.g represent the acceleration of gravity,

the height of the center of aerodynamic force from the road
surface and the height of the center of mass from the road
surface, respectively. The expression 0.6F,.,, represents
the aerodynamic force that is applied to the car in the
vertical direction. In this research, it is assumed that this
force is equally divided between the tires. Also, the
coefficient u, , can also be calculated using the magical
Pejka formula.

ke{rylre{frlee{lr} ®)

O
Hie, . =
T.E O—T e

Hee = Dr.s Sin(c‘[.sarCtan(B‘r.so-‘r.s)) .TE {f T} . EE {lT} (9)

where B, .. C... D, are fixed coefficients that are specific
for the tire and road in question. Also, in this research, it is
assumed that these coefficients are the same for four tires.
o, represents the total slip of the tire, which is a function
of the longitudinal and transverse slips of the tire .

Ore = ’Jxmz +o0, 2 te{frt.ee{lr} 10

The longitudinal slip of each of the front or rear tires is a
function of the longitudinal speed of the contact point of
the tire with the road surface and the longitudinal speed

equivalent to the rotation of the wheel and with The
relationship number (11) can be defined.
=M.Te{f.r}.se{l.r} an

a.
e max (vrwm' vCW-(_g)

The longitudinal speed of the point of contact of each tire
with the road surface can be calculated with the help of
relations (12) to (15).

Vouy, = veg =7 (3 16) (12)
vy, = g (L ) @)
S (W 14
Vow,, = Ve +7 (5= uh) (15)

Also, the longitudinal speed equivalent to the rotation of
the wheel can also be calculated from equation (16).

Vrw,, = Tw,,Wre -TE{f.1}. e €{lL1} A16)

In order to calculate the transverse slip of the tire, the slip
angle of the tire (a,.) should be determined first, slip

angles of the front and rear tires can be determined using
the relations number (17) to (20).
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The parameters of the vehicle dynamic model are
presented in table (1).

Table 1 Vehicle Parameters

Parameter Symbol Value
m kg 1411
Cy - 0.45
I kgm? 2.6
tw m 1.48
ly m 1.56
l, m 1.04
h m 0.54
L, kgm? 2031.4

3. Control Algorithm

The proposed control algorithm has three levels. The
first level includes the adaptive sliding mode control
algorithm. The outputs of this level are the rotational
torque. The second level includes a joint controller
which is concerned with checking and analyzing the
stability of the vehicle based on its phase plane, the
speed of the side slip angle of the vehicle - the side slip
angle of the vehicle in order to balance the range of the
two controllers. In the third level, the final torque is
calculated and the required torque distribution of the
wheels is done.

4. Results and Discussion

In this section, the effectiveness and efficiency of the
proposed adaptive sliding mode control algorithm
system is validated. In this scenario, the friction
coefficient of the road surface and tire is assumed to be
0.45. And the input of the wheel steering angle is
considered. And the performance of the proposed
control algorithm is investigated and analyzed with the
sliding mode control algorithm. In this maneuver, the
longitudinal speed of the car is considered to be 100
km/h. The steering wheel angle is assumed to be a
sinusoidal curve with a period of 2 seconds and an
amplitude of 50 degrees. Figure number (2) shows the
sinusoidal input curve of the wheel steering angle. The
results of the simulation can be shown in figures (2) to
(6). According to Figures (3) and (4), when the car is
not under control, the values of the rotation angle of the
car around the yaw axis and the side slip angle of the car
become very large. While the vehicle is under the
sliding mode control algorithm and the adaptive sliding
mode control algorithm system, the values of the
rotation angle of the vehicle around the yaw axis and the

side slip angle of the vehicle are very close to the ideal
values. And according to the simulation results, it is
clear that the adaptive sliding mode control algorithm
system creates a better effect on the system
performance. The changes of the steering wheel angle
can be seen in figure number (5) according to time.
Figure number (6) shows the tracking of the vehicle's
movement path. And according to the obtained results,
it is quite clear that the car quickly loses its stability
without the presence of the control algorithm. While the
vehicle under the control of the sliding mode algorithm
and the adaptive sliding mode algorithm system is able
to track the specified and ideal value, and the adaptive
sliding mode control algorithm system has the lowest
amount of error in tracking the movement path
compared to the sliding mode control algorithm.
According to figures (9) and (10), when the car is not
under control, although the driver tries to control the car
to maintain stability, the car is in a state of losing control
and exiting the stable state, and finally, seriously. It
deviates from the expected driving path and becomes
unstable. But when the car is under sliding mode control
and the adaptive sliding mode control algorithm system,
itisalways in a stable state and the car is able to perform
the double lane change maneuver in the desired state,
and the proposed control algorithm system has good
efficiency and effectiveness.
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5. Conclusions

In this research, an adaptive sliding mode control strategy
based on the phase plane was proposed to stabilize the
motor-in-wheel electric vehicle. The proposed control
strategy includes three layers. The first layer includes the
sliding mode control algorithm. In this research, the
change of the system was done with the aim of eliminating
the jump in the system and minimizing the response delay
and tracking error. The second layer consists of a common

control algorithm, which was used to control the control
algorithm of the first level based on the boundary model of
the stability zone of the vehicle's side slip angle - the side
slip angle of the vehicle. When the vehicle is in the stable
zone, the adaptive sliding mode control algorithm uses the
rotational angular velocity of the vehicle around the yaw
axis to determine the rotational torque, and when the
vehicle is outside the stable zone, the adaptive sliding
mode control algorithm system uses the side slip angle.
The car and the speed of the car's rotation angle around the
yaw axis are used to stabilize and return the car to the
stable area. The third layer includes an optimal torque
distribution control algorithm that optimally distributes the
rotational torque to the required torque of the four wheels
of the electric vehicle. In this research, in order to consider
the real behavior of the car, the nonlinear dynamic of the
tire was implemented. The proposed control algorithm
system was analyzed and investigated in different
scenarios with different working conditions and
emergency and critical conditions. In this article, in order
to validate the results obtained from the simulation, the
Simulink/MATLAB-Carsim software was used. The
results of the performed simulations showed the optimal
and effective performance of the proposed control
algorithm system to stabilize and improve the steering of
the motor-in-wheel electric vehicle.

In the continuation of this research and as future
activities, it is possible to implement the proposed control
algorithm in the discussion of collision avoidance. He
also proposed an adaptive step-back method for the
design of the upper layer controller in order to create a
corrective torque.
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