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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 Amir1*, Badrossamay Mohsen1
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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.

a.aghababaei@me.iut.ac.ir  



1 Additive Manufacturing (AM)
2 CAD
3 Powder Bed Fusion (PBF)
4 Selective Laser Melting (SLM)

 



L

1 Orthogonal

2 STL



 

 

.   

1 Substrate
2 USDFLD
3 State variable
4 DFLUX

ɛm W ɛm

m/sec



GPa

Kg/m3

MPa

MPa

k-1̸/̹̿ ×

W/m.k

J/g.ÁC

Kg/m3

CÁ

CÁ

1 Coupled temperature displacement
2 Tie
3 Mesh Sensitivity Diagram
4 C3D8T
5 Transient
6 Static, General

T(x,y,z,t

C ɟ  T 

q k 

( ) ( ).      ( )p
T T T TC k k k q
t x x y y z z



.

 W 

 ɛm

 m/sec 

30 ɛm

.

m/sec

W





 

  

 

 

 





 

m sec

W

. 



.

 

 

.

[1] Paul  ,C.P  ,.Ganesh  ,P  ,.Mishra  ,S.K  ,.Bhargava, 

P  ,.Negi  ,J.A .and  Nath  ,A.K“ .2007  ,.Investigating  laser 

rapid manufacturing for Inconel 625-components .”Optics 

 &Laser Technology ,(4)39 ,pp.800-805. 

[2] Shankar  ,V  ,.Rao  ,K.B.S  .and  Mannan  ,S.L,. 

“  .2001Microstructure  and  mechanical  properties  of  Inc-

onel 625 superalloy .”Journal of nuclear materials2-)288 ,

 ,(3pp.222-232. 

[3] Bayley ,C .and Kopac ,M“ .2018 ,.The Implica-

tions of Additive Manufacturing on Canadian Armed Forc-

es Operational Functions.”

[4] Murr  ,L.E  ,.Martinez  ,E  ,.Amato  ,K.N  ,.Gaytan, 

S.M ,.Hernandez ,J ,.Ramirez ,D.A ,.Shindo ,P.W ,.Medi-

na ,F .and Wicker ,R.B“ .2012 ,.Fabrication of metal  and 

alloy components by additive manufacturing :examples of 

3D materials science .”Journal of Materials Research and 

technology ,(1)1 ,pp.42-54.

[5] Yan ,C ,.Hao ,L ,.Hussein ,A ,.Bubb ,S.L ,.Young, 

P .and Raymont ,D“ .2014 ,.Evaluation of light-weight Al-

Si10Mg  periodic  cellular  lattice  structures  fabricated  via 

direct metal laser sintering .”Journal of Materials Process-

ing Technology ,(4)214 ,pp.856-864.

[6] Yan  ,F  ,.Xiong  ,W  .and  Faierson  ,E.J.2017  ,. 

“Grain structure control of additively manufactured metal-

lic  materials  .”Materials  ,(11)10  ,p.1260.

[7] Hussein  ,A  ,.Hao  ,L  ,.Yan  ,C  .and  Everson  ,R,. 

“  .2013Finite  element  simulation  of  the  temperature  and 

stress fields in single layers built without-support in selec-

tive laser melting  .”Materials & Design,52 ,(1980-2015)  

pp.638-647.

[8] Huang ,Y ,.Yang ,L.J ,.Du ,X.Z .and Yang ,Y.P,. 



“ .2016Finite element analysis of thermal behavior of met-

al  powder  during  selective  laser  melting  .”International 

Journal of Thermal Sciences ,104 ,pp.146-157.

[9] Salimianrizi  ,A  ,.Foroozmehr  ,E  ,.Badrossa-

may ,M .and Farrokhpour ,H .2016 ,.Effect of laser shock 

peening  on  surface  properties  and  residual  stress  of 

Al6061-T6 .Optics and Lasers in Engineering ,77 ,pp112-.

.117

[10] Gharehbaghi, H., 2018. Experimental 

measurements and finite element residual stress caused 

by welding aluminum sheets and investigating its effect 

on natural frequency values. Modares Mechanical 

Engineering, 18(4), pp.174-180. [In Persian]

[11] Aghababaei ,A .and Honarpisheh ,M .2023 ,.Ex-

perimental  and  numerical  investigation  of  residual  stress 

distribution in Al 6061-tubes under using tubular channel 

angular pressing process by new trapezoidal channel .The 

Journal of Strain Analysis for Engineering Design,(4)58 , 

pp.332-342.

[12] Baraheni  ,M  ,.Tabatabaeian  ,A  ,.Amini  ,S  .and 

Ghasemi  ,A.R  .2019  ,.Parametric  analysis  of  delamina-

tion  in  GFRP  composite  profiles  by  performing  rotary 

ultrasonic  drilling  approach  :Experimental  and  statistical 

study .Composites  Part  B  :Engineering  ,172 ,pp.612-620.

[13] Baraheni, M., Tabatabaeian, A., Ghasemi, A. 

and Amini S. 2020. Enhancement of Machining Quality 

in Polymeric CNT-Reinforced Composites Subjected to 

Thermal Fatigue. Modares Mechanical Engineering, 20(7), 

pp. 1731-1740. [In Persian]

[14] Mercelis  ,P  .and  Kruth  ,J.P“  .2006  ,.Residual 

stresses in selective laser sintering and selective laser melt-

ing  .”Rapid  prototyping  journal.

[15] Song ,B ,.Dong ,S ,.Liao ,H .and Coddet ,C.2012 ,. 

“Process parameter selection for selective laser melting of 

Ti6Al4V based on temperature distribution simulation and 

experimental  sintering  .”The  international  journal  of  ad-

vanced manufacturing technology ,61 ,pp.967-974.

[16] Li  ,Y ,.Zhou ,K ,.Tan ,P  ,.Tor  ,S.B ,.Chua ,C.K. 

and Leong ,K.F“ .2018 ,.Modeling temperature and resid-

ual  stress  fields  in  selective  laser  melting  .”International 

Journal  of  Mechanical  Sciences  ,136 ,pp.24-35.

[17] Mishurova ,T ,.Artzt ,K ,.Haubrich ,J ,.Requena, 

G .and Bruno ,G .2019 ,.New aspects about the search for 

the  most  relevant  parameters  optimizing  SLM  materials. 

Additive Manufacturing ,25 ,pp.325-334.

[18] Cheng  ,B  ,.Shrestha  ,S  .and  Chou  ,K.2016  ,. 

Stress  and  deformation  evaluations  of  scanning  strategy 

effect in selective laser melting  .Additive Manufacturing, 

 ,12pp.240-251.

[19] Wu  ,A.S  ,.Brown  ,D.W  ,.Kumar  ,M  ,.Gallegos, 

G.F .and King ,W.E .2014 ,.An experimental investigation 

into  additive  manufacturing-induced  residual  stresses  in 

316L stainless steel .Metallurgical and Materials Transac-

tions A ,45 ,pp.6260-6270.

[20] Xu ,R ,.Wang ,W ,.Wang ,K .and Dai ,Q.2023 ,. 

Finite  element  simulation  of  residual  stress  distribution 

during  selective  laser  melting  of  Mg-Y-Sm-Zn-Zr  alloy. 

Materials  Today  Communications  ,35  ,p.105571.

[21] Mohan  ,N  ,.Senthil  ,P  ,.Vinodh  ,S  .and  Jayanth, 

N“ .2017 ,.A review on composite  materials  and process 

parameters  optimisation  for  the  fused  deposition  model-

ling  process  .”Virtual  and  Physical  Prototyping,(1)12  , 

pp.47-59.

[22] Chua  ,C.K  .and  Leong  ,K.F3“  .2014  ,.D  Print-

ing  and  additive  manufacturing  :Principles  and  applica-

tions) with companion media pack-(of rapid prototyping.” 

World  Scientific  Publishing  Company.

[23] Withers  ,P.J  .and  Bhadeshia  ,H.K.D.H.2001  ,. 

”Residual  stress  .“Part–2  Nature  and  origins  .”Materials 

science  and  technology  ,(4)17  ,pp.366-375.

[24] Special  Metals  INCONEL  ®Alloy[  625  on-

line]site  .at:https//:www.matweb.com/search/data-

sheet_print.aspx?matguid4=a194f59f35a427dbc5009f-

043349cb5[  Accessed  15  Jan.2023  ].

[25] Özel ,T ,.Arēsoy ,Y.M .and Criales ,L.E.̷̸̹͊ ,. 

“Computational simulation of thermal and spattering 

phenomena and microstructure in selective laser melting 

of inconel .”̹͉͊ Physics Procedia ,83 ,pp.1435-1443.



[26] Liu  ,H .2014  ,.Numerical  analysis  of  thermal 

stress  and  deformation  in  multi-layer  laser  metal  deposi-

tion process .Missouri University of Science and Technol-

ogy.

[27] Mukherjee ,T ,.Zhang ,W .and DebRoy ,T.2017 ,. 

An improved prediction of residual stresses and distortion 

in  additive  manufacturing .Computational  Materials  Sci-

ence ,126 ,pp.360-372.

[28] Chen ,D ,.Wang ,P ,.Pan ,R ,.Zha ,C ,.Fan ,J,. 

Liang ,D .and Zhao ,Y .2021 ,.Characteristics of metal 

specimens formed by selective laser melting :a state-

of-the-art review .Journal of Materials Engineering and 

Performance ,30 ,pp.7073-7100.

[29] Yu ,W.H ,.Sing ,S.L ,.Chua ,C.K ,.Kuo ,C.N .and 

Tian  ,X.L  .2019  ,.Particle-reinforced  metal  matrix  nano-

composites fabricated by selective laser melting :A state of 

the art review .Progress in Materials Science ,104 ,pp330-.

.379

[30] Diegel  ,O  ,.Nordin  ,A  .and  Motte  ,D“  .2019  ,.A 

practical guide to design for additive manufacturing) ”pp. 

 .(978-981Singapore  :Springer  Singapore.

[31] Bouabbou  ,A  .and  Vaudreuil  ,S  .2022  ,.Under-

standing  laser-metal  interaction  in  selective  laser  melt-

ing  additive  manufacturing  through  numerical  modelling 

and  simulation  :a  review .Virtual  and  Physical  Prototyp-

ing  ,(3)17 ,pp.543-562.

[32] Li ,Y .and Gu ,D .2014 ,.Thermal behavior 

during selective laser melting of commercially pure 

titanium powder :Numerical simulation and experimental 

study .Additive Manufacturing ,1 ,pp.99-109.



 



IKKCO CKD

IKKCO

 

1 2* 3 
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)

aghandehariun@um ac ir



 International Energy Agency   

3 Exergy

 Amid
 Sharma

 

B

NOX

 CO2



PEM

1 Hannach
2

3 Dincer and Rosen
4 Clauser
5 Acar and Dincer

CO2

SO2



  

1 Nirmal



1

2 Biomasses
3 Time Line
4 Material Rate
5 Location

Hc NOx Co2 Co



1 Endurance

.



1

2 Human convenience

CO2

CO2



1

 

.



1

2 Impact



.



 [1] Acar C, & Dincer I, The potential role of hydrogen as a
 
 International Journal of Hydrogen Energy, 2020, 45(5),

 
 
 

 
 
 
 

 
 
 

 
 
 

 

 
 ethylene glycol diacetate as a novel oxygenated additive on
 
 

 
 
 diesel engine applications- taguchi and response surface
 

 
 Kjeang E, Life cycle assessment of hydrogen and diesel
 

 
 

 
 

 
 

 [12] Acar C & Dincer I, The potential role of hydrogen as a



 
 International Journal of Hydrogen Energy, 2018, 45 (2),

 
 
 

 [14] Furuholt E, Life cycle assessment of gasoline and
 diesel, Resources, Conservation and Recycling, 1995,

 
 emissions and energy consumptions assessment of a diesel
 engine from the life cycle perspective, Journal of Cleaner

 
 
 

 
 
 

 [18] Nordelöf A, Romare M, & Tivander J, Life
 
 
 

 
 
 

 
 
 

 
 of Hydrogen Production and Consumption in an Isolated
 Territory, Procedia CIRP, 2018, April, 30, Copenhagen,

 
 
 
 

 

 
 
 T, & Mohammadi P, Consolidating emission indices of
 
 

 
 Ecology and hydrogen energy, International Journal of

 
 

 
 
 

 

 
 
 of a compression ignition diesel engine fueled with tire
 

 
 

 
 

 
 Exploring cultural dimensions from a practice-theoretical

 
 
 

 



 assessment of various hydrogen production methods,
 

 
 
 
 

 
 
 
 

 

 
 

 
 performance parameters in an engine fueled with hydrogen,
 

 
 future? Prospects under the Clean Power Plan, Energy

 
 
 



 



 

APDL ANSYS FlexPDE
FlexPDE FlexPDE

ANSYS FlexPDE

:
ANSYS APDL FlexPDE   

1, Ali Hassani2 3

1-M.Sc ,.Department of Solid Design ,Faculty of Mechanical Engineering ,Babol Noshirvani University of  
Technology ,Babol ,Iran

of Technology, Babol, Iran
3- -

versity of Technology, Babol, Iran

-

-

-

Hassani@nit.ac.ir ،علی حسنی



ANSYS



  



Al

Al

Al w

w

 

 

ANSYS

Abaqus

Abaqus ANSYS

ANSYS

UMAT Abaqus

ANSYS

ANSYS

ANSYS

ANSYS



ANSYS

ANSYS

ANSYS

 

ANSYS

2 2  
   0rd h r r

h r h r r
dr

, ,r z h r

r



, ,r z

Rr R U

, ,r z

RU

0 J

  
     

    

r r
r r

r
r r

d h r r ddh drr h hr
dr dr dr dr

ddh r h hr
dr dr

2 ( )      0r rd h h h r
dr r

2    0
r

div h h r

 
r

div h

1 TJ PF

J det F F

1 2     0T

r
div h J P F h r

1 0Tdiv J F

2
0   0RR

Div H P H R U

H R

R

Z

2
0  0

rR rR

R

d HP H P P
dR R

H R U

P rRP

B F

RU

2
0  0

rR rR

R

d HP H P P
dR R

H R U



2

2

2

1  0 0

0 1 0

0 0

R

T R

zZ

U
R

UB FF
R

F

2

2

2

2

1  1 0 0

1 0 1 1 0
2

0 0 1

T

R

R

zZ

F F I

U
R

U
R

F

zZF

0z

isoS volS

m

i
i

Q

m

1

 
m

vol iso i
i

S S S Q

iQ

;  1, 2, , ,  i
i i iso

i

QQ S i m

0, ,  1, 2, ,i i m

, 1, 2, ,i i m

i i
, 1, 2, ,i i m

i

i i

0  0  ;  1, 2, , ,  i i isoQ S i m

1

1

. 

 .   .

. 

m

vol iso i
i

T T
vol iso

m

i
i

P P P F Q

J F J F

F Q



5
3

0

 

  

vol

iso

p I

J dev B

0

p

vol

1p K J

K

2
3

0

1

      .

. 

T T

m

i
i

P J p F J dev B F

F Q

2
3

0

1

   

1    .
3

 

T
rR rR

T
rr rR

m

rR i RR
i

P J p F

J B tr B F

F Q

2
3

0

1

   

1    .
3

 

T

T

m

i
i

P J p F

J B tr B F

F Q

  B tr B

B

isoS volS

1 1

1

      
  

T T
vol volS J F F J p F F
J pC

1

5
1 3

0

2
13

0

   

    

  . . 

T
iso iso

T

T

S J F F

J F J dev B F

J F dev B F



2
1 13

0

1

    . . S J pC J F dev B F

Q

z

ZS

2
1 1 13

0

1

     

0

Z Z zZ zZzz
m

i Z
i

S J pC J F dev B F

Q

zZ zF B

FlexPDE

 

,0oR ,0iR

oR iR

 

)bc1( 2

)bc2(   

  

0                       
0            

R i

rr rR o

U at R R
P at R R

FlexPDE 

RU

p



 ,  1, 2, ,i R
Q i m

 ,  1, 2, ,iQ i m

1,2, ,i m

1,2, ,i m

ANSYS APDL 

  

  

  

4 0

AN-

SYS

 Quadrilateral

 
 
 Mapped meshing

1

A1
A2

A3
A4

A5
A6

A7
A8

A9
A10

S
SS

SSS

S
SS

SSS

S
S

S

SSS

S
S
S

SSS

S
S
S

SSS

SS
S

SSS

SS
S

SSS

S
SS

SSS

S
SS

SSS

S
S
S

SSSX

Y

Z

                                                                                

AREAS

AREA NUM

U
OMEG



Angular Velocity

Z direction

ANSYS APDL

ETFE

ETFE

 1

ETFE

3

kg
m11 ( )s

v
1 ( )MPa

1
2 1 56/336
3 1 2

K MPa

]

0H mhnoR miR m

0  
hn

o

RH R H
R

  hn  0H

  

350 /rad s   

ANSYS

ANSYS

ANSYS



ANSYS

ANSYS

ANSYS

ANSYS

0 10 20 30 40 50 60 70 80 90 100 110 120 130

ANSYS

31.6

31.2

30.8

30.4

30.0

29.6

29.2

28.8

28.4

28.0

27.6

27.2

ANSYS
s

ANSYS

ANSYS

ANSYS

 

Flex-

ANSYS

0 10 20 30 40 50 60 70 80 90 100 110

FlexPDE

32.08

32.00

31.92

31.84

31.76

31.68

31.60

31.52

31.44

31.36

31.28

FlexPDE

t s

AN- t s

SYS

ANSYS



Ti e s

U

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
0.0363

0.0374

0.0385

0.0396

0.0407

0.0418

0.0429

0.044

0.0451

0.0462

0.0473

FlexPDE
ANSYS APDL

 
ANSYS FlexPDE

Ti e s
0 10000 20000 30000 40000 50000 60000 70000 80000 90000

FlexPDE
ANSYS APDL

32.4

32.1

31.8

31.5

31.2

30.9

30.6

30.3

30.0

ANSYS FlexPDE

0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6

FlexPDE
ANSYS APDL

33

30

27

24

21

18

15

12

9

t s 

ANSYS

   

  

v

J

v

0t



Ti e s

J

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
1.038

1.0382

1.0384

1.0386

1.0388

1.039

1.0392

1.0394

1.0396

1.0398

J

Ti e s
0 10000 20000 30000 40000 50000 60000 70000 80000 90000

a ial S ress
Hoop S ress

on- ises S ress

21.2

20.8

20.4

20.0

19.6

19.2

18.8

18.4

18.0

 R Z  Z

 Z

 R Z

Ti e s

z

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
0.927

0.93

0.933

0.936

0.939

0.942

0.945

0.948

0.951

Ti e s

r
z

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
0.9475

0.95

0.9525

0.955

0.9575

0.96

0.9625

0.965

0.9675

 R Z



rad s rad s rad s

— —

Ti e s

U

0 10000 20000 30000 40000 50000 60000 70000 80000 90000
0.0325

0.035

0.0375

0.04

0.0425

0.045

0.0475

0.05

0.0525

= 34 ra /s
= 35 ra /s
= 36 ra /s

 

Ti e s
0 10000 20000 30000 40000 50000 60000 70000 80000 90000

= 34 ra /s
= 35 ra /s
= 36 ra /s

35.2

34.4

33.6

32.8

32.0

31.2

30.4

29.6

28.8

28.0

hn

0 / 6hn 0 / 5hn 0 / 4hn

hn

hn

hn

hn



Ti e s
0 10000 20000 30000 40000 50000 60000 70000 80000 90000

nh = 4
nh = 5
nh = 6

36.0

35.1

34.2

33.3

32.4

31.5

30.6

29.7

28.8

27.9

 ᵷ 0 / 4hn

 0 / 6hn ʺ 0 / 5hn

( 0.5)

0.44

0.5

0.5

ANSYS

ANSYS DE

ANSYS

ANSYS

ANSYS

AN-

ANSYS SYS



]1] M. Hojjati and A. Hassani, “Theoretical and numerical 
analyses of rotating discs of non-uniform thickness and 

]2] A. Hassani and M. Gholami, “Analytical and numerical 
-

tating disks with nonuniform thickness based on Mindlin’s 
theory,” Journal of Stress Analysis, vol. 2, no. 1, pp. 35-49, 
2017.
]3] B. Shahriari and M. Kashkouli, “Simulation of heat 

disks”, Tabriz Mechanical Engineering, vol. 47, no. 2, pp. 

]4] M. Allam, R. Tantawy, A. Yousof, and A. M. Zenk-

functionally graded solid and annular disks with gradually 
varying thickness,” Arch. Mech. Eng., vol. 64, no. 4, 2017.

]6] A. Hassani, M. Hojjati, G. Farrahi, and R. Alashti, 
-

Structures, vol. 93, no. 12, pp. 3239-3251, 2011.
]7] S. Akbarov and S. Karakaya, “3D Analyses of the 

-

Mathematical Modelling, vol. 36, no. 9, pp. 4241-4260, 
2012.

analysis in a rotating radially graded FG-disc with non-uni-
form thickness”, Amirkabir Journal of Mechanical Engi-

annular and solid disks of variable thickness,” Internation-
al Journal of Non-linear Mechanics, vol. 27, no. 3, pp. 341-
346, 1992.

-
tion of a rotating solid disk of exponentially varying thick-
ness,” Mechanics of Materials, vol. 34, no. 7, pp. 423-432, 
2002.

Structures, vol. 79, no. 4, pp. 508-516, 2007.
]12] A. Hassani, M. Hojjati, G. Farrahi, and R. Alashti, 

“Semi-exact solution for thermo-mechanical analysis of 

Simulation, vol. 17, no. 9, pp. 3747-3762, 2012.
]13] M. Salmani Tehrani and M.R. Hemati, “Analytical 

-
tating hallow FGM cylinder”, Journal of Modeling in En-

-
cosity properties for basic fractional models in rheology,” 

no. 1, pp. 133-160, 2011.

creep model for rock based on variable-order fractional de-
rivatives,” Environmental Earth Sciences, vol. 73, no. 11, 
pp. 6965-6971, 2015.

-
-

vibration of a rod”, Journal of Modeling in Engineering, 

-
tating disks,” International Journal of Non-linear Mechan-
ics, vol. 20, no. 1, pp. 21-26, 1985.

-
tic deformation of the rotating inhomogeneous variable 
thickness solid and annular disks,” International Journal 

Mechanics, vol. 8, no. 5, pp. 313-322, 2007.

-
cedia Eng., vol. 144, pp. 374-381, 2016.

-
ternational Journal of Mechanical Sciences, vol. 138, pp. 
502-514, 2018.

-
tions of loading,” Acta biomaterialia, vol. 71, pp. 411-419, 
2018.

-
sis of FGM Rotating Disc Using GDQ Method,” Advances 
in Applied Mathematics and Mechanics, vol. 11, no. 1, pp. 
1-15, 2019.

-
nal of the Brazilian Society of Mechanical Sciences and 
Engineering, vol. 42, no. 1, pp. 1-8, 2020.

anisotropy on creep in functionally graded variable thick-
ness rotating disc,” The Journal of Strain Analysis for En-
gineering Design, vol. 57, no. 2, pp. 95-103, 2022.
]25] M. Kazemian, A. Moazemi Goudarzi, and A. Hassani, 

-
sel subjected to bulk degradation,” Mathematics and Me-
chanics of Solids, p. 10812865211033634, 2021.
]26] M. Kazemian, A. Hassani, and A. Moazemi Goudarzi, 

-

Model,” Journal of Stress Analysis, vol. 6, no. 1, pp. 67-77, 
2021.
]27] M. Kazemian, A. Moazemi Goudarzi, and A. Hassani, 

-



pressible polymeric pressurized vessel through a non-equi-
librium thermodynamic framework,” Mathematics and Me-
chanics of Solids, p. 10812865211042924, 2021.
]28] M. Gholami, A. Hassani, H. Afrasiab, M. Kazemiyan, 

Modares Mechanical Engineering, vol. 19, no. 12, pp. 2837-

]30] M. Kazemian, A. Hassani, and A. M. Goudarzi, “On 
-
-

modynamic framework,” International Journal of Engineer-
ing Science, vol. 171, p. 103618, 2022.

-

2000.
-
-

Methods in Engineering, vol. 39, no. 22, pp. 3903-3926, 
1996.

-
mechanical changes,” International Journal of Solids and 
Structures, vol. 33, no. 20-22, pp. 3019-3034, 1996.

-
ial tensile creep properties of ETFE foils at a wide range of 

-
tion and Building Materials, vol. 253, p. 119112, 2020.

-
-

als, vol. 63, pp. 311-319, 2014.



Mohammad Meskini1 1*, Mohammad Hossein Habibi2

-

-

m.livani@ssau.ac.ir ،مصطفی لیوانی  





] [

] [

] [

] [

] [

] [

] [

] [

 

 



  

h

b a

:] [

b s
0

w w

b s
0

w w

b s

 

3

h h

:] [

2 2
0 b s

2 2

2 2
0 b s

2 2

2 2
0 0 b s

sw

sw

:] [



k

2 1 2 2 h

  

:] [

k

1 2 1 2 2 h
k

2 2 1 2 2 h

3 1

:] [

k

1 2 1 2 2 h

k

2 2 1 2 2 h

3 2
b
h

:] [

i i

b
i i

s
i i

ij ij

i ih

:] [

i i i i i i i

2 2 2
i

2 2 2

I , I , I , I , I , I , I , I

:] [

2

1

- 0U T dt

 W U  

:] [

x x y y xy

xz xz yz yz dV

:] [

v vdV

u u v v w wT dV
t t t t t t

:] [



2 2
0

2 2

2 2
0

2 2

2 2
0 0 2 2

b s
xA Z

b s
y

b s
xy

s
xz

s
yz

u w wU z f z
x x x

v w wz f z
y y y

u v w wz f z
y x x y x y

wg z g z
x x

wg z g z dzdA
y y

ļ

2 2
0

2 2

2 2
0

2 2

2
0 0

2

2

2

b sb s
x x xA

b sb s
y y y

b b
xy xy xy

s s
xy

u w wU N M M
x x x

v w wN M M
y y y

u v wN N M
y x x y

wM dA
x y

2 2

0 2 2

2 2

0 2 2

2

0 0

2

2

2

b s
x x x

b sA

b s
y y y

b s

b
xy xy xy

b

s
xy

s

N M MU u w w
x x x

N M M
v w w

y y y

N N M
u v w

y x x y

M
w dA

x y

2 2
0

2 2
0

2 2
0

2 2
0

b s
v

b s

b s

b s

b s b s

u w wT z f z
t x t x t

u w wz f z
t x t x t

v w wz f z
t y t y t

v w wz f z
t y t y t

w w w wg z g z d
t t t t t t

V

2 3
0 0

02 2

3
0

02 2

4 4
2

2 2 2 2

3 4

02 2 2

2 2
2 0

02 2 2

3 3 3
0 0
2 2 2

bA Z

b
s

b b
b s

s s
b

s
s

b
b s

u uT u z w
t x t

u wf z w z u
x t x t

w wz w zf z w
x t x t

w wf z u zf z w
x t x t
w vf z w v

x t t
v v wz w f z w z v

y t y t y t

ļ

0

4 4 4
2

02 2 2 2 2

4 4 2
2

2 2 2 2 2

2 2 2

2 2 2

2 2 2

2 2 2

2 2
2

2 2

b b s
b s

s s b
b s b

b b s
s b

s s
s b

s

w w wz w zf z w f z v
y t y t y t

w w wzf z w f z w w
y t y t t

w w ww g z w
t t t

w ww g z g z w
t t t

g z w g z dzdA
t t



¨ ¨

,1 0 2

¨ ¨ ¨

, , ,4 2 0 3
¨ ¨ ¨

, , ,

¨ ¨ ¨

, ,

¨ ¨ ¨

, , ,4 2 0 3
¨ ¨ ¨

, , ,

¨

,

x bA

x b x b xxs b

b xx s x s xxs b

s xx ys b

y b y b yys b

b yy s y s yys b

s y

T I u u I u w

I u w I w u I w w

I w w I w u I w w

I w w I v v I v w

I v w I w v I w w

I w w I w v I w w

I w
¨ ¨

1 1
¨ ¨ ¨

¨ ¨ ¨

¨

y b bs b s

b s sb s

s b s

w I w w I w w

I w I w w I w w

I w I w I w

I dA

2 2 22 2
0

2 2 2

2 2 2
0 0 0

2 2 2

2 22

2 2

2 2 2
0 0 0

2 2 2

: 0

: 0

: 2

0

: 2

xyx

xy y

bb
y xyx b

b xx

s b s
xx yy yy

s ss
y xy yzx xz

s

s b s
xx xx yy

NNu
x y

N N
v

x y

M MM ww N
x y x y x
w w wN N N
x y y

M M SM Sw
x y x y x y
w w wN N N
x x y

2
0

2 0b
yy

wN
y

    

2 2 2
0 0 0

2 2

3 3

3 2

3 3
1

2 3

¨ ¨ ¨

, ,1 2 4

:

2

2

b b

s s

b x s x

u u vu A A A A
x y x y

w wB B B
x x y

w wE E E K
x y x x

I u I w I w

2 2 2
0 0 0

2 2

3 3 3

2 2 3

3 3

2 3

¨ ¨ ¨

, ,1 2 4

:

2

2

b b b

s s

b y s y

u v vv A A A A
x y x y

w w wB B B
y x y x y

w wE E E
y x y

I v I w I w

3 3
0 0

3 2

3 3 4
0 0

2 3 4

4 4 4 4 4

4 2 2 2 2 4 4

4 2
0

2 2 2

2 2
0 0 0

2 2

: 2

2

4

2 4

b

b

b b b s s

s b
xx

s b
xx yy yy

u uw B B B
x x y

v v wB B B D
x y y x

w w w w wD D D D F F
y x y x y x y

w wF F N
x y x

w wN N N
x y

2

2

¨ ¨ ¨ ¨ ¨

0, 0, ,1 1 2 2 3
¨ ¨ ¨ ¨

, , ,

s

b s x y b xx

b yy s xx s yy

w
y

I w I w I u I v I w

I w I w I w I



3 3
0 0

3 2

3 3 4
0 0

2 3 4

4 4

4 2 2

4 4

4 2 2

4 2 2

4 2 2

22 2
0

2 2 2

: 2

2

2 4

2 4

s

b

b b

s s

s s s

s
xx

u uw E E E
x x y

v v wE E E F
x y y x

w wF F F
y x y

w wG G G
x x y
w w wG H H
y x y

wH H N
x y x

2
0

2

2 2 ¨
0 0

12 2

¨ ¨ ¨ ¨ ¨

0, 0, , ,

¨ ¨ ¨

, ,

b
xx

s b
byy yy

s x y b xx b yy

s xx s yy

wN
x

w wN N I w
y y

I w I u I v I w I w

I w I w I

:] [

0

0

sin sin
sin sin

,

iwt

iwt

iwt
b b

iwt
s s

u Ue x y
v Ve x y
w W e x y
w W e x y

n m
a b

sW bW V U

4 4 4 4[ [ 0K N

 

a/b
9200 10

9

] [  

 ] [

  

 ] [ ] [

    

 ] [ ] [

 ]



] [ ] [

K
] [] [] [

K

K
 

 



a h

   

a h

  

a/h

a b

a b



 

 

 

 

-

-

-
-

-

-

-
-

 -

-

 
-
-

-
-

-

-
-

-

-
-



-

-

-

-

-

-

-
-

-
-

-
-

-

-
-

-



  

for marine brushless DC motor
Esmailian, Mojtaba1*, Boroumand, Farzad1

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

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. 
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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
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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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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 cemen t 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.

̸ 

* Seyed Amir Hossien Akbari ̪sahakbari@yahoo.com

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.
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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.

.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.

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

 (1(
 

 . 0v
t

ɟ &  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[ 

 (2(   .         (.    

(  T
s

p
t

g F

In above equation , s F  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[

 (3( sF k
„ is surface tension on common surface perpendicular to the surface. K is curvature of the common surface defined 

as follow:

 (4(((  .  k

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

 (5( . 0
t  

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

(6(,  1L Gx t
 

 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.

 
Figure 2: Droplet geometry entering the 

porous medium.

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[

(7(
2

in outp p p
R  
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Figure 4: The topic of networking.

Table 2: Laplace Experiment results

„PɲRNodes
0.0815.450.015

3876 0.0763.800.02
0.0782.600.03
0.0785.210.015

7171 0.0753.770.02
0.0752.500.03
0.0765.130.015

12221 0.0783.920.02
0.0782.620.03

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.

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. 

 

ɗ= 90°ɗ= 50° 

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.

(8(
2v DWe

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 ANSYS 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]

 Amount of
accuracy im-
provement

Method
Error compar-
ing to empiri-

cal work

+ 9%Fluid Volume0/01666 Current
Work

--

Shawn and 
Chenn, 

Boltzmann 
network 
method

0/01835]9[

e)0.53d)0.4c)0.26b)0.13a)0.03

j)1.2i)1.06h)0.93g)0.8f)0.66

n)1.66m)1.6l)1.46k)1.33
Figure 8- showing the penetration contour of the water droplet phase in dimensionless times without the presence of 

gravity
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e)0.53d)0.4c)0.26b)0.13a)0.03

j)1.2i)1.06h)0.93g)0.8f)0.66

n)1.66m)1.6l)1.46k)1.33
Figure 9- showing the penetration contour of the water droplet phase in dimensionless times and with the 

presence of gravity
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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.

Three-dimensional heat transfer simulation of a non-Newtonian droplet 
considering the effects of surface evaporation
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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.
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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.

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 , u , and P represent density, velocity, and xvpressure, respectively. Additionally, F  
indicates the volumetric force, k  represents the turbulent kinetic energy, and refU  denotes the reference ve-
locity, which has a value of 0U . Moreover, Tl  indicates the intensity of turbulence. Furthermore, T  and  
are the turbulent viscosity and dynamic viscosity, respectively. is the dissipation rate of kinetic energy, and 
the six constants 2 1, , , ,W kC C  and C are based on the k-Ů models [6]. 
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4- Results

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

.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.

 Fig. 3. The rate of surface evaporation over time, considering surface 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. 
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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.
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Figure 1: Satellite attitude control with reaction wheel model and sensor noise
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Table 1 presents the parameters and status control system unit. 
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Table 1. Parameters values and their units

Parameter Unit

p r, U U N m

J Kg m2

ɔ rad/s

rad

PK N m/rad

DK N m s/rad

IK N m/s rad

L rad/N m

d ,  ,  cM M M  
N m

,  rad2 s

, ,fT T T s

K -

3-Optimization
The deterministic optimization of the spacecraft attitude control system has been done according to the 

following statements.

(14) ( p , , , D IK K K L ) Find

(15) rE Minimizing 

(16)Subject to rE K  

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

ref PK DK IK L
5 53.41 35.51 31.65 73.25
15 27.16 24.54 11.97 4.05
30 92.69 52.15 49.84 17.02
45 89.93 50.84 45.42 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:



 actuator and considering sensor noiseVahid Bohlouri

(17) ( p , , , D IK K K L ) Find
(18){ } { }r rE E w E Minimizing 
(19)Subject to  rE K

Table 3: obtained controller gains from ro-
bust optimization

ref PK DK IK L
5

15

30

45

60

138.20

60.78

99.89

143.78

122.26

104.62

54.78

88.25

120.04

97.29

50.58

19.18

30.86

49.64

43.69

36.73

1.05

0.04

2.64

17.56

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 is plotted.
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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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Figure 3: Expected value of the performance index versus noise PSD
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Figure 4: Standard deviation of the performance index versus noise PSD
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Figure 5: Standard deviation of the performance index versus noise PSD
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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 Al2O3 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.

̸ 

Mehdi Boghrati  mehdi.boghrati@buqaen.ac.ir

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 uÐ and TÐ, respectively. 
Two solid walls of the channel are subjected to constant temperature. The blockage ratio ɓ, which is defined 
as the ratio of width of the cylinder to the vertical distance between the upper and lower walls (h/H), is fixed 
and equal to 0.16. The ratio of h/w is also fixed in this study and based on previous studies equal to 0.18. For 
all cases the channel inlet velocity is 3.73×10-4 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 
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 10-3. 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 
table1. 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 Al2O3 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 Al2O3.

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 Al2O3 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 Al2O3 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, Al2O3 4% 
shows the weakest results because not only reduces it heat transfer, but also increases pump power.

Figure 2: Temperature contours around the blockFigure 1: Geometry of the flow field

Figure 4: Nusselt number along the channel length 
for different fluids

Figure 3: the nondimensional temperature profile at the 
A-A cross section for different fluids (as shown fig. 3)

Figure 6: Heat transfer, pump power and entropy 
generation ratio of each nanofluid

Figure 5: Nondimensional thermal entropy generation 
along the channel length for different fluids

4-CONCLUSIONS
Numerical simulations of laminar flow and heat transfer of nanofluids with Al2O3 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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 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 ɛm, the laser beam power is 
200 W, the laser beam diameter is 100 ɛm, 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.
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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 hn , 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 hn  (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:

(1)  2 2  
   0rd h r r

h r h r r
dr

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

nates, as well as r  and  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:

(2)

where R , RU , H R , rRP , P , and 0  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., volS  and isoS ) and non-equilibri-

um stresses related to Maxwell’s element(s) 
1

m
ii

Q —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]:

(3)

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

sented the evolution equations governing the tensor variables iQ  for the visco-hyperelastic materials with the 
same polymeric chains (such as thermoplastic elastomers) and the corresponding initial conditions as follows 
[5]:

(4)
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retardation time(s) , 1, 2,...,i i m  for Maxwell elements. The two material properties i  and i  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 1   42 MPa , Poisson’s ratio 0.44 , the retardation time 

is 1 9230 s  and 1 0.231 , as well as the density 0 1735 ^ 3kg m  [6]. The thickness profile is 

considered as 0 0/ hnH R H R R  so that the internal and external radii, the power in the thickness pro-

file hn  and 0  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 350 /rad 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 t . Therefore, in FlexPDE coding, the one-dimensional model is considered 

a line from the position 350 /rad s  to ,0iR , where iR  and oR  are the inner and outer radii of the 

rotating disk, respectively. The boundary conditions in the rotating disk are 0RU  in the inner radius and 

0r rRP  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  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 ANSYS 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 340 /rad s , 350 /rad s , and 360 /rad 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 0.hn 4, 0.5hn , and 0.6hn  have been investigated. For the sake 

of brevity, only the changes in the Von-Mises stress versus time for the various hn  have been shown in Figure 

2. It is worthwhile mentioning that increasing the power of the thickness profile hn , as a geometric property, 

leads to the reduction in the radial displacement and Von-Mises stress. It is also observed that changes in hn  
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 0.hn 4, 0.5hn , and 0.6hn

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 hn , 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 hn   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.
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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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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.

Thermal analysis and cooling system design for marine brushless DC motor
Esmailian Mojtaba1*, Boroumand Farzad1

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.
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Brushless DC motor, Cooling system, Thermal analysis, Sea water.
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As a result, 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.

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
section

 Number and size of
flow holes

 Cooling fluid flow
rate

 Cooling fluid
speed

 Maximum temperature
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 0.3 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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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.

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:
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2-1-2 Gas expansion equations in isentropic state
This is the equation for isentropic expansion of gas, which is equivalent to isothermal expansion:
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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:

(3)
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initial
V

V

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)
0div

t
u

Momentum conservation equation:
For the X direction we have:
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For Y direction we have:
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Energy conservation equation:
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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.

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 0n 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.

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.

Fig 5- comparative column chart for air flow velocity in different sprinklers
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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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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 
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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. 

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.

Figure 2: Ph ysical 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).

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:
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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
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      In relation (4), A1 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:

stack effect 1 . .i O
i NPL

i

T Tp c g H H
T

The only variable in the above expression is H and the rest of the parameters are fixed. C1 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.
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In relation (6), UH represents the wind speed in each floor (in miles per hour) Umet 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 ɝ 
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).
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In the above equation, æPw 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.
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       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.

0/5
( . )* *4005*( )d e lV c A P&

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.

(6)

(7)

(9)

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:
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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
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      In relation (4), A1 is the area of the lowest opening of the building and A2 is the value of the area of the 
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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 

(10)
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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.

Figure 7: Variations of wind pressure on the building in terms of length for a triangular cross-section

3-1-2-E xamining 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.

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.

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.

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)

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 

 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
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high, then the values of 0.33 and 460 have been considered for coefficients a and ɝ, 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

(mph)

 Height
(foot)

Pascal In.water

0.000 0.000 0.00 0

1.69 0.0068 11.78 16.14

2.4 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
 pressure
(Pascal)

 Maximum
 pressure
(Pascal)

 Solution
method

 The type
 of shape
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.

5-Refrence
 [1] EPA Climate Change Indicators, 2021, Chapter “Global Greenhouse Gas Emissions”, Figure 1. Global Greenhouse
Gas Emissions by Gas, 1990–2015
 [2] Sergey Mijorski, Stefano Cammelli, 2016, Stack Effect in High-Rise Buildings: A Review, International Journal of
High-Rise Buildings, Vol 5, No 4, 327-338
[3] Sungmin Yoon, Doosam Song, Jaehun Kim, Joowook Kim, Hyunwoo Lim, Junemo Koo, 2020, Identifying stack-
 driven indoor environmental problems and associated pressure difference in high-rise residential buildings Airflow noise
.and draft, Building and Environment 168 (2020) 106483
 [4] Xiaoxin Man, Yanyu Lu, Guolei Li, Yanling Wang, Jing Liu, 2019, A study on the stack effect of a super high-rise
residential building in a severe cold region in China, Indoor and Built Environment, DOI: 10.1177/1420326X19856045


	STME volume1 Issue2
	جلد مقاله
	STME Vol1 Issue2_Part1
	6 Paper_Part2
	STME Vol1 Issue2_Part2_Part2

	9 Paper
	10 Paper
	11 Paper
	12 Paper
	13 Paper
	14 Paper

