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Energy and exergy analysis of the organic Rankine cycle used for

recovering waste heat from the cement industry
Mojtaba Mamourian', Seyed Amir Hossien Akbari*, Yousef Javanshir?
1- Department of Mechanical Engineering, Ferdowsi University of Mashhad, Mashhad, Iran

2- Department of Mechanical Engineering, Faculty of Mechanics and Industries, Sadjad University of Technology,
Mashhad, Iran

Abstract

The limitation of global fossil fuel resources has had a significant impact in recent years. Iran wastes 570 million
barrels of oil out of the allocated 1463 million barrels for the residential, industrial, and transportation sectors. The
cement industry, as one of the high-energy consumers, accounts for approximately 14% of the country’s industrial
energy consumption, with about 40% of this energy being lost during production processes. This study aims to
recover the waste heat from the cement industry using the Rankine cycle and simulate it using the Engineering
Equation Solver (EES) software. Additionally, a thermal oil loop has been employed to prevent corrosion of heat
exchangers and control the organic fluid evaporation process. Ethanol has been selected as the suitable working
fluid, with a net power production capacity of 6213 kW, a thermal efficiency of 91.22%, and an exergy efficiency
of 18.24%, outperforming R123, R1233zd(E), R1234ze¢(Z), and R600a. Increasing the turbine’s inlet pressure by
100 kPa increases thermal and exergy efficiencies by 2.7% and 2.67%, respectively, while decreasing the mass flow
rate into the evaporator by 5.6%. Increasing the condenser temperature by one degree results in approximately a
5.6% reduction in thermal efficiency and a 5.5% reduction in exergy efficiency.

Keywords

cement industry, waste heat recovery, organic rankine cycle, climate change, thermal oil loop.
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Prediction and simulation of diffusion of a droplet in a porous media using two-

phase control volume
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Ranjbar Seyyed Faramarz®
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2- Master’s student , faculty of mechanical engineering, University of Tabriz, Tabriz, Iran
3- Professor, Department of Mechanical Engineering, University of Tabriz, Tabriz, Iran

Abstract

In this article, diffusion of a droplet in a porous media using a two-phase fluid volume is studied. Considering the impor-
tance of two-phase flow in achieving an accurate solution, this method is used in this study. The most important aspect of mod-
eling two-phase flow in a porous media is conformity with empirical results. In this study the main focus is to provide a model
based on simulations done with fluid volume method. The impact of parameters such as surface tension, viscosity, contact angle,
diffusivity and expansion surface of a droplet in a porous media are studied. When the contact angle of 20 and 60 degree is
considered, surface changes are almost negligible. Diffusivity of the droplet when gravity is not present with surface tension of
0.02 is less compared to 0.001 and 0.0072 values for surface tension while in the presence of gravity, the droplet with surface
tension of 0.001 diffusivity is more than two other cases. Results indicate that the method of fluid volume utilized in this study,
has 9 precent more accuracy compared to Boltzmann network method based on Shaun and Chen.

Keywords

Two-phase flow, fluid volume, Droplet diffusivity, Porous media, Droplet diffusion.
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Three-dimensional heat transfer simulation of a non-Newtonian droplet
considering the effects of surface evaporation

Aref Khorammi', Amin Emamian?, Amin Amiri Delouei*
1- Department of Mechanical Engineering, University of Tehran, Tehran, Iran
2,3- Department of Mechanical Engineering, University of Bojnord, Bojnord, Iran

Abstract

In this study, the problem of falling a non-isothermal non-Newtonian droplet has been investigated numerically. The
geometry of the problem is considered in three-dimensional form. The widely used power-law model (n=0.1) has been used to
investigate the non-Newtonian behavior of the droplet. COMSOL software has been selected for the numerical simulation of
motion and heat transfer of non-Newtonian droplets. The results of this research have been compared with previous similar
works and have been successfully validated. The simulations show that considering the surface evaporation compared to the
case without considering the surface evaporation can change the temperature of the droplet up to a significant amount of 10°C.
Factors affecting surface evaporation, including fluid velocity and droplet temperature, have been investigated in detail. The
results show that fluid velocity is the most important factor in changing the amount of surface evaporation of the droplet. By
doubling the drop’s velocity, its temperature drops by 8°C. Investigating the mechanism of movement and heat transfer of non-
Newtonian drops can have significant applications in various processes used in printing, dyeing, and especially pharmaceutical

industries.
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Numerical investigation of the blade angle in the middle and final stages of a
five-stage turbomolecular pump by considering the effect of returning mole-

cules from other stages using the TPMC method

Miralam Mahdi'*, Mojtaba Sadeghian’

1- Assoc. Prof., Mech. Eng., Shaid Rajaee Teacher Training University, Tehran, Iran
2- MSc., Mech. Eng., Shaid Rajaee Teacher Training University, Tehran, Iran

Abstract

In this research, after examining the theoretical and experimental work done in the field of turbomolecular
pumps, the simulation of the behavior of molecules in the free molecular flow between the stages of the turbomo-
lecular pump, considering the effect of returning molecules from other stages, will be done. This simulation was
done in the cylindrical coordinate system, using the test-particle Monte Carlo method and considering the real and
three-dimensional geometry of the blade. Then the present work is validated and compared with experimental re-
sults and previous works. In the following, to investigate the effect of the blade angle in the middle and final stages
of the turbomolecular pump, considering that three angles of 20, 15 and 10 degrees are mainly used in these stages,
four different combinations of the aforementioned angles are presented for a five-stage turbomolecular pump. The
four presented combinations have been evaluated based on the two parameters of maximum compression ratio
and maximum flow rate at different blade speeds. Finally, it can be seen that different angles should be used for
the middle and final stages of the turbomolecular pump, emphasizing the 15 degree angle compared to the 20 and
10 degree angles. It is also recommended to use an angle less than 10 degrees in order to achieve the maximum
compression ratio and maximum flow rate.

Keywords

Turbomolecular Pump, Numerical Simulation, Test-Particle Monte Carlo Method, Returning Molecule, Blade Angle.

M.mahdi@sru.ac.ir kel e g *



obdole oo g plel o (S04

Sldlls sy oS eyl L Sny Sy s 4 VAF
et o 9 Loy 55 ol 695 slos sloiialosl s
2 it oy 3-8se Ll 0, Shes o liablpas
S92y Livnay g5 (mal sl (28l slolis Lnjs, o
Lwg Yo Sgog e cees VOV Jlow ,o V] sl
3y Shos (595 y dclllas 5Ly (s o yme [¥]
5 5595 g (HsSUsa o5 Gl 50 Ve SUgags s oy
5 S sl 1y oe 5 b Ll s plsl [F] 50l
aSl) oy (oLl gl (585 ;a0 L oy aiiboois
S ST S sl sl 1y (g, (0] Jgid asa S
lolgloss 0,5 Sleimiay (H5Sge ST Loz ) 4535, s,
2958y sy S 3 1y (HsSge ST ol 2 [F] ) Sen
s 08 oy 0y B9t gLl (88 I s Ly
Y99, Jelod calisee S 5 iz o Shoe [V] Islglo
531 )8 (=l 90— 1) s, peiliwh 5y, 5 Heilinl —
w2 yo 5 Ptk e, sy S (e85 il Ak,
[A] Tolgls aslol )0 .57 st |y ooy (IS 23 ,50e
g ol slpiiy Ladios sy iyl et 6l 1) (5
oS b 1 aib VW Y Slse coay S ol obl
oS gl — gl SVolne Jo Lo [A] ol csles o
Syg—s =553 9 (L Gl w50 ) ey S 3 Sdee
acadllae L [V e T 1gauS g a1 VAVE L 0l 1,8 )
e 83 Skes gLl o IS8 (slog S slaais ]
a0 s slais Ly ol aglie 5 Y5 Sgeg o8
sz L JSb glog S slmass Ladcns ;iSlas S
ey A S o il S e slpans lao)
Dl oo e (slmaid | 2555 el e o Sy
s Cige Lo, 5l esliiwl L [NV (5 en 5 olomenuslS
i Ly oy o) S 5o (HsSge ST Gl (2
e Slaisie olfiws o Lgsl Slalllas asls p gamaw
50— o o B eaob Loy (i 52) (o b

aS 05 o 5l (S sanlowoas mols s pll ey

oy

ey o b g Sl Db p3 0 agly g30e (owp
doddo -

é_:LMo )o L;loo)';_wf )5_.‘4 a )rl._D- Lg)sL.s °).5)—"‘

g lleaslw o o i S, slea i o Jg 5l aa Lise
o=l 3 (52 sr9—me Y eSgogy08 ey D)0 0,5
JaS o m’oﬁsyl—*: > o fd..Jngl_.Qw
oy le da) ol jo colaiwls g0 slawey plow as
alsyg )’;QL.M,—I 3y Shae l)ls T yseins o S590,S
—=le) 5 A lld S556s,5 oy Ay s (505 (55,
) EESSORINIR AP S 5 T Sas adgl ey S Las

CiS WS s 2 a1 S5, c05eied Sloceey
e paelagzan el Ll b iz a8 s
Ol ot alss o Sogll assS e il jesay 5 el L
8reS (Sl Y9S9090)95 ey 5 Sl 00l eely (S
958 298y S 5l (559l sloosygld I (ors
ol e sl o, )5 Lagoledas ailo,n Ly a8
bl LBl L Y5 SUgass,of sldesy ol esdle
2ol lstiss § il 5,585 5 (5,8, amy 5L
Linny ol omtben 5| Joill 89 i g
A S Sl (698 (=0 (090wl 4o OlsSe
oalolinag Ul glyal Jolite 3l Sl oozl 8 39
= YsSsosnys slagey 0,5 o L3l Gl YL cms s
b 558 J5Sge (e JadllpSe 5 Joe Jol ol
590 poias 45 )90 (pl S (o0 )15 S ot
294l o8l jsSg, slmey Lo o)s 5y 5l ey 58
Pl Glwo p Crow a5 9,5 0 DD (ol Cgx

950 S50 o v tile adgl TeSUge Lo
Jw o el (S (He8g0 oy 9 VATY JLw o

3 Cryo pump
Y Diffiusion pump

¥*Dry primary pump



oY Vo la /bl g o 090 1V E-Y Lo

i =278 gm0l a ol ol sae pals L Ll
S o Shee NNV IS amy Lol Yoo ¥ Jlw 3 0 o0
5 F985e ol sy S Lol Y5 SUseg)98 ooy aiilo
90959y 5 9 e Km0 G () 588 M0 L
U""ﬁ) 4_}0] u.nl.’)hos 0y (GO— 4w g ‘rxﬁls JLMJ a)yL»_..u‘
sl 1y 95 silwaned Lapl oo S (s p 55050
Sl )_,.sb aS a8l o g asoly arwgl aadbais ey
sbalyy Lo ey oy oyl (sl yoslisl g 5959,
aS Jo v cculasg B ol Jolsd 9 5,5 slaoy
oS J—olgd 5 Szs8 slaagly L 5T slacss, ¢lm
an DYAL ol 5en g Silg Yo o8 Jlow jo il oo jmls
4595 e (9 y959) Emd) S s ol silwand
e Slasetie Lgsl ol T asilgasd o, 5 0, S
Los 2 j98 b an JoSJg0 055 5 Sloss alax ey >
Sl 1) asgaio,d e, [V A ol 5w 5 drengSi Yo oV Lo
G 0, o, S o oly] (JeSge ol > aalllas
25595 O o Ol 8 Sl L S, sl e

4_»)9_|5) 6L€boj.v u_nbua)|)_h:4dfo5u_o.v=\.._~uys

Hleolaz ddod modle (ilwaned ol jo 00 )8
pa—s 3 =1 o5 Jole lo—e) (b )S Gl o
o 5 oo,z bwsie gles LS iny le)S Jols
6o Shes sla o)y 1 (S5 Jsle S Gloedi)o o
g omdghmoyy Voo Jlow jo it on b (o) e
o,z Glwand gl 1) gamas olfa [y-] ol
s, 550 oyl by, 5l ooliinsl Ly Y5 SUgngs s ooy 5o
e Gl 4 S |y (5 e sl LT a5 ol

S8 ol = gl g 5559, 56 G0, S e 5 bate

Sl (owdige ;3 (59 g ple 4585

G Sl gl lace o pload )0 (235500 oo
slace 0 DS Gl 5 09— (a9 I iy
O sLajl8 il 50 ey (89 Lo g Yo (g0
(Y] e 5 ol sl og5 o w938 oo Joe
Ty S S cmpd g oS e (o sla g
B (HNge ooy o3 50 45 lad> e ST (Sgeg95
ey 0, Shoe VY] o500 § g2 aiols dxwgs |, 08 o
009y 90 2 L) ooyl o, o Ve Sgeg )9 cooy S
Gilwtend Ghsy 5 g0 (Flwlme WYL o Sl
9 52 W3 B (o p 3y 5 090 il
039020 (sl ) Y5 Sgag) 5 a2, Shoe [VF] Slo
Oy adslae goue Jo 5yl 5l sl sae ) (g
aslllass g0 5y l5 Cige meiine (g3l Sl onelny
dae ioldl L a s ols ol alsdlas ol assls 1,3
56 HSge ST 5l 2 4l an JaS 4ol 5l ol
Caled o adamlys 5 eS oy (g0, Shes sl 1 O
o= dm shlo a5 Vg Sgeg )8 ooy S (S 0, Shoe
$509,995—wl 0505 (mion 1) 09— ad> e YF Loy
JS—s 5 k850 Ly (HgSUge o3 L2 S 4y V0]
9 09tl g 559, Ol adold dLmoyy (um 4w 5 (35
aiboir coy S 0 Ay 9o, e (o imes
i) SlaBu olSiws (o |y 855 Slwls ol .osls
Sl 3l 285 eayol Ly o JScige by, 4
[Volgo g Kol Yoo ) Jlw jools plssl o, slso,lgss
el )3 1) gamas Vo Slseq 8 ey i S 3 Slee
5550 peis g 3l ealiil Ly ol (JsSge 5 435
1 5500 sl Ll ool 8 asllbas s )5
=¥ Jome ool LY i 55 0,8 Jue 28 L
S5y slag bl g a5 L s (Lt 8T A SUS 5

b gl gooe mali ass S eolawl e Lo g0

\ VSsS (Variab]c soft sphcrc)
Y Larsen-Burganke model
YJNTC (No Time Counter)

fGSS (generalized soft sphere)



oldslo (orizme g plel e G
G (9 9 (Sl -

90 351 Gl 50 JoSUge L) (o5lwand 51—

Sl o 1055 (ilmand ey 4t Sy JoSIge
o olid o 50 JeSge &S 00l ;S0 wlad il
Gl aiboiz Ve Sgeg )58 coy jo 1) JeSge L8,
& lwand lool jo ol ply wlo I, 8 a ellaed 90 g0, S
HPlwl g 5559, Jold oy 4l Sy JoSge jL8,

.OO)_?‘SA 4_‘,‘)‘
oy b S50 JeSdgo L8 (g5lwaned -Y-)

Cwloads solaz_wl 5_])15;,\.’9.40 4\_>9,o.> 0)5 L)'"S) )‘ — 4_0.».b
e cul Slwls pn s8I S 550050 (g,

A_.S‘SA oolaz__wl C_al...u c\.._ml.?u (_Sl)_u ‘ﬁbLa) (5)_.5449.04

i Cdge digad 05 (g, ~T-1-)

5 oshigre g bl 5 5090 (o5lmand g,

el 25 Sl p9e (Sl S Gl 3 ol S
Sl ;o ooliials se cesilysl 38 slasge S oo
o9y e VAPl po [vol ot 6, 550 o5l e
o=l 50 m am (Ho¥ge oz S sl 1) 95 g
Lo Jsge 5l (paie slosi oailed ( Jo—S5e o (o,
)ly ailblaz ©)9o dmy aiged JoSge 0 o 0 ilioe
Ol sloye L o slos 55 plod 5 00l oy oL
e ity Ly EansWl 51 oS oy U5 sl b
S5 o pS Sl 2 D aalyS A le 05 b LS
=97 basge slawi Comd )90 ay ;a0 90 4 il
gy il (] 4 (69955 sle Js¥se S A ol

oY

ey o b g Sl Db p3 0 agly g30e (owp

ol NI s 5 o Yo o Jlw ,5 000, 8 4y
5 e glmoy Loy 5, s, Sy jo |y (5 ol
1850,8 (jlmdnd o) S Cige dSgaio,d () 4 (55lg—al
Lodas (guamd—w dwais 3,8 i o Ly o5l wans ol
Silwads ol o el ] e alis - Laias 0 g
09j =\_>9‘) )—H—” 9 d_wdid ub_)‘ ‘Ul_‘)? J_..lm = 05)1_9
B e )9 ey 60 Sdoe Lo bl (595 0
leas [vY] o8 5 Sbule YO Jlow 0 o3 8
oo g 95 Cige paine (g, Lol 9595 00 99
Lo el ;b Lol oo S (g5lwads ' il @l 55 9,55
g0, Jobo a0, g0 pm alold o vl —wain
(VY] Gl 5 i 050,87 (2 oy 595 1y 0 42
i () 4 adbuiz ooy S 0 ) (Hsee Ol >
Slwloe >lg asllas ol 0 0505 ) o) SChge
dolio H0 oolaiwl 0,50 SLST A asols s Lyl os
NoShogs )55 ooy olb Sl YF] IS en 5 ola
Lo oo S asll ) &y wlode )0 0,52t O omndoline
=l oy 4S5 Bl 0 lg so i3S sla IS o B
am dgazme Ly Vo Sgag)of oo 0y Slae ;0 4l
09— DLl ;500 (18,5500 o 5 ey 5l il S
o S5 Y 9eSgog,08 ey S )3 (S b Ly
NYsSgag,55 ooy Sl o yo ST (HsSge (L2 50
wwliab sl oaSib gl ssse ;51 8 3 ko Ly
Slad o pwlo job dayo,m asgly 5l asllas ojgtaieay
08 by dm eddnboaia Vo Sgag ;58 oy (Ll 5 (Slee
Lo i8le 5 0 maugiaS jleslawl Ly g o S i asgad

o o alsl

\VIIS



OO Vo la /bl g o 090 1V E-Y Lo

b .
Blade tip Z W g W \
f,
4 B

Blade root

Region 1

I
i
h 2l Region 2
| L.

/ ]
7 227
g7 724

Rotor axis

[IV],Y 5505091558 uoy alinb Sy 00355 iy slod - S

Slowlos olose 5l ) o Haloxi @Y sleo ~Y-)-Y

Ol 5oy pe b J5Sdge 8595 5 s s (51—

Gl OYolae b JoSge o oz ¥olas ¢ Glowlxe
o ;o SYolre 0g-i o 00l (BW Slwlxe loe
$99,3 40 Oloaise [N 10 aS 0 slaslgwl olaise
Looyy aSial aaz gl cwl ool b il oo 5559,
a5azd S b 0 gamdw g e Sltio g0
O ygods alglwl Slaise olKws 4o Lyl s Yolas

Dvl oo, 5 o adl)l 5

rsina sin(0-(y, + o))+
Awict (L/2-z)cosa-w/2=0

Q)

rsina sin(@-(t//A +a)t))+

Basict (L/2-z)cosa-w/2=0

(v)

—_— 27 5
gbome 0 99 LB Heome Ay Vv =0 ol 2 48
50, SN o, glagly e s @ 0, il dsgljr
VLY VY- FERRLIEE V- SN W PR SU LI EPR L PR

.05_».‘;'.’0&‘\))‘)5)_5.@)_3‘).3 0y Cnlrs ¥ 9\

Slle (pwdige ;3 (55l g ple 408
e b gl g Glawlxo ylowe -Y-)-Y

Gl s ) St o asS e bl adlie oyl 4o
Pl 5 5959, Sl (Slwlre Glae 35300 oualiue
Ceolbrs Gai jla s b U o g Al i & yeoa
Gy o5 ol eyl oy sl i L o,y Sy
Ol slpjpe ) S 0 (2 )3 (o izren 30,5 o0
50 3 Ay Lpoy) ol sLsj e ot (Sl—uloxe
3y 297 9 69959 LB 9 (9l sl e (e

Sl va_ioals ul—kﬁh—’ l_ad.:.u

(&

Single blade row

Blade center line / (‘—’)
Cyclic B.C

Blade ) /

G0y S (AN Halmo 05 99 oy (Flemlre (oo —) G

(W] olowe b3 po(o) [VAD 554,

Gy b Sl sty sl VoS o
2 Sl oadosloylas jgiliwl g 5559, Jolts Yo SUgasy o5
3D o Sos Aty e ol adolih s o
9l2xe 05y 93 (i abold T Sy 5 w0,y ;9 b 5T,
g 9C w0y ol Al w0y Sl WS g 4t 3
md) G adoll g dligy Lo S5 e (A S S

Dbbge 0y Job ol p Loyl L 959,



obdole iz g plel e (s0ge

= \/Rf +R, (R - R}?)
(90 = §A +Rf (53 'QEA) )

ZO Rotor = O

ey R, 3 Ry (olaysloceladlis Ry ol )0 a8
Sl glangly & 5 &) g ey g gl gy gl
r=1, ;o 4o ole; =B Ao, adsle J > 5las
sy a JoSge 3955 sl wle Sy z=7
Dol yl Lo vgb oo Joe alde 3o,k 4y Huli
Jo—Sge aJgl e yus pimen sl z . =2L+g 45
by, 51 (JsSge ooy (o  Joizns dy Cod wm )

v, = pCosp

Vg, = PSing *)

v, =-InR,
Dl oo Cwsds Joge ey 15 51 T Jo a8
p=J4n&-9¢=2zRf

Ol Loy e L JoSg0 0595 1 losj daloe -Y-1-0

V)

Sllxe ploae los e Lo JoSg0 05550 Lo
S 5 Alsd 90 Ay i o0 i€ 5 i o0 Aaslne >

05_...46‘0

(59959 sl pe Ly oy5 5 1 oyl Jolds Jol aiws =)
ddzrgil aS o, S g Al )9S5, H5Te 25>

99_.»@ 4.‘_.»[7:.:: T e O He—ods g LrlJ?u Yol o

slojye g Laoy Ly oy05 » lsy Jolods pgs aiws =Y

e eng S bl 5 Gl Blib 3 0 gy s80e gy | OF

J,ﬂg.o CL o 9 o&a OYoleo -Y-V-F

Lo 0,8 S )90t JoSge 0 5 5050 () 50

rimne oo ;0 45 09 o 4T A A die L
ol JsSsn o5 s SYolire Ao s AiS o S >
Slaize olfiws )0 0,8 SO badlpiivs oS > Yol

[\V] Cn] 00 =\_|;|)‘ )_>) ) s J_u.vl.usa 44‘9.._..»‘

r(t)= \/(er2 +v6,02)t2 + 21, 141,

2 2
v, v )t + 7V,

"o

9@=%+mﬁ(
v

—tan"l: i }
Var

z(t) =Z, +Vzot

oV,

™

5 aJyl e slsaies (7,6y.20) ol o oS

ML’ [Cad J?‘g?" 4—")5‘ C"cl‘_“" le—b‘u']ﬁﬁ (v”o ,vg(l ’VZ(J )

6l iy yle) s o ¥ ol 51 g a8 5o L

v, (t) =1V, /r(t) f)

&9 2= o s JeNge (S0 aJgl Glatze ol
Sae o p SYolas H9-39, (69959 ;0 J3-Ngo SlgiSo

DIV] 00,5 oo a0y &ye—oas Bolas



oy Vo la /bl g o 090 1V E-Y Lo

Wi 5l o L oj95 1 0l slanl ojlo sl el 5o
28 g (ogSa gl (539 00d iy a5 jglate 4 g gl

sl S el o5l

e, =m0 (£, 4 Cs L Lo Lo

sp ? “axis® “shell > “tip > “inlet ? exit) (\ ’)

St 38,5 55,8 Us 5 53 Ll bt | s
u_..u.bc\.»A 0y— l_v Jj_ij}a 0)9_7).' QLQ) c)l_’ 614_..1‘

Ly, e[ti’th:| (\Y)

A OYolas d\Jl—mA)—A-’ gr’ﬁl*" 6L®))A 9)3L?LA 0y 6‘)_3
Obey (S il a8 (=l ol nled )3 g 0ud Lol
SosLoys 3 olaj slhafa) 050 aalys su b awl=e
oSl a s cl , S3a,pY .d._gj‘so Sy (0 )y
Gl Ly (ite O)90t (e ol sl I J5SUge

el oas o8 e

Ol e )0 JomSdgo )L (55—l -V-Y

Tr9 ey SLiib 4 095 50 J9Sge e bl o

Lo olib o 5o Joge )L8) (e 99— 0030

S s o8 et ) a8k slesSIse ;51 (8,5 ki
b aaly () cdalllan 090 adil 4

oy Glib 43 9959 50 Jodgo0 22598 —V-V-)

Sy Jloy a5 Lo Lo dssse (s3lwaned ol 5o

Lo 590 o Slinb (gl Lol wigd oo oy Jsl s,

Sb asalyt sour adb ojly Jdadb o295 ey L
tailbise 5 s am Ol ol oS

by 5 e (s sloadlye ol 1) al>

g gn 03l H1,BK lo 5 f;i nadib jlzers ) JoSse

gools LSai Kl SO atiged JoSge 1o glilan o

Sl (owdige ;3 (59 g ple 4585

Eleslons 3 35250 sla s, 5l eolitul Ly 45 ol
3 90 Lo by, 5l (S0 ol o lys c s goa<
e—Pgd gy wYolre 4 iy OS] Sy 4o solaiul
b oo (hpial)
g Loon b JoSdge 0,65 5 olsj ool adlie (0l o
sl G b i idS gla IS 4 cous (ol sl e
plaml (o—idugd (g )3 esliials ;g0 03l sl ol

lau! yad aseine 5l ey 45 e ol da (e wlonds

03 oy 25 )9_7:).@ o)’l_g 5o @L» ol [«:)Y ‘o)'l_g LSLér"" 9
odal Cwods b (A adolas) 09— Jo yle; dm Cumis
45) Jol wiws sl e Lo JoSge 8595 0 Gl 5hale
Aib S (Wloal Al o yo D ye—ody g laul o
Jsl s slooye amy il J5-S50 & j5—0 (5l 58 5o
dwlee ay by o SYolse oy )0 adged (gl 0 bl god

.da)_?‘sa 4_‘:1)\A oHl_gé)Pﬁ Ql—“)

|w/2+(z(t‘u)—L/2)cosa%:1

‘ r(ZY )sina
YA

_ 2 2 2 2

m, —(vr0 +v, ).(tana) -V,

my, =1V, (tana)’ -(Vz” seca).w/z M)

+v, (L/2-2))+0.5

m, =2 (tana)’ -

(w/2-(L/2—zO)cosoz)2 (seca)’

03l )0 gt weSae ali a S cul ke ol o aS

d.._..ul.’)ua)_a) d_la)b)‘jd_ul.“sa 00— d_b).u )_550)9.0

80,5 o

f, = - @)



obdole oo g plel o (S04

m a_ (mi-]a + mia-l(l _Z_ia-l ))T la

1

()

a__ a a
m,=1t,,.m,,

wilbe a=23,... 5 i=23,..,n O b, 545
g )15 o)les ;b YL laly) o ol ;S5 ay 03Y
s Sl slaxin 9 addlas 5 )50 adil o)l ,Sly
SVl S JLBSl o po S 5 s (o izren 0Bl o
4 9959 sLaeSdge olasi cpli el cwsmly 4
I A | s slasSpe S g i i
wlie jola CiF e )0 JSge L3, 0Bl o
ol alre gl by Cledyo ol aaleS e
28,5 oo adll 25,50
m,

— 1 —
Z112 - - 2 Z:21 -

m

(\ o)

n+l
aubuie jYesdgogyei Guy (b ol ¥

oy gl il el cadlie oyl o 4 Lowl )

Sl oo aide Yo Sgeg )5 ey 60 Shos Loa el
gl et Lo 4 (iin sla el )y 4]l s L
B (el 5 adanlyS 4Bl 0 S (oo S 0y
Sy o g9, a8 0 (elad adold o)y csls
Loty 4 jgibinsh 55, apdy e Alold g aigy Lyo sy
Sl el ;B0 L g )l (a8 ST 0y Al S
OO paFin 3l ey S i b oe a8 S LS 5o
59 Joto a0 90 4l agly amaz b Loy L)l

Oa_wsa Wb l_Qo).v

(%)

n+l

QH@M)_}SA_’O)_JLM}WW[BMW

sl 00 4 T 1510 ) L 5 e (] alie (yy) 4o

D )Pj))_bésh 0 y— L_,;CL'_»A aLlols U_wlol_au5_5|

e eng S bl 5 Gl Blib 3 0 gy s80e gy | OA

Sydisa o, Pl s aan ol o
K=[r,(9,z,vr,vg,vz,t]

QD)
T
P=[K.Ky.... Ky ]
JS slaws alpa s Ny Lo slael o5l Y ad> e
Solai 4y (M) soe S oSl o A Sgad Lo oSge
MDyL}MWMQs)B)QLQOfMFUW
Slows L 09— o ,1,S5 ja 8] 8 al> 0 ¥ al> 1o
ey LS 90 Slati dy (o295 Lo JsSUge
osile S5 L Jol wlals 6,0 YU Jo e clys 5o

Glib w50 Jo—go )18, (LS -V-Y-Y

Sl sLndsSge 1 38,5 8550 L

Lo olbib o e JeSge )13, g5l e sl
i Sl I a3l sl JySlge il (3,5 i
o S50 eany wlib aliei LSy L5 ol o3¥ lazl
aib g ay Lo sy o aSl sla s
LaJssge amie o Jol )55 5l my 98 (g3lowand o J 5
Lo pgo )5 50 oo cwony wlibs 5l zg, 5 0
9 5 8 4l 5l JeSge (o255 amis (8,5 k0
oty B ST la S a s a il 5l saS b JeSJge
L oS (g5l |y 1555 g0 a il g5 co sl 024l
(b)) Jsladieb 4 095 50 Js-Sge slasi Sl rdgs o

g on ool jo g ey slo olab o

JLi=23, 041

AY)
,a=1,2,...



04 Vo la /bl g o 090 1V E-Y Lo

A
Qmax = Wmax (b_;’)

V)
Nwh

sina

A, =7z(c+h)(D+c-h)-

il oo Slowlbre 4>l 655,5 mhw cole o] j3 45
ool ! Sk glals jo ey 5o, Co s 6l
SR JeSge ey o iz o] 50 45 05 b oo
Ivsl osbico yaglS cn p Los T g 58

U - w(D-h)

" 2J2RT

ool adllaa b VYW oy mwaid gl gl )b ) Jgum o

(YY)

ga =0V an i Lo LY olab ccw ol o cl
oo b azd§ Ly va>oVr aui L o olilb
i daib o gl wl —wain Olas _in uoxen

[A] Wb 1Y oy 50 0 (i Glasin -) Jgus

7 olidb olab sles
0y ewiid Slasin
W 5 kY
oY v 0y olass
VY A (mm) 55
Y. Y- a(°) o
Ve #1ay (mm) ay) gles
VYIVE ¥ (mm) Ss gl
VIO VO (mm) coalies
Y ¥ (mm) 0y eclns aluls
¥ v (mm) %9, b
) ! (mm) Ly 50 (e A
\ \ (mm) el j559, @o; (o alald

NSREWESVIPUEL § [ IYGOUDWE RN L S K ELA [N ) sl L W

ul_m) A_ALJQ VY L — 6‘)_: 0y .]a_wj...n &L:—&AJ 9O S
8 sl L ol 5 ¢ logad ml jo awloads ools
— S Lguod‘é 9 ([\V] ul)u 9 Lrl.n] 9 [A] ‘Q‘jl_w)
ol 00 d_m..:LM (6‘0)_)10 JoLm)u)B)_u_) )lf - .]ag_)]o

)_.0L‘> )lS Y CA.C)_M: s OHGA ool 4_§)5_IQJLQ.Q

Sl (owdige ;3 (59 g ple 4585

Cmwddy oy adaly SIN L o, olass « Wo oy cealbess

N z(D-h)
"~ S+w.esca A
bly, Seig aiy, ;o jolome o,m g0 alold ol colys o

..b.b)jso d_s>‘)| )_u)

_JZ'(D—Zh)_ w
= N sin M)
_z(D) w
5= N sina SRV
WW—\C

abbaizr ooy SO gl ol v oSl g o

5 —kol) (L3 Lo 5 5 [A] sl — o0 slomosls Lo
oy S ol sl e o daglie (VY] ol Se
S92 o giliwl 5 joSgy ao, VO Jolb a il VY
(ol ou (ool 0l 555, o1 ;3T 5 Jgl s, 4
A Jolxe JSly VEN) i g5 lid oy iman
od b a b Sl o 50t Giolesl 0y 55 5 Glolee
oo la )l @l ;e S50 sl s o]
203 w2 ST s ol Vg Sdgag 98 oy

4\_‘3‘)| A 2 (0 9W o.\_.i}..\:.‘v@ )l_».o.t ST >

E_S_I(Zu—wl
Pl SZ Z21
g,‘.c)_wW sul_$).> 609)5&%@54_&513 Q])Od._{

bgoye )V il godgn (20,50 cmpo ¥ dn o Sl

Dyl 35,5 oo

¥+

Dbl Gl

— by sle,m 5996999 i Colww o



obdole oo g plel o (S04

SV (Lol H15 b poloy 1 L s dumns Lo — Y Jga>

Y g 10 [A] gy glrosls

s Sl s el 5 L esls

S APYVY AR ys. AOYS

(b 5 (s LD 53 6y gy T aallhao -0

slocwy (bl g (Hle Blib oSl cole L

Vegd O Vedgl slesae o bany adibain Vo Sseg sl
Aol aw ol S Ll p3Y 05 d o ool wl a0
995 )8 on Sy ey 63, e sl il
Pln Sl pstae G 99,5 (At i ansly e
=5 5z o (S g (Sl SLab p3 0 4l
YeSgog,98 cey S sl s S amgly a5l a b
oy agly ;s a5 Lol o wloas a sl )l bz
w0y Sealies o le ] wdin sla gl )b 6,0
Loy Som o (8 99 B oy (old Lol
JB L g o)las jgbnl = a0, sy dlold g aig,
sbayuhl ol eSS 5 e o 50 el (gpis
V gz allae 5 oSy ol plos sl ot o)l
alis oyl aSST Jdo an iomed ol oo a8 5 la o
oy (—bb g (Sl lid o agly s ;5 6y, o
72 90 5 Jol Sl lply ol 55 0k Vg Ssag o8
Sl Az )3 Ve ansly slils g 009 p bt S 5 )l
Folab gl osi wodalin Y Jooo 045 jshiles
S A o (adibzy sy (bl 5 (Sleaib) 0 5 Y
15 i s el o solii ey S L
9 V0 4l VoS 5 Ve agly (e o S ) ) S5
O Calodls oolaiwl az 0 Ve agly ¥V S 5 o
Ves VOV gl a Sle ez S 5 6l ¥ Jgae 0
U cwl oo ool wl 0 g ¥V clad o csgasase
Lo 5l eoliial Ly aglio 50 Lilgs 5l (oS5 51 oolaisal 130

Cwd ol jo jLid oo gl aslllae 0 agly S

e eng S bl 5 Gl Blib )3 0 gy s00e gmyn | F

(=9l Lm0 L JoSge 9)95 0 ol O jo a8
Sla a5l Lo JsSe 5 Sl Sk s
Sloanys S Blad [ 1ais )00 adel 4 3959 )0 9 g 3
75 slaosls L (g ity ol (S sla )5 e Cod
A o=, glmosls amy ay oY Sy 5l ioren o)l
Sdgazme Jo a4 S a8 (o0 Je lpmoe Ladluns
slilas (e s co s ol B iulej] Lyl
J—doa plploasbioe IV ) i slace
Sl lacogame  Llul (gjlinns 5o 4 S
Slace ;s )3 Jlog—ed aig) CdS Gl oo 00 S92
bgye 35 )3 (SoSid g 009 (G090 53 0Vl ien
55 4 3 a5 e g S 5 el
S Jolso) /Y Cae s o 0ud >l ad b VY
s Y e Sln (aio 0,90 DAD: bawgio gl o

oS e sl 1, (YL S5

1.0E+06
| |~ Sawada simulation

g |/—Amoli Simulation
E10E+0S Peresent Simulation

& | » Sawada-Exp
) L

SI0EH04 |

E |

21 0E403 L
]

108402 |

um compr

[
3 LOE+01

Maxin

1OE+00
000 005 010 015 020 025 030 035 040 045
Blade speed ratio at mean radious (Ub)

B 53 a2 15 o 2510 Sl s Y JS

b 1Y oy j0 0 bwgio

sy Lol 5 sl S LS Y Jsan 4o

a S g bolen .l oa s 08,9l 5 glaools Ly +/Y
5l S AXF e a5l IS sldas 5 i o canl i
Cponl (s aglie (ol il oo O w 5 (LTS
slasSse ;b 5 Laoyy L JoSIge 3,95 5 o) DLl
gm0 Slagey ilwans o, clib 5l suSsl



£\ Vo la /bl g o 090 1V E-Y Lo

S 6ysbt Bl 2 o S 5 A ah S0y
Er =S P slam e W agli L Y s 5 7 S o
U EPUENURIPIST IS JONCEIPECK S
agly Lo ez e S 5 e VS ol oai)
3 omlpls oy 1y o STy cod o S a0 Ve
oliab o 8)m sbalyy ed)8 ase lat oo Y dmn
Sba Sy )0 (ogaty Ve Sgen e e (bl g (e
Shacd aaled oy (mles oS o ials el YU
05522 (el oS5 S Sl s Az e Ve angly (b
o ples 6l YeSgen 08 slac )3 (mlply ol
504z 0 V0 dngly 5l iy eolaiul (ST o 1 iSTas

®
S LE+06

5 ; —casel-20

& [| —case2-15

E LE+05 E case3-10

5 E| —case4-20,15,10

Z LE+04 ¢

& g

o N

% LE+03

5 é

g 1L.E+02

3] F

O r

£ 1LE+0l |

= " E

£ g

% 1.E+00 /. L I I I 1 I L
s L

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Blade speed ratio at mean radious (Ub)

F T ST RUNSOWRIIWE SVIPK 3 JURLOTOE JU - ) KE LA JUUE LI gig Lo

oy bwgio
100
e L
E [ | —casel-20
E | —+—case2-15
E case3-10
2 /
b=t | | —*+—case4-20,15,10 /
=]
=1
£ 10
i
g
g
=]
9]
£
£
X /
> 1 '
0.00 0.05 0.10 0.15 020 025 030

Blade speed ratio at mean radious (Ub)

.Y

Slle (pwdige ;3 (55l g ple 408

sy g s Liealeyl 0,90 5 g (B =001mbar ) &Ll

el 00l a8 F

YoV dolasy ,00ef. ¥ olidb swais olakin-Y Jgus

Yooy YouS 5 VoS 0y ewiid Slasin
vs Ya oY N

YY/- ¥ VOIFD VY b(mm)
V. 0 Y- ()

YoIvs WOE Ve (mm)

YVI5 VARY AYIVE (mm)

oSy 00 9frolib was olaxin-f Jgoo

Dl fail Yail oy owiid Slaseie
Y# ¥a oY N

YV f VO/F0 VAIY (mm)
y. 10 Y- 0

Y- /ve \Y/OF IRAR (mm)

73 VAIYY VWIVE (mm)

S 5 s ST s i i ¥ S 4o
)é;,&)_mm);yﬁg,_»s);l_)wm)éfjvg\/
Jg=2e 4S5 jebos Sl o ools i o, o wgie glad
)5_Ioul.o..ﬁ sl 00 p.a_..u).l gf“"")li'! u)s_.o Ao (§O9—E
Ol L STy cod S Tas 09— oo ot do 4 S
)Yg_ijyas.a)y Gy O )_,Yl_; S 4 c.ul...»_..m) le_(b)li:bb
Sl C).C)_w B )‘»)5_44)_4.’.: L ‘g.A_.»LQo)J CA.C)_M: u,«u_>‘).9‘
w‘)|3_$‘5¢0 Yl_> Sloal e )| QHSQWJLQOJJ
Sy 50,90 Gyl 5l o ST e molidl e S o8 S
iy Olod i all gl aslol jo ails s pletn oy
S iz Ve angly LY oS 5 5w ST e e 5V



obdole oo g plel o (S04

S S Ta 0l ey j0 CBol il 005 > 0
Uil 4S8l yo lg co oo adl )l oS 5 gl oS5
ooliiual Galisee sblg; 5 o jo a5 F S5 0 o ST s
Sl laad Lyl o as ¥ o) loacaS i an caus ol oo
Bl o g ail oo iy il ouls ool wl agly SO
Omizped )0 51,842,010 gy LY oS 5 5l ey o0
agly Sl eoliil Ly acslie ;o Lilgy oS5 51 oolan
Veoaush) S8 5 S blsy o515 Cumd (talS ]
3o ,a gools als YL sle ce s 0 (a0 Ve g
angly 5l el b ¥ oS 5 50 aS s 9bor Sl o8 ) (o
@QTW_YI)SQ,_@LA&_MJ oo oolai_wla =0V 4 V-
o2l mlpba a0 Ve g Ve agly 5l ookl olal
oy o calizes glolgs sl eoslaul ol plo ol a8ls
Lilb e Je s gliws o wibair Vo Slsen )y
SLls) oarllasl 151 55, Sunlys S8 YL 35b 5 YL S5
Sl (- Soe a5 0, YL Glace 1w )0 Sz55 9 555
=50y b lacasgase aile Yy 4 Lol
sl S303Y e o GialS 1y it Ll 5l eolawl ay
o Y oled S 5 s aiibmy sy (Rl L
a8.385,0,00 YEYY (0,0 Lawgio gl iz ) Slagls

FoVel ) Olasy 10 o1y Comnd S los -0 Jgua

Q. Yo/ ANE

0y i€y
YESIYO VEeY Ve VoS 5
BIFYER 1510 q YouS s
YFavye V08 5 YouS 5
FR1A5) VYYD A Y55

9¥ Y OlaS i o515 Comd yS T Ol kil w00 -7 Jguor

NSy ezmpeaSfacaw ¥

a/- Yo/ \o/e

3% CE
faY \OIY -\£10 VoS5
.14 -YEIY “YA YeoS s
YVIY -1VA -YSIY fouS 5

ey S bl 5 Gl Slib 0 0 gl s00e gy | FY

10000 ¢

[ | -=—casel-20

[ | —#—case2-15
case3-10

| | —&—case4-20,15,10

1000

100

Maximum Comperssion Ratio (P2/P1)max

030 035 040 045 050 055 0.60
Blade speed ratio at mean radious (Ub)

LA S| VST RLTSUWRPIWE SVIFK L JY IR R0 < L R E S| JUOY Y e S LW

IR

—=—casel-20

——case2-15
case3-10

—+—case4-20,15,10

100000 |

1 0000 ! 1 ! ! !
0.60 0.65 070 0.75 0.80 0.85 0.90
Blade speed ratio at mean radious (Ub)

Maximum Comperssion Ratio (P2/P1)max

7 03l 58 ey o> 2 o515 Sy T Ol i -V SO
<Al

S F S 5 A, ey o)l 45 bl

009 dg5 Jol ol oo oolawl Vo VO WY+ sLlg; 5l o]
Sy Sygme (6 dlllan 990 (il jo Ll oY
ez o515 Comd ST 0 Jgoz 5o Jds e 4
olad g ¥O e N0 ey an pasdlac s g0 S S
o Ol peti 0,0 F Jaaz 10 pimod .Sl 0o 00ls
odbod sl @z pe S A e T oYY GLS 5 (o ST
PV eSS P Gl age (s a5 eSS G ol
V2,0 o3lasl a saal Cwots o ST5 G V0 e
S s 53 9 039 & po oS S| S | e o0

S 5 oS e i a0 VO,Y ojlaslan - K0



7Y Vo la /bl g o 090 1V E-Y Lo

b 5l Gt 55k slaJsSge 51 855k 0 L O
4 0% 5 (A3 sl S 4 e ol 5 sl clib

S5 oy ui;_:aLYZ\‘

et adibbaiz Vg Sgeg )8 slacey (=lhb o (Y
5 = oladb o L crulpy ohb ol cole,
S5 00 Lo awlie ;o e iz sLalg; 5l oy (UL

g ool wl caygly S Lo dd

O 0 )Y 908,55 cay (UL g (Sl Slab o (Y

S GV 4z )0 V0 agly a0 Ve VO Y Lol
He=Sde lids jo ol 5l s eolaiwl g asls |y o515
dm a0 Ve dgly egmad 9 ired S9b e Aoy
Ol 5l S esliinl (28 g 0515 S g9l o

.ooj._fso Slgiien asgly
ke Cow ppd —F

LSO
mm . JsSso oS elad ailse

MM JoSge oo 5y ailye 2

Z

Wgai JsSge slass
oy Slass

Pa . z3

T v o=

Sne Sheey Sy
mm ©y Crolses

mm .y Job

Q & =

e

sl 4l 39,5 s crlos Ay

Hmol Jsshyo e iy pdaine Co
Sy L

JKmol 5 cos R

K s

Bolas slael allss

mm . jsoe glad

mm g gbed R,

Slle (pwdige ;3 (55l g ple 408

0y u.c).u.: w‘)ﬁ‘ l) @d qu) Qj.m‘;o odalin a5 )9J¢ULQ.Q

o [y Hl080 o im0 Ve agli b Y o les oS 5 sl

LV s @0 F oS5 Geizmen o)l laceS 5 plo
S ¥ o)l oS 5 oSSl ez il )0 ¥ S 5 4 s
b osalie J3 3w 0 a5 jsbiles 9350 1) (50 (20
Loy 5 oalil ol by sailbige by 525 0T o515 o
No¥se5,55 Glagaey SLb 5 Sl Sl 0 az )0 Ve alj

6.5
6.0 |
55
50 ¢
45 r
40 -
35

30 ¢
25 |
20
LS
10 +
0.5 |
0.0

—casel-20
—case2-15

case3-10
—case4-20,15,10

Qmax

00 01 02 03 04 05 06 07 08 09 1.0
Blade speed ratio at mean radious (Ub)

Elad 50 ey e a9 (20 S Tas Ol s - A SO

FUYOlsS 5 glpop wgino

R LEICEN

Hsse ol Gl 2y JoSge lmdy adlio (ol 5o

B e Lo Yo Sgeg g ey Sl o gload o
0,5 (hyy am Sk plow sl iS5l Lo JoSdse 285
Looy (odly amwain (38 5,100,005 Cigo aiged
slecw; b Ollbhsde puw Culonds gjlwacs
gl b asalsl o 00 8wl 4l oz Vg Sgeg 58
olib o YeSges)9 s 60, Shee bl o
clbloaz,oNe 910V Lly; sl (bl g (e
S oy eyl aiibgs j3 Lmoyy aly (588 ka0
Sl s gt am adlie ool Sl ol mals cnledye

90,5



obdole oo g plel o (S04

in the transition and slip flow regimes,” Bull. JSME, vol.
22, no. 165, pp. 362-369, 1979.

[10] S. Iida and O. Kimura, “On performance improve-
ment of axial-flow molecular pump,” Jpn. J. Appl. Phys.,
vol. 13, no. S1, p. 9, 1974.

[11] S. Katsimichas, A. J. H. Goddard, R. Lewington, and
C. R. E. De Oliveira, “General geometry calculations of
one-stage molecular flow transmission probabilities for
turbomolecular pumps,” J. Vac. Sci. Technol. A Vacuum,
Surfaces, Film., vol. 13, no. 6, pp. 2954-2961, 1995.

[12] T. N. Schneider, S. Katsimichas, C. R. E. De Oliveira,
and A. J. H. Goddard, “Empirical and numerical calcula-
tions in two dimensions for predicting the performance of a
single stage turbomolecular pump,” J. Vac. Sci. Technol. A
Vacuum, Surfaces, Film., vol. 16, no. 1, pp. 175-180, 1998.

[13] R.-Y. Jou, H.-P. Cheng, Y.-W. Chang, F.-Z. Chen, and
M. Iwane, “Designs, analyses, and tests of a spiral-grooved
turbobooster pump,” J. Vac. Sci. Technol. A Vacuum, Sur-
faces, Film., vol. 18, no. 3, pp. 1016-1024, 2000.

[14] J.-S. Heo and Y.-K. Hwang, “DSMC calculations of
blade rows of a turbomolecular pump in the molecular
and transition flow regions,” Vacuum, vol. 56, no. 2, pp.
133-142, 2000.

[15] P. A. Skovorodko, “The Topology of Molecular Flow
in Axial Compressor,” AVS 47th Int. Symp, 2000.

[16] Y.-W. Chang and R.-Y. Jou, “Direct simulation of
pumping characteristics in a fully 3D model of a sin-
gle-stage turbomolecular pump,” Appl. Surf. Sci., vol. 169,
pp. 772-776, 2001.

[17] A. Amoli, R. Ebrahimi, and S. M. Hosseinalipour,
“Some features of molecular flow in a rotor-stator row with
real topology,” Vacuum, vol. 72, no. 4, pp. 427438, 2004,
doi: 10.1016/j.vacuum.2003.10.002.

[18] S. Wang et al., “Numerical study of a single blade
row in turbomolecular pump,” Vacuum, vol. 83, no. 8, pp.
1106-1117, 2009.

[19] H. Shkohmand, S. M. Tagvi, and N. Pirzai Khaba-
zi, “Investigating the effect of thermal imbalance and ther-
mal adaptation coefficient on axial turbomolecular pump
performance,” [5th Iran International Conference on
Mechanical Engineering (ISME2007). pp. 1-8, 2007. (In
Persian)

[20] R. Versluis, R. Dorsman, L. Thielen, and M. E. Roos,

“Numerical investigation of turbomolecular pumps using
the direct simulation Monte Carlo method with moving
surfaces,” J. Vac. Sci. Technol. A Vacuum, Surfaces, Film.,
vol. 27, no. 3, pp. 543-547, 20009.

[21] M. Shams, H. Sheykhzadeh, and M. Taghavi, “Math-
ematical simulation of free molecular flow in a three-di-
mensional turbomolecular pump with nonparallel blades,”
J. Dispers. Sci. Technol., vol. 31, no. 3, pp. 299-306, 2010.

[22] M. Mastiani, A. Sohrabi Kashani, N. Pourmahmoud,
and N. E. Yousefian Abroudi, “investigation of turbomo-
lecular pump performance using direct Monte Carlo simu-
lation method,” 19¢th International Conference on Mechan-
ical Engineering of Iran (ISME2011). 2011.(In Persian)

ey o b g Sl Db p3 0 agly g30e (owp

F¥

Ly pdle
rad «JsSlge olSe Jy0 ailse 0
rad 0y cual dygl; o
1ad g o oS ;5 0 o) e gl W
radis o slugly cepm @
I:ge oo @i b aille P
Ve Cop mij5 @b adlze P
I‘ad‘,&,ada';d)oo)f_dﬂgl)‘ &

S Jlisl oo X

WP RS
Ayl Coxdge
RUSEREN CURTITSTR

Ok Cewdimb b 2gs Y
el 4 by CawsYl \Y

aibo)les I

)llSj‘o)Loufa a

&y

[11 A. Chambers, Modern vacuum physics. CRC Press,
2004.

[2] D. Hoffman, B. Singh, and J. H. Thomas 111, Handbook
of vacuum science and technology. Elsevier, 1997.

bl

[3] J. A. Becker, “Study of surfaces by using new tools,’
in Solid State Physics, vol. 7, Elsevier, 1958, pp. 379—424.

[4] C. H. Kruger, “The axial-flow compressor in the
free-molecule range.” Massachusetts Institute of Technol-
ogy, 1960.

[5] H. J. Finol, “Study of free molecule flow through a cas-
cade.” Massachusetts Institute of Technology, Department
of Mechanical Engineering, 1958.

[6] T. Sawada and K. Murakami, “The Axial Flow Molecu-
lar Pump (I),” Shinku, vol. 14, no. 2, pp. 3341, 1971.

[7]1 T. SAWADA, M. SUZUKI, and O. TANIGUCHI, “On
the Axial Flow Moleculaer Pump : 2nd Report, The Per-
formance of a Combination of Blade Rows,” Trans. Japan
Soc. Mech. Eng., vol. 36, no. 285, pp. 781-791, 1970, doi:
10.1299/kikai1938.36.781.

[8] T. SAWADA and O. TANIGUCHI, “On the Axial
Flow Molecular Pump : 3rd Report, Trial Manufacture
and the Performance Test,” Trans. Japan Soc. Mech. Eng.,
vol. 38, no. 310, pp. 1456-1461, 1972, doi: 10.1299/ki-
kai1938.38.1456.

[9] T. SAWADA, “Performance of a turbomolecular pump



0

\O)Lo.w/ut.w.vlae)terv o)sé/\\c'YJLw

Sl (owdige ;3 (59 g ple 4585

[23] N. Sengil and F. O. Edis, “Fast cell determination of
the DSMC molecules in multi-stage turbo molecular pump
design,” Comput. Fluids, vol. 45, no. 1, pp. 202-206, 2011.

[24] B. Han, Z. Huang, and Y. Le, “Design aspects of a
large scale turbomolecular pump with active magnetic
bearings,” Vacuum, vol. 142, pp. 96-105, 2017.

[25] N. Metropolis and S. Ulam, “The monte carlo method,”
J. Am. Stat. Assoc.,vol. 44, no. 247, pp. 335-341, 1949.

[26] A. Amoli, M. Hoseinalipour, and R. Ebrahimi, “Direct
simulation of free molecular flow in fully 3-d axial rotor,”
in 36th AIAA Thermophysics Conference, 2003, p. 3777,
doi: 10.2514/6.2003-3777.






Silo (uitago 39 (53U g ks ) pid £y S
b VFPY amial ) oLl olials 5 kg oy99/ VE-Y Lo :

* ’. &
k= DOI: 10.22034/stme.2023.390803.1030 (.

ek 2>

Q‘)-.’.‘ ‘u‘).e) ‘6|=\é):> 9 $$ oKisls (B (ew 03; UL:.)L’;...;‘ -\

PRV

L o,lg—blo Cmpmidg J )05 i O pShos y—t JSm> 59 p31 b5 (gl poldio (g5lowdios (g, 3 cadlio ol 5o
Olo—e a0 0yla—dlo sy (59 0l Gldas o 1 Sileo Ll y (s 50 .ol 00 o0 liii] ol WSe & o —Sloc
Cigo (Hlgie Lyl 55 gy 9 S ) (e Sl a2 5] il ou CLa (S (ol 0y Sos Hlore
Sl d el Jgl amtd yo Sapolid el ol oolisiaw] (oI pUS w16 9] Cmiddy g jm g8 351 (90,5 Bl gl o518
ou—d eolisiawl (garlgi HglisdS ,iSTuo los Gy dgusme (38,5 BLad Ly (i (ol - Shos lg—ie amy (ol pSe & =
oylgmdlo J ymiiS (gl ymy sosnloie by Ly ooz ol (PI-D)  diiiuo — o)y — oamaslis 00 J yiiS Sy 1 cymiind Comse!
94913 )95k yrmno G JUSe—w 4y Jgl dd po pitlid S 3l jomie 1 ey (g5 i i 5 JUSom il 00y o5 Ll
98 = (ol ilwand bl s 3l am (S el g mmr  asiliaie Aol jgtilo dm 09— o0 48LSI (gl gl Cas s
=9 Olg b (e 2l s 5y 0 Shos Hlmo sl o0l ity (2B (g5 lwdinty 9 poldio (63 lamwdint 95503,
Sl () Lo 4 (o 55 i I3 50 Ll (Gl o S il 00l (o 1 (3t 95539 39 11 4
0?9y O ySdos jlame 4 (o 50 8,18 (6 7eS Oyt g 039 ;T pglie ju gl Lo agarlge 53 (3] ) Shos jlomo coud pliid pgldo
polio (g jlmwaiongs 9 )=S0 9 3 ool Comuznr )l SIS G L .0 )10 5t 95 L a9 ) (g iy Ol i ¢t (g5l
il g8 (P 0 30 J S i Sl
Soals’ wlols

oalizdel ibo— JIpSKibl- wld (Lot S & 32 (pglin (5 lwdiety w198 0ylgale Cumsg J S

Improving the performance of satellite attitude control with a reaction wheel
actuator and considering sensor noise

Vahid Bohlouri!

1-Department of Electrical Engineering, Technical and Vocational University (TVU), Tehran, Iran

Abstract

In this paper, the robust optimization method has been used to reduce the effect of sensor noise on the performance of the
satellite attitude control system with a reaction wheel actuator. In this regard, the absolute pointing error on the satellite atti-
tude has been chosen as the main control performance criterion. The optimization algorithm based on the genetic algorithm
and the Monte Carlo method of successive iterations have been used to include the effect of noise and obtain the control coeffi-
cients. A modified proportional-integral-derivative (PI-D) controller with the observer method has been utilized to control the
spacecraft.A white Gaussian noise is added to angular velocity and angular feedback through a low-pass filter. To compare the
results fairly, the control coefficients for the same simulation conditions have been obtained for two approaches; robust opti-
mization and deterministic optimization. The performance criterion in terms of the noise power spectral density function has
been investigated for two optimization approaches. The comparative results show that the tuned control system by the robust
optimization method, its performance criterion is more robust in the face of noise and has less changes, while the performance
criterion of the deterministic optimization method has more changes in noisy condition.

Keywords

Satellite Attitude Control, Sensor Noise, Robust Optimization, Reaction Wheel, Modified PID.
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Entropy generation minimization of confined nanofluids laminar flow around a

block
Mehdi Boghrati'”

1-  Assistant Professor, Department of Mechanical Engineering, Bozorgmehr University of Qaenat, Iran.

Abstract

Entropy generation confined flow around a block is studied according to the importance of a solid object’s cooling and
heating process. In the current study, numerical simulation of laminar flow and heat transfer of nanofluids with nanoparticles of
different shapes is considered—the nanofluids are water mixtures with either A1203 nanospheres or carbon nanotubes (CNTs).
The incompressible Navier-Stokes and energy equations are solved numerically in a body-fitted coordinate system using a
control volume technique. The flow patterns and temperature fields for different values of the particle concentrations are
examined in detail. Furthermore, the effects of nanoparticle shape and concentration on heat transfer are studied. Furthermore,
the influences of nanofluids on pressure drop and pump power are examined. On the other hand, the entropy generation
minimization is considered as the optimization criterion. The results indicate that, in most cases, the nanofluids enhance the
heat transfer and pressure drop. Interestingly, nanoparticles’ shape is critical in determining the fundamental mechanism of
heat transport in nanofluids. Nanofluids with cylindrical nanoparticles exhibit a more significant heat transfer increase than
nanofluids with spherical shape nanoparticles.

Keywords

Cement industry, Waste heat recovery, Organic rankine cycle, Climate change, Thermal oil loop.
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Residual stress distribution in Inconel 625 superalloy samples obtained from the

selective laser melting (SLM) process using the finite element method
Aghababaei Amir'", Badrossamay Mohsen'

1- Faculty of Mechanical Engineering, Isfahan university of technology, Isfahan, Iran

Abstract

Additive manufacturing methods have become very popular in recent years due to their many capabilities, including the optimal use of
materials and their use in constructing complex structures. One of the most important methods in these processes is the selective laser melt-
ing (SLM) process. In previous research, measuring the residual stress distribution of Inconel 625 samples under the SLM process has not
been investigated. Therefore, in this research, the SLM process was carried out on the Inconel 625 sample using the finite element simulation
method, and then the residual stress distribution in the sample obtained from the process was investigated in three main directions. Also, the
formation of the molten pool, its dimensions, and temperature distribution were investigated. The results showed that tensile residual stresses
were formed in the center of the layer and compressive residual stresses were more present at the edges of the sample. Also, the maximum of
the residual stresses were formed in the axial direction and their minimum appeared in the layer thickness direction. The results related to
the effect of process parameters on the residual stress distribution showed that with increasing laser power, tensile and compressive residual
stresses increase in both axial and hoop directions, but decreasing the scanning speed does not give us accurate information about the increase
or decrease of these stresses. For validation, the results of the finite element method were compared with the results of other researchers. The
obtained difference was 13.97%. Therefore a good agreement existed between them.

Keywords
Additive manufacturing, Selective laser melting, Inconel 625, Residual stress, Finite element simulation.
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v Additive Manufacturing (AM)
v CAD

v Powder Bed Fusion (PBF)

¢ Selective Laser Melting (SLM)
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Investigating the sustainability of diesel, biodiesel and hydrogen fuels in diesel
engines with the approach of sustainable development analysis

Mohammad Reza Saberi', Amirmohammad Ghandehariun®*, Ehsan Naghashzadeh®
1- Quality Expert of Materials and Components, Iran Khodro Khorasan Company (IKKCO)
2- Department of Mechanical Engineering, Faculty of Engineering, Ferdowsi University of Mashhad
3- Quality Manager, Iran Khodro Khorasan Company (IKKCO)

Abstract

The limitation of global fossil fuel resources has had a significant impact in recent years. Iran wastes 570 million barrels of
oil out of the allocated 1463 million barrels for the residential, industrial, and transportation sectors. The cement industry, as
one of the high-energy consumers, accounts for approximately 14% of the country’s industrial energy consumption, with about
40% of this energy being lost during production processes. This study aims to recover the waste heat from the cement industry
using the Rankine cycle and simulate it using the Engineering Equation Solver (EES) software. Additionally, a thermal oil loop
has been employed to prevent corrosion of heat exchangers and control the organic fluid evaporation process. Ethanol has been
selected as the suitable working fluid, with a net power production capacity of 6213 kW, a thermal efficiency of 91.22%, and an
exergy efficiency of 18.24%, outperforming R123, R1233zd(E), R1234ze(Z), and R600a. Increasing the turbine’s inlet pressure
by 100 kPa increases thermal and exergy efficiencies by 2.7% and 2.67%, respectively, while decreasing the mass flow rate into
the evaporator by 5.6%. Increasing the condenser temperature by one degree results in approximately a 5.6% reduction in
thermal efficiency and a 5.5% reduction in exergy efficiency.

Keywords
Cement industry, Waste heat recovery, Organic rankine cycle, Climate change, Thermal oil loop.
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Creep analysis of visco-hyperelastic non-uniform rotating disks
Fatemeh Eshtavad!, Ali Hassani’**, Shahrzad Rahmani3
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versity of Technology, Babol, Iran

Abstract

This research investigates the creep phenomenon of a polymeric rotating disk using the generalized Maxwell’s visco-hyper-
elastic model. After extracting the Lagrangian partial differential equation of equilibrium governing the problem, the rotating
disk was analyzed by scripting in FlexPDE. The disk modelling in ANSYS with coding in the APDL environment showed that
the radial displacement and Von-Mises stress are in excellent agreement with the FlexPDE results. The advantages of FlexPDE
over ANSYS include one-dimensional analysis of axisymmetric plane stress instead of two-dimensional analysis, reduction of
computational cost, possibility of defining variable thickness (without additional coding) and need for fewer elements in the ra-
dial direction to achieve acceptable accuracy (necessity of using 20 elements in FlexPDE compared to 100 elements in ANSYS).
It was shown that with the passage of time and the increase in angular velocity, the radial displacement and Von- Mises stress
of the rotating disk due to the creep phenomenon increase. It was shown that by increasing the angular velocity and decreasing
the power in the thickness profile , the displacement and Von-Mises stress at a specific time increase, but the change in angular
velocity (as the applied load) and the change in parameter (as a geometric characteristic) do not have much effect on the relax-
ation time of the rotating disk.

Keywords

Creep, Generalized Maxwell model of visco-hyperelasticity, Non-uniform polymeric rotating disk, FlexPDE, ANSYS APDL.
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Investigation of Imperfection Effects in Dynamic Behavior of FG Strucure
Mohammad Meskini!, Mostafa Livani'*, Mohammad Hossein Habibi?

1- Assistant Professor, Department of Aerospace Engineering, Shahid Sattari Aeronautical University of Science and
Technology

2- MS student, Department of Graduate Studies, Shahid Sattari Aeronautical University of Science and Technology

Abstract

In this study, the effect of material imperfection on the free vibration response of perfect and imperfect FG plate is studied.
A new hyperbolic shear deformation function is presented in this paper. The new hyperbolic function is chosen in such a way
that the degree of the function is reduced as much as possible, despite the sufficient accuracy, so that the calculation speed is
greatly reduced. The properties of the FG plate varied along the thickness according to power law. The material composition in
production process cannot be completely in accordance with the expected pattern, which leads to the production of imperfect
FG material. The governing differential equations are derived using the Hamilton’s principle. The obtained equations were
solved using the Navier method with simple boundary conditions. The effects of important geometric and mechanical parame-
ters of perfect model and two types of imperfect model, including length to thickness ratio, length to width ratio, wave number
and power-law exponent on natural frequency response of imperfect FG plate are investigated. To verification, the analytical
results obtained in this study are compared with the results presented in the literature, and in this comparison, a good agree-
ment was obtained, which shows the correctness theory, deriving and solving equations.
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Free Vibration, Imperfect FGM, New hyperbolic theory, Hamilton’s Principal, Navier method.
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Thermal analysis and cooling system design for marine brushless DC motor

Esmailian, Mojtaba'", Boroumand, Farzad'

1- Faculty of Mechanics, Malek Ashtar University of Technology, Isfahan, Iran

Abstract

The purpose of this research is thermal analysis of a brushless permanent magnet motor with marine application. The
advantages of brushless permanent magnet motors are creating high torque and power in proportion to their weight and size.
But this issue leads to a large increase in engine temperature. Therefore, the design of the cooling system is essential for cooling
and reducing the temperature of this engine. The engine has been thermal analyzed first without cooling system and then with
different cooling systems. For the purpose of thermal analysis, the stator and the shell were first modeled and then simulated.
The engine has been thermally analyzed first without cooling system and then with different cooling systems. In order to check
the effect of the cooling system and choose an optimal and suitable cooling system for this engine, the maximum temperature
in different cooling systems with the number of 4, 8 and 12 holes, the diameter of the holes various 3, 4 and 5 mm diameters
and circular and oval cross-sections have been compared with each other and with the state without cooling system. The results
showed that the temperature of this engine reaches about 416 c without cooling system. Also, the cooling system with 8 circular

4 mm holes has been introduced as the most suitable cooling system for this engine.

Keywords

Brushless DC motor, Cooling system, Thermal analysis, Sea water.
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Numerical Study of the Effect of Sprinkler Structure during Water
Discharge in Dry Fire Fighting System
Saeed Vahidifar'", Mohammad Sadegh Farahi?

1- Department of Mechanical Engineering, Technical and Vocational University (TVU), Thran, Iran

2- Master’s student, Faculty of Mechanics and Energy, Khayyam University, Mashhad, Iran

Abstract

In the fire extinguishing system of large buildings in the winter season, preventing of the water from freezing inside the
sprinkler system is an important issue. For this purpose, the dry pipe sprinkler system is being used. In this method, instead of
water, there is air inside the system, and during a fire, a pressure drop is created when the sprinkler bulb bursts, and water is
injected into the pipes by using the firefighting pumping system, and it must reach the most remote sprinkler in the minimum
time. In this numerical study, by using of Ansys Fluent software, and changing the sprinkler structure and the water outlet
nozzle with different angles, the duration of water discharge is investigated. The results show that adding the convergence angle
of the nozzle of the sprinkler’s outlet has increased the velocity of the air flow at the outlet of the nozzle, which has reduced the

time for water to reach the the most remote sprinkler 0f the system is also reduced.

Keywords

Dry Pipe Sprinkler, Convergent-Divergent Nozzle, Convergence-Divergence Angle, Supersonic, Flow.
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Explaining the mechanical design of the middle space in the Bazar Markazi
of Mashhad in order to reduce energy consumption and increase the
thermal comfort of the audience.

Ehsan Kafash'*, Seyyed Mahdi Madahi’, Iman Mirshojaeeian®

1- Master’s degree, Architecture, Khayyam university, Mashhad, Iran
2- Grage assistant professor, Architecture, Khavaran university, Mashhad, Iran
3- Grage assistant professor, Architecture, Ferdous university, Mashhad, Iran

Abstract

In the fire extinguishing system of large buildings in the winter season, preventing of the water from freezing inside the
sprinkler system is an important issue. For this purpose, the dry pipe sprinkler system is being used. In this method, instead of
water, there is air inside the system, and during a fire, a pressure drop is created when the sprinkler bulb bursts, and water is
injected into the pipes by using the firefighting pumping system, and it must reach the most remote sprinkler in the minimum
time. In this numerical study, by using of Ansys Fluent software, and changing the sprinkler structure and the water outlet
nozzle with different angles, the duration of water discharge is investigated. The results show that adding the convergence angle
of the nozzle of the sprinkler’s outlet has increased the velocity of the air flow at the outlet of the nozzle, which has reduced the

time for water to reach the the most remote sprinkler 0f the system is also reduced.
Keywords

Dry pipe Sprinkler, Convergent-Divergent nozzle, Convergence-Divergence Angle, Supersonic flow.
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tu= U+( ou* AHu) °

tu= 24.25+(0.25* 9.8) =26.75°
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Tc=0.31tm+17.6° Tm=15°

tc=0.31*15+17.6=22.25°

[=22.25-2=20.25°
U=22.25+2=24.25°

i Cgby mie 590 U g Lde blio opoes
:ZA‘

alL=0.025(L-14) °g/kg
aL=0.025(20.25-14)=0.15 °g/kg
au=0.025(U-14) °g/kg

au=0.025(20.25-14)=0.25 °g/kg

Ll ogate cusb, 10 g ,Solw Jsos 5, )
UL

AHu=9.8 g/kg AHL=7.7 g/kg
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110 kl/kg

Psychrometric Chart 90%80% 70% 60% 50%  40% =
Mashhad. Intl AP KV _IRN 100 K9/kg ! bl b=
1 JAN 1:00 - 31 DEC 24:00 o
>
90 ki/kg 200 0.025 E
£
e ;
80 ki/kg b
70 ki/ka 0.02
0.015
12 glkg
Hu Hours
.01 94.00<=
84.60
7 aik 75.20
I T-79k3 AH L 65.80
56.40
0.005
- 1 ' 2 47.00
0 ki/ke { - = d A | 4gkg 37.60
-10 kifkqg 28.20
18.80
9.40
-20 =15 -10 45 50 S .60

Dry Bulb Temperature
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Provision: LRFD
D/C Limit=1.02
AlphaPr/Py=0.076

2nd Order:
AlphaPr/Pe=0.

ATSC360-05/TBC2006 STEEL SECTION CHECK

Analygis: Dir
General 2nd Order

e g 655 0 JhL 5o wiles (sl Sl ik e I N4

ecl Analysis

06 Tau b=1.

HSS Welding: ERW Reduce HSS Thickness? No

STRESS CHECK FORCES & MOMENTS (Combo 5-S-Ey-kz)

Reduclion:
EA factor=1.

SAP 1581 o5 5 Lacl oo,b 5 JSb

(Summary for Combo and Station)

Units =& Kgf, m, €

Frame CrB X Mid: 9.772 Combo: 5-5-ky-kz Design lype: Brace
Length: 2.727 Y Mid: -26.283 Shape: PIPE101Xé6 Frame Type: SMF

Loc 2T Z Mid: 3.12 Class: Seismic Prinepl Rot: 0. degrees

No Modificalion

KT factor=1l.

PhiB=0.9 PhiC=0.9 PhiTY=0.9 PhiTF=0.75

Phis=0.9 PhiS-RI=1. PhisT=0.9

A=0.002 I133=2.028E-06 r33=0.034 533=4.016E-05 Av3=8.977E-04
J=4.056LE-06 122=2.0281-06 r22=0.034 522=4.016L5-05 Av2=8.977L-04
[=2.039L+10 I'y=24000000. Ry=1.1 233=5.42211-05

RLLF=1. Fu=37000000. z22=5_.422E-05

Localion Pu Mu33 Mu2?2 Vu2 Vu3 Tu
2120 =F27 631 =-59.27 =0:387 53.443 0.58 -0.427
PMM DEMAND/CAPACITY RATIO {H1-1b)
D/C Ratio: 0.109 = 0,058 4+ 0.051 + 0.
= (1/2) (Pr/Pc) + (Mr33/Mc33} + (Mr22/Mc22)
AXTAL TFORCE & BIAXTAL MOMENT DESTGN (M1-1b)
Factor 7 K1l K2 Bl B2 Cm
Major Bending 1. 1. 1. i, . 1.
Minor Bending 1a T T i Es 0.466
Llth Klth Cb
LTB 1 3ic 2.628
Pu phi*Pnc phi*Pnt
Force Capacily Capacily
Axial ~3276.31 27867.389 38679.288%
Mu phi*Mn phi*Mn
Moment Capacity No TLTR
Major Moment =59 120 11711895 117113958
Minor Moment -0.397 1171.195
Tu Tn phi*Tn
Moment Capacity Capacity
Torsion -0.427 1224.844 1102.36
SHEAR CHECK
phi*Vn Stress Status
Force Capacity Ratio Check
Major Shear 53.443 11603.787 0.005 OK
Minor Shear 0.58 11603.787 1.999E-05 OK
BRACE MAXIMUM AXIAL LOADS
i P
Comp Tens
Axial -3276.31 0.
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Numerical and Analytical Study of the Effect of Different Architectural
Geometries on the Stack Effect and Energy Consumption in Tall Buildings

Saeed Vahidifar'", Sajad Kalidari?

1- Department of Mechanical Engineering, Technical and Vocational University (TVU), Tehran, Iran

2- Master’s student, Faculty of Mechanics and Energy, Sadjad University, Mashhad, Iran

Abstract

Due to the importance of natural phenomena in human life, investigation and study of these phenomena has
always been of interest. The aim of this study is to investigate the stack effect that occurs in all buildings, although
it is more noticeable in high-rise buildings. Due to the importance of this phenomenon in the energy consumption
of high-rise buildings, in this research, these types of buildings have been studied. Due to the importance of the
influence of the cross-section of buildings on the occurrence and behavior of this phenomenon, therefore, elliptical,
triangular and rectangular cross-sections with the same surface have been examined and by comparing the results,
different cross-sections have been evaluated and compared. The simulation of this phenomenon has been done in
Fluent software and the analytical results have been compared, which shows a good match. The results show that
the elliptical cross-section, according to its geometry and aerodynamic conditions, has the best performance in

terms of the amount of additional pressure required to create positive pressure and energy consumption.

Keywords

Stack effect, Aerodynamic of building, Optimization of energy, Cross section of building.
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Abstract

The limitation of global fossil fuel resources has had a significant impact in recent years. Iran wastes 570 million
barrels of oil out of the allocated 1463 million barrels for the residential, industrial, and transportation sectors. The
cement industry, as one of the high-energy consumers, accounts for approximately 14% of the country’s industrial
energy consumption, with about 40% of this energy being lost during production processes. This study aims to
recover the waste heat from the cement industry using the Rankine cycle and simulate it using the Engineering
Equation Solver (EES) software. Additionally, a thermal oil loop has been employed to prevent corrosion of heat
exchangers and control the organic fluid evaporation process. Ethanol has been selected as the suitable working
fluid, with a net power production capacity of 6213 kW, a thermal efficiency of 91.22%, and an exergy efficiency
of 18.24%, outperforming R123, R1233zd(E), R1234ze(Z), and R600a. Increasing the turbine’s inlet pressure by
100 kPa increases thermal and exergy efficiencies by 2.7% and 2.67%, respectively, while decreasing the mass flow
rate into the evaporator by 5.6%. Increasing the condenser temperature by one degree results in approximately a
5.6% reduction in thermal efficiency and a 5.5% reduction in exergy efficiency.

Keywords

cement industry, waste heat recovery, organic rankine cycle, climate change, thermal oil loop.

1- Introduction

In recent years, the countries of the world have faced to serious challenges for energy supplies like Popu-
lation growth, interest in urbanization and technology development [1]. Iran, as one of the richest countries in
the world in terms of non-renewable energy reserves such as oil and gas, is facing the risk of not being able to
meet the demand of this need due to the inefficient use of energy in the residential, industrial and transportation
sectors, and according to the report of Iran’s National Drought Monitoring Center; The average air temperature
in Iran has increased by 1.68 °C in the last 30 years, and this may cause damages such as drought, acidic rains,
and Oceanes level rise [2, 3]. As one of the most energy-consuming applicants, the cement industry accounts
for about 7% of the world’s carbon dioxide emissions, and for every one kilogram of cement, 0.82 kilograms
of carbon dioxide is produced. The amount of heat released from this industry to the environment may reach
40% of the energy consumed in the production process, and this energy consumption usually includes 30-40%
of the cost’s production [4, 5]. Cement production in Iran accounts for 15% of total energy consumption and
18% of total natural gas consumption [6].

In the current research, to prevent wasted energy and achieve clean energy in the cement industry, the
organic Rankine cycle technology or ORC for short, has been evaluated; which will be fully explained in the
following sections.

* Seyed Amir Hossien Akbari_sahakbari@yahoo.com
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2- Recovery of wasted heat from the cement industry by ORC
2-1- Waste heat recovery

The heat produced from industries is a part of the energy costs for industrial processes, which is removed
from the environment through conduction heat transfer, convection and radiation. These energy wastes can be
categorized into three high temperature ranges (more than 400 °C), medium temperature (temperature range of
200 °C or 400 °C) and low temperature (less than 200 °C) [7]. Table 1 shows the temperature of wasted gases
of some energy-intensive industries, and based on this table, the cement industry is in the range of temperatures
[8, 9]. The three technologies defined for generating electricity by recovering waste heat are: steam Rankine
cycle, Kalina cycle and organic Rankine cycle, which can meet part of this requirement. The performance of
the steam Rankine cycle is in the range of high temperatures, and in the range of medium and low tempera-
tures, Kalina and organic Rankine cycles can provide 20-40% better than the steam Rankine cycle. The Kalina
cycle has a complex structure, investment and high costs of maintenance due to the use of water and ammonia
mixed fluid [4, 10]. The organic Rankine cycle is more flexible in operation and maintenance, which makes it
more commercially available than the Kalina cycle [9, 11].

2-2- Organic Rankine cycle and choosing working fluid

The organic Rankine cycle, as an outstanding technology for power generation at low temperature range,
has attracted the attention of researchers [8]. This cycle, like the steam type, goes through four processes of
condensation, heat absorption, expansion and heat rejection [13]. In addition to the efficiency at range of low
temperatures, another feature that distinguishes this cycle from the steam Rankine cycle is the selection of its
operating fluid [4]. Things like: availability, stability at high temperatures, cheap, non-poisonous, Eco-friend-
ly, non-flammable can justify a suitable working fluid for ORC. But there is no pure working fluids, that can
provide good thermal efficiency in addition to environmental issues.

However, in 2017, Javanshir et al. investigated the selection of the appropriate working fluid for the com-
bined organic Brayton-Rankine cycle. In their research, they evaluated 23 working fluids by considering envi-
ronmental characteristics such as ODP and GWP as well as safety issues such as flammability and poisonous.
The results of this research show that isobutane (R-600a), ethanol and R11 have the best performance in terms
of thermal efficiency [14]. In 2019, Moreira et al. recovered waste heat from a cement factory in the state of
Minas Gerais, Brazil, using an ORC. They announced the daily production capacity of clinker in this factory,
3000 to 6300 tons, and the results obtained from this research state that by launching the organic Rankine cy-
cle: 1- The estimated production power for this factory has been reported as 80 megawatts. 2- In this factory,
the emission of 221069 kg of carbon dioxide per year is prevented. 3- In terms of production capacity, thermal
efficiency, and exergy efficiency, R141b, R11, and R123 exhibit the best performance [9]. In 2021, Ahmed
Suleiman and colleagues addressed the recovery of waste heat from a cement factory in Egypt using the ORC.
They analyzed the energy and exergy of a SRC and a combined SORC for waste heat recovery. The results of
this study indicate that, as a working fluid, pentane has the potential to produce 4483 kW per hour, but due to
its availability and cost-effectiveness, cyclopentane is proposed as the working fluid [4].

3- Modeling and Validation

This research was carried out as a continuation and extension of the work by Moriera et al. and Figure 5
shows the configuration used in Moriera’s paper. The validation is done in such a way that all the assumptions
and data used in the research by Moriera et al. have been employed in the current study. The results of this
comparison indicate that the maximum difference between the results of Moriera et al. research and the present
study is about 2.1%, which implies that the current research is credible.

An innovation in this study was the use of a thermal oil loop with the Therminol 66 working fluid to pre-
vent direct evaporation, and Figure 1 represents the second configuration developed from the initial configura-
tion. To evaluate this configuration, the first law of thermodynamics (for energy measurements in processes),
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the second law of thermodynamics (for calculating energy quality in processes), and exergy relationships (for
calculating lost work) were utilized. Furthermore, the simulation performed in this study was conducted using
the Engineering Equation Solver (EES) software, and Table 9 shares the working fluids available in the soft-
ware’s library, which have been suggested by researchers.

‘ | PP 01 W}*

e Wasted gas flow path e Organic fluid flow path o Water flow path

Thermal Qil path s High Temip. air flow path —, Flowpath

.Figure 1: Analyzed configuration

4- Results and Discussion

Figure 2 illustrates the performance of selected fluids in terms of thermal efficiency and exergy efficiency.
According to this figure, ethanol with a thermal efficiency of 91.22% and an exergy efficiency of 18.24% ex-
hibits the best performance compared to other fluids. Therefore, due to the significant performance of ethanol
compared to other fluids in this study, it has been considered as the selected fluid.
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Figure 2: Thermal and exergy efficiencies of selected fluids

Figure 10 shows the exergy destruction for the components employed by ethanol. The Economiser, steam
turbine, and condenser are respectively followed by the highest exergy destruction. Based on this, these three
devices have received more attention.

The condenser, as one of the main components of the ORC, has a significant impact on exergy efficiency,
thermal efficiency, and net power output. With the input heat to the ORC being constant, Figure 11 illustrates
the effect of changes in the condenser temperature on thermal efficiency and exergy efficiency. According to
this figure, with an increase of each degree in condenser temperature, the thermal efficiency and exergy effi-
ciency decrease by approximately 5.6% and 5.5%, respectively.

Ya Thermal Efficiency

Y¥ Exergy Efficiency
| # T. \\\\
Efficiency —
%) vy
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¥EOTE YA ¥ FY FF ¥p
Temp.(°C)

Figure 11: Effect of condenser temperature on thermal and exergy efficiency

5- Conclusion

This study has been carried out to recover lost heat from the cement industry through the organic Rankine
cycle. In order to control the evaporation process and prevent corrosion of heat exchangers, a thermal oil loop
with Therminol 66 as the heat transfer fluid has been used for heat exchange between the outlet gases from the
preheater and the ORC. Among fluids such as Ethanol, R123, R1233ze(E), R1234ze(Z), and R600a, ethanol
with a net power output of 6213 kW, a thermal efficiency of 91.22%, and an exergy efficiency of 18.24% has
the best performance compared to other proposed fluids.
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Abstract

In this article, diffusion of a droplet in a porous media using a two-phase fluid volume is studied. Considering the impor-
tance of two-phase flow in achieving an accurate solution, this method is used in this study. The most important aspect of mod-
eling two-phase flow in a porous media is conformity with empirical results. In this study the main focus is to provide a model
based on simulations done with fluid volume method. The impact of parameters such as surface tension, viscosity, contact angle,
diffusivity and expansion surface of a droplet in a porous media are studied. When the contact angle of 20 and 60 degree is
considered, surface changes are almost negligible. Diffusivity of the droplet when gravity is not present with surface tension of
0.02 is less compared to 0.001 and 0.0072 values for surface tension while in the presence of gravity, the droplet with surface
tension of 0.001 diffusivity is more than two other cases. Results indicate that the method of fluid volume utilized in this study,

has 9 precent more accuracy compared to Boltzmann network method based on Shaun and Chen.
Keywords

Two-phase flow, fluid volume, Droplet diffusivity, Porous media, Droplet diffusion.

1- introduction

the complicated nature of two-phase or multi-phase flow is due to common surfaces, formability and
complex fields of fluid flow. It shall be noted that single phase flows are divided into laminar, transient and
turbulent flows whereas two-phase flows based on common surfaces are divided into multiple main categorize
where each of one of them are called regime or pattern of the flow. The dynamic of the two-phase flow is very
complicated because not only includes single phase flow considerations but also common surfaces, momentum
of phase, heat & mass transfer and in-phase reactions shall be taken into account.[1] the capability of a multi-
phase lattice Boltzmann method) LBM

Increasing the mass flow rate of gas phase, the bubbles join together. In a sluggish flow, the diameter of
vapor or gas almost equals the diameter of the pipe.[2] .

A vortex flow of the fluid is formed on the pipe wall and at the core gas is present. High amplitude waves
are formed on the surface of the fluid film and with breaking of this waves, considerable amount of fluid drop-
let enters the gas or vapor core. The difference of this flow with narrow vortex flow is that this flow consists
of separate droplets and does not move in bulk.[3]

2-Fundamentals
2-1-Numerical modelling

In this paper, an incompressible two-phase flow of air and water is modeled. A major difficulty of model-

* Abdollahi Seyyed Amirreza, s.amirreza.abdollahi1401@ms.tabrizu.ac.ir
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ing two-phase flow is the common surface of multiple present phases. These surfaces cause instability in the
boundaries. Applying the boundary conditions are hard Due to these instabilities.

In the present work, the common surface of two phase is modeled using fluid volume method. This method
is simpler compared to other available methods. A two-dimension droplet in a porous media using fluid volume
method has been modeled in ANSYS fluent 2017, gambit and some coding in MATLAB 2017 is needed in
order to model the case at hand properly.

Continuity equation is as shown in eq. (1).[12] the gas-liquid-solid flow in a fluidized bed is simulated by
a combined method of the computational fluid dynamics) CFD
op
5 +Vrv=0 )

J & represent density and velocity vector respectively. Assuming incompressibility of phases density can be emit-
ted from eq. (1). Equation of multiple-phase, viscose, incompressible & transient flows for both water and air based on

navier-stokes equations will be as eq. (2):[12]

0
E(pv) -I-V(,OVV) =-Vp+Vu\Vv (2)

+V'v)+pg+F,

In above equation , FS indicates deformation rate tensor, in operative form. which is a source term, results from
surface tension at the common surface of two phase. Using divergence theorem, this quantity can be specified as a vol-
ume force through equation (3).[12], [13]

F =ckVa )
,» 18 surface tension on common surface perpendicular to the surface. K is curvature of the common surface defined
as follow:
Vo
k = V.(——
~al )

Continuity of volume fraction in fluid volume model is as:[12]
oa

E+V.(va)=0 (5)

The properties of two-phase flow like density and viscosity is calculated by equation (6).[12]

B(x,t)=pa+(1-a)p; (6)

is a scaler between 0 & 1. If the fluid cell contains only fluid, it is equal to 1 and if contains gas entirely equals 0.
Cells with two-phase has a & between 0 and 1.
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2-2-Boundary Conditions and physical setup

Figure 1: The topic of networking.

No- slip Boundary condition

A 4

o o &
O 0000
OO0ooOoono

Periodic Boundary condition

*
Figure 2: Droplet geometry entering the

|

porous medium.

b

-~
Y

Figure 3: Droplet geometry entering the
porous medium.

2-3-Laplace experiment

In order to evaluate surface tension more accurately, Laplace experiment is conducted. Laplace law states
that the pressure difference between inside and outside of the droplet has an inverse relation with droplet di-
ameter. The slope of this line follows the equation (9).[17]

20
Ap:pin_poutZT (7)
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Figure 4: The topic of networking.

Table 2: Laplace Experiment results

Nodes R Pn .
0.015 5.45 0.081
3876 0.02 3.80 0.076
0.03 2.60 0.078
0.015 5.21 0.078
7171 0.02 3.77 0.075
0.03 2.50 0.075
0.015 5.13 0.076
12221 0.02 3.92 0.078
0.03 2.62 0.078

In order to check the mesh independency of the solution, the pressure difference for 0.015 and 0.03 diam-
eters are plotted in figures 5 & 6.

b mesh size 1221
——&@—— mesh size 7171
mesh size 3876

Pressure(Pa)
L] =
LR T
S—— — -

X(m)

Figure 5: mesh independency for 0.015 diameter
droplet
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.Figure 6: mesh independency for 0.03 diameter droplet

The Contours for gas phase with contact angle of 50 and 90 degree are shown in figure 7.

__ ]~

d=50° d=90°

Figure 7- Water drop phase contour with contact angle

3-Results and discussion

3-1-Diffusivity of water droplet in porous media

In the present work, at first a 0.015 meter diameter droplet and initial velocity of 1 meter per second in a
100 in 125 square meter network with contact angle of 40 degree is in contact with the porous media.

In upper and lower walls, no slip condition and in side wall symmetry is applied. Then, the effect of sur-
face tension, viscosity, initial velocity and angle of contact on droplet expansion in time, Reynolds number in
presence and absence of gravity is studied.

In order to evaluate the change in Reynolds number a droplet with diameter of 0.015 meter and velocity
of 1 meter per second is considered. As Reynolds number indicated the relation of inertia and viscose forces,
thus, increase in Reynolds number results in more viscosity and more change in shape of the droplet. In order
to analyze the effect of Webber number on surface tension, a droplet with 0.015 meter diameter and velocity
of 1 meter per second is considered.

We — psz
o

Phase contours for water droplet in dimensionless time of 0.03, 0.13, 0.26, 0.4, 0.53, 0.66, 0.8, 0.93,
1.06, 1.2, 1.33, 1.46, 1.6 and 1.66 with surface tension of 0.072 Newton per meter and initial velocity of
1 meter per second with and angular contact of 60 degree is plotted. It shall be stated that in fluid volume
method, in ANSY'S fluent, there will be 40366 nodes. In the plotted contours red color indicated air and blue
color shows the water phase.

In some plots, due to Capillary effect, water droplet diffusion in porous media is apparent.

(®)
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Table 3. Fluid Volume method comparison with other available works [9], [16]

Error compar- Amount of
ing to empiri- Method accuracy im-
cal work provement
Curent | 0/01666 | Fluid Volume +9%
Shawn and
Chenn,
[9] 0/01835 Boltzmann -

network
method

e)0.53

a)0.03 b)0.13

¢)0.26

-
=
3

)
s
L

7L

)1.06 j)1.2

Th
>
.

k)1.33

Figure 8- showing the penetration contour of the water droplet phase in dimensionless times without the presence of

1)1.46 m)1.6 n)1.66

gravity
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Figure 9- showing the penetration contour of the water droplet phase in dimensionless times and with the
presence of gravity
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Abstract

In this study, the problem of falling a non-isothermal non-Newtonian droplet has been investigated numerically.
The geometry of the problem is considered in three-dimensional form. The widely used power-law model (n=0.1)
has been used to investigate the non-Newtonian behavior of the droplet. COMSOL software has been selected
for the numerical simulation of motion and heat transfer of non-Newtonian droplets. The results of this research
have been compared with previous similar works and have been successfully validated. The simulations show
that considering the surface evaporation compared to the case without considering the surface evaporation can
change the temperature of the droplet up to a significant amount of 10°C. Factors affecting surface evaporation,
including fluid velocity and droplet temperature, have been investigated in detail. The results show that fluid
velocity is the most important factor in changing the amount of surface evaporation of the droplet. By doubling the
drop’s velocity, its temperature drops by 8°C. Investigating the mechanism of movement and heat transfer of non-
Newtonian drops can have significant applications in various processes used in printing, dyeing, and especially
pharmaceutical industries.

Keywords

Droplet falling, Surface evaporation, Non-Newtonian power-law model, Heat transfer, COMSOL.

1- Introduction

In the present simulation, the problem of the non-Newtonian, non-isothermal droplet falling is numerically
investigated. The geometry of the problem is considered in three dimensions, and a widely used power-law
model is employed to study the non-Newtonian behavior of the droplet. The commercial software COMSOL
is utilized for numerical simulation. The results obtained from this simulation indicate that surface evaporation
has a significant impact on the temperature of the non-Newtonian droplet, leading to a more pronounced tem-
perature decrease compared to the case without considering surface evaporation. Additionally, other factors
such as the initial temperature of the droplet and its velocity under different conditions are taken into account in
this problem, and the results demonstrate that the velocity plays a crucial role in determining the rate of surface
evaporation. Investigating the mechanism of motion and heat transfer in non-Newtonian droplets have signifi-
cant applications in various processes, particularly in industries such as printing, coating, and pharmaceuticals.

The problem of multiphase fluid flow, both Newtonian and non-Newtonian, is observed in a wide range
of engineering and natural applications, from printers to the human body [1, 2]. Simulating the motion of
multiphase fluids can become more complex due to heat transfer between phases and the cooling phenome-
non, which is somewhat involved in the problem. The potential for heat transfer between two fluids is mainly
attributed to the temperature gradient between the phases (such as air and a falling droplet) [3-5]. The forma-
tion of droplets at the end of nozzles, their motion, and the rate of evaporation in another fluid (like air) have
attracted considerable interest among researchers.

* Amin Amiri Delouei, a.a.delouei@gmail.com
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Specifically, the study of non-Newtonian fluid motion in other fluids is considered an up-to-date and im-
portant research topic, with significant applications in pharmaceuticals and biomechanics. In the present study,
a three-dimensional simulation of a non-Newtonian droplet falling in the air has been investigated by using the
COMSOL software.The power-law model has been used to simulate the behavior of the non-Newtonian fluid.
parameters such as temperature variations of the non-Newtonian droplet and the droplet’s falling velocity have
been evaluated.

2- Problem geometry

Fig. 1 shows the schematic geometry used in this simulation. The problem under investigation consists of
two immiscible fluid phases that have heat exchange with each other. The strength of the present work lies in
considering surface evaporation, which has been neglected in most previous simulations.

0.85m

Inlet Il ra T Outlet
—_— ‘\) ——
e g -
7 Droplet 0.18m | 7 018 m

Fig. 1. Geometry and schematic of the problem.
3- Governing equation

Here, important relationships and governing equations for the present simulation have been presented. In
the current study, the motion of a droplet as a discrete phase in a continuous phase has been investigated, and
the flow under consideration is assumed to be turbulent, incompressible, and axisymmetric, formed by two
immiscible fluids. Changes in physical properties such as density and surface tension have been disregarded.
The equations related to incompressible flows have been used for this simulation.
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In these equations p, u, and P represent density, velocity, and xvpressure, respectively. Additionally, £
indicates the volumetric force, k represents the turbulent kinetic energy, and U, denotes the reference ve-
locity, which has a value of U . Moreover, [, indicates the intensity of turbulence. Furthermore, 1, and u
are the turbulent viscosity and dynamic viscosity, respectively. ¢ is the dissipation rate of kinetic energy, and

the six constants C,,,C,,,0,,0,,0, and C,are based on the k-0 models [6].



Vol 2 , issue 1/ Spring & Summer 1402

journal of science and technology in mechanical engineering

4- Results

In this problem, two COMSOL features called “heat transfer in moist air” and “moisture transfer in air”
have been used.

Time=10 min  gurface: Vapor concentration (mol/m? Contour: Relative humidity (1)
m F

] 5 10 15 em

.Fig. 2. The surface evaporation rate created on the droplet surface, which was recorded at T=10 min

Fig. 2 shows the surface evaporation rate on the non-Newtonian droplet. Surface evaporation has a sig-
nificant impact on the solution process. As expected, the relative humidity is very high at the surface, and the
droplet evaporation reaches approximately 30 grams in 10 minutes, which is a considerable amount.

In this study, the investigation of the non-Newtonian droplet falling in the air was conducted in two ways:
(1) considering surface evaporation and (2) without considering surface evaporation.

Fig. 3 presents the difference between these two conditions. The temperature of the non-Newtonian drop-
let over a five-minute of time interval is shown in Fig. 3. As observed, with the presence of surface evapora-
tion, the temperature is higher, and after two minutes, the changes will continue steadily. It can be concluded
that despite a temperature change of approximately 13 °C at the end of the time interval, it is necessary to avoid
neglecting the amount of surface evaporation.

— - = With Evaporation
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—— Without Evaporation
Term

[’
=

Temperature [C]
W &k
£ 3

w9
S

-
>

=)

. . . . . Ti i . . . .
Fig. 3. The rate of surface evaporation over time, considering ‘$itfite evaporation and without considering surface
.evaporation

5- Conclusion

The surface evaporation of a non-Newtonian fluid during falling depends on the fluid velocity and its tem-
perature. Assuming the absence of surface evaporation leads to significant errors. Considering the presence of
surface evaporation and studying it in this simulation can be highly beneficial for optimizing processes involv-
ing droplet movement in various industries such as printers, color production, and pharmaceuticals.
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Abstract

In this paper, the robust optimization method has been used to reduce the effect of sensor noise on the performance of the
satellite attitude control system with a reaction wheel actuator. In this regard, the absolute pointing error on the satellite atti-
tude has been chosen as the main control performance criterion. The optimization algorithm based on the genetic algorithm
and the Monte Carlo method of successive iterations have been used to include the effect of noise and obtain the control coeffi-
cients. A modified proportional-integral-derivative (PI-D) controller with the observer method has been utilized to control the
spacecraft.A white Gaussian noise is added to angular velocity and angular feedback through a low-pass filter. To compare the
results fairly, the control coefficients for the same simulation conditions have been obtained for two approaches; robust opti-
mization and deterministic optimization. The performance criterion in terms of the noise power spectral density function has
been investigated for two optimization approaches. The comparative results show that the tuned control system by the robust
optimization method, its performance criterion is more robust in the face of noise and has less changes, while the performance

criterion of the deterministic optimization method has more changes in noisy condition.
Keywords
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1-Introduction

Noise is one of the factors causing errors in control systems, especially measuring equipment and sen-
sors [1]. To reduce the effect of noise, one approach is to use estimators to estimate the original signal
contaminated with noise. But another approach is to use non-deterministic optimization method. Parametric
uncertainties are usually included in the robust optimization method. As a reference example, [2] and [3]
have used this method to reduce the effect of uncertainty in the satellite status control performance criterion.
In this article, to reduce the effect of sensor noise, the use of a robust optimization method for the satellite
status control system is proposed. Considering the power spectrum density (PSD) of the sensor noise and
sampling it, this method can be implemented in the optimizer algorithm with successive iterations and using
statistical features.

2-Spacecraft Attitude Control

The block diagram of single-axis status control of rigid satellite with reaction wheel actuator and PI-D
controller is drawn in Figure 1. It is worth mentioning that due to the presence of the saturation block, the
mentioned control system is non-linear and the noise signal also enters the control system after passing
through the first-order filter. In this block diagram, there are two feedback paths of angle and angular speed,
which usually in determining the position of the satellite, the data of the gyro sensors or the rate gyro are
noisy and can affect the control accuracy. Other mathematical relations of the control diagram of Figure 1
are written as follows.

0
® Vahid Bohlouri_v_bohlouri@tvu.ac.ir
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E(1)=0,-6 (1)
u(t)=K,E(1)-K,2 +K,X, )
M=M+M, 3)

U,. for Uu,>U,,
U =10, for U,,<U,<U,, 4)

v,, for U,<U,,
6=N+0 (5)
=M +0 (6)
R=E-(U,-U,)L 7)
M, =(KU,-M)IT, (8)

M

§_7 )
&=0 (10)
N=w,-M), (1)
V-, M), (1)

Table 1 presents the parameters and status control system unit.
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Table 1. Parameters values and their units

Parameter Unit
U,.U, Nm
J Kg m?
o rad/s
® rad
K, N m/rad
K, N m s/rad
K, N m/s rad
L rad/N m
My, M, M N'm
D,,0, rad’s
T,.1,.T, s
K -

3-Optimization

The deterministic optimization of the spacecraft attitude control system has been done according to the
following statements.

( K,.K,.K,,L ) Find (14)
Er Minimizing (15)
Subject to Er <K (16)

where the control coefficients are the optimization variables and the absolute pointing error on the
objective function. Also, the control coefficients obtained from the deterministic optimization with the GA
method and for the stopping condition of the changes of the objective function being less than the value of
10 7 have been obtained in Table 2.

Table 2: obtained controller gains from deter-

ministic optimization

©,, K, K, K, L

5 53.41 3551 31.65 73.25
15 27.16 2454 1197 4.05
30 92.69 52115 4984 17.02
45 89.93 50.84 4542  38.68
60 15.84 17.78  5.61 157.51

In contrast to the deterministic optimization, the robust optimization approach based on frequent itera-
tions of the program, taking into account the statistical characteristics, can be used to include the effect of
disturbance and noise. The terms of this optimization are as follows:
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( Kp’KD,KpL )Flnd (17)
E{Er} + WO'{EF} Minimizing (18)
19)

Subjectto E. <K

Table 3: obtained controller gains from ro-

bust optimization

K K K

P / L

5 138.20 104.62 50.58 36.73
15 60.78  54.78 19.18 1.05
30 99.89 8825 30.86 0.04
45 143.78 120.04 49.64 2.64
60 12226 9729 43.69 17.56

ref

D

4-Results and Discussion

In Figure 2, the step response of satellite status control with reaction wheel and PI-D controller for
angles of 5, 15, 30, 45 and 60 degrees and for control coefficients set from deterministic optimization and
without considering the sensor noise fis plotted. ‘ ‘ ‘

60 |

—0 7

50 | —Orer
O =% °

—Orer =45

40 L = el A
— O =0

O (deg)

20 L

| | | | | |
0 5 10 15 20 25 30
time (s)

Figure 2. Step response of the satellite attitude control with tuned gains from deterministic optimization

In Figures 3 and 4, the expected value and standard deviation of the performance index are plotted
versus noise PSD, for the regulatory controller with the coefficients obtained from the deterministic optimi-
zation and robust optimization and for the angles of 5, 15, 30, 45 and 60 degrees. In Figure 5, the expected
value of the performance criterion is plotted versus standard deviation of the performance criterion for sev-
eral noise PSD. In this figure, which has tried to investigate the effect of the arithmetic mean and standard
deviation, it shows well the consistency of the satellite status control system, which is adjusted by the robust
optimization method, compared to the deterministic optimization.
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5-Conclusions

In this article, the performance of satellite attitude control in the face of noise was improved by using the
robust optimization method. Reaction wheel actuator and modified proportional-integral-derivative control-
ler with observer-based method as well as two angle and angular velocity sensors impregnated with noise
were used to model the control system. The absolute pointing error was chosen as the main performance
index, and optimization with deterministic parameters and robust optimization with noisy parameters were
performed for the same conditions based on Monte Carlo simulation. The numerical solution was performed
for the same conditions with two approaches: deterministic optimization and robust optimization. In order
to compare, the standard deviation and the expected value of the performance criterion were analyzed ac-
cording to the noise spectral density function. The obtained results show that in the face of noise, the control
system adjusted with the coefficients resulting from robust optimization has less changes, more consistency
and less pointing error. Also, if the amount of noise is very low, the deterministic optimization method will
be preferable. Another result is the ability to choose the weighting coefficient in the combined objective
function in order to reach the relative expected conditions of the consistency of the control system.
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Abstract

Entropy generation confined flow around a block is studied according to the importance of a solid object’s cooling and
heating process. In the current study, numerical simulation of laminar flow and heat transfer of nanofluids with nanoparticles
of different shapes is considered—the nanofluids are water mixtures with either A1203 nanospheres or carbon nanotubes
(CNTs). The incompressible Navier-Stokes and energy equations are solved numerically in a body-fitted coordinate system
using a control volume technique. The flow patterns and temperature fields for different values of the particle concentrations
are examined in detail. Furthermore, the effects of nanoparticle shape and concentration on heat transfer are studied.
Furthermore, the influences of nanofluids on pressure drop and pump power are examined. On the other hand, the entropy
generation minimization is considered as the optimization criterion. The results indicate that, in most cases, the nanofluids
enhance the heat transfer and pressure drop. Interestingly, nanoparticles’ shape is critical in determining the fundamental
mechanism of heat transport in nanofluids. Nanofluids with cylindrical nanoparticles exhibit a more significant heat transfer
increase than nanofluids with spherical shape nanoparticles.

Keywords

Cement industry, Waste heat recovery, Organic rankine cycle, Climate change, Thermal oil loop.

1-Introduction

1-1-GEOMETRICAL CONFIGURATION

The system of interest is a horizontal parallel-plate channel with a block in the form of a rectangular
cylinder positioned inside it. The problem domain and specified boundary conditions are specified in Fig.1.
Uniform inlet velocity and temperature profiles are assumed which are represented by B and 7D, respectively.
Two solid walls of the channel are subjected to constant temperature. The blockage ratio b, which is defined
as the ratio of width of the cylinder to the vertical distance between the upper and lower walls (4/H), is fixed
and equal to 0.16. The ratio of 4/w is also fixed in this study and based on previous studies equal to 0.18. For
all cases the channel inlet velocity is 3.73x10* m/s.

It is assumed that the fluid phase and nanoparticles are in thermal equilibrium with zero relative velocity.
The governing equations are the incompressible Navier—Stokes and energy equations:
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Entropy generation:
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The first term on the right-hand side of the above equation is Thermal Entropy Generation (TEG) and the second term

4)

is Viscous Entropy Generation (VEG).
2-NUMERICAL APPROACH

The governing equations were solved using finite volume method and SIMPLE algorithm is employed. The
convergence criterion was the residuals of energy and momentum equations to become less than 107, In order to validate
the results, the Nusselt number for the channel flow (without the Rectangular cylinder) with constant heat flux was
calculated and compared with the well-known value of 8.235.
3-RESULTS AND DISCUSSION

The Reynolds numbers of all cases are less than the critical value of Rec=2300 so the flow regime is always
laminar. The governing equations are solved numerically for different cases using the material properties of
tablel. Figs. 2 show temperature contours around the block for nanofluid water/CNT 1%. Fig. 2 also shows
a magnified view of the wake region behind the block which is a result of flow separation from the corner of
the block. The thickness of boundary layer is reduced and the temperature gradient near the wall is enhanced
which is followed by augmentation of heat transfer rate. Furthermore, the higher temperature of the block also
facilitates increasing the fluid temperature. The growth of thermal boundary layer on the channel wall and the
block surface is evident in fig.2.

Fig. 3 shows the nondimensional temperature profile at the cross section A-A (see fig.2) for different
nanofluids as well as the base fluid at a constant inlet velocity. It is evident that there is not a notable difference
between the nanofluid containing spherical particles of A1203 and the base fluid. However, adding cylindrical
nanoparticles of CNT to the base fluid does make a difference. For a constant inlet velocity, the higher
conductive heat transfer coefficients of nanofluids containing CNT enhance the overall heat transfer from
channel walls and the block into the fluid and increase the fluid temperature. Therefore, in the applications
where the goal is to achieve higher fluid outlet temperatures, CNT cylindrical nanoparticles are much more
efficient than spherical nanoparticles of AI203.

At first glance, the lower Nusselt number of nanofluids comparing to the base fluid may appear inconsistent
with the results of fig.3. However, it should be noted that for nanofluids the heat diffusion from walls into to
flow is enhanced and therefore the temperature difference between wall and fluid decreases. One can easily
see in fig.3 that the temperature gradient near the channel wall for nanofluids (especially nanofluids containing
CNT) is smaller than base fluid. So it is concluded that the numerator of Nusselt number decreases. Increasing
the volume fraction of nanoparticles reduces the Nusselt number (fig.4).

Fig.5 shows the nondimensional Thermal Entropy Generation (TEG) along the channel length for different
fluids. Here the Thermal Entropy Generation is nondimensionalized using the maximum value of this quantity
among all cases. At the very beginning of the channel, the entering flow gets in touch with the constant
temperature channel walls and temperature gradient as well as TEG is raised. When the flow reaches the block,
there is another sudden change of temperature and as a result, a jump is formed in TEG curve. Generally,
any sudden change in the flow conditions produces a high gradient of entropy generation. Along the block
surface, the TEG curve declines due to the boundary layer development and temperature gradient decrease.
At the end of the block, because of sudden change of flow conditions and also forming the wake flow, there
is a rise in temperature gradient and consequently an elevation in TEG curve. According to fig.5, TEG in
nanofluids containing A1203 nanoparticles and in nanofluid containing 0.08% of CNT nanoparticles is the
same as Thermal Entropy Generation in base fluid. But nanofluids containing 0.5% and 1% of CNT boost the
Thermal Entropy Generation.

Fig.6 shows the ratio of heat transfer, pump power and total entropy generation of each nanofluid to water.
It shows that as it is expected, the deviations of AI1203 1% ratios from 1 are very small. Nanofluid CNT 1%
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shows the highest heat transfer enhancement among other nanofluids. Moreover, since CNT has a very high
conductivity, nanofluids containing CNT possess the highest entropy generation ratios. Generally, A1203 4%
shows the weakest results because not only reduces it heat transfer, but also increases pump power.
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Figure 3: the nondimensional temperature profile at the
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Numerical simulations of laminar flow and heat transfer of nanofluids with A1203 and CNT nanoparticles
were carried out. Thermal Entropy Generation, Viscous Entropy Generation and temperature profiles for each
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nanofluid as well as water was depicted and compared. Finally, heat transfer, pump power and total entropy
generation of each nanofluid was carefully studied. In summary, the numerical results of the present work
show that:

1- The presence of the block in channel flow enhances the heat transfer.

2- Employing nanofluids in order to achieve higher thermal efficiency is not always desired. According to the
results, cylindrical nanoparticles showed higher thermal efficiency than spherical nanoparticles. In addition,
increasing volume fraction of cylindrical nanoparticles resulted in more heat transfer while for spherical
nanoparticles, the result was vise versa.

3- In addition to heat transfer efficiency, the pump power should be considered while choosing proper
nanofluids. The results of this study show that adding nanoparticles to the base fluid augment the pump power.
For nanofluid containing CNT 0.5% the heat transfer is much more enhanced than the pump power which
makes CNT 5% an economical choice. Although for situations where pump power is not of great importance,
CNT 1% would be a better choice because it is much more thermal efficient.
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Abstract

Additive manufacturing methods have become very popular in recent years due to their many capabilities, including the optimal use of
materials and their use in constructing complex structures. One of the most important methods in these processes is the selective laser melt-
ing (SLM) process. In previous research, measuring the residual stress distribution of Inconel 625 samples under the SLM process has not
been investigated. Therefore, in this research, the SLM process was carried out on the Inconel 625 sample using the finite element simulation
method, and then the residual stress distribution in the sample obtained from the process was investigated in three main directions. Also, the
formation of the molten pool, its dimensions, and temperature distribution were investigated. The results showed that tensile residual stresses
were formed in the center of the layer and compressive residual stresses were more present at the edges of the sample. Also, the maximum of
the residual stresses were formed in the axial direction and their minimum appeared in the layer thickness direction. The results related to
the effect of process parameters on the residual stress distribution showed that with increasing laser power, tensile and compressive residual
stresses increase in both axial and hoop directions, but decreasing the scanning speed does not give us accurate information about the increase
or decrease of these stresses. For validation, the results of the finite element method were compared with the results of other researchers. The

.obtained difference was 13.97%. Therefore a good agreement existed between them.
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Additive manufacturing, Selective laser melting, Inconel 625, Residual stress, Finite element simulation.

1- Introduction

Inconel 625 is a solid solution superalloy reinforced by molybdenum and niobium. This superalloy is used
in various industries such as the aerospace industry due to its features such as high tensile, creep, and corrosion
resistance [1, 2]. Additive manufacturing processes transform the virtual data of the 3D model of the code file
obtained from the software into a real and physical object by assembling materials through a layering mech-
anism [3]. These methods have been able to make complex parts With their progress, and have been able to
leave traditional and conventional methods behind [4]. The powder bed fusion method is one of the methods
of additive manufacturing processes for making metal parts from primary powder particles by melting them
with a laser. One of the sub-methods of these processes is selective laser melting, which is one of the new and
developed methods in additive manufacturing processes. These methods in making parts with high complexity
and obtaining a shape close to the final shape of the desired part have become more attractive day by day in
various industries such as aerospace and automotive industries [5, 6].

Residual stresses are self-balanced and non-homogeneous stresses created during different production
processes inside parts [7-9]. These stresses are released in the parts and adversely affect the appearance and
properties of the parts. Among these effects, we can mention the impact on fatigue life, dimensional stability,
abrasion resistance, distortion, and the formation of microcracks [10, 11].

There are many challenges in selective laser melting processes that have limited their use and develop-
ment. We can mention thermal stresses, residual stresses, micro-cracks, distortion, and low dimensional accu-
racy among these limitations. Among these challenges, residual stresses are one of the main challenges that
cause distortions and cracks in parts. The research results have shown that parameters such as laser power,
scan speed, scan pattern, and beam diameter greatly affect the distribution of residual stresses in selective laser
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melting parts [12, 13]. Therefore, the analysis and evaluation of thermal and residual stresses formed in the
parts processed under this process while performing experiments is a difficult task. In order to know the effect
of process parameters on temperature distribution and residual stresses in these processes, a lot of research has
been done using numerical simulation methods and valuable information has been obtained from the predic-
tion of temperature distribution and the resulting residual stresses.

Since the residual stress distribution measurement in Inconel 625 samples has not been investigated, in this
research this distribution was shown in three main directions. Also, the method of temperature distribution,
the formation of the molten pool, and the effect of process parameters such as laser beam power and scanning
speed on the residual stress distribution obtained in the SLMed sample were also investigated.

The SLM process was done by finite element simulation method in order to make Inconel 625 sample.
Then the residual stress distribution in the processed part was investigated and analyzed.

2- Research method

In order to make parts, an STL format file of CAD design data is used, and then cutting or layering of
modeled data is done for scanning. After that, the laser beam with high power is focused on the selected areas
related to the modeled data and melts the metal powder particles. After the first layer is made, the platform is
lowered to the thickness of the next layer and the powder particles are spread again on the previously made
surface and the mentioned operation is performed. This process continues until the part is made completely.
In every production process, a certain amount of residual stress occurs. However, residual stress values are
different in each production process. Since in the selective laser melting process, the occurrence of different
thermal gradients causes residual stresses, it is very important to know how these stresses are distributed in the
production parts. These stresses can cause distortion and shape changes in parts.

Since the measurement of residual stress distribution in Inconel 625 samples has not been investigated, in
this research this distribution has been shown in three main directions. Also, the method of temperature distri-
bution, the formation of the molten pool, and the effect of process parameters such as laser beam power and
scanning speed on the residual stress distribution obtained in the selective laser melting sample have also been
investigated. The selective laser melting process in order to make Inconel 625 sample was carried out by finite
element simulation method and then the residual stress distribution in the processed sample was investigated
and analyzed.

In order to analyze the process, Abaqus version 2022 finite element software and a 3D model have been
used. Two parts of the substrate and the powder layer spread on the substrate are designed. To model Inconel
625 powder, the USDFLD subroutine has been used. In this subroutine, the necessary codes for the states of
the powder, its melting, and freezing have been applied in the defined coordinates for the laser scanning path
at the melting temperature of the alloy powder and the specified scanning speed. In Abaqus software, ther-
mo-mechanical properties of Inconel 625 were considered for the substrate. Also, in the properties of Inconel
625 powder, the state variable is used in subroutine writing. In this way, the relevant properties for different
temperatures have been defined for the three states of initial powder, melt, and solidification. Finally, each of
these two defined materials has been attributed to the substrate and spread powder. All process parameters have
been selected according to previous research. The desired layer thickness is 30 em, the laser beam power is
200 W, the laser beam diameter is 100 em, and the scanning speed is 1 m/sec. The DFLUX subroutine has also
been used to model the movement path of heat flux. In this subroutine, the Gaussian model is used to scan the
laser beam. Process parameters such as beam power and scan speed are also applied in coding. To perform the
process, using a coupled temperature displacement solver, two heating and cooling steps have been defined as
0.002 and 10 seconds, respectively, and convection and radiation heat transfer have been taken into account.
The Tie constraint is also used to connect the substrate and the powder layer. After that, the heat flux defined
in the subroutine part is applied to the powder surface in the heating step and is deactivated in the cooling step.
The bottom part of the substrate is also tied. The initial temperature of the sample is taken as the ambient tem-
perature. In order to determine the appropriate size of the element, the mesh sensitivity diagram was drawn for
the temperature parameter, and the appropriate size of the element for the powder layer was selected as 0.05
mm. The type of elements is also C3D8T. In order to investigate the residual stress distribution on the selective
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laser melting plate, the part subjected to the process from the previous analysis was entered into a new model,
and the static general solver with the spring back method was used. In the following, the effect of these two
important parameters on the residual stress distribution of the processed sample is described by changing the
laser beam power and scanning speed.

3- Results and Discussion

The results showed that a wide temperature range has been created with the movement of the laser along
the specified path, and the maximum, minimum, and average temperatures have been created in three different
places, the beginning, the end, and the middle of the laser beam path, respectively. At the beginning of the for-
mation and scanning of the layer, the temperature was very high, and one of the reasons for this is the presence
of the molten pool in this place. Over time, this point gets colder. The considered point at the end of the layer
under scanning has a low temperature at the beginning and its temperature has increased over time. In the same
way, the middle point of the layer increased in temperature when the laser arrived and cooled down when the
laser moved away.

The molten pool formed at the beginning of the laser scanning path has a length of 0.161, a width of 0.136,
and a depth of 0.068 mm. By comparing the width of the molten pool formed in the present study with the
experimental results of the study conducted by Ozel et al., a good correlation was reached between the results
of these two studies, and as a result, the validity of the analysis was realized [14]. The resulting difference was
13.97%. This difference in the results is due to the simplifications and assumptions considered in the numerical
method.

According to the residual stress contours, the principle of self-equilibrium of stresses was proved. This
means that there is a balance between tensile and compressive residual stresses. Also, the distribution and
magnitude of residual stresses were very large in all three main directions, and this is due to the occurrence
of high thermal gradients during the selective laser melting process. The magnitude of the residual stresses in
the longitudinal direction was greater than in the transverse and thickness directions. The reason for the large
axial residual stresses can be justified by being aligned with the applied heat flux. Also, the minimum of these
stresses have occurred in the direction of the layer thickness. Therefore, axial and hoop residual stresses play
a fundamental role in determining the properties and performance of the final sample. The maximum tensile
residual stresses in both axial and hoop directions are 309.5 and 153.3 MPa, respectively. Also, the maximum
compressive residual stresses in these two directions are 457.6 and 475.3 MPa, respectively.

Another noteworthy point is that the tensile residual stresses generally occurred in the center and compres-
sive residual stresses at the edges of the layer were created in all three main directions.

In this research, the effect of changing two important parameters of the process, i.e. laser power and
scanning speed, on the residual stress distribution was also shown. For this purpose, an arbitrary path was
chosen from the middle part of the sample edges. Then, the diagram of residual stresses in two axial and hoop
directions was obtained for two modes of changing laser beam power and scanning speed along this path. The
results showed that with the increase in laser power, the residual stresses increase in both axial and hoop direc-
tions, which is due to the increase in thermal gradients caused by the increase in laser power [15]. Also, with
the reduction of the scanning speed, the axial stresses have also increased. Meanwhile, environmental stresses
have opposite results, and as a result, it is not possible to understand the increase or decrease of stresses from
the changes in scanning speed. This issue can also be related to the formation of complex thermal fields caused
by changes in scanning speed.

4- Conclusion

In this research, one of the most important methods of additive manufacturing, the selective laser melting
process, was carried out in order to make Inconel 625 samples using the finite element simulation method.
Inconel 625 superalloys are widely used in additive manufacturing due to their many applications, including
high creep and corrosion resistance. Since the residual stress distribution of Inconel 625 superalloy samples
under the selective laser melting process has not been investigated in previous research, in this research, the
mentioned process was carried out by finite element simulation method on Inconel sample and the residual
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stress distribution and the effect of process parameters on these stresses were analyzed. Also, the temperature
distribution and the molten pool formed in this process were studied. The results obtained are as follows:

1- Due to the creation of high thermal gradients in all three main hoop, axial, and radial directions, a large
residual stress distribution has been created in the Inconel 625 SLMed sample.

2- The maximum residual stresses are formed in the axial direction and their minimum in the radial direction or
layer thickness, and as a result, the residual stresses in the axial and axial directions determine the performance
and properties of the processed samples.

3- The maximum compressive residual stresses in axial and hoop directions are 457.6 MPa and 475.3 MPa,
respectively, and the maximum tensile residual stresses are 309.5 MPa and 153.3 MPa respectively.

4- Compressive residual stresses are generally created at the edges of the plate and tensile residual stresses in
its center.

5- The results of changes in laser power and scanning speed on the residual stress distribution also showed
that with the increase of laser power, the residual stresses increase in both axial and hoop directions, and this
increase is due to the increase in thermal gradients caused by the increase in laser power. Also, with the re-
duction of the scanning speed, the axial stresses have also increased. Meanwhile, hoop stresses have opposite
results, and as a result, it is not possible to understand the increase or decrease of stresses from the changes in
scanning speed. This issue can also be related to the formation of complex thermal fields caused by changes
in scanning speed.
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Abstract

The limitation of global fossil fuel resources has had a significant impact in recent years. Iran wastes 570 million barrels of
oil out of the allocated 1463 million barrels for the residential, industrial, and transportation sectors. The cement industry, as
one of the high-energy consumers, accounts for approximately 14% of the country’s industrial energy consumption, with about
40% of this energy being lost during production processes. This study aims to recover the waste heat from the cement industry
using the Rankine cycle and simulate it using the Engineering Equation Solver (EES) software. Additionally, a thermal oil loop
has been employed to prevent corrosion of heat exchangers and control the organic fluid evaporation process. Ethanol has been
selected as the suitable working fluid, with a net power production capacity of 6213 kW, a thermal efficiency of 91.22%, and an
exergy efficiency of 18.24%, outperforming R123, R1233zd(E), R1234ze(Z), and R600a. Increasing the turbine’s inlet pressure
by 100 kPa increases thermal and exergy efficiencies by 2.7% and 2.67%, respectively, while decreasing the mass flow rate into
the evaporator by 5.6%. Increasing the condenser temperature by one degree results in approximately a 5.6% reduction in
thermal efficiency and a 5.5% reduction in exergy efficiency.

Keywords
Cement industry, Waste heat recovery, Organic rankine cycle, Climate change, Thermal oil loop.

1-introduction

In the last decade, with the development of technology and the increase in human welfare, we have seen
a significant growth in the use of energy resources in the world. Meanwhile, the transportation industry, in-
cluding land, sea and air, has the highest energy consumption coefficient in the world. So that with the devel-
opment and expansion of the mentioned industries in most regions of the world, problems such as increasing
the temperature of the earth, climate changes and increasing environmental pollution have appeared. This
phenomenon has drawn attention to the use of sustainable and environmentally friendly energy sources. The
main goal of this research is to investigate and compare the reliability index of three fuels: diesel, biodiesel
and hydrogen for internal combustion engines using sustainable development criteria. This method is a tool for
comparing and analyzing energy-based systems and includes three main categories of environmental, social
and technological indicators, where the score of each indicator indicates the compatibility level of the process
under investigation.

2-Scope and main target

In the last decade, with the development of technology and the increase in human welfare, we have seen
a significant growth in the use of energy resources in the world. Meanwhile, the transportation industry, in-
cluding land, sea and air, has the highest energy consumption coefficient in the world. So that with the devel-
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opment and expansion of the mentioned industries in most regions of the world, problems such as increasing
the temperature of the earth, climate changes and increasing environmental pollution have appeared. This
phenomenon has drawn attention to the use of sustainable and environmentally friendly energy sources. The
main purpose of the current research is to investigate and compare sustainability index of three fuels: diesel,
biodiesel and hydrogen for internal combustion engines using sustainable development criteria. This method is
a tool for comparing and analyzing energy-based systems and includes three main categories of environmental,
social and technological indicators, where the score of each indicator indicates the level of compatibility of the
process being investigated.

3-Methodology

Sustainable development analysis is a qualitative-quantitative method used to evaluate the Sustainability
of energy-based systems. This method was first presented by Nirmal et al. The purpose of using this method
is to evaluate, compare and improve energy systems to reduce environmental pollution and move towards
sustainable development. This evaluation method includes three categories of environmental, social and tech-
nological indicators and 10 indicators in each category. Each index is a criterion for analyzing the sustainable
development of the issue in that area. The selection and grouping of criteria is based on the information pro-
vided in the background of the research and reasoning and judgment. The scoring of each index is numerically
between 0 and 1. So that the number 1 indicates the highest level of Sustainability, and the number 0 indicates
the lowest level of Sustainability in that index. Environmental indicators indicate the degree of compatibility of
the investigated process with environmental standards. This index is related to technology indices. In the sense
that technological advances should lead to responsible use of environmental resources and minor damage to
the environment. Also, technological indicators are related to social indicators through the economy. In the
sense that the economic developments caused by the technological advances become the basis for increasing
the welfare and comfort of people’s lives.

4-Result and discussion

Today, we are witnessing the rising trend of air pollution indicators and energy crisis. This process is not
only not improving with the passage of time, but also increasing. The production and use of fossil fuels as the
most important source of environmental pollutants has disrupted the ecological balance. On the other hand,
the production of fuel from non-renewable sources has caused concerns about the sustainable supply of en-
ergy resources needed by various industries, including the transportation industry. In this way, it is necessary
to replace fossil fuels with a clean and stable fuel. In this research, using the reliability tool, which is a useful
tool for comparing and improving energy-based systems, the compatibility of three fuels, diesel, biodiesel, and
hydrogen, with sustainable development criteria was investigated and compared. The results of this research
showed that diesel fuel has a higher calorific value and exergy than clean fuels. It also has the ability to access
and use high human resources. On the other hand, unlike diesel fuel, biodiesel and hydrogen are free from
environmental pollution and have renewable resources. Therefore, in environmental and social indicators, they
have the most compatibility with sustainable development criteria. On the other hand, clean fuels can put an
end to political disputes and lobbies in the fossil fuel industry to a large extent. Finally, due to the development
and optimization of the extraction, processing and distribution systems of clean fuels, in the near future we will
witness the partial replacement of these fuels with fossil fuels. The result of this replacement is significantly
effective in reducing environmental pollutants and toxic emissions, improving the climate and increasing the
supply and sustainable development of energy needed in the transportation industry.
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Abstract

This research investigates the creep phenomenon of a polymeric rotating disk using the generalized Max-
well’s visco-hyperelastic model. After extracting the Lagrangian partial differential equation of equilibrium
governing the problem, the rotating disk was analyzed by scripting in FlexPDE. The disk modelling in ANSYS
with coding in the APDL environment showed that the radial displacement and Von-Mises stress are in excel-
lent agreement with the FlexPDE results. The advantages of FlexPDE over ANSYS include one-dimensional
analysis of axisymmetric plane stress instead of two-dimensional analysis, reduction of computational cost,
possibility of defining variable thickness (without additional coding) and need for fewer elements in the radial
direction to achieve acceptable accuracy (necessity of using 20 elements in FlexPDE compared to 100 ele-
ments in ANSYS). It was shown that with the passage of time and the increase in angular velocity, the radial
displacement and Von- Mises stress of the rotating disk due to the creep phenomenon increase. It was shown

that by increasing the angular velocity and decreasing the power in the thickness profile 72, the displacement
and Von-Mises stress at a specific time increase, but the change in angular velocity (as the applied load) and
the change in parameter 72, (as a geometric characteristic) do not have much effect on the retardation time of
the rotating disk.

Keywords

Creep, Generalized Maxwell model of visco-hyperelasticity, Non-uniform polymeric rotating disk, FlexPDE, ANSYS
APDL.

1- Introduction

Rotating disks have many applications in various industries, including aerospace, centrifugal pumps and
compressors, rotors, brake and clutch disks, turbojets, turboprops, and turbofans. Therefore, stress-strain anal-
ysis in rotating disks is considered by many researchers. Researchers have been expanding and using consti-
tutive models of solid materials presenting both elastic and viscous properties under viscoelastic materials for
several decades. It is possible to model the creep and stress relaxation phenomena using viscoelastic constitu-
tive equations. Attempts to model the phenomenon of creep in rotating disks and cylinders can be seen in the
literature, and some are mentioned.

In investigating the rolling contact of viscoelastic rotating disks of constant thickness with the assumption
of large strains and incompressible material—Feng [1] obtained the governing equations of the problem by
assuming the retardation function to be exponential and solving the internal integral recursively. Allam et al.
[2] analyzed the viscoelastic variable thickness rotating disc and got numerical results for displacement and
radial stress of different disc profiles with the help of Hookean linear stress-strain relationship. Ganguly et al.
[3] proposed a finite element analysis by defining a new shaft element for a linear viscoelastic disk of constant
thickness with true strains using the Maxwell-Wiechert viscoelastic model. Buezas et al. [4] presented a finite
element formulation for a viscoelastic rolling wheel to investigate the dependence of stress distribution with
viscous properties in a theoretical and numerical framework and assuming large strains.
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Due to the complexity of the equations governing the problem, a numerical approach is usually used to
solve the viscoelastic non-uniform rotating disks in the nonlinear range. Until now, commercial software, such
as ANSYS and Abaqus, have been more interested in this field, and the creep analysis of visco-hyperelastic
non-uniform rotating disk by scripting in the FlexPDE environment has not been performed. One of the ad-
vantages of FlexPDE is that it is possible to model physical phenomena not defined in commercial software
such as ANSYS and Abaqus. This research extracted the displacement, strain, and stress components using the
generalized Maxwell visco-hyperelastic model to analyze polymeric non-uniform rotating disks and the neo-
Hookean constitutive model for the elastic element. After deriving Lagrangian partial differential equations
of equilibrium governing the problem, they were solved by coding in FlexPDE and ANSYS APDL software.

2- Governing Equations on the visco-hyperelastic rotating disk

The partial differential equation that governs the equilibrium of the non-uniform rotating disks in the Eu-
lerian description is expressed as follows:

d[h(r)rar]

dr

where h(r) is the variable thickness of the rotating disk and (r, d, z) is the Eulerian cylindrical coordi-

—h(r)o,+h(r)pw’r* =0 M

nates, as well as o, and o, are the radial and circumferential components of the Cauchy stress, respectively.
Now, by using the relations governing large deformations and the necessary transformations from Eulerian to
Lagrangian descriptions, the Lagrangian differential equation of equilibrium is obtained as follows:

d(HP,) H(P,-P
(dR’R)+ ( fR 9@)+Hp0(R+UR)a)2=0 2)

where R, U,, H (R), P,., Py, and p, are the radius of the disk in the referential configuration, the
radial displacement, the thickness of the rotating disk, and the radial and circumferential components of the
first Piola—Kirchhoff stress (PK1) and density in the referential configuration, respectively. Formulation of the
generalized Maxwell visco-hyperelastic model using the volumetric and deviatoric contributions of the sec-

ond Piola-Kirchhoff stress tensor—corresponding to the elastic branch (i.e., S, and S;. ) and non-equilibri-
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um stresses related to Maxwell’s element(s) Z:n:]Qi —is established. The one-dimensional (1-D) generalized
Maxwell rheological model is constructed by a spring in an elastic element and m Maxwell elements arranged
in parallel. The total second Piola-Kirchhoff stress tensor in the generalized Maxwell model is as follows [5]:

S=8,+S5 +;Qi (3)

Motivated by the evolution equations in linear generalized Maxwell’s rheological model—Holzapfel pre-

sented the evolution equations governing the tensor variables (), for the visco-hyperelastic materials with the
same polymeric chains (such as thermoplastic elastomers) and the corresponding initial conditions as follows

[5]:
G+L_prde. iz12, m
Ti

0.(07)=5755,(07); i=1,2,,...,m

“4)

where S € [O,oo),i =1,2,...,m are the dimensionless strain energy coefficient(s) corresponding to the
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retardation time(s) 7,,i =1,2,...,m for Maxwell elements. The two material properties 3 and 7, describe
the viscoelastic behavior of the i-th element.

3- Problem analyses by coding in FlexPDE and ANSYS APDL

In the present research, the compressible polymer ethylene-tetrafluoroethylene (ETFE) is considered the
rotating disk material. Based on the true strain-time curve in the ETFE polymer creep test under tensile stress
, the visco-hyperelastic material properties of the rotating disk based on the neo-Hookean constitutive model

for the elastic element include the shear modulus £, =42 MPa , Poisson’s ratio v = 0.44, the retardation time

is 7, =9230s and " =0.231, as well as the density p, =1735kg / m” 3 [6]. The thickness profile is

considered as H (R) =H, (R /R, )7'1" so that the internal and external radii, the power in the thickness pro-

file n, and  are equal to 0.2, 0.6, 0.5 and 0.01, respectively. Also, the angular velocity of the rotating disk

is considered equal to @ =350rad /s, unless it is explicitly stated otherwise. According to the axisymmet-
rical plane-stress state governing the rotating disk, all scalar and tensor quantities depend only on the radius
of the rotating disk R and time #. Therefore, in FlexPDE coding, the one-dimensional model is considered

a line from the position @ =350rad /s to (Rl.,O), where R, and R are the inner and outer radii of the
rotating disk, respectively. The boundary conditions in the rotating disk are U, =0 in the inner radius and

o, = P, =0 in the outer radius. It should also be noted that FlexPDE solves the problem using the standard

Galerkin finite element method. To analyze the rotating disk with ANSYS ADPL, a 45-degree sector is used
to prevent the increase in the computational cost. The disk’s inner edge is fixed, its outer edge is free, and the

symmetry boundary condition is applied at the edge ® =0 and ® =7 4 The PLANE182 element is used
with the plane stress option.

4- Results and discussions

The mesh sensitivity and the validation of the analysis FlexPDE and ANSYS have been investigated for the
Von-Mises stress at the inner edge of the rotating disk. The investigation of mesh sensitivity was implemented
in both ANSYS and FlexPDE at an intermediate time of 8750s. What is evident is that convergence has been
achieved in ANSYS in the number of elements in the radial direction approximately equal to 100, whereas, in
FlexPDE, the number of elements is approximately equal to 20. Therefore, mesh convergence is achieved by
selecting a much smaller number of elements in FlexPDE than in ANSYS, which can significantly reduce the
computational cost. By comparing radial displacement at the outer edge between FlexPDE and ANSY'S versus
time, it is shown that the maximum difference between the two approaches is only 0.0028%. Due to brevity,
the presentation of the relevant figures is avoided.

The influence of changes in angular velocity on the radial displacement at the outer edge and on the

Von-Mises stress at the inner edge for the angular velocities of 340rad / s , 350rad / s , and 360rad / s have
been investigated. With the increase in the angular velocity (as the applied load), the radial displacement and
the Von-Mises stress increase. Herein, for the sake of brevity, only the changes in the Von-Mises stress are pre-
sented in Figure 1. Looking carefully at Figure 1, the point to consider is that the changes in angular velocity
do not affect the retardation time in the rotating disk.
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Figure 1: Von-Mises stress in the inner edge versus time for angular velocities of 340, 350 and 360 rad / s

Also, the influence of the power in the thickness profile on the displacement at the outer radius and on the
Von-Mises stress at the inner radius for n, =0.4, n, =0.5,and n, = 0.6 have been investigated. For the sake
of brevity, only the changes in the Von-Mises stress versus time for the various 7, have been shown in Figure
2. It is worthwhile mentioning that increasing the power of the thickness profile 7, , as a geometric property,

leads to the reduction in the radial displacement and Von-Mises stress. It is also observed that changes in 7,
have no effect on the retardation time in the rotating disk.
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Figure 2: Von-Mises stress in the inner edge versus time for n, = 0.4, n, =0.5, and n, = 0.6
5- Conclusions

In the present research, the visco-hyperelastic analysis of the non-uniform rotating disks have been per-
formed by solving the partial differential and algebraic equations governing the problem in the FlexPDE
programming environment. By using non-uniform rotating disk modelling in ANSYS APDL, validation for
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formulation and numerical method (coding in FlexPDE) has been investigated. By comparing the mesh sen-
sitivity in FlexPDE and ANSYS, fewer elements in the radial direction were needed in FlexPDE than in
ANSYS, and 1-D modelling in FlexPDE was required instead of 2-D modelling in ANSYS. Therefore, one
of the important advantages of FlexPDE is the lack of the need for 2-D very fine meshing, thus reducing the
computational cost. Also, due to the creep phenomenon, the rotating disk’s radial displacement and Von-Mises
stress increase over time. It was found that with the increase in the angular velocity and decrease in the geo-

metric parameter 7, , displacement and Von-Mises stress increase. It was also shown that the change in angular

velocity (as the applied load) and the change in the n, parameter (as a geometric property) do not have much
effect on the retardation time. It means what determines the retardation time is the non-equilibrium material
properties of the rotating disk.
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ABSTRACT

This study studied the effect of material imperfection on the free vibration response of perfect and imperfect FG plates. A
new hyperbolic shear deformation function is presented in this paper. The new hyperbolic function is chosen so that the degree
of the function is reduced as much as possible, despite the sufficient accuracy, so that the calculation speed is significantly
reduced. The properties of the FG plate varied along the thickness according to power law. The material composition in the
production process cannot be entirely by the expected pattern, which leads to the production of imperfect FG material. The
governing differential equations are derived using Hamilton’s principle. The obtained equations were solved using the Navier
method with simple boundary conditions. The effects of important geometric and mechanical parameters of the perfect model
and two types of imperfect models, including length-to-thickness ratio, length-to-width ratio, wave number, and power-law
exponent, on the natural frequency response of imperfect FG plate, are investigated. To verify, the analytical results obtained in
this study are compared with those presented in the literature, and in this comparison, a good agreement was obtained, which
shows the correctness theory, deriving and solving equations.

Keywords

Free Vibration, Imperfect FGM, New hyperbolic theory, Hamilton’s Principal, Navier Method.

Introduction

In recent years, the use of functionally graded materials (FGMS) has increased in most engineer-
ing areas, including aerospace, automation, marine industries, and many others, due to the gradual
change of chemical compounds, distribution, orientation, and the size of the reinforcing phase. Many

researchers have studied structures made of functionally graded materials.

Meskini and Arefi [1] analyzed the free vibrations of a sandwich plate with a porous core and
piezoelectric surfaces using the hyperbolic shear deformation theory. The governing equations of
structure were derived using Hamilton’s principle and then solved using Navier’s method. Using the
differential quadrature method, Sotoudeh and Shojaei [2] studied the analysis of nonlinear free vi-
brations of quadrilateral plates reinforced with carbon nanotubes. Sobhi and Radwan [3] presented a
theory for analyzing free vibrations and buckling of an FGM plate—the governing equations derived

using Hamilton’s principle and solved by applying Navier’s method.

Using a numerical method, Ansari et al. [4] investigated the effects of buckling phenomena and
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free vibrations of FGM composite plates under thermal loading. Maxey et al. [5] used the shear de-
formation theory to investigate FGM plates’ flexural, buckling, and free vibration responses using
Hamilton’s principle and Navier’s method. Safarpour et al. [6] studied the buckling and free vibration
on the dependent FG multilayer GPLRC composite nanostructures restring on the elastic foundation
using an analytical method. Mashat et al. [7] studied the effect of temperature and humidity on the

bending, transverse shear deformation, and transverse normal strain of porous plates.

Haji et al. [8] studied the free vibration of imperfect FG porous sandwich plates resting on the
Winkler-Pasternak foundation. Using the third-order shear deformation (TSDT) and Hamilton’s prin-
ciple, they derived the equations of structure motion. Singh and Gupta [9] investigated the effect of
geometrical defects on the free vibration response of FG sandwich plates with plates with circular
cut-outs. They studied the effect of geometric defects, such as sinusoidal and general-type defects,
on the plate vibration behavior. They also derived the governing equations based on the Lagrangian
principle for simple and clamp boundary conditions. Chen et al. [10] studied the free vibration of a
rectangular plate made of a bidirectional FGM plate with general boundary conditions and geomet-

rical imperfections.

According to the research carried out in recent years, in this research, the vibration behavior of
sandwich Imperfection plates with an FGM core and piezoelectric face sheet has been carried out us-
ing a new hyperbolic theory. The governing equations are derived based on Hamilton’s principle and

then solved using Navier’s method for simply supported boundary conditions.

Governing equations and procedure method

In this study, the fundamental relations for analyzing the FGMs plate with piezoelectric face sheet
used the new hyperbolic shear deformation theory. Considering Hamilton’s principle, the governing
equations have been extracted, and then the governing equations of the FGM plate are solved using
the Navier method. Then, the effect of geometrical properties, material, and power law coefficient on
the structure’s natural frequency is investigated. Also, the accuracy of the present method with other
research demonstrated that it is in good agreement with the result of the current method and the result

of other research.

Conclusion

In this research, the imperfect effects on the free vibration analysis of the FGM plate were investi-
gated using the new hyperbolic theory and Navier’s method. The result of this study can be expressed

as

1- The new higher-order theory of the plate used in this study can accurately predict the dynamic
behavior of the plate.

2- By increasing the ratio of length to width of the FG plate from 0.1 to 1, the natural frequency
decreases rapidly, and with the increase of the length to width ratio of the FG plate from 1 to 2, the
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natural frequency increases.

3- As the ratio of length to thickness of the FG plate increases, the natural frequency decreases

rapidly.

4- By increasing the power value of the FG materials, properties change from 0.1 to 6, the nat-
ural frequency value of the plate is reduced, and for greater than a value of 6, the natural frequency

changes are almost negligible.
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Abstract

The purpose of this research is thermal analysis of a brushless permanent magnet motor with marine application. The
advantages of brushless permanent magnet motors are creating high torque and power in proportion to their weight and size.
But this issue leads to a large increase in engine temperature. Therefore, the design of the cooling system is essential for cooling
and reducing the temperature of this engine. The engine has been thermal analyzed first without cooling system and then with
different cooling systems. For the purpose of thermal analysis, the stator and the shell were first modeled and then simulated.
The engine has been thermally analyzed first without cooling system and then with different cooling systems. In order to check
the effect of the cooling system and choose an optimal and suitable cooling system for this engine, the maximum temperature
in different cooling systems with the number of 4, 8 and 12 holes, the diameter of the holes various 3, 4 and 5 mm diameters
and circular and oval cross-sections have been compared with each other and with the state without cooling system. The results
showed that the temperature of this engine reaches about 416 ¢ without cooling system. Also, the cooling system with 8 circular

4 mm holes has been introduced as the most suitable cooling system for this engine.

Keywords

Brushless DC motor, Cooling system, Thermal analysis, Sea water.

1- Introduction

Brushless direct current motors have the same appearance characteristics as direct current synchronous
motors, and as their name suggests, brushes are not used in these motors and the poles are moved electron-
ically. As a result, due to the absence of a vacuum cleaner, which is a mechanical part, there is no need for
maintenance and the friction of the motor is also reduced [1]. Brushless motors have many advantages such
as high efficiency, long life and higher speed range than direct current and induction motors and are used in
various industries such as home appliances, automotive, aerospace, consumer goods, medicine and industrial
automation equipment and instruments.The aim of this research is the thermal analysis of a brushless direct
current motor with a power of 9 kW for marine use. Among the advantages of brushless direct current motors
are the creation of high torque and power in proportion to their weight and size. But this issue leads to a large
increase in engine temperature. As a result, considering the long period of use of this engine, it is necessary
to design and use a cooling system for cooling and reducing the temperature of this engine. One of the easiest
ways to cool a marine direct current motor is to use sea water, but due to the formation of deposits in the mo-
tor shell, such a method is not recommended. However, the use of de-hardened water or oil can be the most
suitable method for a brushless direct current motor with marine applications due to the absence of sediment
in the cooling fluid movement channels and the reduction of the possibility of corrosion of the motor shell and
peripheral equipment. For the path of fluid movement inside the engine shell, the method of using holes along
the shell is the main basis of design and modeling in this research.

* Esmailian Mojtaba, mojtaba@mut-es.ac.ir
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As aresult, in this research, the design of cooling systems and thermal analysis of different systems have been
discussed, and the best design that can keep this system in a stable state at a temperature below 100 degrees
Celsius has been selected. For this purpose, the engine has been thermally analyzed first without cooling
system and then with different cooling systems. With the thermal analysis of the motor by ANSYS-GAMBIT
software, the maximum temperature of the stator and shell has been obtained. In the following, a cooling sys-
tem for a 9 kW motor has been provided.

2- Simulation and thermal analysis

According to the structure of the motor and the average heat production of 900 watts in the stator, it is clear
that the temperature of the stator and its steel shell rises due to the passage of time. To check the temperature
in the engine, preliminary modeling and thermal analysis were done without cooling system. For the purpose
of thermal analysis, the stator and the shell were first modeled and then the simulation was done.

For meshing the model, 2.7 million meshes have been used in the form of an unorganized network. Be-
cause according to the mesh independence diagram shown in Figure 1, making the meshes smaller did not have
an effect on increasing the accuracy of the results. Also, the inlet pressure boundary condition has been used
for the cooling fluid flow input. The heat flux created by the engine is also included as a thermal boundary
condition.

o 43 1 15 2 25 3 35 4
Cell Number (=109

Fig. 1 Independence of the mesh diagram

Figure 2 shows the initial model of the stator and the motor shell without cooling system along with the
grid of the model. Figure 3 shows the thermal analysis of the model without cooling system. According to
Figure 3, if the motor works for an unlimited time, the temperature in the central part of the stator will rise
to more than 416 degrees Celsius. The only cooling factor in the aforementioned system is ambient air (32
degrees Celsius).

Fig. 2 The meshing of the main stator and shell model
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Fig.3 Temperature distribution on the shell after reaching the steady state (without cooling system)

For the cooling of this engine, according to the construction limitations and for the simplicity of manufac-
turing, several different models have been considered for the cooling system, which is based on longitudinal
holes along the shell with different diameters of 3, 4, and 5 mm in its center. In this method, the cooling fluid
takes the heat of the shell by passing through these holes and exits them with a higher temperature than the
temperature entering the holes. The hot water coming out of the system loses its heat in a heat exchanger by sea
water and enters the cooling system when it reaches the desired temperature. In order to check the effect of the
cooling system and choose an optimal and suitable cooling system in this engine, the maximum temperature
in different cooling systems with the number of holes 4, 8 and 12, the diameter of the holes Various 3, 4 and
5 mm and circular and oval cross-sections have been compared with each other and without cooling system.

3- simulation results

The results of the aforementioned simulations are summarized in Table 1. Table 1 reports the maximum
temperature of stator and shell resulting from thermal analysis of cooling systems in this research. This tem-
perature shows the effect of different cooling systems with the number of holes, hole diameter, hole type and
different flow rates on reducing the engine temperature.

Table. 1 The results of simulations for different cooling systems

Flow cross Number and size of | Cooling fluid flow | Cooling fluid Maximum temperature
section flow holes rate speed of stator and shell
1 No cooloing system 416
2 circular 4hole,4mm 0.29 0.1 128
3 circular 4hole,4mm 0.87 0.3 112
4 circular 4hole,4mm 1.45 0.5 108
5 circular 8hole,4mm 0.58 0.1 88
6 circular 8hole,3mm 1.74 0.53 82.5
7 circular 8hole,4mm 1.74 0.3 79
8 circular 8hole,5mm 1.74 0.19 79.4
9 circular 8hole,4mm 2.9 0.5 77.5
10 circular 12hole,4mm 0.87 0.1 75
11 circular 12hole,4mm 2.61 03 68
12 circular 12hole,4mm 4.35 0.5 67
13 oval 12hole,4mm 2.52 0.1 62
14 oval 12hole,4mm 7.58 0.3 57
15 oval 12hole,4mm 12.64 0.5 56
16 oval 12hole,3mm 1.72 0.1 63
17 oval 12hole,3mm 5.16 0.3 58
18 oval 12hole,3mm 8.6 0.5 56

The result showed that the temperature of this engine reaches about 416 degrees Celsius without cooling
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system. Also, in case of using the cooling system according to table 1, the maximum reduction in temperature
is related to the cooling system with 12 oval-shaped holes with a value of about 360 degrees Celsius, reducing
the temperature and reaching a temperature of 56 degrees Celsius. But the noteworthy point is that creating
oval holes is difficult and complicated because like circular holes, they cannot be created by a drill and more
complex methods are required to create them. Therefore, to create cooling systems with oval holes, it is nec-
essary to spend much more money and time than circular holes, although according to Table 1, the use of this
cooling system regardless of Cost and time can lead to the greatest reduction in temperature compared to cool-
ing systems with circular holes. Therefore, in order to choose a suitable cooling system, taking into account
the discussion of cost and time, a circular model with 8 holes of 4 mm in the length of the shell is suggested.
According to table 1, the maximum temperature of the stator and shell in this model is equal to 88 degrees
Celsius, which has a decrease in temperature about 328 degrees Celsius compared to the initial model of the
engine without a cooling system, which reaches a temperature of 416 degrees.

4- Conclusion

The results showed that in the best case, if a cooling system with 12 oval holes with a diameter of 4 mm
is used, it will reach 56 degrees Celsius. But according to cost and time parameters, due to the difficulty in
creating oval holes, the cooling system with a circular cross-section was selected. Also, the system has 8 holes
of 4 mm is introduced as the optimal mode due to the proximity of the maximum temperature in it (88 degrees
Celsius) to the maximum temperature in the case of 12 holes (75 degrees Celsius) and the fact that the number
of holes is less, it is economical in terms of cost and time.

Finally, the main achievement of this research has been the design of a suitable and cost-effective cooling
system for cooling a brushless direct current motor by sea water. As a result, with the design of this system
and the control of the motor temperature, the ground has been prepared for the design of direct current motors
without brushes with high power, which experience a large increase in temperature during operation.
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Abstract

In the fire extinguishing system of large buildings in the winter season, preventing of the water from freezing inside the
sprinkler system is an important issue. For this purpose, the dry pipe sprinkler system is being used. In this method, instead of
water, there is air inside the system, and during a fire, a pressure drop is created when the sprinkler bulb bursts, and water is
injected into the pipes by using the firefighting pumping system, and it must reach the most remote sprinkler in the minimum
time. In this numerical study, by using of Ansys Fluent software, and changing the sprinkler structure and the water outlet
nozzle with different angles, the duration of water discharge is investigated. The results show that adding the convergence angle
of the nozzle of the sprinkler’s outlet has increased the velocity of the air flow at the outlet of the nozzle, which has reduced the

time for water to reach the the most remote sprinkler 0f the system is also reduced.
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1- Description of the problem

In this study, the model TY3631 sprinkler with coefficient K=5.6 (due to the high consumption of this type
of sprinkler in fire extinguishing systems) with the following dimensional specifications was selected from the
products of Tyco, which is one of largest and best quality sprinkler manufacturers in the world. Details of this
sprinkler can be seen in following figure.
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Fig 1- Tyco sprinkler model: TY3631
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Fig 2- dimensions of Tyco convergence-divergence nozzle

Figure 2 shows the dimensions and sizes of the sprinkler outlet nozzle, which was extracted from the
TY3631 model. In this research, by changing the angles of convergence and divergence, the sprinkler has been
optimized so that the time of water discharge is reduced.

2- Governing equations
2-1 Thermodynamic governing equations
2-1-1 Mass flow rate equations in isentropic nozzle flow

Using the ideal gas law, the mass flow velocity equation can be expressed as follows:

’ 2 aa O
_A* p " (P "2
I&_ZAI)O{RTO( —ﬂ)[( O\JP_( 0\] ]}

2-1-2 Gas expansion equations in isentropic state

This is the equation for isentropic expansion of gas, which is equivalent to isothermal expansion:

i1 )
dl: n&R Tviiat 7 ( p )@

dt V

D initiar

2-1-3 Gas pressure equations in the pipe network

The amount of enclosed gas remains constant during this compression. It is constant for isothermal com-
pression and it is also constant for isentropic compression. Considering these conditions, the following equa-
tion can be obtained:

For isentropic compression:

initial )d (3)

B Vv
P TPinitia (T

Primary indexes describe the conditions when the gas is enclosed by water in the branch pipe. When
transferring water, these equations must be solved continuously for each of the branch pipes in which the gas
is enclosed.

2-2 Fluid flow governing Equations:

The basic equations for compressible fluid flow (air) in a two-dimensional and time-dependent flow are

as follows:

Mass Conservation equation:

4)
g—f+div (pu)=0

Momentum conservation equation:
For the X direction we have:
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(5)
%Hﬁv (puu):—g%+div (ugradu)+S,,
For Y direction we have:
6
(o) “

a—[;}eriv (pvu ) =—%+div (,u grad v )+SMy

Energy conservation equation:

' (7
%Hﬁv (pin)=-Pdivu +div (k grad )+¢+S,

3- Checking the results

Here we will analyze the results for two flow parameters of velocity and temperature
3-1- Velocity
3-1-1- TYCO model sprinkler nozzle

According to the below diagram, the exit velocity of air from the TYCO original sprinkler, model: TY3631
(the initial model) reaches 380 meters per second ,which by changing in the mass flow rate and the values
of the convergence and divergence angles of the nozzle and as the continuation of this research, we intend to
increase the exit velocity of the air from the piping network through sprinkler nozzle , to be able to reduce
the cycle times of air discharge and water replacing and filling inside the piping network.

Flow velocity 380 m/s
nozzle outlet
310m/s
nozzleth

1.59 m/s
nozzleinlet
0 02505075 1 12515175 2 225

. . —@— Flow
Distance in CD nozzle (cm) o
velocity

Air flow velocity in nozzle
{m/s)
=
L=}
L=}

Fig 3- air flow velocity chart (from inlet to outlet) in Tyco sprinkler nozzle (model TY3631)
3-1-2- Sprinkler nozzle with convergence angle of 45 and divergence of 15 degrees:

According to the below diagram, the flow velocity in the middle part of the throat of the nozzle is 304 me-
ters per second, which is lower than the velocity in 60/15 degrees nozzle. The air exit velocity On the outlet
of this sprinkler reaches 607 meters per second, which is equal to the exit velocity of air in the 60/15 degrees
nozzle, and has significant increase by 60%, comparing to the original design of TYCO sprinkler.
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Fig 4- air flow velocity chart (from inlet to outlet) in sprinkler CD nozzle 45/15

The highest velocity increase rate compared to other nozzles occurs in the divergent part of the nozzle of
this sprinkler. But reducing the convergence angle from 60 degrees to 45 degrees has not changed the amount
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of air exit velocity from the sprinkler.
4- Conclusion

By checking the answers and summarizing the results and studying of the charts in fig 13 and 14, we can
reach the following results.

1- Based on these column charts and comparison of the velocity of the air flow in the converging-diverging
nozzle with the five values of the convergence-divergence angles, it can be seen that the exit velocity of the air
flow from the original TYCO model sprinkler is equal to 380 meters per second and for the sprinkler nozzle
with a converging angle of 60 degrees And the divergence of 15 degrees equals 607 meters per second. There-
fore, by optimizing the values of these angles, the exit velocity of the air from the dry pipe sprinkler network
was increased and the time of water reaching the sprinkler outlet was reduced, which this feature accelerates
the fire extinguishing operation and reduces the damage caused by the fire.

2- The amount of air discharge time in the sprinkler with a nozzle of 60 degrees convergence angle and 15
degrees divergence is reduced by 37% compared to the main TYCO model sprinkler.

3- According to the choice of divergence angle of 15 degrees and multiple changes in the amount of con-
vergence angles, it was determined that increasing the value of the convergence angle from about 5 degrees
to 60 degrees (in the Tyco model sprinkler) causes a significant increase in the velocity of the air flow exiting
the sprinkler; Therefore, the influence of the convergence angle is much greater than the of divergence angle
of the sprinkler nozzle.

air flow velocity comparative column chart

700 607 607 604
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380
400 325
300
2
1
0 —
original Tyco  sprinkler sprinkler  sprinkler sprinkler
sprinkler with CD with CD with CD with CD
nozzle 40/45nozzle 60/15nozzle 45/15nozzle 30/15
and mass and mass and mass  and mass

flow 0/02 flow 00063 flow 0/0063 flow 0/0063
kg/s kg/s kg/s kg/s

=T =]
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air flow velocity {m/s)

M air flow velocity at nozzleinlet
M air flow velocity at nozzle throat
M air flow velocity at nozzle outlet
Fig 5- comparative column chart for air flow velocity in different sprinklers
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Abstract

In the fire extinguishing system of large buildings in the winter season, preventing of the water from freezing inside the
sprinkler system is an important issue. For this purpose, the dry pipe sprinkler system is being used. In this method, instead of
water, there is air inside the system, and during a fire, a pressure drop is created when the sprinkler bulb bursts, and water is
injected into the pipes by using the firefighting pumping system, and it must reach the most remote sprinkler in the minimum
time. In this numerical study, by using of Ansys Fluent software, and changing the sprinkler structure and the water outlet
nozzle with different angles, the duration of water discharge is investigated. The results show that adding the convergence angle
of the nozzle of the sprinkler’s outlet has increased the velocity of the air flow at the outlet of the nozzle, which has reduced the

time for water to reach the the most remote sprinkler 0f the system is also reduced.
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The text discusses the importance of using natural light in office and commercial spaces, partic-
ularly through atriums or voids, as well as optimizing energy and thermal comfort using parametric
and algorithmic techniques. This optimization includes modeling with algorithms and Grasshopper

plugins, along with using the Honey Bee tool to assess thermal comfort.

The study employs algorithmic architecture as an innovative technique in design, focusing on
influential parameters such as climate factors, radiation levels and directions, specific heat, and the
thermal capacity of materials. The optimization algorithm is applied to reduce energy consumption
and enhance thermal comfort in intermediate spaces. Furthermore, advancements in computer soft-
ware in building design have increased the need for energy analysis, prompting the introduction of

more advanced methods for building design and engineering.

In the field of spatial structural engineering, intermediate spaces like plazas and voids play a cru-
cial role in improving space quality and energy optimization. The research not only addresses energy

optimization issues but also considers structural engineering criteria for spatial structures.

Intermediate spaces or atriums, recognized as semi-public areas, have been used in building de
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sign for approximately 200 years. These spaces are well-suited for warm, dry, temperate, and humid
climates. With technological advancements in using iron and glass, the possibility of covering large
spaces with sawtooth ceilings emerged, initially in greenhouses and later expanding to large build-

ings.

The research employs energy simulation software based on specific needs and goals. The Honey
Bee plugin is used for simulating initial energy samples, and the Ladybug plugin is used to obtain

climate data (EPW) and climate analysis charts.

Optimization algorithms for energy consumption use well-known algorithms like Honey Bee,
Energy+, Ladybug, and OpenStudio. These tools are widely used for building energy modeling and
assessing various factors, including building efficiency, energy consumption, thermal comfort, venti-
lation, lighting, and acoustic environment. They leverage graphical capabilities, reduce human com-
putation time, and facilitate data exchange between programs, assisting designers in related building

design activities.

In parametric architecture, an efficient method for data analysis is simulation-based analysis.
Multiple alternatives are created using various modeling methods to gain a more accurate understand-
ing of the subject. This comparison allows for the identification of effective energy reduction and

aesthetic criteria to achieve an efficient and suitable design.

In the modeling of the target skylight, the first proposal, from an energy simulation perspective,
achieved desirable results compared to other models, particularly under the domes used in the design.
However, for the final conclusion, it is essential to evaluate the target skylight model, like the second
proposal, which evenly distributes energy absorption and emission across the entire central market

area.

The thermal capacity of materials in the central market area, with the first proposed skylight,
considering the light passage surfaces, demonstrates that a suitable amount of thermal capacity is
achieved by utilizing shadow forms and the placement of light passage surfaces. This thermal comfort
level is obtained under the domes but lacks uniform distribution in other parts, leading to an increased

need for electrical heating and cooling equipment.

For the second proposed skylight, considering light passage surfaces, the thermal capacity of
materials, with the optimization of shadow forms, shows that optimal thermal capacity is achieved
uniformly across all building sections. This model is capable of reducing the use of heating and
cooling equipment, maximizing daylight utilization, reducing lighting equipment, lowering energy

consumption, and improving thermal comfort for occupants.
Research Results and Recommendations:

1. Architectural Skylight Engineering in Commercial Buildings: The study focuses on architec-

tural skylight engineering in commercial buildings, providing significant improvements in terms of
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aesthetic harmony, energy consumption, and thermal comfort.

2. Energy Simulation and Algorithm Execution: Energy simulation is performed on the four pro-

posed models, and optimization algorithms are executed to select the best skylight.

3. Thermal Capacity of Materials Evaluation: The thermal capacity of materials in the proposed

models is assessed as a crucial factor in achieving thermal comfort.
Recommendations:

1. Aesthetic and Energy Efficiency Integration: Emphasis should be placed on the harmony be-

tween aesthetics and energy efficiency in the designed models.

2. Utilization of Modern Technologies: Incorporating modern technologies in architecture and

structural engineering can enhance energy efficiency and architectural aesthetics.

3. Thermal Comfort: In building design, special attention should be given to issues related to ther-

mal comfort and renewable energy sources.

4. Use of Light Passage Surfaces: In skylight design, the use of light passage surfaces to improve

lighting and reduce artificial light consumption is recommended.

5. Research Development: Continuous research in the field of skylight engineering and optimiza-

tion in commercial buildings is advised.
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Abstract

Due to the importance of natural phenomena in human life, investigation and study of these phenomena has
always been of interest. The aim of this study is to investigate the stack effect that occurs in all buildings, although
it is more noticeable in high-rise buildings. Due to the importance of this phenomenon in the energy consumption
of high-rise buildings, in this research, these types of buildings have been studied. Due to the importance of the
influence of the cross-section of buildings on the occurrence and behavior of this phenomenon, therefore, elliptical,
triangular and rectangular cross-sections with the same surface have been examined and by comparing the results,
different cross-sections have been evaluated and compared. The simulation of this phenomenon has been done in
Fluent software and the analytical results have been compared, which shows a good match. The results show that
the elliptical cross-section, according to its geometry and aerodynamic conditions, has the best performance in

terms of the amount of additional pressure required to create positive pressure and energy consumption.
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1-Introduction

Stack effect means the movement of air into and out of buildings, chimneys or other enclosures, and its
driving force is air buoyancy. Buoyancy occurs due to the difference in air density in the indoor and outdoor
environment due to the temperature and humidity difference, and the result is a positive or negative buoyan-
cy force.

a) Stack effect b) Reverse stack effect
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—_— _ ————
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Figure 1: The view of how to create the stack effect and its photo in the building
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During the summer season, the stack effect is reversed, but due to the smaller temperature difference, it
is usually weaker. The airflow characteristics of high-rise buildings driven by the stack effect in winter are:
(1) outdoor airflow occurs at the bottom of the building; (2) the warmer indoor air rises through the vertical
cores of the building, such as elevator shafts and stairwells, due to the buoyant force that creates the pressure
difference, and (3) The air inside the building flows out of the building through horizontal spaces including
corridors and rooms on the upper floors.

the high use of energy in these buildings for heating and cooling is one of these negative issues, which is
one of the causes of this problem called “Stack Effect”. Many factors play roles in the creation and effective-
ness of this phenomenon in the building. In this study, we examine and compare the effectiveness of different
architectural forms in these types of buildings, because different geometric shapes are very effective in energy
consumption and in this research, we want to find a suitable solution to reduce and improve energy consump-
tion in these types of buildings. Considering the importance of this issue and also with the approach of reduc-
ing energy consumption, the investigation of this phenomenon is a worthy subject.

One of the necessities of conducting this research is to eliminate the lack of attention to the effects of this
phenomenon during the architectural design and mechanical facilities of the building; If we pay attention to
the issues and problems that this phenomenon may cause for the building in a long period of time when we are
designing these systems, it is possible to prevent excessive energy consumption and its carriers. The final goal
of this study is to investigate and reduce the impact of the stack effect in the architectural design and calcula-
tions of the building’s mechanical facilities.

2. Numerical simulation and Analytical solution

Two methods have been used to study this subject:

Analytical method: In this method, a real building in Mashhad will be studied using analytical method and
its results will be reported.

Numerical method: In this method, using the 2021 R1 version of Ansys Fluent software, we simulate and
calculate the same building in method A and the rest of the considered architectural stages, and finally we
compare the results of both methods.

In this research, as mentioned above, the sample that we have to analyze and investigate is a building with a
height of 78 meters and in the weather conditions of Mashhad. Also, in this physical model, there is no opening
and only the effect and direction of the pressure applied to the building as a result of the wind impact in the
wind tunnel is the factor that should be measured.
2-1-Numerical method

Now we have investigated this research by using the ability to solve heat transfer equations in Fluent soft-
ware and by using another feature of this software, which is to show the high-pressure and low-pressure areas
on the body by the highlighted maps. We will investigate and analyze these points to find the desired geometric
shape to reduce energy consumption in the building.

5L

s n s
— — 1

Figure 2: Physical design of the examined sample (rectangular section)

In this method, we will use three geometrical sections for simulation, which include triangular, rectangular,
and oval sections. Our effort in designing these different forms is to have a geometric similarity with the real
sample, both in terms of volume and area, and in terms of geometrical affinity. For example, if we want to de-
sign an oval shape, the closest shape to the real sample will be chosen both in terms of volume and geometry.
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On the other hand, by using the results obtained from the solution and by analyzing the data, we can identify
the points that have the most energy loss and, using equations, provide the necessary energy to eliminate this
loss.

Figure 3: Top view of Building in wind tunnel for simulation

To solve this type of problems in Fluent, we must also define boundary conditions in order to come up with
a more accurate solution. In this problem, the boundary conditions are chosen as follow:

1. The shapes that are going to be examined all use a specific material (glass) with a thickness 0.004 meter
in their wall to be closer to the real sample.

2. The wind tunnel in which these objects are located has a temperature of -10 degrees Celsius (473.67de-
grees Rankine) and the entrance speed of this tunnel is also according to the wind obtained from the meteo-
rology of Khorasan Razavi province in Iran, according to the average prevailing wind of Mashhad city 10m/s
is chosen.

3. In wind tunnel, except for the inlet and outlet of fluid that collides with the objects, the rest of the walls
of this wind tunnel are considered as “wall”.

4. The internal temperature of the designed forms will be chosen equal to the comfort temperature of resi-
dential buildings, 25 degrees Celsius (536.67 degrees Rankine).

e

Figure 4: Mesh design of rectangular section by perfect square method

The selected shapes and sections to solve this problem in Fluent should be gridded after the design so that
the solver can easily identify and provide the solution or solutions, we need by solving the computational fluid
dynamics equations that we will discuss in this section.

The gridding of these designs will be done in two types, which are as follows:

(1) Complete square gridding

(2) Quadrilateral gridding

The design of these sections is done in two types of grids so that when the solver obtains the answer to

the solution of this research, it is determined whether this design has an error and it also shows how much
the answer or answers obtained are different from each other, so that we can understand the correctness of the
solution and design.
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Figure 5: Comparison chart of pressure difference with the number of meshes in each different shape

In the diagram above, we examine the independence of the grid in different grids with different number of
elements in all sections, in addition to observing the differences in the numbers obtained in each grid, to help
validate the solution method of this research. It is worth noting that the selected value represents the pressure
for comparison in this diagram, corresponding to the middle of the length of the passing side of the wind in all
these sections.

It should also be pointed out that according to the above figure and according to the values recorded in the
solver, the different values of gridding have very little differences with each other; So, in the solution of each
section, the lowest amount of grid is chosen to save time and money.

2-1-1 The main equations of numerical solution

The main equations in solving the viscous fluid flow in the turbulent state by the time-averaged Navi-
er-Stokes equations are expressed as follows. The equations of continuity (conservation of mass, equation 1),
motion (conservation of momentum, equation 2) and energy (equation 3) after time averaging are as follows:

VU =0 0

pV(UU) =-VP+ VTIJ (2)
e PT__P . v avr) )
? Dt ot

2-2-Analytical method

In this section, using analytical relationships, we will calculate the effective parameters of the chimney
phenomenon.

The assumptions in this solution method are considered according to the weather conditions of the area
under discussion. In this research, the weather conditions of Mashhad city have been chosen and also we
will have the most energy loss in winter, so the winter conditions of this city will be used. in which the city
temperature is assumed to be -10 degrees centigrade.

We will mention the equations used in this method. The neutral pressure line, equation (4), is the section
where the air pressure outside is equal to the air pressure inside the building

— HO

HNPL - 2
4,) \TI,

T < T In winter

o

In relation (4), Al is the area of the lowest opening of the building and A2 is the value of the area of the
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highest opening of the building, as well as Ti and To are considered as the temperature inside and outside the
building, respectively. Also, in order to obtain the pressure changes of each floor compared to the neutral pres-
sure line, the following equation, equation (5), is used:

T -T,

L

(5)
Apstack effect — C1P; |: j|'g'[HNPL _H]

The only variable in the above expression is H and the rest of the parameters are fixed. C, is assumed to
be equal to 0.00598 and the rest of the numbers are considered according to each floor of the investigated
building. It should also be noted that pressure changes due to stack-effect are considered in terms of inches of
water, building height in feet and selected temperatures in terms of Rankine.

Since we know that the wind speed is different in different floors (according to the movement form of the
wind speed), then the pressure will also be different in different floors of the building (according to the dynamic
pressure relationship); Therefore, by examining the following relationship, we obtain pressure changes in each
floor according to wind speed.

U, =1/59%U, *[%]“ ©)

In relation (6), U, represents the wind speed in each floor (in miles per hour) U_ to consider the prevailing
wind speed (in miles per hour) H corresponding to the height of each floor (in feet) and the variables a and 3
depend on the location of the building (in terms of inside or outside the city and the condition of the buildings
around it and the climate of the region).

Now that the wind speed on each floor of the building has been determined for us, we will reach the next
stage, that is, obtaining the pressure changes related to each floor, which we will achieve through equation (7).

AP, =c,*S§%%c * PoLo) @)

In the above equation, &Pw represents pressure changes in each floor (in inches of water), c2 is a constant
number of 0.029, S is the shelter factor, which is equal to 1 for tall buildings, and cp is the local wind coeffi-
cient and depends on the floor of the building.

In continuation of the equations required to obtain the amount of additional air and additional pressure to
prevent the pressure caused by the wind hitting the building, the following relations will help us to obtain these
results. Therefore, by examining these equations and also examining the pressures on each side of the building,
we will get the main answer to solve this problem.

B=c,, *(AP) "% 4, ®)

In equation (8), the variable , which indicates the amount of air leakage, is calculated in terms of cubic feet
per minute. Also, is an indicator of the variable dependent on the sealing of the building and it is considered
as 0.3 for buildings without seams, 1 for buildings with moderate leakage and 2 for buildings with poor sealing
and high leakage. The variable of numerical pressure change is constant and equal to 0.3 in inches of water,
and Aw shows the area of the side facing the wind.

B=c, * 4, *4005* (AP)"" ©)

The reason for solving this equation is to obtain the effective leakage cross-section in the building in
order to find the volume of air entering the building, which represents the same amount of air that needs to be
brought into the building to prevent the pressure generated by the impact of the wind.

In the above equation, cd is the variable of the discharge coefficient and is equal to the constant number 1,
the variable Ae.l represents the effective leakage cross-sectional area and is calculated in terms of square feet;
On the other hand, according to the following equation, we obtain the total pressure on the side of the building,
and by obtaining this number and placing it in the above equation, the volume of air penetrating the building
on each side is calculated.
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By obtaining the above numbers, we can now solve this problem analytically and investigate this big
problem in high-rise buildings, which in addition to incurring exorbitant costs, also causes energy wastage,
and introduce a way to control it.

Figure 6: Vortices created at the back of the building with a triangular cross-section with a perfect
square grid
3-result discussion
To ensure the correctness of the numerical method, several simulations with different shapes but with the
same dimensions and with the same conditions were performed.

As stated, in order to achieve the desired results, this problem was solved in two ways, the first method
was obtained by analytically solving the existing equations of the theory of the flue phenomenon, the amount
of internal pressure changes in the real sample; In the second method, the desired results have been checked
for comparison with the first method by numerical analysis and simulation of different sections and actual
samples.

3-1-Numerical method review

3-1-1-Examining triangular cross-section

In this section, the first cross section that we examine and analyze its results is the triangular section; At
this stage, as shown in Figure 6; We will have the most pressure in the points that have the first impact with the
wind. The maximum amount of pressure due to the impact of the wind on the building is 137 (Pascal) and the
minimum pressure is also expected to occur behind the building and its value is 5.71 (Pascal).

As seen in the picture; As a result of the wind hitting the building, vortices have been produced behind it,
and these vortices cause an unfavorable pressure effect on the walls of the building. To solve this effect, usually
in buildings, with the help of some mechanical installations, additional air is introduced into the building in
order to deal with this undesirable effect.

The remarkable thing in this image is the shape of the created vortex and the direction of its flow vector.
As you can see, there is a big void behind the building, and this void must be filled again by spending energy,
and it causes an increase in energy consumption.

As it is clear from Figure 6, this increase in pressure can only be seen on the side facing the wind, and the
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sides that do not have any direct contact with the wind have a negative pressure. This is due to the fact that
these points are taking out the extra pressure on the building caused by the wind.
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Figure 7: Variations of wind pressure on the building in terms of length for a triangular cross-section

3-1-2-Examining the rectangular cross-section

Another cross-section that we are going to examine is the rectangular cross-section. This type of section
is one of the most used sections in architecture, and therefore, by examining this section, we are trying to find
the disadvantages of using this type of section from the perspective of the effects of the smoke phenomenon.
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Figure 8: values of pressure created by wind impact according to the length of the building for a rectangular
cross-section
In this type of cross-section, due to the fact that the surface of the wind hits the building has increased, the

vortices that form behind it are smaller in size but more in number, because more back force is created, which
is more than the existing compressive force.
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Figure 9: Pressure distribution on a building with rectangular architecture

As can be seen in figures 8 and 9, the highest pressure applied to the building in this type of cross-section
by the wind measured in the solver is equal to 122 (Pascal) and the lowest pressure is about 5 (Pascal).
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3-1-3-Examining the oval cross-section

As can be seen in Figure 10, like the previous two sections, in the winter season, the pressure in the upper
part of the building with an oval cross-section is also higher, which means that the pressure output from the
building to the external environment will be very high in the upper floors.
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Figure 10: Vortices created at the back of the building with an oval cross-section

As it is clear in the figure above, the pressure applied to the direction of the wind is very high, and this

indicates the high pressure applied to the building in this area and also the need to control it. In this part, we

see the most energy loss, and to solve this loss, we have no other choice but to deal with this additional load

by creating

positive pressure and energy costs in the entire building. Now, we will check the results of the pressure

difference in this part to get the amount of pressure required to create this positive change. The maximum

pressure that we see at this point is related to the side facing the wind and it is around 79.4 (Pascal) and the
minimum pressure shows us 2.68 (Pascal).

3-1-4-Comparison of the answers obtained from the numerical method

It is determined by checking the numbers obtained in numerical method; In the sections selected in the grid
method, the oval cross-section on the side facing the wind, which is the maximum pressure, is less compared
to other geometries, and also at the back of the building, according to the obtained numbers, we see the lowest
reverse pressure among the other sections. Creating this difference between these two periods is related to
several reasons; One of these reasons is the direction and speed of the wind, and the other reason is the shape
of the building at the point of impact and behind it. Another point that can be pointed out is that the vectors of
wind speed and its passage over the buildings will be of great help in analyzing and analyzing these results.

3-2-Analytical method

In this method, using the relations introduced in the second part, we investigate the stack effect in a real
high-rise building example; By analyzing the numbers and answers obtained in this method, we will first find
out how this phenomenon affects the building, and then by comparing the numbers obtained in both methods,
we will point out the amount of error in solving this problem by these two methods.

The building under study with the specifications mentioned at the beginning of the second part with a rect-
angular section has resulted in the following results.
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Table 1: The obtained results according to the initial and boundary conditions using equations (4) and (5)

Pressure difference due to the stack

effect Height
(foot)
Pascal In.water
43.524 0.175 0
37.372 0.150 16.14
33.057 0.133 27.46
29.123 0.117 37.78
24.427 0.098 50.1
20.112 0.081 61.42
15.797 0.063 72.74
11.482 0.046 84.06
7.171 0.029 95.37
2.852 0.011 106.7
1.459- 0.006- 118.01
5.774- 0.023- 129.33
10.089- 0.041- 140.65
14.404- 0.058- 151.97
18.719- 0.075- 163.29
23.034- 0.092- 174.61
27.349- 0.110- 185.93
31.660- 0.127- 197.24
35.975- 0.144- 208.56
40.290- 0.162- 219.88
44.605- 0.179- 231.2
48.920- 0.196- 242.52
53.986- 0.217- 255.81

As can be seen in Table 1, the values of the obtained pressures are equal to the results provided by the soft-
ware from the simulation of these designs with a small error in the solution in both methods.

The negative symbol in the table shows the opposite direction of the pressure and tells us how the pressure
created by the wind acts in the winter and in the building environment; And it refers to the principle that ac-
cording to the stack-effect phenomenon in winter, the indoor air of the building has a desire to leave it.

Therefore, according to these results, the solution to get the pressure changes by looking at the wind speed
changes in each floor has been obtained. Therefore, according to relation (6) which was mentioned in the sec-
ond part; The wind speed changes in each floor are obtained and then the answers are entered in equation (7)
to obtain the pressure changes in each floor of the building according to the wind speed changes. Considering
that Mashhad is very large in terms of size and most of the tall buildings in this city are more than 21 meters
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high, then the values of 0.33 and 460 have been considered for coefficients a and 2, respectively.

For the first part, which includes the first seven floors of the building, the table below shows the values of
pressure changes according to wind speed on each floor and wind speed on each floor. By examining the an-
swers obtained, we come to the conclusion that with the increase in height and wind speed, the pressure created
by this change in speed also increases; Of course, this increase in pressure in the lower floors is imperceptible,
and as we go to the upper floors, we will see a noticeable and very large pressure change.

Table 2: The results obtained using equations (6) and (7) for the first eight floors

Pressure difference Wind speed Height

Pascal In.water (mph) (fo0t
0.000 0.000 0.00 0
1.69 0.0068 11.78 16.14
24 0.0096 14.032 27.46
2.96 0.012 15.59 37.78
3.57 0.014 17.11 50.1
4.08 0.016 18.30 61.42
4.56 0.018 19.35 72.74
5.02 0.02 20.3 84.06

For the rest of the floors of the building, we do the calculations in the same way. In the table below, we will
compare the pressures obtained from both solution methods to check and analyze the difference values of the
obtained answers; Also, by comparing these two pressures obtained from two ways of finding the answer to
the problem, the validity of the research has also been examined.

Minimum Maximum . The type
Solution

pressure  pressure method of shape

(Pascal) (Pascal) designed
3.34 153 Simulation = Triangular
4.90 122 /! Rectangular
3.16 79.9 / Oval
1.46 54 Analytical Real example

Table 3: Comparison of the pressures obtained from both research solution methods

As we have already explained, the shape of the real sample building considered is a combination of all
these selected sections for solving in the simulation method and in the table above, it can be seen that the values
obtained in the analytical method of solving this research are the numerical averages compared to the values
obtained for all sections examined in the simulation and as a result, it is clear that the analytical solution meth-
od and the numerical method to solve this problem with the existing errors provide us with very close answers;
We were also able to prove that the answers obtained in the simulation method are accurate and valid according
to the existing analytical relations.

Now, according to the obtained numbers, we will calculate the volume of air leaked into the building and
after that we will seek to obtain the effective leakage cross-section to obtain the amount of effective leaked air.
Of course, the changes of the total pressure in each side are obtained according to the direction of the existing
pressures according to equation (10), which shows a number equal to -0.11015, which means that the direction
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of the total pressure in this side is towards the outside of the building.

According to relations (8) and (9), the volume of leaked air is equal to 4173 (cubic feet per minute) and
the area of its effective leakage cross-sectional area is equal to 1.90 (square feet) and as a result, the amount
of effective infiltrated air volume will be 2529 (cubic feet per minute). Now we perform these calculations for
each of the sides in the building and also for each section.

Now, by summing the numbers obtained in the part of the volume of infiltrating air from the facade of each
side in each part of the building, we determine the amount of air required to prevent the additional pressure
produced by the wind hitting the building, which is 24394 (cubic feet per minute).

4-Conclusion

Now, with the investigations carried out in this research, it has been led to the following results:

1-By changing the height of the building, the pressure caused by the wind on the building increases.

2-According to the selected sections for checking the optimal section, it was found that the oval section
has the least energy loss, and on the contrary, the rectangular section has the most negative impact on energy.

3-By examining the analytical solution of the selected sample in this method, according to the speed
and direction of the prevailing wind in the area, between the third and fourth floors, the direction of the flue
pressure changes in the real sample.

4-The highest pressure created in the real sample is approximately 54 (Pascal) and the lowest is
approximately 1.5 (Pascal).

5-Also, by performing calculations, the amount of air required to prevent the phenomenon of smoke in the
building has been calculated to be about 24394 cubic feet per minute.
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