14

\a

#3

A%

Ay

Ny

lax

\F4

70

YAY

AR

ISSN 2008 - 918X

b oS A 953 ygw oS (S30e ko § (5 ial sk Wl
3 o 3ga@ STy s Kol 39 9T (Slao 5

Sl e
1IN W e T SR g PR IR I R WSS I gy
MG;V&{';&)Q‘;,@”

S A Dl = Bl 55

(EKiipel) gf Sl 00 7S gl § 55 9 (557 g pE7 sialsly S
ool T CNG U 3P0 o 59

SEG el o WIS — At daa

S 20 b (5571 (SO (Sl a5 (SN yud (S (53t

(B3 98 3gm i 29590 (S 23 299 90) ko

TS i orms = gllle sl s — (olen] osf3T

Y e 25 b ol 7 Jowe 33 035 —lo F O 12 (5 Hldd

ik (SO Wl o

2t A by bl A

R jr (59 HE T ST 5 oo Sl 5 il S Julod
53 Pt 10 (v 2 S84 3l edlit b

3155 hal pla g = 5,Y OB 3L L gy = 63 et s

=3 a:ljrﬁlf o s damma

9! a5 25 9 Slozrls <Kinds p w1 5 S ol b aatline

o Sl Dlaad i (S 25 (S0 GBS R9 S92

OUS o ol Golo = OLSLa 3 3 o — o305 e

Sl S g S0 Dbl Ol > 9 ST S gaite S0 5 Bal) W

Jlw 9 ok a5 o 36T 31 o8l b OT W Sk 5

S Sl S pate

omabobio 310w 53 a3l 31 sdai b &5 31956 (5 5ILE sy

AL s p S s S e

52990 33 03l (51 y5 g1 8 G eled prygd 8N g

385 3t b

3k e = Gl 1l = 5 lin sl

(olia 3 Builely Ob o J AT 53 (0 e (Sl folsl (s

SleS Ol = 3ol Ol e = JlenST g o

CNG (Gl yodgo o> ST o791 S L 2 298! (o

S AP gl sl

358155 5 sama = o3l g = b Soslan a3 s

Y oslad Y Jl
|FXX ‘Q":“""?B’SJLG'!

Ibwilxo 9 58 99,0 poke 4 pis

6&4&0 PL

e dolladgd

o pond

bwles 5 (52215 pske

LY

KK

‘5" L" 0)'-6«15 J‘" JLAﬁ/




u“dﬁd ?V)J)/‘/b/(:" :/" \

| SSN: 2008-918X A3

Ql;_l.b’-.,\fobg.a}:f.: Dg0 g
dgie oy b oKl il Lo

Lol e 2S5 1 Jghe e

W P S

Wl o3 6T ol T o8l ¢zt b (SBT w571 5578

Wl g o Ul o> Ll S B 5

Wl o 3 T ol 5T o8ils el 0313 w51 W51 Je 57

Lb |gn pwdign 0dSKiils (S ool | inio o851 elial Wing 3 Sgrmn JSS
DLl (6 53w o513 (Ll gl Sl ol 5573

S wkige 0 dSCELS ¢ g sb W i a5 it oSS el Sl Lo s0zmadm 3578
ESlKa 05,5 ¢ owdige 0SSl cdgin g 33,5 oKl sliul 9 Ol 555
SIS 05 8 ¢ grige 0S5 g g p3 b oSN el SRy Sgaze SIS
S i o dSils Olgheal gnine of8sils 3bul  (Sguoler Swd el pl 47
S 05,5 ¢ omdige 03 cdghin g 935 olKils oliul Sleb dgrme 53
ST e J S0 oo S0, g IS oKl ol 0 233 B oo 553

g‘_g.::&ﬁ a); cdw.k'.g,n LGN (g 6"‘33‘1"9 oli..id‘: bl

Oblasus” Ol e 250

S 05 8 ¢ pmkige o dSCils (gl g 53,8 oSl (L5l 39 (uxe e J5D
Wl ¢ JoulS” 55 ol sl SNiEe Slig J5S

SSlKa 05,5 ¢ pwdige 0SS cdgin g 33,5 oKl sliul o Lo ydazmo 557
K oT el o LS o815 el Syl Cypogr 55

ii:a&n 4_9_)? (gl LGRS (gl gwgd 2 o ils eoliul

W)l o 57

\;:fq.u}i}:fs:)lh'xg

(=5 bl oo 1 g T4mbo 9 Sl 29 3o (075 1 P8 el

AIVVO-NINY I s Ggois — 45 5,53 — _wnnkign 0 dSCi1S — g _oun 93,5 oKl —gitie 1 SIS

COV-FAVERYT Y K s COVFAALFYF il

http://mechanic-ferdowsi.um.ac.ir :Cslw o3 mechanic-ferdows@um.ac.ir : S g SN
WAVIN 550 WYV 16558 5 Dlidosd coshe D515 5 gme aslio)lad

EBSCO, Magiran, SID, ISC : .z slesll, s ol ol



v

29

v

Ay

VY

las

V¥4

V20

A

AKA

S5 e

SUsS bl Ol = Olag g g5 el

3156 et pldles - S desws

JQJ.H.L& Cl;- i é-"*—"‘ a:b.
[ P dae

w3l 5 = G Jeolenl A

6)Y0g)jlfx_ﬂ.~lﬁ—‘;;u‘)§inﬂ‘v\.w

Lf“’)li. a:\)'v.}éks J‘ﬁv\-w —Jl}] Ls.)dhb beJ.i

ngﬁaw—dalﬁ&l&

S Salow = b e

RS dgmn = S e

Lﬁ}L&)M

G3te Je = Sll |l = (g 2 lie jlgs

Sl Ol = F7 U Ol ge = SlawsS g e

fzbl:\ﬁ—gjbasl.«wféjf

:Jfa.?ljj.’e 3 gaes

Lo b odiSud 55L [ sm pmeS (g3 Jlow 5 (gl b Andlas
5 5t 3 gep (15 0,0 (Kealiyg

5 ool 225 5Kt ST 5 SKos50Ides 23§38 i

it (8 Ll 3 e

U5 Sl 035 S Al 5 S g8 el )
o 3 CNG 055w cilu s (Kipns!)

b AL o3l ety 55 Sk et SR (5t
(638 a8 G338 L5 s 55 90) Ao S S o

SaaVl e domio b ol 5 Jis 3 o)l —Le § 0L > (gjluans
Cakides ()8 Ll i s

35 pants o B 5055 3l eslial b Szl

sl o (6 5 5 Slearlo Kt T 5 sla byl 3T andllae

e 10 g2l Dlalad mlas (6 535 (6 52 ENES T

g glaals 51 LI OL >y oliS” 3 piike (slae 915 50

3 el S 0 BT S eslizal L 0T Ul Slalas ) 5 (glacus
Jw

skl Olos 55 e Ul ozl &S 30 56 (6 5IULG ()
Lo s o5 oslimal (gl 555l sy 5 &K lad )y 5 83101 Lo
G, Sl

Seoalus 3ol 0L > 1S 55 28 gl bl e

CNG sl ycs g sl st sl Jo g o258 s
S A






\
DOI: 10.22067/jacsm.2021.68281.1003

L&J&)Jw”b[}ﬂj&.’j)gﬁ}lp 4;/,.4:..'

(’/\7\)’[" th;)wgraijwJLﬂ

¥ Khos 39a@ (Sl y 0 Iko (Knol39 9T (S0 3 b o™ A 93 31 Jguw o™ (SO o § (S yuol 5k axdltne

5

BI5

e

(\)‘}9315, PPes

Lol Ol (2 05 Yo o s Gl 5 ites 150 (Kool (SUs s jnS 850 1 0iSUS Tl (slooios L sy piaS 0SS
oo b oSS yiil (sloy s paS 5, Slae oy o cdllio ol Jo Dl ()bl Slas lamio L 5 Slae sla imio 5 Lyl

Seolon g ol lae il oslézd 1 il O 2 (6348 (6 jlarnn il oliza] b el 0l a5ty (oode 5 Al jl 50yt  Sealisg o]

sl gy 37 857 ol o ey 5550 Sy o g3l o el g oS3 Sl 5 G DIS Ly Lo L)1 57 s sy ST (L

ol il s PRl 5 pans CoblG G ol 0ol o3lizeal s el il gl Gl g1 el 0t 1 S5 SST ¥y i ks

dbd o Lao y slded i) delllo 54 o 8350 5l 5 5 LS G A o s Lo TA @ﬂdé“rzj/‘ﬁéw)/ﬂgd’/’ ol

2 O a2 5 200 Sl b (Kol s pl (slaoy ] o GLET 21T i 0 plS Cond 3 a5l o oty 45 3l O )b

SSeoling ol slooy (sl gy Dy 45 A e O Sy G IUT il ks anfllas am3T0 5 00 fo I (o Ll 44050

G 4z 28T O lizs

QL:J,> KL LSJ\LA‘L.MZ sj.?jdu(s@w sQ)LEJJ v_ic.al.ubjjicﬁ oy E—U;)‘ ‘eJMS,L:!)J)L)}MJ,J ‘SM 6&@3'5

Ares 0L bbb Sy B AU (s S
SI3T O Bl Sl kS 55k Sla g aS
S o o3l Uy g nS 555 151 L O e
O 5ol Coanw 95,8 53 L O b K s Wil 0 4l
sl JUS ol jents Loy cpl 3L o sls 355
Wae sy (e 5l oS &5 S n sl mapsle 2 aOL
Slaand 35 o 03553 0T (533l 40 5 LS o ) 3os
S |y ool lad ot s 2 5 G200
305 25,5 S G2 b Sl b (S s Jeaze 0L
old atle gosb Cawd ol 35 e OL > JUKS
Lg}bJULSJ:\)mJLaQQﬁ&JJ\)JJ_«S@l
oo s Cwed Sl als 5L L Jlw S sl
sdalie (V) K& 55 &5, 5bokes Bl 53 oy

S Sl Gl S bailogy s pl b gl e

PRV

Db Wilg e a5 Lien SO (ol ) Wy g eS
Lo as Al oo a8 L1 S
(Regenerative Flow Compressors) s.Sa st
P H R P P P I B
g5 3o diSAI 55k (Lo g oS N o L
by aSO1 Jdsay 5 s Sl 55 (Sla s g S
2 2 b e g LB il sl o sae
Slasein bs Shae gla goww 5 Lyl 1y ul O >
Ll o g aS oyl 1] s ol s
Loandl calbdor g S S L pl iy (ol8 s
S sl 5, S
Jols e diSUT 5L s e e lacan

bﬁ 4.;)\>u“ Cooond (S35, Coond cﬂu.\jﬁ lﬂ CJD;

Al VY BT oy a5 VPR AT Wl ils b

Email: J.nejad@umz.ac.ir 0l ;! « sl 05k o250 (g 55k 5 owdige 8023 (SO ndige 03 S lskiad (V)


mailto:J.nejad@umz.ac.ir

Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos ¥

bl il ol dmes il o5 Slae Uyl
ol (S ol SKewl olis 5 N8
S S glalas sl 2 Slds 5 s xal 5 i
Sl S ml Al s Ll
Slaseio 5 o Solw Ld 31 oble s 550
(S s b ap WO L oo Sles
3T bR 35 s OB E 4 Rl
5 boibeog,s sl b wld 5 JJhal golall
sl Sl odd o e plrals lapile
(b dl.;.a 03 Sles xS slas S bappile gy 55
ooy S LSS il anils laten 5 olde o
33hsr e Sl ks S poas Il F
2 @YU WSSl kST 55L Sla g S
[3,4] S sl 4ids
s palie dlr S el s s
Jol el o onlial oSS 550 (Slagndile sy 55
8] ol psne Jol3 & i 5 N 5555 0L
L o ol & ol OLE eddeladl sla g
Lo oo [B] Bl e b
ek (655 Oliimes a1 sl IS 3 S
s S Bome el op 63 Ol | p st
Sloeibesn s sly Ok
53 s ek Al eled lae sy bosdis g5l
e B RS sy Sl de sl
e ol gl b us rl>.=3\ Olais Cowsas

e LS

i [6-9] 55 enlial oS A 551 (slappniila sy 5
SaklpSls (23 Slany eddoleln (lag)sS
o2 R Sl p edddlyl glagg, 5 Ll S Jlw
& bogia 0T 2 KIS 5l e (6 2 14051 5
G e S ol IS 5 ol 0340 658
Sl s oS sl andl [10] dal s & O gl
Shodsl 8 Salussnl slaey bossa sl
L 258 58 38 e el 5 ol oS
S 65 [4,11] s Ll gy S5 0k 28

Cogot peile 4 o5 Sl e Jle 0L
Jb AL s e ol OF 31 5 oy 5,15 ok 53,1 G
o 3 3580 ol O Jbw (655 cbre 4 5505
Jsas s el o oles s 5 SLis 2l
obon S camn J g olon 5L25 0L3I S 54
$ 82303 G on s F 30T s o Jlm OL
Rl b S O G 5wl 1alS s
S e s A Al e Bl e el
Lo s olis, 0L > bl 5l 85k sl
3 82305 om Bl o AL eSS e
ol (Stripper) bl Jlps 8 5,5 o S5 s
S Kl 5l S ey o oS e L 3l
3 el o LB Bopd g e LS 5 o 2l
5Ly a3 e a5 B AL Bl sl
LS oo e L b el 353 (68 Sl JLA3S
3 AR o s 0355 b S e

2y g 0k 50 S5 0k S IS

Exit Port Inlet Port
% Stripper

\ ;0 /
N
AL ’-w:-q/ '
o/ A Acceleration

Deceleration P>
‘R eRion

Region

¥ N

Linea;-.rRegi;;r Streamline
E)".’}"-'\:‘:‘S-)‘-:!):jl{)}wﬁmsugi ;il:mtgum \ Jg.;./

Slasie Jhi 5l ekiSuIsol las s S

Lied St abralr las s oS 4 4t (53 Shes
b 2o o Vs w5 s plas s 6l s
ol ins BB 1 K s e eolizel cal oyl
FeS) el b LSL‘JV"’ Obekily il sy g ;aS
Sl sy Msa ol el ) (sys0
ijJQZQWLu)lJJASW\L;:JM

JEo e Lj}ijwifj}j‘;\o‘/dﬁv‘/

Sl o Flewlms 5 (52,5 pole 4 i



B L ks s Jbw 0L > 3 iluand
Lol e L3S wlie a2 L5T 5 (58
VY0 o sl S350 Asls n e &S AL
S os b 0L OLGs 5 i S [19] el
S 55 (Sealissspl slao sy b ediSU) 55k 5 g aS
S ol s ool U8 S SWS L e
Kl [20] L5 8 &l gz b gl p e geia
S Shes 1 mle3lE (g5l 0L i OSes
Aol 5 [21] s s bl ediSud S5l ey
s meS 3l eslad O 5 6ol (lallas
ARl Ulsea ) o Sae D pons S 5L
(ORC) 131, S8 S 55 blodl o (sl
dliid 5 lSen 5 i8S iman [22] L35 o
S Lo b 5 lras iS50 ey
L rsSos Dpots oay 3 Shes sl oot 5 anlllas
[23] s 5 <l
Ohr JUES shaie 5 baey S5 aer sl
oS 55k Sl s S Sl e el
L oS A 5550 ) g a8 it b 51 S5 ols 552
Seke G s ol (Saabuasal slae sy
LooteSad sl HsmpeS (DU Al 5 0L
Slomilos s ple wied Salyssnl sl
oy o eSS ol 55 3505 (6 g 5 Slas s diS U 551
e b plaey e sl il Glaey
Bl b gme B ol s o S0 (Saliyss
05 G o s Gl s e b 4 (Suis]
reS bl Ob 2 B35 e eslizal (g 5al> JUIS
Sy ded s i 4 daime 05,5 WL
Laals S s 51 b WS 5l dlae y anen sy Ol sioas
s () U2 53 [11] el s 35 Loy, Sy o
Ol Sz gl oo b sy oS 53 Sl S

RGP AP K

h,\»js (g )‘j:.w\ G./\ASJ.:!)S)LJ LSLAU’:‘;L‘ )\ Cj.;
[12] a1 Jeslss
@t (Siluand OG5 b 5sealS bty
S35 o Sl gadate laslS WJlw 0L
Ll fb"';l sliSu 5b laileg, s s Slas
oS 55L oy s e sl fds iy
Sy S S SV sl 5 aily S s
9 dd\)L: el Sl s By \) e.,\MS.,\:J};)L
S S sl Slealse VL Solys 5l 01
sdldeslail c.l.\.\s.l.\“j):)b )),wﬂ.os &)J JL;.w C,Sf'
SoS L s Loy e e Ju S0
Do 3O 5 KUI5 [13] s S aslie it
5 el [14] ws S eslanal sasSa 55k ey
LSL&OJ.: L _}:J\JJ)”) ;f.q..t. DL u°ﬁ ‘}g.w J_?l Qb&a.h
Koty s 5 e ARSI O son | elad
Qb&aﬂj&)‘yujﬁk[ls] J.:J;A:b‘ueﬁdbab
Oljer g Glp Sdaks lotee s
JUE g peS S (S sSTonl 5 (Sealins ]
Juéjs oslaul LS‘;L*"‘;' LSLA")'i L> o.lMSJ.J);)L: J..:L>-
B \) g_.JLh 9 Lhcj.; PR LEN J.?l S KJU [16]
Slestatal b 5 s S Jdowd s diS ) 5550 ses 3 Shas
[17] Ll LS.U\ b UM::JLA eb‘jb. ‘L;w.l;.ﬁ JZA“)L}'Y U'-i‘
oS 5L Skes gl b S ] 5 S
SOl L3 S L) 5 sy e Sl g
0L St Soluand 5 mha 2ol o 8 5
A S ealanal el o530 5 s (g lwang ¢l p
J.:Jv.ia Q\).\_c«‘u Lhcﬁ slass E) L}jl}d‘ :U.J‘) J:""‘)li“
5 el [18] i a3 L 5 Lol L, s >k
swy 3 Shes oo G350 asly i OLKaes
S8 a |y eled glae s Loesle st gl

JEo e ‘_;J;Jw‘faj)_;‘;wdlw

Sl o Flelms 5 (52,5 pole 4 i



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos ¢

53 Jhe 0L 6ol ol onlizad Y8
Gds s el 5 Shes it Jal b 3 g eS
3 205 SUlss o0 X Gl e p e Lol
38 es 2 Loy Slad 5 5 Lo gLl ooy (s
Slaep 3l sk pl Gl el e S el
oA s S skl b ool (Salyss
05 e 0L > olwans .l sl eslanal LS

s ) gl 5l 0k planil s (51

D5 S dwdid g Cod Hlde i i
Sl g ol b s b sdis 550

ol oy S S50 Sy S Al A is
23 gl | s e LT Jie el |
&l oddeslel A8 i3] de ez (LMY 2
)j_wﬂ.as J;.LA& (.SLQJM C‘ﬂ_@"_} 6;0)‘.,\.&
DL )}wﬁéub“baj J‘Jw Q_i-sjl—w:’ .C.,.w‘e.u 45‘)‘
B 6"‘4"1’ Olasein .Gl odalie ‘_}.’L"e (u—V) J&J
ol s 03551 (V) g 5 oK 63 SNas
Sla e sl US55 oS (2l 3 ey J5
ol o:‘: QLL.; (2) J&Z DL 45 ol f‘.}k Lg\m).p

[4] Soluss ol lao s b oS 5550 g e ¥ S0

Sloilog, s 0 bl as s L
A5b sles e pile shatas pl sl S ad 5550
Dl sl by 0 L yeile sy 55 il s sl
Ak s 3 Shes spe Gl Lol Gl S,
sl 488515 Ol 1 (g sk 4 55550
Sl e a3 SUI Ollas wax 5L
aodlie pl s ((Salusgnl laey b sdusad 3k
31 oslizal b sy g oS 51 ams ol ok 5 anlllas
el el el atls Sl Ve Sl
s ey L v ¢l gode dllas
ey b odiSU 550 g oS G Sl sdkelnsey
My S aer Sl s aglie  Saluss

oL > oledde (gl SST il Jue 31 0L >

Sialesl e (L)

JEo e :JJ:‘J[«JTJJJWJLJ

&‘&JQJIM&;&J&A}JK{:}L& d‘.”vj.i./



Leosls gysl g [~
B

W

=0 ooy
T

Bearing box

;,

5

5

S Sudsi b s S (8

SalesT Sl Sl (&)
s iS A 5530 s S o3l oSais 7SS

SSealus s T slse b oS g53L 5w meS b Slaasiine \ sl

G eSS Yy bl o
adds 5 g3 Yeen Slss ce e

ke 810 Gl b

a5 S RU-LTRY B e - j)
e i
A0 Lao sl
Saske YE Lo il

e S U 5L g oS Sl glas dudis £ IS

V80 oo lad qpss oo Sl ;@‘L(»J;J“wajdAjjb/ijoéfL'



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos 1

S SN SIS o ol (Sl IS 51 Gl
las i S o5 305 el i S
Sibwamd Sl o Jo Sln olE 5 e stes
[24,25] ol st o3lizl 0L > (s305
Vslee O3 slcmsn gl a5 5 el
Slaksd SVslee Sl 50 0l a8 sl st
Sl s Gl s, & Sl esliad G
b g 4l 56Y 4 (U Co s O gmean) OL > Gla pne
SVsles (6 5l Ll Lo Slag s Sl
Sl st 5 Sy Bslbae Jald S 2l 50
(Y 3V sy 0o Sl Jaw 2o oy sots (5 50 Jlns

RGO I 4 ab)}T

dp | dpi; 0
at = ox;
M)
ot ox;  Ox
d Ju; ou; 2 _0Ju
SRR
ox; | \ox; ox; 3 7 0xp

d -
+ —(—pu{u}’)
an

Yo CadS Gy e SEsa pliws ¢l
o san ¥alas SilwaznS sl (high resolution)
ol S S 4 Saasl
e J71e 5l (S0 8 Gl 850 W 5 6
o5POles 58 o piee Ol ($34 (Sl o
4 Slhabee glad (i el Olis () K8 s &S
sl oA el Wl 5 Oy Ades Jold Y
GluaSd BBl O pon bt ol 5L e
Aol oS S rer (g huaSS 150 b s s
Slme 83 5d5es 55 (5 ke s 5 (Skewness) S g
Cod 30 A 23 Sax S onl sl S 13
O Sh s a5 ki 0l ms (g ks
sl s oseeS Ay e st

S Hlw dr o E 10 bules onlad pus
LoysE e YO 51 2SS slas Llajlis 5 ol oz g
2 oS3l s Coalad ple LS &S el
Ol sl sl (35158 Ao p5 Y 5 S 0L

il 03 5 heoy3) 35l 05 S el
N R CoaS S|acoabs pae pJUT Wl

B = B(x;.Xp. .. Xy) M)

&Gﬁ)%‘))l°>u-:vw\bds¥:~f-k-;f-)&d‘ﬂ

;= [(aa_iflf N (j_i%f e )
aB  \?"°
* (a—xnfn) ]

(V) &yl 5l ool ol b Cpalad pe 5T b

RGP 02))1 (Y) d)a\} B ebjl..: :\.Mﬂbua 6‘;»

ol pae T Y Jp

(M¥hnoL =~ o o33k Conlad ple
YAQ A VY veYor
YV AV VYA ‘Yot
AT Y LYoV CaYE
oV, 4 L YVo LYY
We ' YAY L 1Ay

ol pnl Slasls (glad dutia () IS s

laxSle oS &S Olas sl ol 0305 QLS san eSS

6‘-‘“;—; u"L‘*’\f Lhoﬁ :L)j‘ Jﬁéﬁﬁ, gJ_j,..f:L;a
ol o sl y b gl s Sl ol

LS I gl gnde LT cpl s L gode (gl
a.\_&dﬁfwf;lﬁ.a S g 5 SVsles (gdasa

JEo e Lj}ijwifj:jwdﬁv‘/

Sl o Flewlms 5 (52,5 pole 4 i



SST) i, L5 Jusl 5 [13,17,19.26]
o30S 53 Jlws 0L 2 (5l (51 2 [6,16,18,20]
ol oo alllas 53 el eslizl sazSad 55k
S35 b sy s Ol sy S e 5L
o5 JUE Je (S5 50 5 0 iSAd 550 5 g eS 3
035 508 Kee N 55 Y S5 s A
Jie Sl sl Sas5 15 sl ko 5 ol
oslil el eVslas J (ol SST iV sy 5
354 ke Jde auly as J§w k- Jae .ol s
g o e @l o80T 5 s Sl 16 K
S0 534S Sl 0k b g gb Sl =t
koo o il sl 45) o laie ghls o150
Ao e 1y oslgn 5l 5as (s 5 s (pde
(355 oo Kot Juke 353 ks K2 il sl o)
sl
b 5 3P Sl 16 53 kew Jds o,
835 SVolas ke 4L s Je 53 (1= Fy) o

whiy s JSa Sy #5s pVens e

Pyt
a(k)+ a(kU)— 0
ac P T o P T 5
e\ Ok ©
(,u‘l'_)_ +Pk_ﬁlpkw+Pkb
Ok3/ 0x;
d(pw) 6(pwU]-)
+
0 Ue )E)w]
= — +_ —_
ax]- (‘u O0w3 ax]- (i)
+(1-F)2 Ok 0w + wP
! pawzwaxjaxj a3k k

- ﬁSPwZ + wa

a5l sl eslial OU > dbime (ol
Sy 5 JUE o Bl Ll e s 53 e
s g5 Y b s Jslad Ll a3 oslisd
(0) UKo 55 slbee (gl guuaSis ol ol

el o a3l QLJ;.:

Sl lad guuas 0 ‘_},{..ﬂ

Y0 3 s Gt e s

el ol 4 § L ys fele Jlw Ol gy ol S ke
ol (535,5 AU 53 ol IS HLAS (650 b S
o 22 SO b s A Al gl sl edd
o Ol byl (65 bd ol sl a S S
OL o JUE &als ad jslae (65,0 (~158 b e
L O Doson dlyy auls 5 Gl o) s0n
ol as S by alds oy Yrer Ul Co e
dlad open Obx Ol gl ol
bob dlse 0L daiss 5 iy, o eSS
b e (FTOZen rotor) &S > o 5555, S il mlows
Ve sl 3L Sl s e ol S e s s
GV Sasl gledas gl

5 s pe DIl SISl s eS (Slead
Gb s e O iasn sddeslind gla i,

b)\JJL’I.w\ k-¢ w‘y‘y‘)}; JJ\AY ‘QLE.:E;J

JEo e ‘_;A;/vu"ﬁ_}ﬁ_;wd[w

Sl o Flelms 5 (52,5 pole 4 i



Sl (51 0 b oSSl S 3t el s ol A

- ¢ W)
8wr}
m RT;
b=—F— : \)
41y Py 14
3 POut
_mRT,nln o @
niSO - 7 ..

T @

cvj\))é e QJ);Q,_:U 4442-}3[.: LJ:J:J U‘i‘ BE)
df 'Cuaip)‘mcééj)j)’@.]@\ﬁjdbﬁ}a}

sloosls ) oslicw! L gode @L"J ey L/
ses o (bl Gl
398 (3l 3l ool sty e iS55l g oS
tglio ) gon oS AT (slaesls L il OL
slad wily g aten o las s s & sy 0US
Scand ple Gizar 5 Lln 5 el Gn
S 258 (ol S 55 e Ll g eS
el 033k 2 5 s s o Lis ol O Lol
GBS s b esde giluand S s p
ol S ctla bl 5w a8 e L) ,0 sla &

NGIUH Iy W Ry E ] R

SRR S|
T e eV sl AL ode il

T e e Vol AL e il 4

[N
=
o

= e
o N
S o

80
60
40
20

0

KPa) Ssleal HLis Casles!

200 300 400 500 600 700 800

(m3hr) oL > s

2 2l dl S5 5 Sl
Cz-w\ ol 45()\ [27] G-JA L i lh;b

60
46.521
50 | 44.003 46:079

37.526
40 |

30

(KPa) jLzs Sz

20

10 L
2.00E+06 3.00E+06

o ledl slows

4.00E+06

oLl 3l ey L2 OM] T IS

(Sl 0 4 s 0o gl s s 2 S0

Sl e slaas il b o e da>de () K
9 8380 olad Bl Ol cY'/'\X\'-\ @ V/TVX\~-\
Sl gy A8 o edS Ao d) Gl 2SS s
A 53 baggsluand plnsl (gl YYXYV T 550 DLl

A an S

&:«?Qj@u
Ao sl 31l e Ea g5 cpl s SOT 6l
R ETR{ V1 | PGV I W S POy C,Lu Lyl sl
oS 53 Gl S 5 Shee flow s &S
S c‘\.'r\}ﬁ: 5}; CLA dhe JAL».:-' "L')"'“Lfa oslazal

033k 5 o gt s 23 Ll (25 S OLES
o, AL 0) klyy Cysea &S Ao Luﬁ

[28,29] w5 e
Mgy = 122
‘/YRT (0)
POut
=
Py Q)

JEo e Lj}ijwifj:jwdﬁv‘/

Sl o Flewlms 5 (52,5 pole 4 i



L oopd o aae &S 480k s o OLES 0L >
D eS 03 b R o sl 51Ok o SRl
w5l Ol s ol Lo el als
S Ols Il 0L ($2505 phis 03l
S b Il a5 b o 580 e 5 Jlws
s e 2l 31 L33 e ol e )
T I L T
b dbime Jsb 3 1 gl plralr Ol Jlw
oals i e Olads sldas amD g3 5 5 S dals
S slaly 5o Sl ek S (A) S 00 b
eslaom(/\t}ﬁ.:).umﬁ,ogﬁb)oliﬂb
OLid s Sl sl )y powsl o ps ol sl
b5l e el el sdalie (63955 AU s Jlw
JLad Ol 4y 5 5,8 o old b sl
sdalie s v 53 oS SULe g 558 e 0558 Jlw
03 b &S ol Slads slaas sdasOliS sl e
L_LCSUJJ sl el 3 S a5 abise
535 M Sl d 5L e 3l 255 Sl
Sgh o )L S8l s Sl aaiss (3 2 o
o ol 5l Jle Bl oo aelsl s o
S8 S 35 s Bl 53 358 gl e gaS
ol 54y SLAS
55 o e o i iy, (V) S
Sl 55 JSE ol 53 Aas o OLES 1y g oS
Loy laey ms 2 55055 A5 4 ed—dedal s
o b 4 b e s e 515 bl o
Coond 55 Jbww o w0 by o 09 3 bl 5 Lo
e oL s el HU elie s (6349

sl bl a8 ola g sl 31Ol >

35

30

25

20

Il sl o33k

15

10

200 300 400 500 600 700 800

(m¥hr) oL~ s

Ol (o3 e L»;(,.a o33L g (O
Lgote oluand mls s Shes gla e iulie VIS
JAK.L"L::J'\T slaesls

Dl () UK s 5 Shas sl o dlis
L Jsd LB a5 goae (g5lwans GL\J S das
a8 Oljme il 50l s 5 550 al&ilesl glaesls
3 Ses 3 ad sl b 4y o sddant b £ pa o
ol edd sdalin ol eSS G50 g S
o ol la s L3 dagSeslul Gb omen
S Olgen S (SE e 555 LskES Ll
55 eedalie ot (ol Sl 15 55 e anlS Sl
038 el GUL sy e s Ses lap
55 el a3y sz AKILST 5 ol Lyl 2
el sl s i s S s e gileans
Al b8 Lol Sb e (e
el ol oslinal L acedin Ol goas 2o Lo

53 0k 6 s sl Ol S el
(Serlasspl lae,y b ediSUI Sl s S
e Ob (23 o T 53 0L bk Cns
Sheds el 0L o bl (A) S ol ol &1

“—"i}*" &:aww.’\ﬂ DL b ‘))nﬂj?QS‘)J db})_} :\..?-L’JSJA

JEo e ‘_;Jo;vu‘faj{;‘;wdlw

Sl o Flelms 5 (52,5 pole 4 i



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos

Mn =07

il 3 ulms 53 Ol bk A IS

1.2

&E
[a
Min=07 ——
02 Min=10 ——
Min=123 —
0 1 1 1 1
0 0.2 0.4 0.6 0.8 1
Ol b sl

6Jj))c]a.ﬂj'5fj\a.x§r.~)oliﬁL}LSLLN\))J)LL%Q‘J::E ‘\Jg.&

V/Vref

Ol bt bl 53 e Dl s Ve ISS

VEee oo ilad oo s oo e &‘&J}diwb‘d}&)jjgfv)&%ﬂb



1.0 09 08 07 06

04 03 02 01 0.0

P/Pmax

s s ol s L Ll 1) IS

oy glii)l
4+—

aﬁtw)‘u_éﬂ “ﬁdi.&

A on Sln ospeS s 8Mes o pli,) S
3800 (Sl 0dd (Bone WSS 53) 0 LS
Fn YA 4 ia JaTE Sl gl e e eS
55 i Sl 3 L) 288 (gl 23y alS
ol sy oddinll Slad U 55l braslr o Cons &
O JUE ghaie oISl b S 5 1 Wl 35
ek ssba S Al bl 181 S oo
ol 3l ol gl 38 dalgt sl delae S
S b & e el b« (sleskss (s
el Geb Sy eialy) I (sLas b s L
Sl s e sdalie (18) IS5 55 4S5 bokes
Wl 0 g oS LS s RS s i

ol sl 42lS 55 Oleily O e Sl Ly

bz JUIS e 1o cpor sbalop VY JSS

Lyl yd Gl s S 53 dlw DLEE s 5558
sl sl 03l QLA (VY) S s (65455 23 ilia
53 et Ol b b JLS eyl 11 s,
5 @3de o s elad ool 3 5ete (1)) IS
@S5k sy oS 5> Jbw Ol Sileand
Ll pamie (23 03 v i slias ()53
A 3 g 1 oS 55k ) s e 2L

daia,: e la sy (VY) K5 s
orle &S > 6}<H el 0 0315 GLES ) g eSS
et Sl et S ISt ) s Jl
ooy 3 s o 31 e e g5 20lS
el 3 gt JS pl 5o Wae 55,5 4L G

JEo e :JA:‘JL@.JTJAJWJL«

&‘L@J}J"L‘MI:;&J&AXJK{:}LG d‘.”vj.,i.z



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos VY

L\,.“.l.io \;«w‘ bJu.: Ju_,gﬂ.d -l:’_}) 4’.')5-\. z‘f.jb
)L:,.’:) g;ww.s 42-)}0' G Yo )l o ;'l}\.) u,h“lj_e\ L
ol a5\ ;.“o_g\) BE Lol 4.14[;“@ d’:"“'\fel @).Ueb
sdalie ax ;300 Agly 4 Cod (glaade LB
o sl Sl 2315 8 5 o 015 g0 23 55
O el S5 50T SO b S b anils 3 g 5 als ol o

B1
S35 bl b (Sl ol sl Vo S
LSS s s
1.2
v e
- 0.8
g
< 06 | — — = 30deg
= Z
04 | - - == 40deg
------- 50 deg
02 F . 60 deg
0 1 1
0.002 0.004 0.006 0.008
ol ey

Slr 0L g pd e Leden 033 pos Ve
L“"J:';LL;"‘LSQ\})

3
x, o 20 deg
25 | 2" o — 30 deg
) g A 40 deg
2 oL ° AL o- - 50 deg
° : '..E ceeexees 60 deg
~15 g 5
e
5--.Q
1 L
0‘5 1 1
0.002 0.004 0.006 0.008
bz o

Sl Ol o L o IV S
L‘Mﬁ alises 6Li\))

3
25 |
1 2 |
915 |
S -
05 |

0 1 1 1 1 1
0.002 0.003 0.004 0.005 0.006 0.007 0.008

—o0— 34 mm

--o-- 28 mm

Obyz

Qgﬁ%ywﬂ)mqy\:}ldm(_ﬂl

0.002 0.003 0.004 0.005 0.006 0.007 0.008
Ol

Ol o o Loz o35l e (0
Loy gLl Y 53 5 Shas (sl ot iglis V8 IS

» ol (SKalvsgpl sloy Lsli 1l
oy 2 es s Sln usepeS 2 Kes
Al o s e ey sl S esad sl
oS 53l Sz nl Glaey Sl crlnly
Ssbolen el e eslizad [4,11,20] sdS 50
St baeyy pl o8 e sdalie (V0) K5 s oS
b LSS e s o sblss Lol
a3l 5 00 ke M Ve bl o0 sl e
Ol e leand Sl eslil by us > b
lie 1 andlas g eSS 3 Shas  OT el
DL o ekt e Leses esil sl o
SLIOV 50D G K3 53 0 o o
sl 0l
Ll Lol L0 UK sl e il
bl La:v.aa o33L Jldde 3l cam 300 B e 5l e
I e bl el 0l a2ulS ) b Al & s 5

JEo e Lj}i"/‘wif_};j‘;\o‘/dﬁv‘/

Sl o Flewlms 5 (52,5 pole 4 i



0.26 0.29 0.32 0.35 0.38 0.41 0.44 0.47 05

Sy plS o

))@rlfgﬂmjwﬂdu)injli V4 e

P 0L ol o

& S 4ot

s Slapedlesy 55 ¢ 5 5l oS 55k (Sla ) g a8
308 Gal sl o patie Glas jo )3 45 Ak
Goble 5 SId &) s ) s S & b ls
b5 3 Guta L e ol 53 s il Oles,
Sl (slae s L s diSad 55l sy S 5 Shes
G0 PSS WP 1599 @lﬁfﬁbﬂ 5 G s
Jho Sl s a8 53 Jlw OL 2 sy (555
J> @l 5 el BST) (2 (i Jasl oY 5, 9
Ao anslie oo Glaesls b il (g 5 (300
Pl sl o 3l 0l 53t slasilonnt s
Sleily Cl ppman 5 5LES o A e 6
ooy &l il anllan (ol n 55 0 s oS Slosen
boooline Soalusgpnl 5,0 pmpeS 3 Shos
Ve 500 b e Ve s a5 bl
s eV Saalis 51 oslizal U 5 b
Sl b 5 0br byt dtalis 3 U
Ol o asly Rl 3l a8 3ls QLS b OL o (s34
SPLl cdlan o W1 Gramy Dla 53 SLAS SR8l
S | e e
SATL Culgs 5 ol 0 S50 Y 51 g

Glaoy iy wep sly & LS pasie Ol S

sl e Jle g easl Sl ns (A S

A DL s peS (b A gl 1) Loy

23 53 gt el ey Sl O gl S5 5T ol
35S o 1 A st Al

J:\w)fé\f .dexaf.ﬁjﬂaﬁj L&djg.’/.k.‘“j‘
4.{/\0 Sde ‘)\ ‘)}4&‘).\46 (_;LAQJ.: Slxs g(Z) LAnJg: Sld=s
L..!"JJ)J}JJ.}JSM‘\-\' j\io L\Y‘. ‘\\0 L\.'
BL anLz )‘J\.S.A wf.o;.;.’ ‘J:"A)}t’. Lfl\ BE b.’mf:g;w)ﬁ
oslial day g sde S5l esls o0 6 sl
B 5 S SN s s b o o
Lhafrgwg))yb@&}v\&u{‘,\&bﬁ@‘
A b S e S o4 (@Dnlz )
S A ey g S Al &S el
yéwq.wuoﬁjj ZJ\JJ\}&(_’J:’:JEH‘ML{
Slad B8l gl 58 ol Sladlesy 5
c@wé:y oalaul LQ‘}.\;L;G oalaul Lheﬁz..:@;
EJ\JJ\jM\)ﬂJwJJ‘ 4.\:.:& Sde w\bw‘j}m

Dy a8 S 4 Sl 53 55 3
102

098 | -
0.96 | Max = 46°

n/nmax

094 b
092

09 1 1 1 1 1 1 1
20 25 30 35 40 45 50 55 60

L“")i,“i)b

oy Ri}\)wj.’dl.dfabjh \/\Jg..i:

WWJJJLAJJeD)L&‘M'(\C\)JgﬂZ)J
ab\b{)uﬁifljlawdliﬁ%ﬂ)bj}@cg
aJ)LwJLL:;anM\Jf)JJLTU»LN‘JJCMw‘oM

JEo e ‘_;Jo;vw‘faj)_;wdﬁw

Sl o Flelms 5 (52,5 pole 4 i



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos

mm e tu.r)‘

m?s? Sl i g5,

Wlsn Syl

kgst o o0

Pa Lus

ms3 el oo 550 1S5 0
Pa iy L

Pa Neia Hlis

m3st 0L e 23

Jkg1 K1 8 ot

M ls s plas

th‘)._l: (’K

K «S$2909 LSLu

MS?t (5,56 &y gty Gl Cs
ms? (g, 56 &y gty Lo gie s
ms? (g il oty Sloy o
ms-1 (S o

ms-1 s [

Goyb S pot LS Olaws
Cnlad pols dsloes )5 e

ool subme Jyl Y S an o Cwls
Laa)_; slaws

;;MI Aslas y3 o0

Sl Bsles 3 o s s deg e bl
L$'<:'L:'T :\J:l:u DL b"lj"’

m2s3 i &5

Lm(..a o33L

wdn 033

Ok 2

e

JS conlad e

SLid ol

SST el Joe 55 o

rad st slyss ce

Pmax

Pref

e a 5387 O lize  Salss
sy S 3 Sdes i lae oS Sl o 0
oxlits | 55 4 pl8 s a8 3l iS50
Joos gl el il SIS G e b as
OF hilas &S g i (Ol S5 LT 5 ous

G 3 )3 D50 oo b b dbi js 650 Ik

.Mb‘joé}) oy J_}J}-f}d{f@

MUojb

Aero-foil blades
Boundary conditions
Compressor

Finite volume method
Flow channel

Flow coefficient
Flow path

Frozen rotor
Governing equations
Momentum exchange
Normalized efficiency
Number of rotation
Numerical simulation
Pitch to chord ratio
Pressure ratio

Shear Stress Transport
Stream line

Stripper

Skewness

Tangential velocity
Turbulence

Uncertainty

L,.:.\b.ar.kﬁaﬁwbu)é&lﬁas

mwﬁj;}

m il sle kb

ms2 .l § ok

u-iﬂ‘L‘-’JjjT LSLA"J;

Sipe kel

23S

JJJNP_?Q-&))

ok~ Jus
Ol o3 e
Ol s
ES s 05
oS SNslas
f}z«w J>L.5
Jle s es5k
S B
G2 G3luand
Faa el o
sE oS JEs
ol b

Jjb— Slss
S

JdLML,\.Gf.u

Sl

SREINP

Dnm

JEo e Lj}ijwifj:jwdﬁv‘/

Sl o Flewlms 5 (52,5 pole 4 i



0 Aoty e

&l

1. Raheel, M.M., “A theoretical, experimental and CFD analysis of regenerative flow compressors and
pumps for microturbine and automotive fuel applications”, Michigan State University, (2003).

2. Engeda, A. and Raheel, M., “Theory and design of the regenerative flow compressor”, In Proceedings
of the International Gas Turbine Congress, November, (2003).

3. Badami, M. and Mura, M., “Setup and validation of a regenerative compressor model applied to
different devices”, Energy Conversion and Management, Vol. 52(5), pp. 2157-2164, (2011).

4. Song, J.W., Raheel, M. and Engeda, A., “A compressible flow theory for regenerative compressors
with aerofoil blades. Proceedings of the Institution of Mechanical Engineers”, Part C: Journal of
Mechanical Engineering Science, Vol. 217(11), pp. 1241-1257, (2003).

5. Badami, M. and Mura, M., “Theoretical model with experimental validation of a regenerative blower
for hydrogen recirculation in a PEM fuel cell system”, Energy Conversion and Management, Vol.
51(3), pp. 553-560, (2010).

6. Lee, C., Kil, H.G. and Kim, K.Y., “The performance analysis method with new pressure loss and
leakage flow models of regenerative blower”, International Journal of Fluid Machinery and Systems,
Vol. 8(4), pp.221-229, (2015).

7. Grabow, G., “Influence of the number of vanes and vane angle on the suction behavior of regenerative
pumps”, In 5th Conference on Fluid Machinery, Vol. 1, pp. 351-364, (1975).

8. Song,J.W., Engeda, A. and Chung, M.K., “A modified theory for the flow mechanism in a regenerative
flow pump. Proceedings of the Institution of Mechanical Engineers”, Part A: Journal of Power and
Energy, Vol. 217(3), pp.311-321, (2003).

9. Meakhail, T. and Park, S.0O., “An improved theory for regenerative pump performance. Proceedings
of the Institution of Mechanical Engineers”, Part A: Journal of Power and Energy, Vol. 219(3), pp.
213-222, (2005).

10. Raheel, M.M., “A theoretical, experimental and CFD analysis of regenerative flow compressors and
pumps for microturbine and automotive fuel applications”, (1969).

11. Sixsmith, H. and Altmann, H., “A regenerative compressor”, Trans. ASME, J. Engineering for
Industry, Vol. 99, pp. 637-647, (1997).

12. Nejadali, J., “Calculation of flow in incompressible regenerative turbo-machines with bucket form
blades based on the geometry of flow path”, International Journal of Numerical Methods for Heat &
Fluid Flow, Vol. 29(8), pp. 2606-2621, (2019).

13. Badami, M. and Mura, M., “Comparison between 3D and 1D simulations of a regenerative blower for
fuel cell applications”, Energy Conversion and Management, VVol. 55, pp. 93-100, (2012).

14. Zhang, F., Appiah, D., Hong, F., Zhang, J., Yuan, S., Adu-Poku, K.A. and Wei, X., “Energy loss
evaluation in a side channel pump under different wrapping angles using entropy production method”,
International Communications in Heat and Mass Transfer, Vol. 113, p. 104526, (2020).

15. Nejad, J., Riasi, A. and Nourbakhsh, A., “Efficiency improvement of regenerative pump using blade
profile modification: Experimental study”, Proceedings of the Institution of Mechanical Engineers,
Part E: Journal of Process Mechanical Engineering, VVol. 233(3), pp. 448-455, (2019).

16. Heo, M.W., Seo, T.W., Shim, H.S. and Kim, K.Y, “Optimization of a regenerative blower to enhance

VS e ‘_;Jo;vw‘faj)_;wdu “’:"lg")";ﬁ”[““/l’“}d}fjgff&{fj“b



Sl Sls o b oliSUS il g oS (53U foloni 5 (55l 4nllos 1

17.

18.

19.

20.

21.

22.

23.

aerodynamic and aeroacoustic performance”, Journal of Mechanical Science and Technology, Vol.
30(3), pp. 1197-1208, (2016).

Wang, C.H. and Choi, C.H., “Optimized design of regenerative blowers for enhanced efficiency”, In
ASME International Mechanical Engineering Congress and Exposition, Vol. 44441, pp. 1241-1248,
(2010).

Choon-Man, J. and Jong-Sung, L., “Shape optimization of a regenerative blower used for building fuel
cell system”, Open Journal of Fluid Dynamics, (2012).

Mekhail, T.A.M., Dahab, O.M., Sadik, M.F., EI-Gendi, M.M. and Abdel-Mohsen, H.S., “Theoretical,
experimental and numerical investigations of the effect of inlet blade angle on the performance of
regenerative blowers”, Open Journal of Fluid Dynamics, Vol. 5(03), p. 224, (2015),

Griffini D, Salvadori S, Carnevale M, Cappelletti A, Ottanelli L, Martelli F., “On the development of
an efficient regenerative compressor”, Energy Procedia, 2015 Dec 1; 82:252-7, (2015).

Zhang, F., Bohle, M. and Yuan, S., “Experimental investigation on the performance of a side channel
pump under gas-liquid two-phase flow operating condition”, Proceedings of the Institution of
Mechanical Engineers, Part A: Journal of Power and Energy, Vol. 231(7), pp. 645-653, (2017).
Moradi, R., Habib, E., Bocci, E. and Cioccolanti, L., “Investigation on the use of a novel regenerative
flow turbine in a micro-scale Organic Rankine Cycle unit”, Energy, Vol. 210, p. 118519, (2020).
Cantini, G. and Salvadori, S., “Numerical Characterization of the Performance Curve of a Regenerative
Pump-as-Turbine”, Journal of Engineering for Gas Turbines and Power, Vol. 143(5), p. 051001,
(2021).

LA o Db S 3 Shes pon S G ode leed (sdge e ilaae (93 g0 okn s Sl YT

X)) (N YY1 MOl SO g i

jdb}uls f}lﬁ g"fl&i: gb“f)}.dﬁ,s @j}k}&ﬁ.ﬁm)a Qlif ;F’J’Jjé_}lz :\;JUQA" g‘;LG LM 6}137-[;- (o gCJN YA

26.

28.

29.

OY40) OOTA -1 (Sl 53 Sl

Jang, C.M. and Han, G.Y., “Enhancement of performance by blade optimization in two-stage ring
blower”, Journal of Thermal Science, Vol. 19(5), pp. 383-389, (2010).

(YAA) o353 Sl S lslesl ol Mol g3ludie 5 wisl sladl > Sle" (sigr ol i TV
Raheel, M. and Engeda, A., “Performance characteristics of regenerative flow compressors for natural
gas compression application”, Journal of Energy Resources Technology, Vol. 127(1), pp. 7-14, (2005).
Raheel, M., Engeda, A., Hamrin, D. and Rouse, G., “The performance characteristics of single-stage
and multistage regenerative flow compressors for natural gas compression application”, Proceedings
of the Institution of Mechanical Engineers, Part C: Journal of Mechanical Engineering Science, Vol.
217(11), pp. 1221-1239, (2003).

VEee oo ilad oo s oo e &‘lﬁa};d”@wwjd;fjlffj&@fz


https://journaltool.asme.org/home/JournalDescriptions.cfm?JournalID=6

Journal of Applied and Computational Sciences in Mechanics

Vol. 32, No. 2, 2021

Parametric Study and Numerical
Analysis of the Regenerative
Compressor with Symmetric

Aerodynamic Blades for Improving
Performance

Jafar Nejadali’

1. Introduction

Regenerative flow compressors or blowers also
known as side channels are rotodynamic machines
with the ability to produce high heads at low flow
rates. They have performance curves with very
stable features.

Depending on the shape of the blades and the
cross section of the flow channel, there are
different structures for regenerative compressors.
One of the structures is the regenerative
compressor with aero-foil blades shown in
Figurel. Due to more regular flow rotation and
reduced losses, the regenerative compressor with
aero-foil blades performs better than other
regenerative turbomachines.

B2

e

B |

Aceofoil Blades

Path of Typical Fluid Parricle

Figure 1. Regenerative compressor with aero-foil blades

Despite all the advantages of regenerative
turbomachines, these machines usually have low
isothermal efficiencies (less than 50 percent). This
low efficiency is due to the numerous losses that
are directly related to the geometric shape and
operating principles of the machine. Therefore, the
study of the behavior of these machines to improve
performance and efficiency has been considered
by many researchers. In this paper, these
compressors are studied and analyzed using
computational fluid dynamics. The main purpose
of this study is to investigate the effect of changes
in the inlet and outlet angles of the blades, the
height of the blades and also the number of blades

on the performance and efficiency of the
compressor. For this purpose, symmetrical aero-
foil blades with the same inlet/output angles were
used.

2. Model description and numerical simulation
The computational domain, as shown in Figure 2,
is divided into two parts, including the flow
channel and the impeller. Each of these sections
was meshed separately.

-
-

Figure 2. Computational grid

Due to the complex flow pattern and the presence
of eddy current in the regenerative compressor, the
SST turbulence model was used to solve the
turbulence equations.

1.2

02 | Wn=10 e
0 Mn=123  ———-
0 02 04 06 08 1

Along the stream line

Figure 3. Pressure changes along the stream line drawn
from the center of the inlet surface

Figure 3 shows how the pressure changes along
a stream line (Figure 4). In all three curves, a slight
drop in fluid pressure at the inlet area is initially
observed. After this area, the fluid accelerates and
gradually the amount of fluid pressure increases.
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Figure 4: Stream line in the design flow coefficient

3. The results of parametric study

Effect of the height of the blades

Based on the numerical simulation results, as
shown in Figure 5, reducing the blade height
reduces the compressor pressure ratio. Efficiency
has also been reduced.

3
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Figure 5. Pressure ratio vs flow coefficient

Effect of changes in the inlet and outlet angles

Five blades were designed with angles of 20, 30,
40, 50 and 60 degrees and their effects on
compressor performance were studied using
numerical simulation of fluid flow. Figure 6 shows
a comparison of the pressure ratio curve in terms
of flow coefficient.

Figure 7 shows the changes in normalized
efficiency in terms of blade angles for the
compressor design point. Based on regression
analysis, the maximum of this curve is around an
angle of 46 degrees.
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Figure 6. Pressure ratio vs flow coefficient at different
blade angles
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Figure 7. Normalized efficiency vs blade angle at design
flow coefficient

The effect of the number of blades
To investigate the effect of the number of blades
(2), a dimensionless number was used so that the
results are independent of the size of the
compressor and can be generalized. This
dimensionless number is defined as the ratio of the
pitch of the blades to the chord of the blade.
Figure 8 shows the normalized efficiency
changes in terms of pitch -to-chord ratio at the
design flow coefficient. According to regression
analysis, the highest efficiency occurs for the pitch
-to-chord ratio of 0.36.

1.005

0995 + -—_
099 o
0.985 e
0.260.290.320.350.380.410.440.47 0.5
Pitch to chord ratio

Figure 8. Normalized efficiency vs pitch-to-chord ratio at
design flow coefficient

n/nmax

4. Conclusion

In this study, with the aim of improving the
efficiency, the performance of the regenerative
compressor with aero-foil blades was studied
numerically. The results of numerical simulations
showed that reducing the blade height reduces the
pressure ratio and also decreases the compressor
isothermal efficiency. Regression analysis showed
that the optimal angle for symmetrical
aerodynamic blades is 46°.

In order to investigate the effect of the number of
blades on the performance of the regenerative
compressor, a dimensionless number of pitch-to-
chord ratio was used so that the obtained results
could be archived. Based on the results of
numerical analysis and regression analysis, the
optimal value for which the value of efficiency is
maximized at the design point occurs in the pitch-
to-chord ratio of about 0.36.
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1. Introduction

Noise from a supersonic turbulent jet emitted
from convergent or convergent-divergent nozzles
has destructive effects on the environment,
structures, and personals. Jet noise pollution is
directly related to the turbulent flow structure. A
deeper and better study of this complex structure
leads to an understanding of the mechanisms and
sources of noise generation in such devices.
Turbulent jet flows include small and large-scale
turbulent structures, both of which are capable of
generating noise. Although the role of small-scale
structures in noise generation is predominant in
subsonic jets, but the role of large-scale structures
becomes more important in supersonic jets; so
that a significant part of the supersonic jet noise is
directly due to the large turbulent structures
resulting from the turbulent jet flow (turbulent
mixing noise). In an imperfectly expanded
supersonic jet, there are two additional shock-
associated noise components. The first
component, which has discrete frequencies, is
called screech tones, and the second one is called
broadband shock-associated noise. In this study, a
chocked nozzle and the resulting noise in the near
field and behind the nozzle were studied and, the
effect of operating parameters such as pressure
and temperature of the flow on the noise generated
by the turbulent jet were investigated.

2. Governing Equations and Numerical
Methods

In the present case, the jet flow enters the
surrounding ambient at the speed of sound
through a converging nozzle with a diameter of
12.7 mm and a certain edge thickness. Figure 1
shows a schematic diagram of the problem
geometry and position of the microphones.
Microphone No. 1 was used to examine the sound
pressure level in the near field and microphones
No. 2 and 3 were considered to record the return
acoustics.

Microphone No. 2

a . -
Microphone No. 3 Microphone No. 1

2
Nozzle exit lip thickness: 15.875 mm
12.7mm Jet flow

Figure 1. Schematic diagram of the problem geometry
and position of the microphones

The sonic jet flow that enters the solution
domain is unsteady and turbulent. Accordingly,
the governing equations of the problem consist of
the conservation equations of mass, momentum,
and the energy alongside the ideal gas equation of
state. These equations are solved for compressible
axial symmetric flow. Turbulent flow was
modeled using the k-¢ realizable turbulence model
and integral method (based on Lighthill acoustic
analogy) was used to predict near-field noise. The
Ffowcs Williams-Hawkings (FW-H) formulation
is the most common form of Lighthill acoustic
analogy used in this study to predict noise.

Figure 2 shows the CFD mesh generated around
the nozzle exit. According to the figure, the nozzle
exit which is the inlet boundary of the flow to the
computational domain, is located in the center of
the domain. The upstream and downstream of the
nozzle is extended about 100 times the diameter
of the nozzle exit. In the space predicted for the
jet flow and the surrounding areas, because of the
need for higher accuracy, a structured grid with
regular quadrilateral elements was used.

Nozzle exit

Figure 2. Side view of the computational grid generated
around the nozzle exit.

3. Results and Discussion

The effects of temperature and pressure of the jet
flow on the near-field noise and return acoustics
were investigated. Temperatures of 300 K (cold
jet), 450 K (semi-hot jet), 600 K (hot jet) and 750
K (fully hot jet) were investigated in the
simulations. In the case of pressure, two nozzle
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pressure ratios (NPR) were selected.

Investigation of the Effect of Temperature on the
Structure of Jet Flow and Acoustic Waves

Figure 3 shows the near-field sound pressure level
or SPL (received from microphone No. 1) for two
different temperatures. As the jet temperature
increases, the pressure fluctuations in the
environment and also the sound pressure level
increase. The difference between the first peak of
the recorded SPL, which indicates a screech tone,
and the SPL at adjacent frequencies decreased
with increasing temperature and there is less
sound pressure drop. According to the figure,
when the temperature of the jet changes from cold
to fully hot, there is no significant change in the

frequency of the SPL peaks (screech tones).

300 K
750 K

Sound Pressure Level (db)

1
5000 10000 15000

Frequency (Hz)

Figure 3. Sound pressure level recorded for a cold and
very hot jet in the near field by microphone No. 1

Investigation of the Effect of Pressure on the
Structure of Flow and Acoustic Waves

As the nozzle pressure ratio (NPR) increases, the
number of shock cells formed in the jet plume
decreases, but their strength and width increase.
Figure 4 shows the SPL received in microphone
No. 1 for two cold jets with nozzle pressure ratios
of 1 and 2 in terms of frequency. As it is shown,
with increasing the NPR, the sound pressure level
increased significantly and also the position of the
SPL peaks changed significantly.

Figure 5 compares the return sound pressure
levels recorded in Microphone No. 3 for three
different cases. According to the figure, the effect
of nozzle pressure on the return acoustic level is
greater than the effect of the temperature. The
presence of shock cells in the jet plume also
affects the acoustic waves emitted behind the
nozzle and causes the shock cell-associated
broadband noise.

300 K, NFR=1
300 K, NPR=2

150

140

130

Sound Pressure Level (db)

120

110

100

| . |
5000 10000 15000

Frequency (F1z)
Figure 4. Sound pressure level for a cold jet at two
different nozzle pressure ratios in the near-field (received
in microphone No. 1)

160

300 K, NPR=1
TS50 K, NPR=1
300 K, NPR=2

150 =

140

130

120

110

100

Sound Pressure Level (db)

0 1 1
60 5000 10000

1
15000 20000

Frequency (Hz)

Figure 5. The sound pressure level obtained by
microphone No. 3 with an angle of 45 degrees and a
distance of one meter from the back of the nozzle for cold
jet in two pressure ratios and hot jet in one pressure ratio

4. Conclusion

In this study, the effects of factors such as
temperature and pressure of jet flow on the near
field noise and return acoustics resulting from a
sonic jet were investigated. Temperature change
has significant effects on the shear layer and the
length of the jet potential core. Noise recorded
near the nozzle exit lip and behind the nozzle
indicates that the presence of shock cells in the jet
plume affects the acoustic waves propagate
upstream. It causes broadband shock cell-
associated noise. This noise is about 100 db for a
cold jet at 300 K and about 105 db for a hot jet at
600 K. By increasing the nozzle pressure to twice
the initial value, the recorded noise reached about
124 db.
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Feed Effect on Strain and Stress in
Dome Forming (Spinning) of a Tube in
an Aluminum CNG Vessel
Manufacturing

Mohamad Sedighi® Kamaleddin Naserinejad®

1. Introduction

A seamless pressure vessel can reveal a better
quality compared with wvessels which are
fabricated using joints like weld. In one of the
seamless pressure vessel manufacturing methods,
a metallic sheet is deep drawn and a cup-shaped
part is fabricated. Then, open end of this cup
which can be considered as a tube, is shaped to a
dome by a process which is called “dome
forming” (Figure 1).

Heating Torches

Figure 1. Dome forming process

One of the most important parameters of dome
forming process is the feed parameter which is the
amount of roller movement per each round of
roller revolution. In this paper, dome forming of
6061-O aluminum alloy was simulated using
Abaqus software. The final shape of the dome is
presented and the feed effect on the developed
strains after the first pass, on the whole of the
process, and on the developed stress after the
separation of the roller was investigated.

2. Simulation Inputs

The material properties of 6061-O aluminum alloy
which is heated up to 200 °C is introduced to the
software and it was assumed that this temperature
is kept constant by the heating torches. The tube

diameter is 356 mm. It is the diameter of a vessel
which is fabricated in the region (Figure 2). The
roller nose radius, the o and 3 angles are 18 mm,
10° and 30°, respectively (Figure 3). The contact
between the roller and the tube was considered
frictionless due the rolling contact.

wh

mim

A
A4

356 mm _
290 mm

A A e
Figure 2. The tube geometry

I,

Figure 3. The roller

Two C3D8R elements are used in the tube
thickness in the whole process modeling (totally
19712 elements). For more detailed strain
investigation after the first pass, four elements
were used in the tube thickness (totally 39424
elements). Finer mesh was used near the tube end.
The dynamic explicit analysis was used in the
simulation.

3. Results and Discussion

Figure 5 shows the final dome cross section. The
simulation was validated. In order to have a more
precise investigation on the dome forming
process, the feed effect can be investigated in
different locations. To this end, circumferential,
longitudinal and  thickness  strains  were
investigated for different feed values and after the
first pass. The strain values were obtained from a
series of nodes which were placed in the outer,
middle and inner paths on the tube cross section.
The paths are shown in Figure 6.
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Figure 4. The feed effect on the stress distribution after the roller separation, the feed is increased from (a) to (c)

4. Conclusion
In the whole process view, it is seen that low feed
values result in wrinkling of the dome.

The following results were achieved from strain
and stress investigation after the first pass:

U, Magnitude
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+1.365¢-01
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+1.092¢-01
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+0.000¢+00

424 mm

Y

i x

Figure 5. The final dome cross section and
displacement distribution (m)

Outer laver

Middle laver
Inner laver
Figure 6. The paths from which the strains are
obtained after the first path

1. The circumferential strain absolute value
increase rate, decreases toward free end and the
feed has no effect in this case. Unlike a similar
study, it was seen that the circumferential strain is
not independent from the feed.

2. The feed increase has no effect on positive
longitudinal strain existence (although the tube is
bent) in inner and middle layer, but it makes the
longitudinal strain curve more uniform. The
maximum tested feed value decreases the local
bending and the longitudinal strain increase rate at
the tube free end.

3. The feed variation has no significant effect on
the thickness strain value in the middle layer. In
the inner layer, it does not change the overall
shape of strain distribution but makes it more
uniform.

4. Overall, the feed effect on the circumferential,
longitudinal and thickness strain in the middle
layer is negligible.

5. The feed increase results in a more uniform
equivalent strain distribution curve in the inner
layer.

6. It was seen that the maximum stress after
roller separation is decreased by higher feed
values (Figure 6).
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1. Introduction

Energy is the biggest challenge human beings are
facing today. The energy used daily comes from
burning fossil fuels. In fact, 81% of the world's
energy consumption comes from fossil fuels such
as oil, coal, and gas, which produce large volumes
of CO2. In the traditional method, diesel
generators were used alone in the power grid,
which became economically obsolete due to rising
oil prices. Recent advances in renewable energy
technology have made it possible to use natural
resources such as wind and solar. Combining
renewable energy sources with diesel and energy
storage systems are called hybrid renewable
energy systems.

In this study, the solar-wind-battery hybrid
system is modeled and then optimized with
various primary actuators. For this purpose, three
different actuators including diesel engine, gas
engine, and gas turbine were used and the results
for each of these actuators were examined
separately. The number of solar panels, wind
turbines and batteries, and the rated capacity of the
main actuators are considered as design variables.
Two optimization functions, cost and fuel ratio,
were used. Fuel ratio is defined as a new objective
function that shows the deviation of fuel
consumption in this proposed system compared to
a completely renewable system. It should be noted
that to achieve an acceptable accuracy, all
evaluations are performed hourly.

2. Modeling

In this study, the drives studied include diesel
engine, gas engine and gas turbine, each of which
was modeled separately. The number of solar
panels, wind turbines, and batteries and the
nominal capacity of diesel engine, gas engine, and
gas turbine were considered as design variables. In
the studied hybrid systems at any time, the amount
of battery charge should be considered the total
annual cost of the studied hybrid system such as
equipment costs (including wind turbine, solar

panel, battery, inverter, diesel engine, gas engine
and gas turbine) and maintenance costs. The cost
of stimulant fuel and the environmental cost are
related to the pollutants produced by the stimuli.

Table 1. Input constraints and parameters for

optimization

Parameter value
Low turbine cutting speed (m/ s) 2.5
High turbine cutting speed (m / s) 13
Rated turbine speed (m/ s) 11
Hourly automatic discharge rate (-) 0.0002
Drainage depth (-) 0.8
Cost of pollutants ($ / kg) 0.2086
Nominal capacity of solar panel 0.24
(kW)

Nominal capacity of wind turbine 10
(kW)

Solar panel unit price ($) 614
Wind turbine unit price ($) 3200
Battery charge efficiency (-) 0.85
Battery discharge efficiency (-) 1
Inverter efficiency (-) 0.95

The total annual cost of the system was
considered as one of the objective functions.
Obviously, cost is always one of the most
important characteristics of optimization in
different energy systems. Since the cost of
renewable systems is usually high, after
optimization, the optimization algorithm will
probably consider the number of solar panels,
wind turbines and even batteries to be zero and all
the required load will be supplied by the actuator.
Therefore, in order to generalize the results, the
amount of fuel consumed should also be
considered. Hence, the fuel ratio is considered as
the second objective function. In this study, the
developed version of the genetic algorithm has
been used by the authors written in MATLAB
software. Solar-wind-battery hybrid system with
diesel engine or gas engine or gas turbine for
Kerman, was modeled and optimized. Input
constraints and parameters are listed in Table 1.

3. Results

The NSGA-II multi-objective algorithm with 100
iterations was used to optimize the annual cost and
fuel ratio. The best result is for a case with a lower
annual cost and a higher fuel ratio. The results
showed that with increasing fuel ratio, the annual

1. MSc. Mechanical Engineering, Vali-e-Asr University of Rafsanjan, Iran.
% Associated Professor, Mechanical Engineering, Vali-e-Asr University of Rafsanjan, Iran.
3 Corresponding Author, Associated Professor, Mechanical Engineering, Vali-e-Asr University of

Rafsanjan, Iran. Email: m.shafiey@vru.ac.ir




Optimization of Hybrid Solar/Wind/Battery ... Azadeh Ahmadi, Hassan Hajabdollahi, Mohammad Shafiey

cost increases. Increasing the fuel ratio means that
the system is moving towards power generation
without the use of actuators. On the other hand, the
system must provide the required power by
increasing the number of solar panels, wind
turbines and batteries, which increases costs. The
annual cost increases more rapidly, while the
changes in the fuel ratio are very small. Optimal
values of design parameters with objective
functions for the optimal end point for different
actuators are presented in table (2).

x10°
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- Gasengine | T
sl Gas turbine | 1
I Diesel i
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Fuel ratio (-)
Figure 1. Optimal pareto front for different stimuli in a
diagram

As shown in Figure 1, the diesel engine drive
system has the lowest annual cost and the highest
fuel ratio compared to the gas engine and gas
turbine drive system. For fuel ratios less than
0.5759, the system with gas engine drive is
dominant over the system with gas turbine drive,
which means that it has a higher fuel ratio and
lower annual cost, but for values higher than this,
fuel ratio is the reverse mode.

Table 2. Optimal values of design parameters with
objective functions for the optimal end point for
different actuators

parameter Gas Gas Diesel
Engine | Turbine
Fuel ratio (-)| 0.708 0.777 0.735
Annual fee | )57 8 | 212910.9 | 185456.5
(($/ year)
Number of
solar panels | 1129 1390 1266
()
Number of
wind 31 24 19
turbines (-)
Rated
capacity 164 164 163
(kw)
Number of
batteries (-) 814 910 822

4. Conclusion

In this paper, the solar-wind-battery hybrid system
with various actuators including diesel engine, gas
engine and gas turbine was optimized by NSGA-
Il multi-objective algorithm. It was done to select
the appropriate actuator for the most efficient
hybrid system. Fuel ratio and annual cost as target
functions and number of solar panels, number of
wind turbines, number of batteries, and nominal
capacity of each actuator were considered as
design parameters, the results of which are
summarized as follows. A) Diesel-driven hybrid
system has the highest fuel ratio and lowest cost
compared to the other two systems in a wide range
of beam fronts (about 99.74%); B) The optimal
number of solar panels, wind turbines, and
batteries for the hybrid system with diesel actuator
is 1266, 19 and 822, respectively, and also the
optimal nominal capacity of the diesel actuator is
163 kW; C) For fuel ratio less than 0.5759, the
system with gas engine propulsion has a higher
fuel ratio and lower cost than the system with gas
turbine propulsion, but for values greater than this
fuel ratio, the opposite situation occurred; D) Due
to the large number of batteries and solar panels
for the gas turbine actuator, the total annual cost
for this actuator is higher than other actuators; E)
The nominal capacity of all actuators in the range
of 164-163 kW was selected.
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1. Introduction

The process of heat exchange between two fluids
with different temperatures separated by a solid
wall occurs in many engineering applications.
Applications of heat exchangers can be found in
building heating systems, air conditioning, power
generation, heat recovery, and chemical
processes. Increasing the heat transfer rate in heat
exchangers is very important. Many types of
research have been done on heat exchangers. The
issue of heat transfer is one of the important issues
that generally don’t have an analytical solution
because the heat transfer governing equations do
not have an exact mathematical solution.
Moreover, experimental methods are expensive,
so most of the researches in this regard has been
done numerically.

In this work, a plate heat exchanger with an
inconsistent flow was investigated in different
working conditions. Four different models in
laminar and turbulent flows with rigid and elastic
plates at different Reynolds numbers were
studied, and the effect of the separator plate
elasticity on the heat transfer rate and the
efficiency of the heat exchanger was investigated.
A sinusoidal profile was used at the entrance to
the cold passage. The results of this study showed
that the elasticity of the intermediate plate in both
laminar and turbulent flow has raised the heat
transfer rate. However, in cases where the middle
plane was elastic, the friction coefficient
increased in comparison with the rigid plate. The
efficiency of the heat exchanger was defined and
obtained for the heat exchanger to consider both
heat transfer rate and pressure drop. Results
showed that in most cases, the efficiency of the
heat exchanger with an elastic separator is more
than one. The results showed that the maximum
efficiency is 5.2 which was observed in Re=3000
and the minimum efficiency is 0.9 which occurs
in Re=200.

Similar and different articles are given in the
introduction of this article. In the reviewed
studies, the rate of heat transfer has increased in

different ways, in which case there are similarities
between the reviewed studies and the present
study. But in none of the studies, the elastic plate
has been used to increase the heat transfer rate.
Therefore, this study is a new work. Laminar and
turbulent flows in heat exchangers with currents
that are inconsistent with rigid and elastic
intermediate plates were investigated. The
purpose of this study was to investigate the factors
affecting the performance of heat exchangers. For
this purpose, with the sinusoidal input velocity
that causes the deformation of the elastic plate, the
heat transfer performance in different Reynolds
numbers for laminar and turbulent flows was
investigated. The present research focused more
on the aspects of heat transfer than just
application. With some design work, however, it
can be applied to some exchangers. Depending on
the working range of the heat exchanger with the
elastic middle plate, the material of the elastic
plate must be considered in such a way as to
maintain its structural properties at high
temperatures.

2. Governing equations and boundary
conditions

The governing equations for two-dimensional
incompressible flows are

ou oV

+—=0
OX oy
ou ou ou
+u +V =
ot OX oy
10 o%u o
_ e o( 2 7))
£ OX OX oy
ov ov ov
+Uu \Y, =
ot OX oy
10 o  ox
-9 —— P ( > > )1
0 oy OX oy
oT oT oT
+u +V =
ot OX oy
1 (u P +V ap)+
o O3 oX oy
k (az'r o°T Yo A,
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Figure 1 shows the geometry of the heat
exchanger and its boundary conditions.

o
[
w=v=0—=0
oy
Ujprey = Upsin (zurj
Ty = 293K =)
G T =38
Uiger = Uy
o
[
u=v=0—=0
f‘h}

Figure 1. The geometry of the heat exchanger and its
boundary conditions

3. Results and Discussion

Changing in heat exchanger characteristics alters
the pressure drop and heat transfer rate
simultaneously. So the friction factor and the
Nusselt number change and one needs to have an
equation that can consider these dimensionless
parameters simultaneously. The efficiency is
defined for this purpose as

Nu
Nu,

n=—= @
(7

Figure 2 shows the efficiency coefficient
changes in terms of Reynolds number. The results
of this section for the efficiency coefficient show
that in all three Reynolds numbers, the system
performance has improved, and with increasing
the Reynolds number, the performance coefficient
decreases so that the best performance coefficient
was observed in the Reynolds number 3000.

Efficiency

| R | I
4000 4500 5000
Re

| I 1
3000 3500
Figure 2. The performance diagram of simulated heat

exchanger with an elastic plate for turbulent flow

4. Conclusion

In this study, heterogeneous heat exchangers in
laminar and turbulent flow are numerically
simulated. An elastic separator plate was used to
increase the heat transfer rate in the heat
exchanger. A heat exchanger with a rigid plate
and a heat exchanger with an elastic plate were
simulated separately and in both cases, the mean
coefficient of friction and the mean Nusselt
number for different Reynolds numbers were
determined and compared. In all cases, the mean
coefficient of friction and the mean Nusselt
number were higher for heat exchangers with
elastic plates. The results showed that in most
cases, the efficiency coefficient of the heat
exchanger with an elastic middle plate is superior
to the heat exchanger with its rigid middle plate.
It was shown that adding an intermediate elastic
plate increases heat transfer rate significantly. The
results showed that the maximum efficiency is 5.2
that was observed in Reynolds 3000 and the
minimum efficiency is 0.9 that occurred in
Reynolds 200.
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1. Introduction

Generally Functionally Graded Materials are made
of ceramic and metal parts. Due to the fact that the
structural material of ceramic has a low heat transfer
coefficient and high resistance to temperature, it can
resist high heat. On the other hand, another
structural material, metal, provides the required
flexibility. It is noteworthy that due to the
continuous changes in mechanical properties, the
discontinuity problems that exist in composite
structures do not arise in functional materials.
However, minor damages may occur to the
structure of functional grade materials, which in
more serious environmental conditions (vibration,
corrosion, and high temperature) can lead to more
general damages. The appearance of cracks in a
structure reduces the stiffness, mass and damping
and as a result changes in the vibrational properties
of a structure. In many structural issues located on
the soil foundation, for simplicity, the elastic
foundation is usually modeled by Winkler's base.
However, it has been shown that the behavior of
substrate materials in engineering cannot be
expressed solely by the Winkler elastic foundation
model, which includes independent linear tensile
springs. For this reason, in order to find a more
physical and accurate basic model, Pasternak
proposed a two-parameter foundation model with
shear interactions. Porosity, which due to large
differences in freezing temperature between
components during the fabrication process of
functional grade materials may cause microscopic
cavities in the material during the sintering process,
in some structures provides a good opportunity for
progress in mechanical properties. One of the main
candidates for structures under impact or dynamic
loads is porous functional graded materials that are

extremely energy absorbing. In general, there are
fewer studies on the free vibration of high-order
porous FG beams. Due to the special complexity of
problem solving based on the third order shear
theory of beams, strong numerical methods are
needed to solve the governing equations and their
boundary conditions. The Differential Quadrature
Method is one of the numerical methods in which
the governing differential equations are converted
into a group of first-order algebraic equations using
weight coefficients. Thus, at each point, the
derivative is expressed as a linear sum of weighting
coefficients and function values at that point and
other points in the domain. The basis of the type of
problem can be a system of linear or nonlinear
equations. In this study, frequency analysis of
cracked exponentially porous beams on an elastic
foundation using third-order shear theory is adopted
for use in thick beams, which has not been done
before with this method. Moreover, the non-
uniform and asymmetric distribution model of
porosity in combination with the exponential model
is considered, which adds to the attractiveness of the
work. The governing equations and boundary
conditions are derived from the Hamilton principle.
These equations are discretized and solved by
means of the Generalized Differential Quadrature
Method. By applying this approach, the free
frequency of cracked FG beams is obtained. Also,
geometrical parameters, crack position, porosity
coefficient and elastic foundation on free vibration
of this type of beams are investigated.

2. Theory, formulation and governing equations
Models for distributing properties in functional
graded materials express mathematical
relationships for each property at any point in the
material. This relationship is defined in terms of
point coordinates and the properties of the
beginning and end (the two components that make
up the functional graded material). From the various
models that exist for the distribution of properties in
scaled functional materials, the exponential model
that is used in most studies is selected. Moreover, in
order to investigate the effect of porosity in cracked
functional graded beams, a non-uniform and
asymmetric porosity distribution model is selected
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in combination with the exponential model. In order
to model the edge crack in the beam, a massless
torsional spring with torsional stiffness is used,
which connects the two parts separated by the crack
as shown in Figure 1 and 2 at the point of
discontinuity.

Figure 1. Changes in base materials in cracked exponential
FG beams

I.-I = 3 I
o,
| f&S =1 ]
Figure 2. Open edge crack model and the porosity
distribution in the exponential FG beam

Third order Shear Deformation Theory

For vibrational modeling of thick beams, more
accurate theories than Euler-Bernoulli and
Timoshenko's theory should be used, which have
more computational volume and complexity, and
the shear correction factor is eliminated. One of the
most important higher order shear deformation
theories is Reddy's third-order shear theory. In this
theory, unlike classical and first-order shear
theories, the cross-sectional area of the beam is no
longer considered as a smooth surface. The
displacement field in this theory is accompanied by
hypotheses. The shear component of the
longitudinal displacement increases in such a way
that changes the order of the three shear strains in
the thickness of the beam so that the shear stress at
the upper and lower levels of the beam becomes
zero.

Discretization of equations in the form of differential
quadrature method

At this stage, the equations of motion and the
corresponding boundary conditions are converted to
algebraic equations by the DQ method. N are the
number of discretization points and A;,B;,C;,D;

are the weight constants of the first, second, third
and fourth degrees of differential quadrature
respectively, obtained from the Lagrangian
interpolation polynomial functions. For
discretization, the Gauss-Lobatto-Chebyshev non-
uniform distribution method is used, which has the
advantage over other point distribution methods
that the accumulation of points in the border areas
will be more than the middle areas of the range,
which increases the accuracy of the results.

3. Numerical results
In order to derive the natural frequencies of the
exponentially functionally graded beam on the

elastic foundation, first the convergence behavior of
the solution method is examined and then the
comparison with other articles is considered to
determine the accuracy of the answers and the
results. In Figure 3, the simultaneous effect of crack
depth and porosity on the dimensionless first
frequency of a functionally graduated cracked beam
is extracted. Due to the increase in the porosity
coefficient, the dimensional frequency of the
cracked FG beam decreases significantly, which is
quite visible when the crack is at the surface of the
FG beam, but with increasing crack depth, it has
less effect.

Non dimensional frequency wic

Figure 3. Effect of porosity coefficients on the first
dimensionless frequency of the cracked FG beam of different
functions of simple boundary conditions and I/h=5 with
changing the crack depth a/h in the middle of the beam

4. Conclusion and Discussion

In this study, it was observed that in relatively thick
and thick beams of the third order shear theory,
more accurate results are extracted due to the
avoidance of using the shear correction factor. By
changing the longitudinal position of the crack, the
frequency ratio of the beam decreases and the
minimum value occurs in the middle of the beam.
Moreover, with increasing the modulus of elasticity
ratio, the frequency ratio increases due to the
increase in stiffness of the beam. When the depth of
the crack increases, the dimensionless frequency of
the cracked beam decreases significantly, while,
increasing the elastic coefficients of the
foundations, due to the increase of the rigidity of the
system, the frequency ratio of the beam increases.
Also, with increasing the porosity coefficient, the
dimensionless frequency of the cracked beam is
significantly reduced due to the reduction of the
stiffness of the beam, which has a greater effect on
shallow cracks. Therefore, by using these effects
and proper selection of elastic foundation
coefficients, the effects of reducing the edge crack
frequency at different depths can be compensated
and at the same time, by selecting the appropriate
porosity coefficient, these effects can be balanced.
The results and output of this study can have a
special application in the equipment of prediction,
occurrence, detection, and control of cracks in
functional graded structures and in the optimal
design of these structures
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Exploring the Effects of Ball
Burnishing Process and Initial
Surface Roughness on the Core

Roughness Characteristics of

Copper Cylindrical Parts

AJavadi!, M. Farahnakian?, S.Elhami?

1. Introduction

Burnishing is a rolling process without chip
removal which applies strain hardening on the
surface. In burnishing, through a compression
force, surface deviations, including valleys and
peaks, are flattened and a finished surface is
achieved. Burnishing is known as a process that
affects the surface specifications and strain
hardening and has a great effect on the core
roughness parameters.

Ra is the most common parameter in analyzing
the surface profile and states the arithmetic mean
of surface deviations. When a great variation in
valleys depth or peaks height is created another
parameter is used which is called Rk. According
to Figure 1, the central area of the surface profile
is symbolled by Rk. Simultaneously, the mean
height of peaks that are higher than Rk area is
stated by Rvk. Moreover, the mean depth of
valleys which are deeper than the central area is
presented by Rvk.

¥ ‘ Rpk Al

A —

] QV[] W W vk

il dse g REMmM) go; Mr1 Mr2 1C

Figure 1. Definitions of Rk, Rvk, and Rpk

The high value of Rpk means that the surface
profile has high peaks which provide a small
initial contact area. Hence, great stresses are
expected on the mentioned peaks. Rvk refers to
the depth of valleys below the central area which
directly affects the lubrication condition and
storing of undesirable chips. It is possible to say
that low surface roughness can be achieved
through grinding and polishing but the main
effective parameter on the wear and lubrication

performance is core roughness parameters which
require more researches and attention. The main
effect of the burnishing process is on the
improvement of core roughness parameters.

In the current research, core roughness
parameters are studied during ball burnishing and
in the configuration of turning (cylindrical parts).
Another effective parameter is initial surface
roughness which has a direct effect on the final
surface specifications. A few researchers have
paid attention to this important parameter. In
previous researches, ball diameter was considered
as a constant parameter due to configuration
complexities. In this research, a special
configuration was designed to implement
different ball diameters.

2. Materials

A Coper workpiece was selected with a hardness
of 88 HB (Figure 2-a). Tungsten Carbide balls
were chosen with diameters of 12 and 20 mm.
Configuration includes a spring that applied
different burnishing forces according to Hook’s
law (F=KX) (Figure 2-b). A turning machine with
a code of TN50B was used to apply the burnishing
process.

Figure 2. a. Workpiece, b. Burnishing tool

3. Experimental design

Experiments were classified into two categories.
In the first category, the effect of burnishing
parameters was studied on the roughness and core
roughness parameters. All surface parameters are
as follows:

Ra, Rz, Rk, Rvk, Rpk
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Exploring the Effects of Ball Burnishing Process

A.Javadi, M. Farahnakian, S.Elhami

Table 1 shows the experiments variables and
design of experiments of case one.

Table 1. The experiment parameters and levels

Parameter Level 1 | Level2 | Level 3
Feed (mm/rev) 0.05 0.07 0.1
Burnishing force (N) 150 300 450
Ball Diameter (mm) 12 20 -

4. Results and Discussion

Figure 3 presents the roughness profile before and
after the burnishing process (roughness
parameters of the surface before burnishing are
Rz=26 pum and Ra=6.2 pm). The burnishing
process was performed by a ball with a diameter
of 12 mm, feed of 0.07 mm/rev, and force of 300
N. According to the scale of the vertical axis, it is
clear that Rz found a great improvement after the
burnishing process which show the flattening and
reduction of peak height. Moreover, a uniform
trend of the profile and small deviation from the
mean line results in significantly smaller values of
Ra.

N AA AN A U AN AN AN
SRV AR VARV LVAR VAR VAR
a
o b

Figure 3. Diagram of roughness profile: a. Before, and
b. After burnishing process

Results showed that burnishing force has a
reverse relation to the surface roughness. On the
other hand, the feed has a direct relation to the
surface roughness. Variation of ball diameter
from 12 mm to 20 mm achieved a 20% reduction
of surface roughness. The smallest roughness was
achieved with a ball diameter of 20 mm, a force
of 450 N, and a feed of 0.05 mm/rev. Increase in
force and ball diameter and reduction of feed can
lead to improvement of roughness (Ra) up to 96%.

Results of Rk

As can be seen in Figure 4, reduced peak height
(Rpk) and reduced valleys depth (Rvk) are about
80% to 90% and 20% to 80%, respectively, which
shows the lower effectiveness of the burnishing
process on the Rvk. Results of Rvk show that a
ball with a diameter of 20 mm has a greater effect
on the Rvk, compared to a ball diameter of 12 mm.
Hence, ball diameter has a reverse direction to the
Rvk.

100 m Rvk(Ball dia=12) Rvk(Ball dia=20)
80
£ 60
™~
Z 40
<
20
0
1 2 3 4 5 6 7 8
Test No
a
M Rvk(Ball dia=12) Rvk(Ball dia=20)
100
_ 80
E 60
2
& 40
3

1 2 3 4 5 6 7 8 9
Test No.

b
Figure 4. Variation diagram of: a. ARvk, b. ARpk
during ball burnishing

5. Conclusion

Results can be classified into the following
categories:

1. Higher burnishing force and ball diameter
besides a smaller feed led to reduction of surface
roughness.

2. On average, the burnishing process decreased
core roughness of the surface up to 90%. Ball
diameter of 20 mm achieved more improvement
of surface roughness in comparison to ball
diameter of 12 mm.

3. Burnishing process reduced Rpk and Rvk about
80 to 90% and 20 to 80%, which shows the great
effect of the process on reduced peak height.

4. Burnishing process, through reduction of Rpk,
improved wear characteristics of the surface.
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Effect of Vanes Angles on the Flow
around Fuel Rods and the Induced
Vibrations by Analyzing Solid-Fluid
Interaction

Mansour Talebi', Siamak Nabati?

1. Introduction

In a nuclear fuel assembly, mixing vanes are thin
solid components which are attached to the grid
spacer. These vanes would increase heat transfer
from the fuel wall. The force induced by flow may
expose the vanes to excessive stress and bending,
which in turn, impairs the mixing vanes. In order to
improve the heat transfer rate and decrease the
vibrational forces, vanes are usually positioned at a
certain angle regarding the flow axis.

This study investigates fluid flow and
displacement of vanes in three angles of 65, 70, and
75 degrees for a specific geometry using the fluid-
solid interaction method. First, the fluid flow is
solved using a Finite Volume Method (FVM) solver
and the forces exposed by the flow to the vanes are
estimated. Next, the displacement of the vanes due
to the applied forces is calculated by the Finite
Element Method (FEM).

2. Statement of the Problem

The geometry is similar to flow around a fuel rod of
the VVVE-1000 reactor fuel assembly. The fuel rod
is surrounded by a grid spacer and vanes attached to
it in the middle.

The simulation for the vanes is done for three
angles (65, 70, and 75 degrees). The bottom border
of each vane is considered as a fixed plate (Figure
1).

The walls that are directly in contact with the
fluid and receive the fluid pressure force are
considered as plates as well. These plates are
referred to as solid-fluid interface plates (Figure 2).

Angle 65 Angle 70 Angle 75
Figure 1. Mixing vanes and fuel rod in different angles

\Y A\

The governing equations, that is, the equations of
continuity, momentum, and energy are solved by

Fluent solver. To simulate the turbulent flow, the k-
€ model is used.

The governing equations for two separate regions
of solid and fluid are coupled and solved
respectively using the finite elemental and
computational fluid dynamics solver in ANSYS
Workbench. First, the pressure field is calculated,
then the pressure distribution on the surfaces is
transferred to Ansys mechanical section. In this
case, the boundary surfaces are under pressure.
Then the displacement is calculated by the finite
element solver. After the displacement is
calculated, the geometry changes and the meshing
is done again automatically. The new mesh
attributes are passed to Fluent, and the pressure field
and velocity are resolved for the new geometry .

grid

Boundary
of fuel
L1

gy

H\‘"‘m

Boundary of spacer
and mixing vanes

2 Coolant flow

Spacer grid

Axisymmetric
Boundary

Mixing vanes
Inflow

Figure 2. Geometry and boundary conditions

3. Results

In the numerical simulation, the mesh study was
examined in terms of computation time and
accuracy of results to settle the most appropriate
number of mesh points. Also, the results were
compared with the references (experimental and
numerical results) and were in good agreement. The
results obtained in several areas are:

Effect of vane angle on overall pressure loss

The highest-pressure loss occurs at the angle of 65°
at about 12 kPa, at 70° at about 11.1 kPa, and at 75°
at about 10 kPa. As the vane angle enlarges, the
maximum pressure loss decreases. When the vane
angle widens from 65 to 70 degrees, a 6% decrease
in the maximum pressure loss occurs; and the angle
increasing from 70 to 75 degrees brings about a 5%
decrease in the maximum pressure loss.

Vibration of the vanes

The results show that not all three vanes vibrate
together. This is due to the random nature of the
flow. Moreover, the vanes differ in the amount of
displacement. The greatest pressure difference

L Corresponding Author, Assistant Professor of Mechanical Engineering, Nuclear Science and Technology
Research Institute, Isfahan, Iran. Email: mstalebi@aeoi.org.ir
2 Masters Student of Mechanical Eengineering, Islamic Azad University, Isfahan, Iran.
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occurs at points close to the grid spacer, where the
vane is wider. The pressure difference below and
above the vane decreases as one approaches the tips,
so that the pressure difference at the vane tip is
nearly zero.

Fluid flow

After passing through the grid spacer and vanes, the
velocity profile changes so that high-velocity and
low-velocity zones arise (Figure 11). These zones
remain in place until the end of the figure. The
vanes seem to affect the velocity changes caused by
the grid spacer. At an angle of 65 degrees the effect
of grid spacer and vanes on the amount of velocity
is at its most (Figure 3).

‘b i ) ) “,.:__-u

75 degree 70 degree 65 degree

Figure 3. Velocity contour

Vibrating results

It can be said that the initial collision of the fluid
displaces the vanes impressively but then they only
get turbulent in the same state they are. This initial
displacement also depends on the angle of the
vanes. So that the displacement is about 12
micrometers in an angle of 65 degrees, about 9
micrometers in 70 degrees and about 6 micrometers
in 75 degrees. After the vanes reach the final
displacement, they fluctuate slightly due to pressure
changes and turbulence. These changes are mostly
due to the similarity between the frequency of
vibration changes and the normal frequency of the
vane. The changes in accelerations and velocities
are very small and mostly due to small oscillations
of the vanes.

The analysis of Power Spectral Density

The vane displacement data at each time step can be
used to analyze Power Spectral Density. The results
of such analysis were obtained for the vanes with
three angles of 65, 70, and 75 degrees. For each
vane, the oscillation amplitude and the ratio of
amplitude to frequency are observed. At rest and
where there is low-frequency vibration, the
displacement magnitude is almost maximal. With
an increase in frequency, the displacement
decreases. This reduction occurs more drastically
for vanes in a 75° angle. Results show that the
energy or power is initially high but decreases as the
frequency increases. The points where sharp
changes are observed, are close to the

intensification points. However, at angles 65° and
70° there are lots of these points with low energy.
As a result, they do not cause any problems.
However, at a frequency of 25 Hz the vane with an
angle of 75 degrees experiences a sharp change
indicating an intensification with significant energy
(Figure 4).

4. Conclusion

Fluid-solid interaction simulation was performed
for the grid spacers of the VVVER-1000 nuclear fuel
assembly with mixing vanes at 65°, 70°, and 75 °
angles.

Since coupling between fluid and solid was
successful, the mesh displacement data and the data
related to the forces created by the fluid were
respectively transferred to the fluid flow solver and
the structural solver.
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3 8 8 B B B

]

Frequency (Hz)

Power Spectral Density
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Figure 4. Power spectral density for displacement

of 75-degree vane

o

Mesh and time-step independence was performed.
Dynamic meshing was also successful. Simulation
for angles less than 65° led the vanes to collide with
the fuel rod wall and for angles greater than 75° led
to collisions with other vanes; so, the results were
erroneous. The following results were obtained:

1. The maximum pressure drop occurs when the

vanes are at an angle of 65°, 70°, or 75°. The

amount is about 12 kPa, about 11.1 kPa, and
about 10 kPa, respectively.

2. Longitudinal pressure drops due to retaining

grid spacers and mixing vanes corresponding

angles of 65°, 70°, or 75° are about 400 kPa /m,

310 kPa /m, and 260 kPa /m respectively. As a

result, the most optimal state is when the vane is

ata 75° angle.

3. Not all the vanes in the geometry with a 65°

angle vibrate simultaneously. There is a delay

phase.
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4. Not all the vanes have equal displacement. This
is due to the oscillating movement of the vanes.
However, the root mean square of vibration of the
vanes will vary slightly.

5. As the flow rises and approaches the tip of the
vanes, the pressure difference below and above
the vanes reaches its minimum. At the vane tip,
where the width lowers, the pressure difference
tends to zero.

6. The magnitude of these pressure forces
depends on the velocity of the fluid, the amount
of turbulence and the angle of the vanes, and is on
the scale of 104 Pa. The maximum pressure is
applied to the vanes in the 65° geometry.

7. The results of the present study can have
important applications in the design and
construction of nuclear fuel assemblies and their
grid spacers.
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1. Introduction

With the new development in nanotechnology, the
use of nano-wires for manufacturing ultra-small
structures such as nano-switches, nano actuators,
nano-sensors, and nano-tweezers has increased
rapidly. Nano-wire manufactured tweezers are
composed of two cantilever conductive nano-wires
(arms) with a small separation in between, utilized

to  manipulate  nanoelements,  investigate
nanoparticle interaction, and measure the
characteristics of nanomaterials. The pull-in

voltage of nano-tweezers limits the tweezing range
and hence the size of the objects, which can be
manipulated by the nano-tweezers. Therefore,
previous researches have examined the influence
of different phenomena on the stable actuating
range and the pull-in instability parameters of
nano-tweezers. However, the impacts of the
magnetic field on the pull-in instability of nano-
tweezers have not been investigated yet.

The present work investigates the influence of
a longitudinally magnetic field on the pull-in
instability of nano-wire-based tweezers by
considering the Casimir and van der Waals
attraction. To simulate the size dependency of
materials, the equations of motion of the nano-
tweezers are constructed within the framework of
the consistent couple stress theory (C-CST). A
semi-analytical solution based on the Homotopy
Perturbation Method (HPM) is developed to
investigate the pull-in parameters. The obtained
results are validated by comparing with the
numerical solution as well as those available in the
literature.

2. Modeling
A schematic view of nano-tweezers is shown in
Figure 1. These nano-tweezers consist of two
perfectly conducting nano-wires of length L with a
circular cross-section of radius R. The initial
distance between the two arms of nano-tweezers is
D.

Each arm of nano-tweezers is modeled as a
cantilever beam. It is subjected to a uniform static

magnetic field. Using the consistent couple stress
theory and governing the strain energy of bulk
(Ug), the bending strain energy is derived after
some elaboration and integration over the beam
volume (1).

Magnetic Field

Nano-Tweezers

> 4

Figure 1. Schematic view of nano-tweezers
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UB=§£ (Bl +4uAl )Eaxzj X 1)

After some mathematical elaborations, the
governing equation is obtained as:

d'w _d’w
1+5 - =
(Lt )dx“ édx2
BZ
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and the boundary conditions are:
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d3w d3w (3)
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dx3( ) OIX2( )

3. Simulation and Results

Equation (2) is a nonlinear differential equation,
and there is no exact solution to it. Therefore, we
use the Homotopy Perturbation Method (HPM) to
obtain a semi-analytic solution for this equation.
In the absence of comprehensive experimental
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work and analysis on the instability behavior of
nano-tweezers made of immersed nano-wires in a
magnetic field, the model’s results in a particular
case (without magnetic field) are compared and
finally confirmed.
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Figure 2. The distance of the tip of nano-tweezers in terms
of different applied voltages: comparison with
experimental results

Continuing the simulation, Figure 3 shows that
increasing the size parameter surges the pull-in
voltage. In addition, this figure shows that Casimir
and van der Waals forces reduce the pull-in voltage
of nano-tweezers.

= =Casimir
= van der Waals
=== Neglecting dispersion forces
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5
Figure 3. The effect of size dependence on the pull-in
voltage of nano-tweezers

Figure 4 shows the effect of a magnetic field on
the performance range of nano-tweezers. The
results presented in this figure indicate that an
external magnetic field can reduce the performance
range of nano-tweezers. Also, increasing the
intensity of the external magnetic field leads to a
further decrease in the performance range of nano-
tweezers.

The parameter y in Figure 4 shows the ratio of
the diameter of the smallest particle manipulated
by the nano-tweezers to the initial distance between
the two arms. This parameter is inversely related to
the performance range of nano-tweezers.

Figure 5 shows the effect of Casimir and van der
Waals forces on pull-in voltage. The results show
that with increasing Casimir and van der Waals
forces, the pull-in voltage decreases.

0.46

= = Casimir
van der Waals

0.36"
0

1.5 2 2.5 3

3
Figure 4. The effect of magnetic field on the performance
range of nano-tweezers

— = Casimir,£=0.0
=== Casimir,£=0.2
van der Waals,£=0.0
o= van der Waals,{=0.2

0 0.5 1 25

n
Figure 5. The effect of dispersion forces on the pull-in
voltage of nano-tweezers

4. Conclusion

This study presents a mathematical model for
investigating the electromagnetic instability of
nano-tweezers made of nano-wire. The effect of
the induced longitudinal magnetic field in the
model is considered through proper modeling of
Lorentz’s body force. The governing equation of
nano-tweezers is obtained based on the consistent
couple stress theory to consider the size
dependence.

In addition, the effect of the Casimir and van der
Waals forces on the final equation is considered. A
semi-analytical response based on the Homotopy
perturbation method (HPM) is presented to solve
the nonlinear equation governing nano-tweezers
deformation. The results are compared with the
numerical solution as well as the results of existing
experimental tests. The outcomes show that the
size dependency has a hardening effect and
increases the instability voltage. Regarding nano-
tweezers, the effect of size dependence leads to an
increase in the performance range of nano-
tweezers, but in the case of ignoring the effect of
dispersion forces (i.e., Casimir and vdW force), the
performance range of nano-tweezers s
independent of the dimensionless parameter of the
size effect.

Examining the influence of the magnetic field on
the pull-in behavior of nano-tweezers revealed that
an increase in the magnetic field decreases the pull-
in voltage. Similarly, if the nano-tweezers have
higher permeability, their pull-in voltage reduces
significantly due to the magnetic field.
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Resizing a Turbocharger
Radial Turbine for a Lean
Combustion Engine

Mahyar Mafakhery! Asra Amani?

Ali Madadi®

1. Introduction

The main purpose of this study is to redesign the
geometry of a radial turbine using numerical
simulations. In general, lowering the temperature
of the combustion chamber can lead to dilute
combustion and reduce the level of pollutants
emitted. One way to achieve this goal is to
increase the inlet air flow rate, which can be
achieved through geometric changes. Four
different methods make these changes. In the first
three scenarios, the geometry has minor
modifications, mainly due to changes in the inlet
and outlet radius or the radius of the hub and the
shroud radius. Considering the two goals of low-
cost changes and achieving maximum inlet flow,
the third case is selected as the most suitable
solution. Only the inlet and hub radii are modified
in this method, and the turbine inlet mass flow rate
increases about 11%.

In this study, the turbine simulation is done
using CFX software, then the validation of
numerical results is studied through the available
experimental data, and the obtained numerical
method is used in the simulation process. Finally,
four scenarios, each with different design
constraints, are considered. In the first to third
scenarios, there is no need to change the
turbocharger casing. The desired geometry can be
achieved only by cutting or welding, but in the
fourth scenario, the whole geometry will be
changed without any specific constraints.

2. Numerical simulation and validation
process

First, the geometry generation is explained, and
then the numerical simulation settings are
described. Then, the results of the numerical
simulation are presented. The independence of the
results from the number of computational nodes is
examined, and the simulation results are compared
to the experimental data.

Geometry generation and preparing a computational
domain for simulation

The simulation is performed in a steady-state
condition. The inlet boundary conditions are set to
the total temperature and pressure and the outlet
boundary conditions as the static pressure.
Moreover, the walls are assumed to be a non-slip
boundary condition with a roughness factor of 6
microns, and the turbulence model is selected as
the SST model type. To increase the accuracy of
the simulations, the wall y plus is considered equal
to 1.5.

The maximum difference between the
simulation results and the experimental data is
about 3% and indicates the high accuracy of the
simulation (Figure 1). For this simulation, the
obtained method is wused in the following
simulation process.

0.93
0.85

0.77

0.69

n —@— Simulation results

0.61 = Experimental data

0.53

0.45
1 2 3

pressure ratio

non-dimensional mass flow rate

Figure 1. Numerical simulation results compared to the
experimental data

3. Scenarios and methods of performance
improvement

Geometry changes are made to increase the
turbine mass flow by using the developed design
code. Each scenario is then simulated using the
validated numerical method explained in previous
section. Four scenarios are examined through
numerical simulations to increase the turbine mass
flow. These scenarios increase flow and
efficiency, depending on the level of changes
made to the hub or shroud or both boundaries. The
sequence of scenarios is from low-cost to high-
cost ones. The low-cost scenarios have more
constraints, making it less expensive for the
manufacturer to produce them. The fourth
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scenario is the result of an unconstrained design
code. This scenario improves mass flow rate
considerably because it is not limited by the hub
and shroud radii constraints.

The first scenario

In this scenario, the turbine casing remains
unchanged, and only the impeller is modified. This
scenario is the lowest possible scenario in terms of
cost and changes, but it has offered unacceptable
performance in terms of increasing the flow.

The second scenario

In the second scenario, the shroud radius has
changed and increased by about half a millimeter,
which is about 5% of the total radius. Figure 2
shows that this scenario can be considered to
increase the flow by about 7% without applying
any essential changes to the turbocharger body.

The third scenario

In the previous two scenarios, the midline inlet
radius and the axial location of the blade in the
middle outlet radius were considered constant;
however, in this scenario, changes in radius and
axial location in the middle radius are also applied
to the numerical design code in such a way that a
15% increase in flow is achieved. According to the
manufacturing costs, this method is more
expensive than the previous two scenarios,
because it requires changes in the inlet and outlet
of the turbocharger body though these changes can
be done by a small modification of the volute the
diffuser. The increase in mass flow in this scenario
is noticeable at the design point of about 11%.
Therefore, the third scenario can be an acceptable
method to increase the flow without significant
changes to the turbocharger body.

The fourth scenario

In this scenario, the developed design code is
executed without geometrical constraints, and the
turbine casing is changed as well. Practically this
scenario is a one-dimensional design of a radial
turbine in the classical way, which was
implemented to compare the previous three
scenarios with free mode design. In this scenario,
the cost is very high, and the turbocharger is
practically changed to a newly designed one.
However, in the end, it leads to a 20% increase in
inlet airflow.

Main turbine
—&— first scenario
—— second scenario

third scenario

—a— fourth scenario
0.14

0.12

o
N

o
o
3]

flow rate (kg/s)

o
o
&>

0.04
1 15 2 2.5 3
pressure ratio

35

Figure 2. Comparison of mass flow performance curves
for different scenarios and initial turbine

4. Conclusion

In this study, the resizing a turbocharger to achieve
dilute combustion was investigated. The mass
flow of the passing air must be increased, so the
hub and shroud curves were changed to allow
more flow. In this modification, it was tried that
the geometry of the designed turbine is similar to
the original one and have the same flow angle
distribution.  Finally, four scenarios were
presented from low cost to high cost
modifications. In the first scenario, the mass flow
increase is not considerable. The second scenario
offers a 7% increment in the mass flow rate. In the
third scenario, which can be selected as the best
one, 11% improvement is obtained. The fourth
scenario, which is a new designed turbine,
improves the mass flow rate by 20%.
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1. Introduction

Rapid changes in the angle of attack of an airfoil
cause vortices to form which move down from the
leading-edge to the trailing-edge. As the dynamic
stall vortex passes through the trailing-edge, the
lift coefficient decreases sharply and the drag
coefficient  increases  significantly.  This
phenomenon is called dynamic stall. Dynamic
stall and related phenomena have always been
considered in the aerospace industry and many
efforts have been made by researchers to
understand them better. Vortices isolated from the
leading-edge of a two-dimensional oscillating
wing affected the aerodynamic forces. Separated
vortices appeared to be fed of their initial vortices
therefore by suppressing initial  vortices,
separation can be controlled. Various control
mechanisms have been used to delay separation
and prevent stalls. Suction, blowing and synthetic
jets are three major active flow controllers that are
used for the dynamic stall.

The influence of suction jet parameters on
dynamic stall has not been comprehensively
investigated in previous researches. In this study,
the effect of variable parameters of continuous
suction jet on dynamic stall of a Naca0012 airfoil
was perused.

2. Methodology

Numerical method

In this study, incompressible Reynolds averaging
Navier-Stokes equations were used. A two-
dimensional Naca0012 was simulated and
pressure-base algorithm was used as the solver.
SIMPLE algorithm was utilized for pressure-
velocity coupling and turbulent flow properties
were simulated with k-@ SST model.

Computational domain and boundary condition
Free stream velocity at far field and no-slip
condition over the walls are considered as
boundary conditions in the uncontrolled case. In
controlled cases, velocity outlet was selected as

boundary condition at exit orifice. The airfoil had
a sinusoidal motion about its quarter-chord with
reduced frequency of 0.1 at Reynolds number of
135000. In this movement, the angle of attack was
changing between -5 and 25 degrees.
Computational domain was extended 19 chord
lengths behind and ahead of the airfoil for
eliminating the effect of the inlet conditions in
aerodynamic coefficients. A structured O-type
grid was generated for computational domain and
dynamic mesh was employed in part of the
domain to improve mesh quality. Figure 1 and 2
show the computational domain and dynamic part
of it and the grid clustering in the vicinity of
leading-edge and trailing-edge, respectively.

Dynamic Mesh Region

Crvazic]
size of the
chord

Suction Jet

Figure 1. Computational domain and dynamic
part of it

Grid independence and time step

The grid independence was investigated. The
result revealed that 203000 cells were sufficient
for the simulation. We investigated the time-step
independence and comprehended that the time
step size of 0.0001 second was small enough for
the simulation.

Figure 2. Grid in vicinity of leading and trailing edges
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Validation

The experimental data of Lee and Gerontakos in
2004 was used to validate our numerical results
for the uncontrolled case. Figure 3 shows this
validation. In the upstroke motion, our simulation
has compliance with experimental data but
predicts stall earlier than it. In the downstroke
motion, the simulation traces the experimental
results with oscillations. The accuracy of our
simulation with experimental results is similar to
the numerical studies of other researchers in
dynamic stall.

C,— A0A

----- Expriment [6]
—— Gharali [31]

—— Present study

-10 -5 0 5 10 15 20 25 30
AOA(deg)

Figure 3. Hysteresis curve of lift

3. Results and Discussion

In order to investigate the effect of the jet location
and the suction angle, the momentum coefficient
and the aperture area of the jet were considered
0.14 and 0.005 of chord length, respectively. The
results of this study can be seen in Figure 4. This
Figure shows that with increasing the suction
angle in each place, the average aerodynamic
performance increases and the best jet location to
improve it, is 0.04 of the chord length.

(L/D),y~Position

= = = unconfrolled

)
Xe

Figure 4. The effect of jet location and suction angle
on the average aerodynamic performance

The effect of increasing the jet momentum
coefficient on the average aerodynamic
performance with the aperture area of 0.005 of
chord length is shown in Figure 5. In general, with
increasing jet momentum coefficient, the average
aerodynamic  performance improves. This
improvement is more noticeable by approaching
the 0.04 chord length and 90 degrees suction
angle. The effect of orifice length on the average

aerodynamic performance at a constant
momentum coefficient was investigated. The
results showed that increasing the width
significantly improves the performance although
the jet velocity decreased.

anaboicbosgroe) o T T 0 e

Figure 5. The effect of jet momentum coefficient on
average aerodynamic performance

4. Conclusion

In this study, the effect of suction jet parameters
on the control of dynamic stall of a NACA0012
was investigated at Reynolds number of 135000.
The results showed that the location of 0.04 of
chord length is more suitable than other locations
for placing the suction jet, and by increasing the
suction angle and approaching 90 degrees, the jet
has a better effect on the flow control. The effect
of jet velocity and orifice size is such that
increasing them improves jet performance.
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1. Introduction

Natural gas as a car fuel has advantages such as
being cheaper, less polluting, and more accessible
than gasoline fuel. The use of various gases
(hydrogen and natural gas) as alternative fuels for
cars has been considered by many researchers for
years. It is necessary to use these clean and cheap
fuels, design and build refueling stations. The fast
filling process is the main process that occurs in
the CNG refueling station. The basis of the fast-
filling process is that the CNG is first stored in the
storage tanks up to a pressure of 235 bar. It is then
transferred to the vehicle tank by communication
pipes and other station equipment (such as the
priority panel and dispenser). In the analysis of the
performance of a CNG refueling station, two goals
are presented: reducing the compressor
consumption and reducing the filling time.
Performance  analysis  requires  accurate
simulations that can be validated with
experimental results. A review of previous
research shows that there is no research that
expresses a complete simulation that is consistent
with the actual conditions of the site. Also, no
study on the modeling of priority panels in CNG
stations has been reported so far. Due to the lack
of modeling, the results of optimization related to
priority panels have not been reported so far. One
of the objectives of this study is to simulate the
performance of a CNG refueling station during
several consecutive refueling processes. For this
purpose, three different modeling conditions are
considered, including: Only gas tanks should be
emptied, only tanks should be filled by the
compressor, and finally the tank tanks should be
filled and emptied at the same time. These
conditions may occur for each of the three high,
medium, and low pressure tanks. Moreover, in this
study, for the first time, modeling priority panels
and the best algorithm of priority panel of CNG
refueling station were determined with the aim of
minimizing energy consumption.

2. Modeling

A CNG refueling station consists of a compressor
(usually three-stage), a priority panel, cascade
storage tanks, communication pipes, a dispenser,
and a vehicle tank. The fast filling process consists
of the last four items. Figure 1 shows a view of a
CNG refueling station with a cascade storage
system.

Compressor
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Reservoir Tanks

On-board NGV cylinder

Figure 1. A Schematic diagram of a CNG refueling station
with a cascade storage system

A view of the priority panel for a compressed
natural gas refueling station is shown in Figure 2.

Figure 2. A Schematic diagram of a priority panel for a
CNG refueling station

There is another algorithm in the dispenser
whose task is to manage the evacuation of the
station tanks and the filling of the vehicle tank.
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According to the algorithm, when the mass flow
rate to the vehicle tank reaches a certain value
(usually 0.02 kg/s), the vehicle tank is connected
from the lower pressure tank to the higher pressure
tank until the refueling process is completed. The
AGA8 standard was used to determine the
thermodynamic properties of natural gas in
different stages of modeling. Using this method,
the compressibility coefficient and density of
natural gas can be calculated.

3. Results

One of the main objectives of this study is to
simulate the performance of a CNG refueling
station during several consecutive refueling
processes. Determining the best priority panel
algorithm is considered the most important goal
and innovation of the present study. A summary of
the results related to determining the optimal
algorithm for filling storage tanks is presented in
Figure 3. As can be seen in the summary of results,
the lowest average value of specific energy
consumption is related to the PPM225 algorithm
and is equal to 0.2174 kWh/kg. According to this
algorithm, the minimum allowable pressure for a
high pressure tank is set to 220 bar. Moreover, the
maximum pressure of the medium pressure tank is
225 bar.
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0.23 0.2284

0.2254  0.2251 0.2251

0.225
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Figure 3. Results for determining the optimal algorithm
for the priority panel

4. Conclusion

There are many researches concentrated on the
thermodynamic modeling of CNG refueling
station, but they have not addressed the optimal
algorithm of priority panel. Filling time
minimizing, filling mass maximizing, and average
specific energy consumption minimizing were
employed as the objective function for the
optimization problem. Finally, the optimal
algorithm of priority panel was determined as the
main goal of the present study. The conclusive
results of the optimization problem are presented.

Achieving more accurate modeling and modeling
the process of several consecutive refueling are the
most important results of the present study. The
optimal algorithm of priority panel is obtained for
PPM225 algorithm. An economic analysis was
performed to see the results more clearly. The
results of the economic analysis show that
65,700,000,000 Rials (43,800,000 kWh) can be
saved in one year.
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